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Atilla Kara, Şakir Akin, and Can Ince

13 Pulmonary edema 92
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Linköping University, Linköping, Sweden
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Preface

Intravenous fluid is a cornerstone in the treatment of
the surgical patient. Perioperative management with
intravenous fluids is a responsibility of the anesthetist,
but many others, including the surgeon, must be ori-
ented in the principles that guide the therapy.

The clinical use of infusion fluids has long been
overlooked as a science. One of the main reasons for
the neglect is that fluids have not been considered to
be drugs. Many of the usual requirements for registra-
tion, such as the specification of a therapeutic window
and detailed pharmacokinetics, have been overlooked.
On the other hand, the experience of the anesthetist is
indeed that infusion fluids are drugs.Their appropriate
use can be life-saving, while inappropriate use might
jeopardize the clinical outcome and even be a threat to
the patient’s life.

The scattered scientific basis for perioperative
fluid therapy has necessitated the development of
experience-based “rules-of-thumb” which still play an
enormously important role in daily practice. They are
usually based on a summation of perceived and mea-
sured losses and also include compensation for various
factors, such as anesthesia-induced vasodilatation and
protein losses due to inflammation.

Alongside the trial-and-error approach and theo-
retical calculations, scientific methods have been used

to find evidence-based guidelines. This has resulted in
a marked change over the past decade. The amount of
fluid infused has been shown to affect the course of
the postoperative follow-up greatly, at least after some
types of operation. Another important insight is that
guiding fluid therapy by dynamic hemodynamic mea-
sures reduces the risk of postoperative complications.
A changeover from relying on the pulmonary artery
catheter to less invasive and even non-invasive tools
for the monitoring of fluid administration is in full
swing.

I am extremely proud to welcome contributions
from colleagues around the world who are among the
highest-ranked researchers in the field of perioperative
fluid therapy. I have taken great care to ask researchers
and clinicians whom I respect and admire for out-
standing contributions to our knowledge about how
fluid therapy should be managed. They have written
authoritative chapters about subjects in which every
anesthetist should be updated when working with
patients subjected to common types of surgery.

Each chapter should be read as an independent
essay, whichmeans that a topic discussed briefly by one
author is often explored in more detail by another. As
you will see, the experts take you by the hand and tell
you not only what to do, but also why.
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Overview of chapter summaries

Section 1: The fluids

Chapter 2. Crystalloid fluids
Robert G. Hahn
Crystalloid electrolyte solutions include isotonic
saline, Ringer’s lactate, Ringer’s acetate, and Plasma-
Lyte. In the perioperative period these fluids are used
to compensate for anesthesia-induced vasodilatation,
small to moderate blood losses, and urinary excretion.
Although evaporation consists of electrolyte-free
water, such fluid losses are relatively small during
short-term surgery and may also be compensated by a
crystalloid electrolyte solution.

These fluids expand the plasma volume to a lesser
degree than colloid fluids as they hydrate both the
plasma and the interstitial fluid space. However, the
distribution to the interstitial fluid space takes 25–
30min to be completed, which is probably due to the
restriction of fluid movement by the finer filaments in
the interstitial gel. The slow distribution gives crystal-
loid electrolyte solutions a fairly good plasma volume-
expanding effect as long as the infusion continues and
shortly thereafter.

Isotonic saline is widely used, but has an electrolyte
composition that deviates from that of the extracellular
fluid (“unbalanced”).This fluid is best reserved for spe-
cial indications, such as hyponatremia, hypochloremic
metabolic alkalosis, and disease states associated with
vomiting. Isotonic saline may also be considered in
trauma and in children undergoing surgery. Hyper-
tonic saline might be considered in neurosurgery and,
possibly, in preoperative emergency care.

Ringer’s lactate, Ringer’s acetate, and Plasma-Lyte
have been formulated to bemore similar to the com-
position of the ECF (“balanced fluids”). They are the
mainstay of fluid administration in the perioperative
period and should be used in all situationswhere iso-
tonic saline is not indicated.

Chapter 3. Colloid fluids
Robert G. Hahn
Colloid fluids are crystalloid electrolyte solutions with
a macromolecule added that binds water by its col-
loid osmotic pressure. As macromolecules escape the
plasma only with difficulty, the resulting plasma vol-
ume expansion is strong and has a duration of many
hours. Clinically used colloid fluids include albumin,
hydroxyethyl starch, gelatin, and dextran.

The plasma volume expansion shows one-
compartment kinetics, which means that colloids, in
contrast to crystalloids, have no detectable distribu-
tion phase. Marketed fluids are usually composed so
that the infused volume expands the plasma volume
by the infused amount. Exceptions include rarely used
hyperoncotic variants and mixtures with hypertonic
saline.

The main indication for colloid fluids is as
secondline treatment of hemorrhage. Because of
inherent allergenic properties, crystalloid electrolyte
fluids should be used when the hemorrhage is small.
A changeover to a colloid should be performed only
when the crystalloid volume is so large that adverse
effects may ensue (mild effects at 3 liters, severe at
6 liters). The only other clinical indication is that dex-
tran can be prescribed to improve microcirculatory
flow.

There has been lively debate about clinical use
of colloid fluids after studies in septic patients have
shown that hydroxyethyl starch increases the need for
renal replacement therapy. This problem has not been
found in the perioperative setting but the use of starch
has still been restricted.

The colloids have defined maximum amounts that
can be infused before adverse effects, usually arising
from the coagulation system, become a problem.
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Overview of chapter summaries

Chapter 4. Glucose solutions
Robert G. Hahn
Glucose 5% is given after surgery to prevent starvation
and to provide free water for hydration of the intracel-
lular fluid space. Glucose is sometimes infused before
surgery as well, in particular when surgery is started
late during the day, and, in some hospitals, also as a
2.5% solution during the surgical procedure. Glucose
infusion has also been used together with insulin to
improve outcome in cardiac surgery and in intensive
care.

Because of the risk of hyperglycemia, intravenous
glucose infusions need to bemanagedwith knowledge,
attention, and responsibility. Hyperglycemia promotes
wound infection and osmotic diuresis, by which the
kidneys lose control of the urine composition. The
anesthetist has to consider a four-fold modification in
infusion rate of glucose to account for the periopera-
tive change in glucose tolerance. The suitable rate of
infusion when a glucose infusion is initiated can be
predicted by pharmacokinetic simulation. A control
plasma sample taken one hour later shows whether the
prediction was correct, and also that plasma glucose
will only rise by another 25% if no adjustment of the
infusion rate is made.

Glucose solution is contraindicated in acute stroke
and not recommended in operations associated with
a high risk of perioperative cerebral ischemia, such as
carotid artery and cardiopulmonary bypass surgery.
Subacute hyponatremia is a postoperative complica-
tion that is promoted by infusing >1 liter of plain 5%
glucose in the perioperative setting.

Chapter 5. Hypertonic fluids1
Eileen M. Bulger
Hypertonic fluids have an osmotic content that is
higher than in the body fluids. When this content
remains in the extracellular fluid space, such as with
saline, the volume effect becomes very powerful owing
to osmotic allocation of fluid from the intracellular
to the extracellular fluid space. These fluids have also
been found to favorably modulate the inflammatory
response. The most studied preparations are saline
7.5% with and without a colloid (dextran or hydrox-
yethyl starch) added.

This chapter reviews the current clinical evidence
regarding the use of hypertonic fluids for the early
resuscitation of injured patients and for perioperative
indications for a variety of procedures.While there is a
wealth of preclinical data suggesting potential benefit
from this resuscitation strategy, the clinical trial data
have failed to show any clear benefit to the prehospital
administration of these fluids in trauma patients, and
the data for perioperative use is limited. More study is
needed to define the best use of these fluids in a variety
of patient populations and surgical procedures.

1 For chapters 5, 12, 13, 15, 16, 20, 21, 25, 28, and 31, summary was
compiled by the Editor.
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Overview of chapter summaries

Chapter 6. Fluids or blood products?
Oliver Habler
Thanks to the impressive anemia tolerance of the
human body, red blood cell (RBC) transfusion may
often be avoided despite even important blood
losses – provided that normovolemia is maintained.
While a hemoglobin (Hb) concentration of 60–70 g/l
can be considered safe in young, healthy patients,
older patients with preexisting cardiopulmonary
morbidity should be transfused at Hb 80–100 g/l.
Physiological transfusion triggers (e.g. decrease of
VO2, ST-segment depression in the ECG, arrhythmia,
continuous increase in catecholamine needs, echocar-
diographic wall motion disturbancies, lactacidosis)
appearing prior to the aforementioned Hb concen-
trations necessitate immediate RBC transfusion. In
the case of unexpected massive blood losses and/or
logistic difficulties impeding an immediate start of
transfusion, the anemia tolerance of the patient can be
effectively increased by several measures (e.g. hyper-
oxic ventilation, muscular relaxation, or adequate
depth of anesthesia).

In cases of dilutional coagulopathy – often reflected
by an intraoperatively diffuse bleeding tendency –
a differentiated coagulation therapy can either be
directed on the basis of viscoelastic coagulation tests
(e.g. thromboelastometry/-graphy) or directed empir-
ically by replacing the different components in the
order of their developing deficiency (i.e. starting with
fibrinogen, followed by factors of the prothrombin
complex and platelets). The “global” stabilization of
coagulation with fresh frozen plasma requires the
application of high volumes and bears the risk of car-
diac overload (TACO) and immunological alterations
(TRIM).

Section 2: Basic science

Chapter 7. Body volumes and fluid kinetics
Robert G. Hahn
Body fluid volumes can be measured and estimated
by using different methods. A key approach is to use
a tracer by which the volume of distribution of an
injected substance is measured. Useful tracers occupy
a specific body fluid space only. Examples are radioac-
tive albumin (plasma volume), iohexol (extracellular
fluid space), and deuterium (total body water). The
transit time from the site of injection to the site of elim-
ination must be considered when using tracers with a
rapid elimination, such as the indocyanine green dye.
The volume effect of an infusion fluid can be calcu-
lated by applying a tracer method before and after the
administration.

Guiding estimates of the sizes of the body volumes
can be obtained by bioimpedance measurements and
anthropometric equations.

The blood hemoglobin (Hb) concentration is a fre-
quently used endogenous tracer of changes in blood
volume. Hb is the inverse of the blood water con-
centration, and changes in Hb indicate the volume
of distribution of the infused fluid volume. Certain
assumptions have to be made to convert the Hb dilu-
tion to a change in blood volume. Volume kinetics is
based on mathematical modeling of Hb changes over
time which, together with measurements of the uri-
nary excretion, can be used to analyze and simulate the
distribution and elimination of infusion fluids.
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Overview of chapter summaries

Chapter 8. Acid–base issues in fluid therapy
Niels Van Regenmortel and Paul W. G. Elbers
Solutions such as NaCl 0.9% are an established cause
of metabolic acidosis. The underlying mechanism, a
reduction in plasma strong ion difference, [SID], is
comprehensibly explained by the principles of the
Stewart approach. Fluid-induced metabolic acidosis
can be avoided by the use of so-called balanced solu-
tions that do not cause alterations in plasma [SID].
Many balanced solutions are commercially available,
their only drawback being their higher cost. Since
NaCl 0.9% remains the first choice of resuscitation
fluid in large parts of the world, there remains an
important question overwhether a large-scale upgrade
to balanced solutions should be at hand. There is a
lack of high-quality data at the time of writing, but
there is increasing evidence that hyperchloremia has
a detrimental effect on renal function and has an eco-
nomic impact of its own.Therefore, until we havemore
definitive data, the use of balanced solutions in patients
who need a relevant amount of fluid therapy seems to
be a pragmatic choice.

Chapter 9. Fluids and coagulation
Sibylle A. Kozek-Langenecker
Infusion therapy is essential in intravascular hypo-
volemia and extravascular fluid deficits. Crystalloid
fluids and colloidal volume replacement affect blood
coagulation when infused intravenously. Questions
remain over whether unspecific dilution and specific
side effects of infusion therapy are clinically relevant
in patients with and without bleeding manifestations,
and whether fluid-induced coagulopathy is a risk
factor for anemia, blood transfusion, mortality, and a
driver for resource use and costs. In this chapter, path-
omechanisms of dilutional coagulopathy and evidence
for its clinical relevance in perioperative and critically
ill patients are reviewed. Furthermore, medico-
legal aspects are discussed. The dose-dependent
risk of dilutional coagulopathy differs between
colloids (dextran > hetastarch > pentastarch >

tetrastarch > gelatins > albumin). Risk awareness
includesmonitoring for early signs of side effects.With
rotational thromboelastometry/thromboelastography
not only the deterioration in clot strength can be
assessed but also in clot formation and platelet inter-
action. Fibrinogen concentrate administration may
be considered in severe bleeding as well as relevant
dilutional coagulopathy. Targeted doses of gelatins
and tetrastarches seem to have no proven adverse
effect on anemia and allogeneic blood transfusions.
Further studies implementing goal-directed volume
management and careful definition of triggers for
transfusions and alternative therapies are needed.
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Chapter 10. Microvascular fluid exchange
Per-Olof Grände and Johan Persson
There is always a continuous leakage of plasma fluid
and proteins to the interstitium, called the transcap-
illary escape rate (TER). The transcapillary escape
rate of albumin (TERalb) corresponds to 5–6% of
total plasma albumin per hour. Plasma volume is pre-
served mainly because of recirculation via the lym-
phatic system and transcapillary absorption. During
inflammation and after trauma, TER may increase
up to 2–3 times and exceed the recirculation capac-
ity, resulting in hypovolemia, low plasma concen-
tration of proteins, and tissue edema. The present
chapter discusses mechanisms controlling microvas-
cular fluid exchange under physiological and patho-
physiological conditions, including possible passive
and activemechanisms controlling transcapillary fluid
exchange. Options to reduce the need for plasma vol-
ume expanders while still maintaining an adequate
plasma volume are presented. Consequently, this may
simultaneously reduce accumulation of fluid and pro-
teins in the interstitium. The effectiveness of available
plasma volume expanders is also discussed.

Chapter 11. The glycocalyx layer
Anna Bertram, Klaus Stahl, Jan Hegermann, and
Hermann Haller
Endothelial cells cover the inner surface of the vas-
culature and are essential for vascular homeosta-
sis with regulation of vasodilation and vasoconstric-
tion, permeability, inflammation, and coagulation.The
endothelium is not a barren surface but is covered by
a thick layer of so-called glycocalyx. The glycocalyx is
built of heavily glycosylated proteins such as syndecans
which are anchored in the cell membrane, freely asso-
ciating proteoglycans such as hyaluronidase, and also
amultitude of plasmamolecules that bind and interact
with the proteoglycans.

The glycoproteins collectively organize into the
glycocalyx, which plays a vital role in several impor-
tant vascular functions. It serves as a mechanotrans-
ductor mediating information on blood flow and
cellular movement to the endothelium, it regulates
permeability via its physical properties, it regulates
binding of vascular factors to the endothelium, and
it is the “habitat” of the resident components of the
complement system and the coagulation cascade. In
addition, the glycocalyx serves as a sink for small
molecules and electrolytes in the plasma and gener-
ates chemokine gradients to guide leukocytes to sites
of inflammation. The delicate structures of the glyco-
calyx can be easily disturbed and damaged by acute
disease such as sepsis or ischemia, as well as chronic
disease such as diabetes or hypertension. The proteo-
glycans and/or its sugar moieties can be shed by spe-
cific enzymes. Novel tools have been developed to bet-
ter visualize the glycocalyx both in vitro and in vivo.
An understanding and, possibly, a molecular manipu-
lation of the glycocalyx will be important to improve
our therapeutic strategies in patients.
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Chapter 12. Monitoring of the
microcirculation
Atilla Kara, Şakir Akin, and Can Ince
Perioperative fluid management requires comprehen-
sive training and an understanding of the physiology
of oxygen transport to tissue. Administration of fluids
has a limitedwindowof efficacy. Too little fluid reduces
organ perfusion and too much fluid causes organ dys-
function from edema. In addition, isotonic saline car-
ries the danger of hyperchloremia, whereas balanced
crystalloid solutions are pragmatic choices of fluid in
the majority of perioperative resuscitation settings.

The prime aim of fluid therapy is to improve tis-
sue perfusion so as to provide adequate oxygen to the
tissues. Macrohemodynamical parameters and/or sur-
rogates of tissue perfusion do not always correspond
to microcirculatory functional states, and especially
not in states of inflammation. Even when targets for
macrohemodynamics are reached, the microcircula-
tion may still remain damaged and dysfunctional.

Observation of the microcirculation in the periop-
erative setting provides a more physiologically based
approach for fluid therapy by possibly avoiding the
unnecessary and inappropriate administration of large
volumes of fluids.

Hand-held videomicroscopy is able to visualize
microcirculatory perfusion sublingually. It can be used
to monitor the functional state of the microcircula-
tion by assessment and quantification of sublingual
microvascular capillary density, and thus to guide fluid
therapy. The Cytocam-IDF device might provide the
needed clinical platformbecause of its improved imag-
ing capacity in terms of density and perfusion param-
eters as well as providing on-line quantification of the
microcirculation.

Chapter 13. Pulmonary edema
Göran Hedenstierna, Claes Frostell, and
João Batista Borges
Pulmonary edema can be either hydrostatic (cardiac)
or high-permeability (non-cardiac). In the first type,
therapy should focus on a reduction of hydrostatic
pressure. Pain relief and anxiety relief reduces vascu-
lar pressures by bringing down sympathetic nervous
system drive. Treatment also consists in oxygen sup-
plementation, furosemide, continuous positive airway
pressure (CPAP) on a tight-fitting face-mask, and pos-
sibly venesection.

High-permeability pulmonary edema implies that
the barrier function of the vasculature to larger
molecules and cells is no longer intact.The permeabil-
ity increase leads to a rapid and profound fluid leak-
age, followed by inflammation and destruction of lung
parenchymal structure. Treatment consists of fluid
restriction while maintaining adequate organ perfu-
sion. Extracorporeal membrane oxygenation (ECMO)
may be used in patients with severe non-cardiac pul-
monary edema. Adequate treatment of the primary
etiology of the condition is essential.

Resolution of pulmonary edema might include
local reabsorption, clearance through the lymphatic
system, clearance via the pleural space, or clearance
through the airway. Maintaining spontaneous breath-
ing, whenever possible, cannot be over-emphasized.
Spontaneous breathing with CPAP both counteracts
atelectasis formation in the lung and facilitates the
ability to clear secretions with the re-emergence of
cough.
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Section 3: Techniques

Chapter 14. Invasive hemodynamic
monitoring
Jonathan Aron and Maurizio Cecconi
The aim of hemodynamic monitoring is to enable the
optimization of cardiac output and therefore improve
oxygen delivery to the tissues, avoiding the accumu-
lation of oxygen debt, in the perioperative period.
Instigating goal-directed therapy based on validated
optimization algorithms has been shown to reduce
mortality in highrisk patients and complications in
moderate-to high-risk patients.

A number of devices are available to facilitate
this goal. The pulmonary artery catheter was the
first hemodynamic monitor, but its invasive nature
precludes its routine use in today’s clinical practice.
More recently, devices that continuously analyze the
arterial pressure waveform to calculate various flow
parameters have been developed and validated. These
devices have facilitated the introduction of hemo-
dynamic monitoring to the wider surgical popula-
tion, providing useful clinical information that enables
the judicious use of fluid therapy whilst avoiding
hypervolemia.

This chapter explores the role that hemodynamic
optimization plays in perioperative care, describes
some of the commonly used invasive hemodynamic
monitors, and explains how to use the information
produced effectively. Used correctly, any monitor
can be useful to improve outcome if applied to the
right population, at the right time, and with the right
strategy.

Chapter 15. Goal-directed fluid therapy
Timothy E. Miller and Tong J. Gan
Perioperativemorbidity has been linked to the amount
of fluid administered, with both insufficient and excess
fluid leading to increased morbidity, resulting in a
characteristic U-shaped curve. The challenge for us as
clinicians is to keep our patients in the optimal range
at all times during the perioperative period. Goal-
directed therapy (GDT) is a term that has been used
for nearly 30 years to describe methods of optimizing
fluid and hemodynamic status.The arrival of a number
of minimally invasive cardiac output monitors enables
clinicians to guide perioperative volume therapy and
cardiocirculatory support.

The most widely used monitor is the esophageal
Doppler. There are several others that are able to ana-
lyze the arterial waveform to calculate stroke volume
and cardiac output, and therefore use the “10% algo-
rithm” in response to a fluid challenge. There are a
number of studies that show improved outcomes with
GDT-guided fluid optimization, as demonstrated by a
faster return in gastrointestinal function, a reduction
in postoperative complications, and reduced length of
stay. The underlying mechanisms for the success of
GDT are thought to relate to avoidance of episodes
of hypovolemia, hypoxia, or decreased blood flow
that may cause mitochondrial damage and subsequent
organ dysfunction.
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Chapter 16. Non-invasive guidance
of fluid therapy
Maxime Cannesson
Optimization of oxygen delivery to the tissues dur-
ing surgery cannot be conducted by monitoring
arterial pressure alone. Therefore, apart from cardiac
output monitoring, functional hemodynamic param-
eters have been developed. These parameters indicate
“preload dependence,” which is defined as the ability
of the heart to increase stroke volume in response to
an increase in preload. The Frank–Starling relation-
ship links preload to stroke volume and presents two
distinct parts: a steep portion and a plateau. If the
patient is on the steep portion of the Frank–Starling
relationship, then an increase in preload (induced by
volume expansion) is going to induce an important
increase in stroke volume. If the patient is on the
plateau of this relationship, then increasing preload
will have no effect on stroke volume. The functional
hemodynamic parameters rely on cardiopulmonary
interactions in patients under general anesthesia and
mechanical ventilation and can be obtained inva-
sively from the arterial pressure waveform or non-
invasively from the plethysmographicwaveform.Here,
the effects of positive-pressure ventilation on preload
and stroke volume are used to detect fluid respon-
siveness. If mechanical ventilation induces impor-
tant respiratory variations in stroke volume (SVV)
or in pulse pressure (PPV) it is more likely that the
patient is preload-dependent. These dynamic param-
eters, including passive leg raising, have consistently
been shown to be superior to static parameters, such
as central venous pressure, for the prediction of fluid
responsiveness.

Chapter 17. Hemodilution
Philippe van der Linden
Acute normovolemic hemodilution entails the
removal of blood either immediately before or shortly
after the induction of anesthesia and its simultaneous
replacement by an appropriate volume of crystalloids
and/or colloids to maintain “isovolemic” conditions.
As a result, blood subsequently lost during surgery
will contain proportionally fewer red blood cells,
thus reducing the loss of autologous erythrocytes.
Although still frequently used in some surgical
procedures, the real efficacy of acute normovolemic
hemodilution in reducing allogeneic blood transfu-
sion remains discussed. The aim of this article is to
describe the physiology, limits, and efficacy of acute
normovolemic hemodilution.
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Chapter 18. The ERAS concept
Katie E. Rollins and Dileep N. Lobo
Optimum perioperative fluid administration as part
of an Enhanced Recovery After Surgery (ERAS) pro-
gram is dependent on a range of factors which are
becoming increasingly well documented. Following
previous ambiguous terms and definitions for fluid
management strategies, appreciation of the impor-
tance of “zero balance” (where amount infused equals
the amount lost from the body) of both water and
salt is increasing, with both over- and underhydration
resulting in significantly worse clinical outcomes (in
a U-shaped distribution). Excessive fluid loads have a
significant negative impact upon outcome. Electrolyte
balance, from pre- to postoperative stages, is also now
understood to play a key role.

Section 4: The clinical setting

Chapter 19. Spinal anesthesia
Michael F. M. James and Robert A. Dyer
Fluid therapy is widely used in conjunction with spinal
anesthesia to minimize hypotensive events. The use of
crystalloids for this purpose seems to be only mini-
mally effective, particularly when given prior to the
administration of the spinal anesthetic. To be effec-
tive, substantial fluid boluses must be administered –
of the order of 20ml/kg – and then preferably as a rapid
coload simultaneously with the induction of spinal
anesthesia. Several studies and meta-analyses suggest
that colloids, either as preload or coload, are more
effective than crystalloids andmay result in a smaller
volume of fluid loading being required. However, flu-
ids alone, whether crystalloid or colloid, are generally
inadequate to prevent or treat significant hypotension
associated with spinal anesthesia, and the concomitant
use of a vasopressor will frequently be necessary, par-
ticularly in obstetrics. The best that can be achieved
with optimal fluid therapy is an overall reduction in
the total dose of vasopressor required. The best avail-
able management of spinal hypotension would appear
to be optimal fluid therapy combined with carefully
graded administration of the appropriate vasopressor.
It is possible that goal-directed fluid therapy, using an
appropriate analysis of cardiac performance to assess
the response dynamic indices to a fluid challenge, may
improve fluid therapy in the future, but, at present,
the evidence for this is insufficient to make a firm
recommendation.
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Chapter 20. Day surgery
Jan Jakobsson
Rapid recovery and a minimum of residual effects
are factors of utmost importance when handling the
daycase patient. Prolonged preoperative fasting should
be avoided. Many countries have adopted revised fast-
ing guidelines that allow patients without risk factors
to eat a light meal up to 6 hours and to ingest clear flu-
ids up to 2 hours prior to the induction of anesthesia.
Postoperative fatigue can be reduced by fluid intake up
to 2–3 hours prior to surgery.

Perioperative intravenous fluid therapy should be
instituted on the basis of the case profile. In general,
fluid infused during minor surgery may not exert a
major effect, but during intermediate surgery, such as
laparoscopic cholecystectomy, a liberal fluid program
has been shown to improve recovery and reduce post-
operative fatigue. Administration of about 1 liter iso-
tonic electrolyte solution to compensate for the fast-
ing, and a further 1 liter during surgery, improves the
postoperative course. Liberal fluid administration also
reduces the risk for postoperative nausea and the risk
vs. benefit seems to be in favor for its routine use in
ASA 1–2 patients.The potential benefit in adding dex-
trose to the intravenous fluid during the early postop-
erative phase has been assessed, but the benefit seems
to be very minor.

Resumption of oral intake, drinking, and eating are
traditional variables for the assessment of eligibility for
discharge and thus an essential part of day surgery.
However, there is no need for patients to drink before
discharge; intake of fluid and food should be recom-
mended but not pushed.

Chapter 21. Abdominal surgery
Birgitte Brandstrup
Normal as well as pathological fluid losses should be
replaced with a fluid resembling the loss in quantity
and quality (electrolyte composition). Elective surgi-
cal patients can be allowed to eat until 6 hours and
drink up to 2 hours before surgery without increas-
ing the risk of fluid aspiration. Preoperative admin-
istration of sugarcontaining fluids, intravenous or by
mouth, improves postoperative well-being andmuscle
strength, and lessens the postoperative insulin resis-
tance. It does not, however, reduce the number of
patients with wound- or other complications, length of
stay, or mortality. Surgery does not increase the nor-
mal fluid and electrolyte losses, but causes perspira-
tion from the abdominal wound that approximately
equals the decreased water loss from the lungs because
of ventilation with moist air. It is not possible to treat a
decrease in blood pressure caused by the use of epidu-
ral analgesia with fluid.

The goal of zero fluid balance (formerly called
“restrictive”) reduces postoperative complications and
the risk of death in major abdominal surgery.The goal
of zero balance in combinationwith a goal of nearmax-
imum stroke volume provides equally good outcome.
During outpatient surgical procedures thewellbeing of
the patient is improved by giving approximately 1 liter
of fluid. The role of glucose-containing fluid in this
setting may be beneficial, but the evidence is sparse.
“Postoperative restricted fluid therapy,” allowing the
patients to drink nomore than 1,500ml/day, is not rec-
ommended. To measure the body weight is the best
way to monitor the postoperative fluid balance. Fluid
charts are insufficient.
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Chapter 22. Cardiac surgery
Saqib H. Qureshi and Giovanni Mariscalco
Cardiac surgical patients have altered vascular and
immunological factors that dictate short- and long-
term clinical outcomes. So far, the evidence does not
favor any single choice of fluid therapy. In fact, vol-
ume replacement is a determinant of “filling pressures”
in isolation but requires a critical balance with other
determinants of tissue-oxygen debt such as vasomo-
tor tone, fluid responsiveness, and cardiac contractil-
ity. Lastly, none of the available fluid therapies have
been assessed for their comparative endothelial home-
ostatic potential. This leaves a significant knowledge
gap and an incentive for researchers, clinicians, and
industry to design and test safer and more efficacious
choices for clinical use.

Chapter 23. Pediatrics
Robert Sümpelmann and Nils Dennhardt
The main aim of perioperative fluid therapy is to sta-
bilize or normalize the child’s homeostasis. Young
infants have higher fluid volumes, metabolic rates, and
fluid needs than adults. Therefore, short periopera-
tive fasting periods are important to avoid iatrogenic
dehydration, ketoacidosis, and misbehavior. Balanced
electrolyte solutions with 1–2.5% glucose are favored
for intraoperative maintenance infusion. Glucose-free
balanced electrolyte solutions should then be added
as needed to replace intraoperative fluid deficits or
minor blood loss. Hydroxyethyl starch or gelatin solu-
tions are useful in hemodynamically instable patients
or those with major blood loss, especially when crys-
talloids alone are not effective or the patient is at risk
of interstitial fluid overload. The monitoring should
focus on the maintenance or restoration of a stable tis-
sue perfusion. Also, in non-surgical or postoperative
children, balanced electrolyte solutions should be used
instead of hypotonic solutions, both with 5% glucose,
as recent clinical studies and reviews showed a lower
incidence of hyponatremia.
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Chapter 24. Obstetric, pulmonary, and
geriatric surgery
Kathrine Holte
This chapter focuses on fluid management in obstet-
ric, pulmonary, and geriatric surgery. In obstetrics, the
fluid administration debate largely centers on the rel-
evance of fluid infusions to counteract hypotension in
conjunction with regional anesthesia administered for
pain relief during labor or as anesthesia for Cesarean
section, where both colloids and sympathomimetics
reducematernal hypotension. Particular to pulmonary
surgery, a positive fluid balance is found to correlate
with postoperative lung injury and should be strictly
controlled. Elderly patients, while being at increased
risk for postoperative complications, may also bemore
susceptible to perioperative fluid disturbances includ-
ing preoperative dehydration.

In summary, evidence suggests that fluid manage-
ment should be individualized and integrated into
perioperative care programs. Both insufficient and
excessive fluid administration may increase complica-
tions, and while determining fluid status is still a chal-
lenge, individualized fluid therapy to obtain certain
hemodynamic goals may be recommended.

Chapter 25. Transplantations
Laurence Weinberg
Patients with end-stage liver disease have a hyper-
dynamic resting circulation with high cardiac out-
put states and low systemic vascular resistance and
tachycardia. During liver transplantation, this state is
amplified. The potential for massive bleeding is com-
mon and can result in sudden and catastrophic hypo-
volemia. Massive blood transfusion results in large
volumes of citrated blood being administered. With
limited or no hepatic function to metabolize citrate,
citrate intoxication can occur, and calcium chloride
should be administered when appropriate. Mild to
moderate acidosis can be safely tolerated. Albumin
is the most common colloid used, while the use of
lactate-based crystalloid solutions can result in hyper-
lactatemia as lactate anions are ineffectively metabo-
lized. Acetate-buffered solutions should be preferred.
The most common cause of death in fulminant liver
failure is intractable intracranial hypertension from
cerebral edema, present in approximately 50–80% of
patients with fulminant liver failure. Therefore, per-
missive hypernatremia and use of hypertonic saline
solutions are frequently treatment options in this
setting.

Crystalloids are the mainstay and first choice of
perioperative fluid intervention in renal transplanta-
tion. Conventionally, 0.9% saline is widely advocated
because of concerns about hyperkalemia from the bal-
anced/buffered solutions, which all contain potassium.
However, this fear has not been confirmed in clinical
trials. Hydroxyethyl starch should be avoided owing to
increased risk of a delayed graft function.
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Chapter 26. Neurosurgery
Hemanshu Prabhakar
Fluid administration is one of the basic components
in the management of neurosurgical patients. Despite
advances and extensive research in the field of neuro-
sciences, there is still a debate on the ideal fluid. Issues
related to adequate volume replacement and effects on
the intracranial pressure persist. Studies have demon-
strated the harmful effects of colloids over crystal-
loids. Normal saline has remained a fluid of choice,
but there is now emerging evidence that it too is not
free from its harmful effects. Hypertonic saline has
also been accepted by many practitioners, but its use
and administration requires close monitoring and vig-
ilance. There is now growing evidence on the use of
balanced solutions for neurosurgical patients. How-
ever, this evidence comes from a small number of stud-
ies. This chapter tries to briefly cover various clini-
cal situations in neurosciences with respect to fluid
administration.

Chapter 27. Intensive care
Alena Lira and Michael R. Pinsky
Fluid infusions are an essential part of the manage-
ment of the critically ill, and include maintenance flu-
ids to replace insensible loss and resuscitation efforts
to restore blood volume.This chapter is on fluid resus-
citation. Fluid administration is a vital component of
resuscitation therapy, with the aim being to restore
cardiovascular sufficiency. Initial resuscitation aims to
restore a minimal mean arterial pressure and cardiac
output compatible with immediate survival. This is
often associated with emergency surgery and associ-
ated lifesaving procedures. Then, optimization aims
to rapidly restore organ perfusion and oxygenation
before irreversible ischemic damage occurs. Stabiliza-
tion balances fluid infusion rate with risks of volume
overload, and finally de-escalation promotes polyuria
as excess interstitial fluid is refilled into the circula-
tion. There is no apparent survival benefit of colloids
over crystalloids. Hydroxyethyl starch solutions have
deleterious effects in certain patient populations, for
example in sepsis. Balanced salt solutions are superior
to normal saline. Further fluid resuscitation should be
guided by the patient’s need for increased blood flow
and by their volumeresponsiveness.
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Chapter 28. Severe sepsis and septic shock
Palle Toft and Else Tønnesen
Sepsis is a systemic disorderwith a protean clinical pic-
ture and a complex pathogenesis characterized by the
release of both pro- and anti-inflammatory elements.
The organ dysfunction and organ failure occurring in
the early phase of severe sepsis are believed to result
from an excessive inflammatory response. Degrada-
tion or destruction of the glycocalyx layer causes tran-
sudation of fluid from the vascular space into extravas-
cular tissue. Such capillary leakage makes the patient
hypovolemic and promotes a generalized edema in
the lungs, heart, gut, brain, and other tissues, which
impairs organ function and sometimes causes exces-
sive weight gain. Early, aggressive goal-directed ther-
apy (EGDT) based on the protocol by Rivers et al.
from 2001 stresses that adequate volume replacement
is a cornerstone in management, as restoration of flow
is a key component in avoiding tissue ischemia or
reperfusion injury. It is the speed with which septic
patients are fluid resuscitated that makes the differ-
ence. Deep general anesthesia should be avoided and
noradrenaline might be needed to prevent circulatory
shock before sufficient amounts of fluid have been
administered.

Survival improves fromEGDTonly if optimization
is instituted before organ failure is manifested. Most
patients require continuous aggressive fluid resuscita-
tion during the first 24 hours of management. In the
later course of the disease, between 2 and 7 days, a
more restricted fluid management strategy should be
instituted. Not all patients who are “fluid responders”
should automatically receive fluids.

Chapter 29. Hypovolemic shock
Niels H. Secher and Johannes J. van Lieshout
Hypovolemic shock is a response to a reduced cen-
tral blood volume (CBV) whatever its cause – hemor-
rhage, passive head-up tilt, or other cause – and fol-
lows three phases. The first comprises a reduction of
CBV initially with reflex increase in heart rate (HR)
to approximately 90 bpm and maintained blood pres-
sure (BP) by increased vascular resistance. In the sec-
ond phase, which corresponds to a reduction of the
CBV by about 30%, a Bezold-Jarisch-like reflex ceases
sympathetic activity, although plasma adrenaline con-
tinues to increase, and together with vagal activa-
tion enhances coagulation competence. At this stage
of progressive CBV the HR decreases, eventually to
extremely low values. In the third phase, BP remains
low while HR increases to more than 100 bpm.

To treat hypovolemia, volume substitution can be
directed to establishmaximal values for stroke volume,
cardiac output, or venous oxygen saturation. These
variables do not increase when CBV is enhanced in
supine healthy humans, and thereby define “normo-
volemia.” The patient’s bed can be tilted head-down,
and if the mentioned variables then increase signifi-
cantly, the patient is in need of volume. If not, a vol-
ume deficit does not explain the patient’s condition.
Plasma atrial natriuretic peptide (ANP) also decreases
in response to a reduced CBV, and to maintain plasma
ANP during major surgery requires a 2.5-liter surplus
volume of lactated Ringer’s solution. With recording
of deviations in central cardiovascular variables, the
blood volume can be maintained within 100ml and
provide a comfortable margin to the deficit that affects
BP and regional blood flow.
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Overview of chapter summaries

Chapter 30. Uncontrolled hemorrhage
Robert G. Hahn
Fluid therapy in hemorrhage strives to restore hemo-
dynamic function and tissue perfusion. However,
these goals are not appropriate when there is an injury
to a large blood vessel and the hemorrhage has not
been stopped surgically (uncontrolled hemorrhage).
Clinical situations inwhich this is the case include pen-
etrating trauma, ruptured aortic aneurysm, and gastric
bleeding. Numerous animal experiments in pigs and
rats have shown that the low-flow, low-pressure state
characterizing serious hemorrhage promotes coagula-
tion, even if a large blood vessel is injured. An imma-
ture blood clot is easilywashedaway if the blood flow
rate and the arterial pressure is normalized by infu-
sion fluids. Vigorous fluid therapy then increases both
the blood loss and the mortality. The road to optimal
survival is to infuse less fluid at lower speed (half vol-
ume at half speed is suggested) and aim at a systolic
arterial pressure of 90mmHg. In this situation, the
strategy is only to prevent progressive acidosis and
irreversible shock. A deviation from normal hemo-
dynamics should be accepted until the source of
bleeding has been treated surgically. A sudden drop
in arterial pressure during ongoing fluid resuscitation
suggests that rebleeding is occurring, and the infu-
sion rate should then be further reduced. There is an
unfortunate lack of clinical studies showing that the
fluid strategy that has been successful in animal exper-
iments pertains also to humans. However, it is widely
accepted in emergency departments and trauma hos-
pitals to resuscitate trauma patients to a lower-than-
usual systolic pressure (hypotensive resuscitation).

Chapter 31. Burns
Folke Sjöberg
The purpose of fluid treatment for burn-injured
patients is to maintain organ perfusion despite major
leakage of fluid from the intravascular space.The leak-
age is due to a sharp reduction of the pressure in the
interstitial fluid space (negative imbibition pressure)
and an increase of the vascular permeability. Most of
the fluid loss due to the first factor takes place within
the first 3–4 hours and the bulk of loss from the second
factor within 12 hours after the burn.

The formula for plasma volume support most
widely used today is the “Parkland” strategy, in which
2–4ml of buffered Ringer’s solution is administered
per total body surface area % per kilogram body
weight. Half of the calculated volume is given during
the first 8 hours after the burn and the other half dur-
ing the subsequent 16 hours. A colloid rescue strategy
should come into play when the fluid volumes pro-
vided are very large, and is adequate after 8–12 hours
post-burn.

The patient should be in a state of controlled
hypovolemia. The combined use of urine output (aim
30–50ml/h), mean arterial pressure, and the mental
state of the patient is gold standard when guiding the
fluid therapy. The use of central circulatory param-
eters increases the risk of fluid overload and does
not improve the outcome. The maximal tissue edema
reaches a maximum between the first 24 and 48 hours
post-burn, and thereafter the added fluid volume is
excreted as an ongoing process over 7–10 days.
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Chapter 32. Trauma
Joshua D. Person and John B. Holcomb
In the United States, injury is the leading cause of
death among individuals between the ages of 1 and
44 years, and the third leading cause of death overall.
Approximately 20% to 40% of trauma deaths occur-
ring after hospital admission are related to massive
hemorrhage and are therefore potentially preventable
with rapid hemorrhage control and improved resus-
citation techniques. Over the past decade, the treat-
ment of this population has transitioned into a damage
control strategy with the development of resuscitation
strategies that emphasize permissive hypotension, lim-
ited crystalloid administration, early balanced blood
product transfusion, and rapid hemorrhage control.
This resuscitation approach initially attempts to repli-
cate whole blood transfusion, utilizing an empiric
1:1:1 ratio of plasma:platelets:red blood cells, and then
transitions, when bleeding slows, to a goal-directed
approach to reverse coagulopathy based on viscoelas-
tic assays. Traditional resuscitation strategies with
crystalloid fluids are appropriate for the minimally
injured patient who presents without shock or ongo-
ing bleeding.This chapter will focus on the assessment
and resuscitation of seriously injured trauma patients
who present with ongoing blood loss and hemorrhagic
shock.

Chapter 33. Absorption of irrigating fluid
Robert G. Hahn
Absorption of irrigating fluid can occur in endo-
scopic surgeries. The complication is best known
from transurethral prostatic resection and transcer-
vical endometrial resection. When monopolar elec-
trocautery is used, the irrigation is performed with
electrolytefree fluid containing glycine, or mannitol
or sorbitol. With bipolar electrocautery the irrigat-
ing fluid is usually isotonic saline. Incidence data on
fluid absorption and associated adverse effects show
great variation, but absorption in excess of 1 liter usu-
ally occurs in 5% to 10% of the operations and causes
symptoms in 2–3 patients per 100 operations.

The pathophysiology of the complications arising
from absorption of electrolyte-free irrigating fluids is
complex. Symptoms can be related to metabolic toxi-
city, cerebral edema, and circulatory effects caused by
rapidmassive fluid overload. Available data on absorp-
tion of isotonic saline suggest that symptoms are likely
when the volume exceeds 2 liters.

Ethanol monitoring is the most viable of the meth-
ods suggested for monitoring of fluid absorption in
clinical practice. By using an irrigating fluid that con-
tains 1% of ethanol, updated information about fluid
absorption can be obtained at any time periopera-
tively by letting the patient breathe into a hand-held
alcolmeter.

Treatment of massive fluid absorption is sup-
portive with regard to ventilation, hemodynamics,
and well-being. Hypertonic saline is indicated when
electrolyte-free fluids are used, while diuretics should
be withheld until the hemodynamic situation has been
stabilized. In contrast, absorption of isotonic saline
should (logically) be treated with diuretics as saline
does not cause osmotic diuresis and is not distributed
to the intracellular space.

xxviii
https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972
Downloaded from https://www.cambridge.org/core. UCL, Institute of Education, on 04 May 2018 at 12:13:09, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972
https://www.cambridge.org/core


Overview of chapter summaries

Chapter 34. Adverse effects of infusion
fluids
Robert G. Hahn
Adverse effects may arise if an infusion fluid diverges
from the body fluids with respect to osmolality or
temperature. Coagulation becomes impairedwhen the
fluid induced hemodilution is approximately 40%.
Infusion of 2–3 liters of crystalloid fluid prolongs the
gastrointestinal recovery time, while 6–7 liters pro-
motes poor wound healing, pulmonary edema, and
pneumonia. In abdominal surgery, suture insuffi-
ciency and sepsis become more common. However, a
liberal fluid program in the postoperative period prob-
ably does not increase the number of complications.

Isotonic saline probably shares these adverse effects
with the balanced crystalloid fluids, but adds on a
tendency to metabolic acidosis and slight impair-
ment of the kidney function (−10%). Glucose solu-
tions may induce hyperglycemia and post-infusion
rebound hypoglycemia. Glucose 5% without elec-
trolytes increases the risk of postoperative subacute
hyponatremia.

Adverse effects associated with colloid fluids
include anaphylactic reactions, which occur in approx-
imately 1 out of 500 infusions. To reduce this prob-
lem when dextran is used, pretreatment with a hapten
inhibitor (dextran 1 kDa) should be employed. Hyper-
oncotic colloid solutionsmay cause pre-renal anuria in
dehydrated patients. The indications for hydroxyethyl
starch have been limited, owing to impairment of kid-
ney function in severely ill patients.

Edema from a colloid is most clearly associated
with inflammation-induced acceleration of the capil-
lary escape rate. A factor promoting peripheral edema
from crystalloid fluids is that volume expansion neg-
atively affects the viscoelastic properties of the inter-
stitial fluid gel. The slow excretion of crystalloid fluid
during anesthesia and surgery also contributes to the
development of edema.
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Section 1 The fluids

Chapter

1
The essentials

Robert G. Hahn

Fluid requirement
Minimum 1ml/kg per hour, i.e. 2.4 liters daily for a
person with a body weight of 100 kg and 1.2 liters for
a person with body weight of 50 kg. In children add
50%.

Most common to provide 1.3–1.5ml/kg per hour
to those who can excrete fluid well.

Maintenance therapy
Provide fluid and nutrition intravenously for those
who cannot eat and drink.

∗ Glucose 5% per 4–6 hours with electrolytes up to
the daily fluid requirement. This provides a
minimum of calories and can be used only for a
few days.

∗ Electrolytes should be 1mmol/kg each of
sodium and potassium per 24 hours.

∗ Potassium should not be infused faster than
10mmol/hour.

Preoperative fasting
Patients may drink clear fluids up to 2 hours before
surgery.

Solid food up to 6 hours before surgery.
Contraindications may apply.

Induction of anesthesia
Common practice is to provide 500ml of balanced
crystalloid fluid during the induction to compen-
sate for vasodilatation and as a safeguard against

undetected hypovolemia.The fluid has no effect on the
concomitant drop in arterial pressure.

Intraoperative fluid
Fluid elimination is slow. A restrictive program
reduces the complications.

∗ 3–5ml/kg per hour of a balanced crystalloid
fluid (Ringer’s lactate or Ringer’s acetate, or
Plasma-Lyte). This also covers minimal blood
losses.

∗ Alternatively, 1–2ml/kg per hour and volume
optimization guided by stroke volume
monitoring or equivalents. This option is of most
obvious benefit in the sickest patients.

∗ Isotonic saline to be given only on special
indications. These are vomiting, hyponatremia,
trauma, and (especially) neurotrauma.

∗ Blood loss up to 500ml is replaced by 3 times the
bled volume of balanced fluid.

∗ Blood losses exceeding approximately 500ml can
be replaced by a colloid fluid before the target
hematocrit, which depends on the preoperative
blood hemoglobin (Hb) concentration and the
patient’s health status, is reached.

Postoperative care unit
Fluid elimination is normal or increased.

No evidence of benefit from fluid restriction, which
increases the risk of nausea.

∗ 5–6ml/kg per hour of a balanced crystalloid
fluid.

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Section 1: The fluids

Back at the surgical ward
(From 3–4 hours after the surgery)

Normalization stage.

∗ Drink clear fluids, alone or combined with:
∗ Glucose 2.5% with electrolytes 1.5ml/kg per
hour (approximately 100ml/hour in an adult). If
necessary, add more electrolytes as guided from
blood analysis. Use infusion pump.

Check for dehydration before you
induce anesthesia
You must always evaluate the possibility of a preoper-
ative fluid deficit.

∗ Inability to drink leads to hypertonic
dehydration where serum osmolality
>300mosmol/kg. Slow correction with glucose
solution is the cure. If you are in a hurry, restore
extracellular volume with balanced Ringer’s and
then turn to glucose.

∗ Vomiting and diarrhea lead to hypotonic
dehydration. Restore with isotonic saline.

∗ Enteric lavage should replaced 1:1 with balanced
electrolyte solution.

∗ Ileusmay result in very large fluid deficits
(4–6 liters) resulting both from inability to drink
and from vomiting. Estimate is 3 liters of loss for
each day of complete ileus. Replace at least half
the missing volume before inducing anesthesia
under cardiovascular monitoring.

Two general guidelines for the use of fluid ther-
apy in hospital patients have been published by British
authors and can be downloaded free of charge from the
Internet:

GIFTASUP (2007) – British Consensus Guidelines on
Intravenous FluidTherapy for Adult Surgical Patients;
http://www.bapen pubs/giftasup.pdf (last visited on
18 March 2016)

NICE (2013) – Intravenous fluid therapy in adults in
hospital; http://www.nice.org.uk/guidance/cg174

2
https:/www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.003
Downloaded from https:/www.cambridge.org/core. The Librarian-Seeley Historical Library, on 15 Mar 2017 at 17:42:48, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.003
https:/www.cambridge.org/core


Section 1 The fluids

Chapter

2
Crystalloid fluids

Robert G. Hahn

Summary

Crystalloid electrolyte solutions include iso-
tonic saline, Ringer’s lactate, Ringer’s acetate, and
Plasma-Lyte. In the perioperative period these flu-
ids are used to compensate for anesthesia-induced
vasodilatation, small to moderate blood losses,
and urinary excretion. Although evaporation
consists of electrolyte-free water, such fluid losses
are relatively small during short-term surgery
and may also be compensated by a crystalloid
electrolyte solution.

These fluids expand the plasma volume to a
lesser degree than colloid fluids as they hydrate
both the plasma and the interstitial fluid space.
However, the distribution to the interstitial fluid
space takes 25–30min to be completed, which
is probably due to the restriction of fluid move-
ment by the finer filaments in the interstitial gel.
The slow distribution gives crystalloid electrolyte
solutions a fairly good plasma volume-expanding
effect as long as the infusion continues and shortly
thereafter.

Isotonic saline is widely used, but has an elec-
trolyte composition that deviates from that of
the extracellular fluid (“unbalanced”). This fluid
is best reserved for special indications, such as
hyponatremia, hypochloremic metabolic alkalo-
sis, and disease states associated with vomiting.
Isotonic saline may also be considered in trauma
and in children undergoing surgery. Hypertonic
saline might be considered in neurosurgery and,
possibly, in preoperative emergency care.

Ringer’s lactate, Ringer’s acetate, and Plasma-
Lyte have been formulated to be more similar to
the composition of the ECF (“balanced fluids”).

They are the mainstay of fluid administration in
the perioperative period and should be used in all
situations where isotonic saline is not indicated.

The term crystalloid fluid refers to sterile water solu-
tions that contain smallmolecules, such as salt and glu-
cose, which are able to crystallize. These solutes easily
pass through the capillarymembrane, which is the thin
fenestrated endothelium that divides the plasma vol-
ume from the interstitial fluid volume. This process of
solute distribution brings water along with it. Hence,
the volume of a crystalloid fluid is spread throughout
the extracellular fluid (ECF) space.

Osmolality is the number of particles dissolved in
the water solution.The osmolality of the body fluids is
approximately 295 milliosmoles (mosmol) per kg and
is a powerful driving force forwater distribution.How-
ever, it is both the type of dissolved particles and the
osmolality of the solution that determine the tonicity,
i.e. to what degree the infusion fluid hydrates or dehy-
drates the intracellular fluid (ICF) space.[1]

If the solutes in the infusion fluid remain outside
the cells, as is the case for sodium and chloride, the
osmolality and the tonicity agree. An iso-osmotic infu-
sion fluid (295mosmol/kg) is then isotonic. In con-
trast, osmolality and tonicity are not equivalent in the
case where the solutes easily penetrate the cell mem-
brane, which separates the ECF from the ICF. An
example is ethanol, which markedly raises the body
osmolality but without redistributing water.Therefore,
ethanol is said to have low tonicity.

The cell membrane regulates the distribution of
many other solutes across the cellmembrane in a finely
graded manner via energy-consuming pump mecha-
nisms, which then also modify the water distribution.

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Section 1: The fluids

Table 2.1 Composition of plasma and the most common crystalloid solutions

Osmolality
(mosmol/kg) pH

Na+

(mmol/l)
K+

(mmol/l)

HCO3
–

(mmol/l)
equivalent

Cl–

(mmol/l)
Glucose
(mmol/l)

Plasma 295 7.4 140 3.6–5.1 30 100 5

0.9% saline 308 5.0 154 0 0 154 0

7.5% saline 2400 3.5–7.0 1250 0 0 1250 0

Lactated Ringer’s 274 6.5 130 4 30 110 0

Acetated Ringer’s 270 6.0 130 4 30 110 0

Plasma-Lytea 295 7.4 140 5 27 98 0

Glucose (5%) 278 5.0 0 0 0 0 278

Glucose (2.5%) +
electrolytes

280 6.0 70 0 25 45 139

a Plasma-Lyte A also contains 23mmol/l of gluconate.
The infusion fluids may contain small amounts of electrolytes such as magnesium and calcium.

These pumping mechanisms operate slowly (minutes
to hours) whereas changes in osmolality redistribute
water within seconds.

The marketed crystalloid infusion fluids are usu-
ally isotonic or nearly isotonic. Hence, they expand
the ECF volume but not the ICF volume. Their main
use in the perioperative period is to compensate for
anesthesia-induced vasodilatation, small to moderate
blood losses, and urinary excretion. Although evap-
oration consists of electrolyte-free water, such fluid
losses are relatively small and can also be compensated
by crystalloid electrolyte solutions.

Isotonic saline
A 0.9% solution of saline is isotonic and is therefore
called physiological or “normal.” However, the fluid
can also be called “unbalanced” because no attempt
has been made to mimic the electrolyte composition
of the ECF. The fluid still contains a marked surplus
of chloride ions and no buffer (Table 2.1) and, hence,
infusion of>2 liters of the fluid causes hyperchloremic
metabolic acidosis.[2]

Isotonic saline is the most widely used infusion
fluid in Europe and probably worldwide, although
the indications are limited. In adults, normal saline
should be reserved for patients with hyponatremia
and hypochloremic metabolic alkalosis, as in disease
states associated with vomiting. The fluid has a more
accepted role for perioperative fluid therapy in chil-
dren where the risk of subacute postoperative hypona-
tremia is a more serious concern than in adults.

When infused in healthy volunteers, 2 liters of nor-
mal saline caused abdominal pain, which was not the
case for lactated Ringer’s.[3] The use of approximately
4 liters of isotonic saline during surgery caused more
postoperative complications than the use of the same
amount of Ringer’s lactate.[4]

Normal saline is excreted more slowly than both
lactated and acetated Ringer’s solutions,[5] increas-
ing the volume effect (“efficiency”) of the fluid to
be about 10% greater than for the Ringer’s solutions
(Figure 2.1). The reason for the slow elimination is
probably that the surplus of chloride ions has a vaso-
constrictive effect on the renal blood vessels.[6]

Small prospective [4] and large retrospective [7]
studies have shown that surgical complications are
more common after open abdominal operationswhere
isotonic saline has been infused than for similar
operations with Ringer’s lactate. However, a differ-
ence in complication rate is unlikely if the infused
volume is <2 liters. A more detailed comparison
between isotonic saline and the buffered Ringer’s solu-
tions is given in Chapter 12, “Monitoring of the
microcirculation.”

Isotonic saline is devoid of calcium. This means
that the fluid can be infused together with packed ery-
throcytes where citrate has been used as preservative
without causing coagulation in the infusion line. Large
volumes of saline dilute the plasma concentration of
ionized calcium, which might be an untoward effect
because hypocalcemia decreases myocardial con-
tractility. Therefore, calcium needs to be substituted
if large volumes of isotonic saline are provided. No
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Chapter 2: Crystalloid fluids
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Figure 2.1 Left panel: Plasma volume expansion from infusion of 2 liters of isotonic saline, Ringer’s lactate and Ringer’s acetate over 30min
(asterisks) in 10 healthy volunteers. Each curve is based on the modeled average plasma dilution from experiments performed in 10 male
volunteers multiplied by the plasma volume at baseline as estimated by anthropometry. Right panel: The rate of elimination of the three
fluids. The half-life is the inverse of the shown elimination rate constant times 0.693. Hence, the half-life is about 60min for the Ringer’s
solutions and 130min for isotonic saline. Recalculations of data from Ref. [5] using a mixed-models analytical program (Phoenix NLME).

precise limit is given but it should be in the range of
4 liters in an adult.

Saline may also be marketed as hypertonic solu-
tions at strengths of 3% and 7.5% solution. The first
is mainly intended as a means of raising the serum
sodium concentration in hospital in-patients and of
reducing the intracranial pressure in neurotrauma
patients. The latter is used for plasma volume expan-
sion in emergency care, although the benefits have
been questioned. In volunteers, 7.5% saline is four
times as effective a plasma volume expander as normal
saline.[5]

The Ringer’s solutions
Ringer’s solution is a composition created by Sydney
Ringer in the 1880s to be as similar as possible to the
ECF. Alexis Hartmann later added a lactate buffer to
the fluid and made it Hartmann’s solution, or “lac-
tated” Ringer’s solution.

Lactate and acetate
Today, Ringer’s solution is used with the addition of
buffer in the form of lactate or acetate, of which the
former is more common. Both ions are metabolized to
bicarbonate in the body, albeit with certain differences.
Lactate ismetabolized in the liver and the kidneys with
the aid of oxygen and under production of bicarbonate

and carbon dioxide. Acetate is metabolized faster and
inmost tissues, and it consumes only half asmuch oxy-
gen per mole of produced bicarbonate compared with
lactate. Hence, lactate slightly increases the oxygen
consumption [8] and might also raise plasma glucose,
particularly in diabetic patients.[8,9] Large amounts of
lactated Ringer’s confuse assays used to monitor lactic
acidosis.

Both lactate and acetate are vasodilatators. Rapid
administration aggravates the reduction of the sys-
temic vascular resistance that normally occurs in
response to volume loading. Both lactate and acetate
are also fuels, although the calorific content in 1 liter
of any Ringer’s solution is quite low (approximately
5 kcal).

Although the differences between lactate and
acetate are usually negligible, several factors suggest
that acetate is the better buffer in the presence of
a compromised circulation and in shock. Lactate is
metabolized in the liver and, therefore, Ringer’s acetate
is to be preferred in patients with impaired liver
function. A more detailed comparison between lac-
tate and acetate as buffers is given in Chapter 25,
“Transplantations.”

Pharmacokinetics
During intravenous infusion the Ringer’s solutions
distribute from the plasma to the interstitial fluid space
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Section 1: The fluids

in a process that requires 25–30min for completion.
The distribution half-life is approximately 8min.[5,10]

Distribution. There is a difference in the pattern
of distribution for small and large volumes of the
Ringer’s solutions. Infusing 300–400ml at a rate of 10–
20ml/min will distribute fluid almost exclusively over
the plasma volume.[11,12] This is rather due to the
high compliance for volume expansion of the inter-
stitial matrix than to a limiting effect of the capillary
membrane. A three times higher rate of infusion over-
comes the low compliance of the interstitial gel, but the
fine filaments in the meshwork still retard the rate of
the distribution, which explains why this process still
requires 25–30min to be completed. When the rate
of infusion is further raised (50ml/min and higher)
the return of fluid from the interstitium to the plasma
becomes progressively retarded, which is due to loss
of stiffness in the matrix. Free fluid can even accumu-
late in the interstitium if an infusion is provided fast
enough to overcome the normally negative interstitial
fluid pressure.[1] This causes pitting edema, by which
we can expect that the ratio of 1:2 for the fluid distri-
bution between the plasma and interstitial fluid space
has been abruptly reduced.

For the infusion rates normally used during
surgery, the ratio of the plasma to the expandable parts
of the interstitial fluid space is 1:2, which means that
33% of the infused fluid is retained in the plasma (if
we disregard elimination).[13] However, slow distri-
bution results in a stronger plasma volume expansion
than offered by this relationship as long as the infusion
continues (Figure 2.1).

Elimination. The elimination (by voiding) in vol-
unteers is so rapid that the fluid may exhibit one-
compartment kinetics, which has been interpreted to
imply that the fluid is distributed only to the plasma
and to areas of the interstitial fluid space with the
highest compliance for volume expansion (half-life
20min). In contrast, elimination is greatly retarded
during surgery, where Ringer’s always exhibits two-
compartment kinetics.[10] Infusion of 2 liters of
Ringer’s in volunteers is followed by elimination of 50–
80% of the fluid within 2 hours, whereas the corre-
sponding figure in anesthetized patients is only 10–
20%. This corresponds to a half-life of 200–400min.
Lowered blood pressure, vasodilatation and activation
of the renin–aldosterone axis are factors thought to be
responsible for the slow turnover of Ringer’s during
anesthesia and surgery.[14] The retarded elimination
facilitates the development of edema as the retained

fluid distributes both in the plasma and the interstitial
fluid space.

Clinical use
The pharmacodynamics of the Ringer’s solutions is
strongly related to their capacity to expand the ECF
volume.

These fluids may be used to replace preoperative
losses of fluid due to diarrhea or bowel preparation.
In contrast, vomiting should be replaced by normal
saline.

The Ringer’s solutions are commonly used (in a
volume of approximately 500ml) to compensate the
blood volume for the expansion of the vascular tree
that occurs from induction of both regional and gen-
eral anesthesia.

The Ringer’s solutions reverse the compensatory
changes in blood pressure and sympathetic tone result-
ing from hypovolemia. There are numerous reports
confirming that rapid infusion of Ringer’s is a life-
saving treatment in excessive hemorrhage, owing to
the resulting expansion of the plasma volume.

In contrast, crystalloid fluid cannot reverse drug-
induced hypotension.[14] If a crystalloid bolus has
no effect in reversing hypotension during surgery,
the anesthetist should change strategy and lighten the
anesthesia, or else institute treatment with an adrener-
gic drug, rather than providing several liters of crystal-
loid fluid.

As crystalloids are inexpensive and carry no risk
of allergic reactions, a Ringer’s solution is often used
to replace smaller blood losses while colloids are with-
held until 10–15% of the blood volume has been lost.
The commonly recommended dosage is to infuse three
times asmuch Ringer’s as the amount of blood lost (3:1
principle). If the patient’s legs are placed in stirrups,
a 2:1 replacement scheme can be used, with the last
third given as a bolus infusion when the legs are low-
ered from the stirrups.[15]

There are concerns about the use of Ringer’s in
brain injury, because the fluid is slightly hypotonic
(270mosmol/kg) and increases brain cell mass when
the central nervous system is traumatized. Normal
saline is likely to be a better choice during neuro-
surgery and also in acute trauma. In volunteers, how-
ever, acetated Ringer’s did not increase the ICF vol-
ume, as shown by the fact that the urinary sodium
concentration was only half as high as that of the
plasma.[16]
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Chapter 2: Crystalloid fluids

All Ringer’s should be infused cautiously in
patients with renal insufficiency, since these patients
may not be able to excrete an excess amount of crystal-
loid fluid.

The bufferedRinger’s solutions contain 2mmol/l of
calcium and therefore cause coagulation in the infu-
sion line if given together with erythrocytes preserved
with citrate.This agent operates as an anticoagulant by
binding calcium, which is a co-factor in the coagula-
tion process.

Dosing
The rate and volume of infused Ringer’s solutions
vary considerably during surgery. Overall, the volumes
used in clinical practice today are lower than they were
in the 1980s and 1990s.Themostwidely used basic rate
of infusion to provide is 3–4ml/kg per hour, i.e. about
300ml per hour in an adult male. In major surgery,
a widely advocated concept is to provide a basic rate
of 2ml/kg per hour of one of the buffered Ringer’s
solutions and then to increase the fluid administration
whenever stroke volume decreases by >10% (goal-
directed fluid therapy). To provide a Ringer’s solu-
tion only at a rate of 2ml/kg per hour or less with no
additional infusions increases the risk of postoperative
nausea.[17]

In healthy adult females, very rapid infusions of
Ringer’s (2 liters over 15min) caused swelling sensa-
tions, dyspnea, and headache.[18] This rate (133ml/
min) should not be exceeded in the absence of severe
hypovolemia. No symptomswere observed after infus-
ing the same volume more slowly.

In elderly and debilitated patients, the rate of infu-
sion of crystalloid fluid should be further reduced
and adjusted according to the patient’s cardiovascular
status.

Too rapid volume loading might be complicated
by instant pulmonary edema. Both the dilution of the
plasma proteins and the increased cardiac pressures
promote such edema, which should be treated with
acute vasodilatation, administration of loop diuretics,
and application of continuous positive airway pressure
(or positive end-expiratory pressure if the patient is
mechanically ventilated).

There is also a risk of pulmonary edema devel-
oping in the postoperative period if the total vol-
ume infused during the day of surgery amounts to
7 liters or more. Arieff [19] reported development of
pulmonary edema in 7.6% of 8,195 patients who

underwent major surgery. The mortality in this group
was 11.9%.

Volume loading with 3 liters of lactated Ringer’s
in volunteers (mean age 63 years) reduced the forced
expiratory capacity and the peak flow rate.[20]

Outcome studies using prospective registration
of postoperative adverse events have demonstrated
that crystalloid fluid administration during colonic
surgery should be closer to 4ml/kg per hour than
12ml/kg per hour.[21] One of the earliest problems
is that >2 liters prolongs the gastrointestinal recov-
ery time after surgery, which has not been described
after administration of hydroxyethyl starch.[22] Larger
volumes of crystalloid electrolyte fluid promote a
large number of postoperative complications, such as
impaired wound healing and pneumonia.[23] Many
similar outcome studies will be discussed later in this
book that advise the anesthetist about the optimal
infusion rates during various surgeries.

The restrictive protocol is best studied, and of
undisputable value, in open abdominal surgery.
Patients undergoing laparoscopic cholecystectomy
and bariatric surgery seem to fare better with a more
liberal program (7ml/kg per hour or higher). There
is little evidence that a restrictive fluid program is of
value in the postoperative care unit, where the fluid
turnover is normal, or rather slightly accelerated,
owing to the surgical inflammatory response.

Plasma-Lyte
The infusion fluid Plasma-Lyte is constructed to fur-
ther refine the “balanced” composition of acetated
Ringer’s solution. Here, the sodium and chloride con-
centrations are virtually identical to those of human
plasma, and the osmolality is the same as that of the
plasma (Table 2.1).

To make up for the increase in cation and decrease
of anion concentration the solution also contains the
negatively charged ion gluconate, which is also metab-
olized to carbon dioxide and water but still has only a
weak alkalinizing effect. Gluconate has been used as a
taste improver in the food industry during the past 150
years and is non-toxic. Gluconate is also a part of our
intermediarymetabolism, and an amount correspond-
ing to the content of 4 liters of Plasma-Lyte is produced
each day in the human body.

The Plasma-Lyte composition has been known for
several decades and has only recently been marketed
widely. Countries that are used to Ringer’s lactate may
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Section 1: The fluids

show reluctance to use Plasma-Lyte because of the con-
tent of acetate, but the differences between the lactate
and acetate buffers are indeed quite small. Clinicians
may also hesitate to use the fluid owing to uncertainty
caused by the presence of gluconate, which is not used
in clinical medicine except perhaps as a chelate in oral
calcium tablets.

Plasma-Lyte has no acidifying effect and is there-
fore more effective than isotonic saline to com-
bat metabolic acidosis in diabetic ketosis [24] and
trauma.[25] In kidney transplantation patients, infu-
sion of Plasma-Lyte caused less aberration of the elec-
trolyte balance than both isotonic saline and Ringer’s
lactate.[26] These differences are expected since the
composition of Plasma-Lyte is more similar to the
ECF than any of the other crystalloid electrolyte solu-
tions are. Although Plasma-Lyte is intuitively the best
of these fluids, a benefit with respect to clinical out-
come might be difficult to demonstrate relative to the
balanced Ringer’s solutions as the composition-related
problems associated with their use are few.

Plasma-Lyte is used on the same indications as the
buffered Ringer’s solutions. This fluid might also be
considered in trauma patients and in children, given
that it is iso-osmotic.

Similar to isotonic saline, Plasma-Lyte is devoid
of calcium, which makes it possible to infuse the
fluid in the same intravenous line as erythrocytes pre-
served with citrate. Calcium might need to be sub-
stituted when more than 4 liters of the fluid has been
administered, owing to dilution of the plasma calcium
concentration.

The SPLIT clinical trial did not disclose any differ-
ence in the incidence of acute kidney injury and mor-
tality when isotonic saline or Plasma-Lyte was given in
a mean volume of 2 liters on the first day of admission
to intensive care.[27]
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Chapter

3
Colloid fluids

Robert G. Hahn

Summary

Colloid fluids are crystalloid electrolyte solutions
with a macromolecule added that binds water by
its colloid osmotic pressure. As macromolecules
escape the plasma only with difficulty, the result-
ing plasma volume expansion is strong and has
a duration of many hours. Clinically used col-
loid fluids include albumin, hydroxyethyl starch,
gelatin, and dextran.

The plasma volume expansion shows one-
compartment kinetics, which means that colloids,
in contrast to crystalloids, have no detectable
distribution phase. Marketed fluids are usually
composed so that the infused volume expands the
plasma volume by the infused amount. Exceptions
include rarely used hyperoncotic variants and
mixtures with hypertonic saline.

The main indication for colloid fluids is as
second-line treatment of hemorrhage. Because of
inherent allergenic properties, crystalloid elec-
trolyte fluids should be usedwhen the hemorrhage
is small. A changeover to a colloid should be per-
formed only when the crystalloid volume is so
large that adverse effects may ensue (mild effects
at 3 liters, severe at 6 liters). The only other clini-
cal indication is that dextran can be prescribed to
improve microcirculatory flow.

There has been lively debate about clinical use
of colloid fluids after studies in septic patients have
shown that hydroxyethyl starch increases the need
for renal replacement therapy. This problem has
not been found in the perioperative setting but the
use of starch has still been restricted.

The colloids have defined maximum amounts
that can be infused before adverse effects, usu-
ally arising from the coagulation system, become
a problem.

The term colloid fluid refers to a sterile water solu-
tion with addedmacromolecules that pass through the
capillary wall only with great difficulty. The osmotic
strength of macromolecules is not great, so a col-
loid fluid must also contain electrolytes to be non-
hemolytic. As long as macromolecules reside within
the capillary walls their contribution to the total osmo-
lality (the colloid osmotic pressure) is still sufficient to
maintain a large proportion (or all) of the infused fluid
volume inside the bloodstream.

Colloid fluids are used as plasma volume expanders
and have a longer-lasting effect than crystalloid flu-
ids. They carry a risk of allergic reactions not shared
by crystalloid fluids. Therefore, one usually replaces
smaller blood losses by crystalloid fluid, while colloids
are withheld until 10–15% of the blood volume has
been lost. The recommended use of colloid fluids in
more specific clinical situations is further explained in
many chapters in this book.

The colloids should be mixed in balanced elec-
trolyte solutions instead of in normal saline. The rea-
son for this is the metabolic acidosis induced by nor-
mal saline, but the changeover is important only if
2–3 liters of the colloid is administered. However, even
minor acidosis from the saline in a colloid fluid adds
to acidosis caused for other reasons.

Overall, the use of colloid solutions has declined
in recent years. The change is due to the disclosure of

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Figure 3.1 Left panel: Plasma volume expansion from infusion of 10ml/kg of hydroxyethyl starch (HES) 130/0.4 (Voluven) in 10 male
volunteers. The thick curve is the modeled average and the thin lines each of the underlying experiments. Middle and right panels: Kinetic
parameters of 32 experiments where male volunteers received either 5ml/kg of 6% dextran 70, 10ml/kg 5% albumin, or 10ml/kg
hydroxyethyl starch 130/0.4 in saline. The half-life is the inverse of the elimination rate constant times 0.693, which becomes 160, 90, and
110min, respectively. All calculations were performed in a single run with a mixed models analytical program, Phoenix NLME, without
correction for evaporation. Based on data from Refs. [1], [17], and [49].

adverse renal effects on the kidneys from the use of
artificial colloids in the intensive care setting. More-
over, there have been questions over whether the
plasma volume-expanding effect is truly better than for
crystalloids when fluid therapy is extended over sev-
eral days in intensive care patients.

Albumin
Albumin is the most abundant protein in plasma and,
therefore, has an important role in maintaining the
intravascular colloid osmotic pressure. Albumin has
a molecular weight of 70 kDa. Albumin solutions are
prepared from blood donors and have a strength of
3.5%, 4%, or 5%, and are even available as a hyperon-
cotic 20% preparation.

Pharmacokinetics
Albumin 5% expands the plasma volume by 80% of
the infused volume. In healthy volunteers, the plasma
volume expansion fades away slowly according to a
mono-exponential function, the half-life being almost
2 hours (Figure 3.1).

An infusion of 10ml/kg of albumin 5% increases
the serum albumin concentration by 10%, and this
remains unchanged formore than 8 hours.[1] Restora-
tion of normal blood volume is governed by translo-
cation of albumin molecules from the plasma to the
interstitial fluid space. Moreover, the plasma volume
expansion per se has a diuretic effect. The albumin is
gradually transported back to the plasma via lymphatic
pathways, and the half-life of blood-derived albumin

in the body is much longer (16 hours) than the half-
life of the accompanying plasma volume expansion.

Clinical use
Albumin is a “natural” colloid and remains an effec-
tive means of restoring the plasma volume and normal
hemodynamics in hypovolemic shock.

Despite high cost and limited supply, the use of
albumin in adults has undergone a revival in recent
years. The main reason is that the adverse effects of
the artificial colloids on kidney function do not seem
to be shared by albumin.[2] Albumin also has a scav-
enger effect that is appreciated in intensive care. Acute
reduction of serum albumin is a sign of capillary leak
in inflammatory disorders, such as sepsis. The leak-
age rate is normally 5% per hour but can be raised to
20% per hour in septic patients.[3] The reason seems
to be breakdown (shedding) of the glycocalyx layer
of the endothelium, which binds the plasma proteins
and other colloid particles more firmly to the vascular
system.[4]

The use of albumin as a plasma volume expander
in situations of increased capillary leak is a double-
edged sword.The solution expands the plasma volume
transiently, but the infused albumin creates periph-
eral edema later on, as the lymphatic drainage might
not be able to catch up with the increased loss of pro-
tein from the plasma. In these situations, one should
select colloids based onmacromolecules that are elimi-
nated from the blood bymetabolism or renal excretion
rather than by capillary leak, and that have a shorter
half-life in the body than albumin (16 hours).
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In intensive care, albumin infusions have beenused
to treat hypoalbuminemia. This therapy has gradually
been taken out of practice as low serum albumin is a
sign of severe disease rather than a problem in itself.
The added albumin will soon be subject to catabolism
and used in the same way as amino acids in the body.
Albumin may be used to replace excessive albumin
losses in special medical conditions, such as nephri-
tis. Albumin is also the most commonly used plasma
volume expander in children.

Hyperoncotic (20%) albumin does not improve
survival in septic patients (ALBIOS study),[2] but both
ALBIOS and the earlier SAFE study suggested a sur-
vival benefit for albumin treatment in patients with
septic shock.[2,5]

The “albumin debate”
Treatment of the critically ill with albumin has been
the subject of lively debate over the years.[6,7] In 1998,
the Cochrane Library published a meta-analysis of
1,419 patients from 30 studies in which albumin was
used. The results were surprising, since albumin treat-
ment seemed to increase the mortality. The relative
risk of death was 1.46 when albumin was given to
treat hypovolemia, 1.69 if the indication was hypoal-
buminemia, and 2.40 when albumin was given for
burns.[8] In the United Kingdom, the use of albumin
decreased by 40% during the months following publi-
cation of the meta-analysis.[9]

A later review of the same topic indicated that
the risk of death associated with the use of albumin
appeared to be lower the better the study was con-
ducted. The best studies did not support that albumin
increases the risk of death.[10]

These meta-analyses were followed by a random-
ized study (the SAFE study) that compared albumin
4% with normal saline.[5] No difference in outcome
depending on the choice of infusion fluid was found
in 7,000 intensive care patients. The mortality after
28 days was virtually identical in the groups (726 vs.
729).

However, a subgroup analysis of the SAFE study
comprising the 460 patients with head injury showed
that albumin 4% was followed by a higher mortality
than normal saline (33% vs. 20%). The difference was
greatest in the most severe cases.[11]

The research group of Marcus Rehm and Matthias
Jacob of Munich has presented evidence that colloid
solutions, and among them albumin 5%, only have

an 80–100% volume effect when infused in normo-
volemic (bleeding) patients, while the volume effect
is poorer in hypervolemic states. The reason is that
marked hypervolemia raises the atrial natriuretic pep-
tide (ANP) concentration, which negatively affects the
glycocalyx layer.[12,13]They advocate the use of albu-
min as the colloid that helps tomaintain the glycocalyx
layer.

Starch
Hydroxyethyl starch (HES) consists of polysaccharides
and is prepared from plants such as grain or maize.

HES is the only type of colloid preparation that has
undergone a company-driven development to achieve
refinement during the past 30 years. Several differ-
ent formulations may be marketed, both old and new.
They vary in concentration, usually being 6% or 10%.
They also vary in chemical compositionwith respect to
molecular weight, the number of hydroxyethyl groups
per unit of glucose (substitution), and the placement
of these hydroxyethyl groups on the carbon atoms of
the glucose molecules (C2/C6 ratio).

The variability in chemical composition deter-
mines the differences in clinical effect between the
solutions. Over the past decades, the trend has been
to use molecules of smaller size to reduce the half-
life and the risk of hemorrhagic complications. Het-
astarch contains the largest molecules (450 kDa) and
pentastarch contains intermediate-sized molecules
(260 kDa). The most recently developed HES prepa-
rations have an even lower molecular size, on average
130 kDa.The degree of substitution may be low (0.45–
0.60) or high (0.62–0.70), and the C2/C6 ratio is low if
less than 8.

The preparations are usually described with the
key characteristics of molecular size and substitution,
which may or may not be followed by the C2/C6
ratio. Hence, currently themost widely promotedHES
preparations are denoted HES 130/0.4/9:1 (Voluven
from Fresenius-Kabi) and HES 130/0.62/6:1 (Veno-
fundin from B. Braun). Amodern adaptation is to mix
the HES in balanced crystalloid solutions instead of in
normal saline, which is to be preferred when several
fluid bags are prescribed.

The degree of substitution is the key determinant
for half-life. Higher molecular size increases risk of
adverse effects in the form of anaphylactoid reactions,
coagulopathy, and postoperative itching.
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HES (6%)mixed in hypertonic (7.5%) saline is also
marketed for emergency and trauma situations. Such
a solution expands the plasma by much more than the
infused volume, by virtue of osmotic volume transfer
from the intracellular fluid space.

Pharmacokinetics
A 6% HES solution in iso-osmotic saline or balanced
electrolytes expands the plasma volume by as much as
the infused volume (Figure 3.1). Considerable variabil-
ity in this respect may be encountered when adminis-
tered to intensive care patients.[14]

The elimination of the HES molecules is a com-
plex issue. They have a spectrum of sizes of which the
smallest (<60–70 kDa) are quickly eliminated by renal
excretion. Larger molecules first need to be cleaved
by endogenous alpha-amylase into smaller fragments
before being excreted, a process that increases the
osmotic strength per gram of polysaccharide. The
HES molecules are also subjected to phagocytosis by
the reticuloendothelial system, and remnants may be
found in the liver and spleen even after several years.
Hence, the half-life of the HES molecules does not
correspond closely with the plasma volume expansion
over time.

The half-life of the HES molecules in Venofundin
was 3.8 hours when administered to volunteers.[15]
The half-life of the HES molecules of Voluven in
plasma is said to be shorter, 1.4 hours, although the
terminal half-life is 12 hours. After 72 hours, approx-
imately 60% of the molecules can be recovered in the
urine.[16]

The decay of the plasma volume expansion forHES
130/0.4 (Voluven) occurs with a half-life of 2 hours
in volunteers [17] (Figure 3.1) and a similar dura-
tion of the intravascular persistence was found in
laparoscopic cholecystectomy [18] and hip replace-
ment surgery.[19] Hence, the intravascular persistence
of the fluid volume ismuch shorter than the half-life of
the HES molecules, which suggests that the molecules
reside outside the circulation for many hours before
being eliminated.

As for crystalloid fluids, the plasma volume expan-
sion is greater if HES is infused during anesthesia-
induced hypotension [20] and has a markedly longer
duration when given to replace hemorrhage.[21]

The elimination of crystalloid fluid is known to be
greatly retarded by anesthesia and surgery, but there
are no data on the rate of elimination of colloid fluid
volumes in the perioperative setting.

Clinical use
Hydroxyethyl starch is indicated solely for plasma vol-
ume expansion in bleeding patients. The colloid is not
recommended for use in intensive care.

The first 10–20ml should be infused slowly and
the patient closely observed with respect to allergic
reactions, which are rare and less severe than for
dextran.

The highest recommended dose of Voluven to be
given during 24 hours is 3.5 1iters in an adult of 70 kg.
Only half as much should be allowed for dextran and
HES preparations that contain larger molecules.

Although small-sized HES (130 kDa) preparations
have a shorter persistence in the blood, they have the
same clinical efficacy as median-sized HES prepara-
tions while being safer.[22]

The “starch debate”
Europe has suffered a painful debate on the clinical
use of HES in clinical medicine. In 2001, Schortgen
et al. found a greater change in creatinine concentra-
tion in patients treated with 6% HES 200/0.60–0.66
(Elohes) as compared with 3% gelatin.[23] A second
study, called VISEP, reported lactated Ringer’s to be
superior to 10% HES 200/0.5 (Hemohes).[24] In a
small study of burn patients the latter hyperoncotic
HES preparation also seemed to promote renal fail-
ure and even death.[25] These findings were initially
thought to be because the tested HES solutions were
of an older type and not of the most modern (molec-
ular weight 130 type) HES, and also because the base
solution was isotonic saline and not a balanced elec-
trolyte preparation. However, a subsequent Scandina-
vian trial in septic patients, called the 6S study, found
that HES 130/0.4 more often than Ringer’s acetate
is followed by renal replacement therapy and even
death.[26]

Another study in 2012, the CHEST trial, also
reported that HES 130/0.4 in saline (Voluven) was
associated with more negative outcomes than isotonic
saline in 7,000 patients treated for different diagnoses
in the intensive care setting.[27] There was no dif-
ference in mortality, but serum creatinine rose more
in the HES group. The fraction of the cohorts that
fulfilled the criteria for kidney dysfunction (RIFLE-R)
and kidney injury (RIFLE-I) was larger among those
who received saline, but more patients who received
HES fulfilled the criteria for kidney failure (10.5%
versus 5.8%) and subsequently received renal
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Section 1: The fluids

replacement therapy (7.0% versus 5.8%). The adverse
effect wasmore than twice as common afterHES treat-
ment (5.3% versus 2.8%), which is a more expected
finding because colloids but not crystalloids have
allergic properties.

These studies made it apparent that no type of HES
solution should be used in septic patients. The exis-
tence of a negative influence on the clinical course and
outcome in other patients is less clear. The only study
with mixed diagnoses was the CHEST study, which is
the least convincing of these trials. Critics ofHES argue
that this colloid has a dose-dependent toxic effect on
the kidneys that had been demonstrated in several
large trials. Defenders of HES pointed out that these
trials never compared the fluids when used as first-line
treatment, and that the administration often deviated
from clinical practice.

In late 2013 the European Medicines Agency pub-
lished a proposal that was later endorsed by the Euro-
pean Commission, and that put limitations on the
use of HES. From then on, these colloids can only be
used within the EU to combat hypovolemia in bleed-
ing patients and not at all in the intensive care setting.
Sepsis, burn injuries, and renal failure are contraindi-
cations. Treatment should be initiated only if crystal-
loids are insufficient. The lowest effective dose should
be used, and treatment should be continued for the
shortest period of time, and no longer than 24 hours.
Serum creatinine must be monitored in the aftermath
of the HES treatment.[28]

Three meta-analyses published during 2014
refuted a negative effect of HES on outcome when
used in the operating theatre.[29–31] Naturally, these
meta-analysesweremostly based on the samematerial.

The debate has been fueled by the CRISTAL study
that compared the use of any colloid with any crys-
talloid fluid in the intensive care setting. There was
no difference in 30-day mortality but there was a
trend towards a survival benefit in the colloid group at
90 days.[32]

Gelatin
Gelatin solutions consist of polypeptides from bovine
raw material. This colloid was already in use dur-
ing World War I and since then has mostly been
used in Great Britain and its former colonies. Gelatin
is considered to have a fairly good plasma volume-
expanding effect, similar to that of HES.[18] The

duration is shorter (approximately 2 hours) because
of the relatively small size of the molecules (average
30 kDa), which makes them excretable by the kidneys.
Mild anaphylactoid reactions occur at a frequency of
0.3%, which is relatively high, but severe reactions are
rare.[33] The effect of gelatin on blood coagulation is
small.

Gelatin had a bad reputation for some years
because of the risk of spreading slow virus dis-
eases such as “mad cow disease” (bovine spongiform
encephalopathy). To prevent this problem, the gelatin
preparations are now heated to high temperature
before sale.

The two marketed solutions are Haemaccel, which
contains 3.5% gelatin, and Gelofusine, which is
a plasmion-succinylated gelatin mixed in isotonic
saline. The latter is the most widely used gelatin today.
The solution is slightly hypo-osmotic (274mosmol/
kg) and contains 154mmol/l of sodium but only
120mmol/l of chloride, whereby hyperchloremic aci-
dosis will be less of a problem compared with Voluven
and isotonic saline.

Dextran
Long chains of glucose molecules (polysaccharides)
are synthesized by bacteria to serve asmacromolecules
in the group of infusion fluids called the dextrans
(sometimes abbreviated to DEX). As with albumin,
the osmolality of a water solution containing only the
macromolecules is quite low and necessitates that elec-
trolytes are added as well.

Commercially available dextran solutions have an
average molecular weight of 70 kDa (dextran 70) or
40 kDa (dextran 40), and concentrations used are 3%,
6%, or 10%. The most widely used, 6% dextran 70,
expands the plasma volume by the volume of the
infused amount, although the initial volume expan-
sion is slightly larger. The plasma volume expansion
subsides with a half-life of almost 3 hours (Figure 3.1).
A solution of 10% dextran 40 expands the plasma
volume by twice the infused volume. The half-life is
shorter than for dextran 70.

The dextran molecules are either excreted by the
kidneys or metabolized by an endogenous hydrolase
(dextranase) to carbon dioxide and water.

The dextrans decrease blood viscosity and improve
microcirculatory blood flow. This can sometimes be
noted by visual inspection of the cut surface in a
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Chapter 3: Colloid fluids

surgical wound as small vessels seem to open up when
dextran is infused, increasing the bleeding surface
(oozing). This might be disturbing to the surgeon.
However, it is debatable whether this oozing really
increases the total blood loss, provided that the infused
volume is limited to 500–1,000ml.[34]

Dextran in hypertonic (7.5%) saline is available
in some countries as an effective plasma volume
expander in emergencies and prehospital trauma care.
The dose is 4ml/kg and should be provided as a fluid
bolus. One unit of 250ml is usually given. Studies
performed in the 1980s showed a tendency toward
reduced mortality, but more recent studies have not
shown any benefit with regard to survival or neurolog-
ical outcome in the prehospital setting.[35,36]

In volunteers, the effectiveness of this solution in
expanding the plasma volume is six to seven times that
of normal saline.[37]

Clinical use
Dextran 70 is used to expand the plasma volume
and/or to prevent thromboembolism.

Dextran 40 is used to improve themicrocirculation
after vascular surgery.

The maximum dose is 1.5 g/(kg day), which corre-
sponds to 1.5–2.01 of 6% dextran 70 in an adult. Hem-
orrhagic complications may ensue if larger amounts
are given.

There is a risk of anaphylaxis developing in patients
who have irregular antibodies to dextran.This compli-
cation occurs in a frequency of 0.27% [33] but severe
reactions can be prevented by dextran molecules of
very small size (1 kDa). This pretreatment is per-
formed by giving an intravenous injection of dextran
1, which blocks the irregular antibodies (“hapten bind-
ing”), just before dextran 40 or 70 is infused.The use of
dextran 1 has reduced the number of allergic reactions
by 95%.[38] Dextran 1 is less essential when treat-
ing prehospital trauma victims, as the associated stress
response prevents anaphylaxis.

Plasma
Human plasma should be used to administer coag-
ulation factors and only as a last resort as a plasma
volume expander. However, plasma volume expansion
is much more variable with plasma than with albu-
min 5%.[1]The difference is probably due to increased

capillary leak caused by occasional cross-reactions
with the recipient’s immunological system.

Other drawbacks with the use of human plasma
include the high occurrence of fever reactions (3–
4%), the risk of anaphylaxis in patients with heredi-
tary IgA deficiency, and the rare but dangerous com-
plication called “transfusion-related acute lung injury”
(TRALI).

Miscellaneous effects
Colloid fluids have a number ofmedical effects beyond
their ability to expand the plasma volume. These
include improvement of microcirculation, antioxidant
effects (albumin), and suppression of trauma-induced
immune activation (dextran,HES).Most of these char-
acteristics are laboratory findings with unclear clinical
relevance.

The only miscellaneous effect that is used clinically
is the rheological effect of dextran, which effectively
improves microcirculatory blood flow and also pre-
vents thromboembolism.

All colloid fluids affect coagulation in a dose-
dependent manner, although there are differences
between the intensity of the changes. It is important
to be aware of the maximum doses to limit the risk
of hemorrhage. This limit is of particular importance
when infusing dextran.

Crystalloid or colloid?
Whether crystalloid or colloid fluid should be pre-
ferred was much debated in the 1980s. The choice
between crystalloid and colloid fluids should proba-
bly not be addressed as a general preference issue but
rather governed by the specific clinical situation. Nev-
ertheless, three meta-analyses have been performed to
elucidate whether crystalloid or colloid fluids result in
better survival.

The oldest of these meta-analyses, based on only
eight studies, indicated that crystalloid fluid should
be preferred in trauma as it was associated with
a 12.3% lower mortality than colloids. When non-
trauma patients were studied, however, there was a
7.8% difference in favor of colloid therapy. The over-
all result showed a 5.7% relative difference inmortality
rate in favor of crystalloid therapy.[39]

A decade later, in 1998, a meta-analysis comprised
1,622 patients from 37 studies treated for surgery,
trauma, or burns. The data showed an overall risk of
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death of 24% in the colloid group but only 20% in the
crystalloid group, giving a relative risk of 1.29 for death
by treatment with a colloid (95% confidence interval
0.94–1.77).[40]

Anothermeta-analysis evaluated 814 patients from
17 studies. Here, there was no difference in overall
mortality between the two types of fluid, but the rel-
ative risk of death was only 0.39 when crystalloid fluid
was used in trauma patients.[41]

The largest prospective evaluation of crystalloids
versus a colloid was the SAFE trial from 2004, which
demonstrated no difference in outcome between albu-
min and saline as the resuscitation fluid in inten-
sive care patients.[5] A more recent randomized trial
comparing any colloid with any crystalloid fluid, the
CRISTAL study, showed that there is no difference in
30-day mortality between the two fluid types when
used in intensive care.[32] At 90 days there was even
a slightly higher mortality in the crystalloid group.

As death is rare in the operating theatre, there
has been a strong trend towards using avoidable
surgical complications as a more refined outcome
measure. Survival is undoubtedly of great interest to
the patient but, scientifically, it is a rough measure
that is prone to be truly multifactorial. In contrast,
the past decade has demonstrated that fluid therapy
greatly affects the incidence of many surgical compli-
cations, and more clearly so in debilitated and poor-
risk patients than in healthy youngsters.

A more negative attitude towards the use of colloid
fluids in general has been adopted by intensivists after
the data on adverse renal effects of HES began to be
taken seriously (in 2012).

Therapeutic window for colloids
When to use a colloid fluid has always been a matter
of opinion, but using exclusively crystalloids or col-
loids does not seem to be rational. Both types of fluid
have important downsides that mostly can be avoided
by judicious combination of the two types of fluid.

The use of colloids is always hampered by a risk of
anaphylaxis, which occurs even from very small doses,
and a risk of coagulopathy from infusion of 1 liter or
more of colloid. Crystalloids prolong the gastrointesti-
nal recovery time when more than 2 liters has been
infused [42] and there is a statistically increased risk
of complications when the volume exceeds 3 liters.[43]
Hence, the anesthetist should avoid providing more
than 3 liters of crystalloid fluid, owing to the increased
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Figure 3.2 The therapeutic window for colloid fluid during
surgery. Calculations were based on the assumption that the
blood loss is replaced by 3 times the surgical hemorrhage. The
gastrointestinal recovery time is prolonged when the crystalloid
fluid volume exceeds 2–3 liters, and adverse effects become worse
when 6 liters is given (from Ref. [46]. Used with permission from
Anesthesiology Intensive Therapy).

risk of adverse effect.The risk scenario becomes aggra-
vated if 6–7 liters are infused.[44,45]

Crystalloid fluid is the first-line treatment because
of the allergic risks associatedwith colloids.These risks
can only be acceptedwhen the administered amount of
crystalloid is so large that their adverse effects appear
in a statistically increased frequency.

Figure 3.2 shows how the “therapeutic window”
for colloids looks when following this reasoning. In
the example a patient weighing 75 kg is operated
on.[46] A bolus of 500ml of buffered Ringer’s solu-
tion is given during induction of anesthesia to com-
pensate for vasodilatation, which is expected to reduce
the hemoglobin (Hb) concentration by 10%. During
surgery, buffered Ringer’s was infused at the rate of
2ml/kg per hour to replace evaporation and basal
diuresis.

Surgical hemorrhage could then be replaced with
clear fluids until the predetermined target Hb concen-
tration (Hbn) of 90 g/l was reached.The blood loss that
could then be allowed before this target was reached
differs depending on the preoperative Hb level (Hbo)
according to the following equation: [47]

Allowable blood loss = BVo [lnHbo − ln(Hbn)]

This equation depicts how much blood can be lost
before the blood Hb level has decreased from Hbo to
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Figure 3.3 A: Dilution of venous plasma, which reflects the plasma volume expansion, following infusion of 30ml/min over 30min (900ml)
of Ringer’s acetate and hydroxyethyl starch 130/0.4 in adult males with a body weight of 80 kg undergoing thyroid surgery under propofol
anesthesia. The Ringer’s curve is corrected for a volume-dependent disappearance of fluid to a “non-functional fluid space” as suggested by
Ref. [48]. B: How much greater the plasma dilution would be if starch were infused instead of Ringer’s acetate during surgery. Simulations
based on data from Refs. [17] and [48].

Hbn provided that the blood volume is unchanged.
Here, the initial blood volume BVo was set to 7%
of the body weight. The calculation further assumes
that buffered Ringer’s is replaced by 3 times the bled
volume.

The window for colloids shown in Figure 3.2 is
quite small. Colloid fluid has no indication if the pre-
operative Hb concentration is on the low side because
the preoperative bloodHb concentration soon reaches
the target Hb level and the crystalloid administration
is still below the 3-liter limit, which assures a low inci-
dence of adverse effects. The limit of 6 liters of crystal-
loid can be hit only when the preoperative Hb exceeds
130 g/l.

Figure 3.2 does not consider the effect of distribu-
tion on the hemodilution. As stated previously, the vol-
ume effect will be greater (and the hemodilution more
pronounced) during the infusion and for 25–30min
thereafter than indicated here.

Volume equivalents between colloids and
crystalloids
The potency of colloid and crystalloid fluids can be
compared by using volume kinetics (for details, see
Chapter 7, “Body volumes and fluid kinetics”). The
situation during anesthesia and surgery is character-
ized by marked inhibition of the excretion of crystal-
loid fluid and, as always, a “boosting” effect on the
plasma volume expansion caused by the distribution
function during infusion and for 30min after it has

ended. There is no evidence that the plasma volume
expansion from colloid fluids differs between the anes-
thetized and the conscious state; however, exceptions
are an exaggeration of the volume expansion just after
anesthesia has been induced,[20] and the acceleration
of the plasma volume decay that is due to inflamma-
tory response and occurs late during lengthy surgery.

In the example shown in Figure 3.3, HES 130/0.4
(Voluven) has a potency of between 2.5 and 1.6 times
that of Ringer’s acetate depending on the phase in
which we assess the difference. At the end of the
30-min infusion, starch has diluted the plasma 60%
more than the same amount of Ringer’s acetate.[48]
The difference has increased to 150% at 30min after
the infusion has been turned off. If we assess the situa-
tion 60min after the end of the infusion the difference
has decreased to 100% (Figure 3.3B).

Colloid fluids are even more potent as compared
with crystalloids in conscious subjects than they are
during anesthesia and surgery, the reason being a
larger central volume of distribution (4–5 liters, in
contrast to 3 liters or less during anesthesia) andmuch
faster excretion. The difference can be estimated at 3–
4 times, which is twice as much as during anesthesia
and surgery.

In the example in Figure 3.3, a correction for dose-
dependent deposition of fluid crystalloid fluid in “non-
functional spaces” was made. Such deposition more
clearly affects the urine flow rate than the plasma vol-
ume expansion. Currently there is no evidence for
hysteresis in the kinetics of the fluids within the limits
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simulated here, except that the plasma volume effect
of Ringer’s acetate is probably stronger than indicated
owing to the low compliance for volume expansion in
the interstitial fluid space.
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Section 1 The fluids

Chapter

4
Glucose solutions

Robert G. Hahn

Summary

Glucose 5% is given after surgery to prevent star-
vation and to provide free water for hydration of
the intracellular fluid space. Glucose is sometimes
infused before surgery as well, in particular when
surgery is started late during the day, and, in some
hospitals, also as a 2.5% solution during the surgi-
cal procedure.Glucose infusion has also been used
together with insulin to improve outcome in car-
diac surgery and in intensive care.

Because of the risk of hyperglycemia, intra-
venous glucose infusions need to bemanagedwith
knowledge, attention, and responsibility. Hyper-
glycemia promotes wound infection and osmotic
diuresis, by which the kidneys lose control of the
urine composition.The anesthetist has to consider
a four-foldmodification in infusion rate of glucose
to account for the perioperative change in glucose
tolerance.The suitable rate of infusion when a glu-
cose infusion is initiated can be predicted by phar-
macokinetic simulation. A control plasma sample
taken one hour later shows whether the prediction
was correct, and also that plasma glucose will only
rise by another 25% if no adjustment of the infu-
sion rate is made.

Glucose solution is contraindicated in acute
stroke and not recommended in operations asso-
ciated with a high risk of perioperative cerebral
ischemia, such as carotid artery and cardiopul-
monary bypass surgery. Subacute hyponatremia is
a postoperative complication that is promoted by
infusing >1 liter of plain 5% glucose in the peri-
operative setting.

Glucose (dextrose) solutions are used to administer
calories to prevent starvation, and also to provide body
water. They are the only available infusion fluids that
add volume to both the extracellular fluid (ECF) and
the intracellular fluid (ICF) volumes.

There is a two-fold purpose to infusing glucose
solutions. The first is to prevent starvation, which aids
wound healing, well-being, and recovery. The second
purpose is to provide free water to hydrate the ICF.
The endogenous production ofwater in humans is only
0.2ml/kg per hour while the baseline fluid losses
amount to at least 1ml/kg per hour, half of which is
due to evaporation and the other half to urinary excre-
tion.Therefore, free water needs to be supplied to pre-
vent dehydration. Glucose solutions are the mainstay
of such treatment in debilitated patients who cannot
be fed orally. However, glucose treatment in the peri-
operative period is a challenge to carry out well, owing
to the risk of inducing hyperglycemia.

Pharmacokinetics
Infused glucose distributes rapidly over two-thirds
of the ECF space. Elimination occurs by insulin-
dependent uptake by the body cells. The half-life is
approximately 15min in healthy volunteers [1] but
twice as long during laparoscopic cholecystectomy.[2]
Elimination apparently occurs evenmore slowly in the
presence of diabetes.

The volume component of isotonic glucose 2.5%
with electrolytes and plain glucose 5% (the latter fluid
is sometimes abbreviated to D5W) initially expands
the plasma volume as effectively as acetated Ringer’s
solution.[1] The fact that glucose solutions have a rel-
atively strong initial plasma volume-expanding effect

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Chapter 4: Glucose solutions

is contrary to common belief, and one of the most
widely spread misunderstandings about their behav-
ior in the body. The fluids show no distribution phase
if we assume that uptake of glucose to the cells brings
along water in proportion to their osmotic strength.
However, the infused fluid volume later redistributes
throughout the total body water because the osmotic
strength of glucose fades away when being incorpo-
rated into large glycogen molecules and ultimately
metabolized.

Glucose 2.5% with electrolytes and plain glucose
5% are almost entirely eliminated within 2.5 hours in
volunteers (which is faster than for Ringer’s).[1] How-
ever, some of the volume component of glucose 5%
might still reside in the ICF space at that time.

Glucose solutions of 10% and 20% are hypertonic
and withdraw fluid from the ICF to the ECF by virtue
of osmosis. This volume returns to the cells when the
glucose is metabolized.

How to avoid hyperglycemia
Providing intravenous glucose always carries the
risk of inducing hyperglycemia.[3,4] Plasma glucose
>10mmol/l increases the risk of postoperative infec-
tion,[5–7] and osmotic diuresis develops when plasma
glucose is 12–15mmol/l, which implies that the kid-
neys lose control of the fluid and electrolyte excre-
tion. Moreover, more pronounced cerebral damage
occurs in the event of cardiac arrest.[8,9]Therefore, the
management of glucose infusions requires knowledge,
attention, and responsibility.

Infusion rates that provide effective fluid and nutri-
tional support therapy while avoiding hyperglycemia
might be difficult to determine in the perioperative
setting, as glucose turnover becomes impaired as part
of the trauma response. The anesthetist has to con-
sider a four-fold modification in infusion rate of glu-
cose to account for the perioperative change in glucose
tolerance.

Based on six studies of glucose kinetics, Figure 4.1
shows the plasma glucose concentrations that can be
expected from various rates of infusion of glucose 5%
before, during, and after surgery in relatively healthy
non-diabetic subjects, standardized to a body weight
of 70 kg.[2,10–14]. Anesthetists wishing to use this fig-
ure to find the optimal infusion rate for glucose 2.5%
(which can be considered as first choice when start-
ing an infusion) should simply double the indicated
rates.
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Figure 4.1 Plasma steady-state glucose concentrations (isobars)
resulting from various rates of infusion of glucose 5% (y-axis) for
various points in time during the perioperative period. The rates are
standardized for a patient having a body weight of 70 kg. Computer
simulation based on kinetic data from Refs. [2,10–14].

A practical question is at which point in time a
control blood sample should be taken when a check
for hyperglycemia is desired in an individual patient.
The time at which the steady state level for plasma
glucose is attained during a continuous infusion of
glucose is determined by the half-life, which is usu-
ally between 30 and 40min before, during, and after
surgery. A useful approach would be to take a control
sample after one hour, which roughly corresponds to
two half-lives, and to consider that the plasma glucose
will then increase by another 25% if no adjustment to
the infusion rate is made.

Insulin resistance is the key mechanism for
the slowing of glucose turnover one day after
surgery.[15,16] When tested in the postoperative
care unit, the mechanism for the impaired glucose
tolerance is not insulin resistance, but an impaired
insulin response to glucose stimulation.[14]

Clinical use
Glucose 5% is routinely given after surgery to provide
free water for hydration of the ICF space and to pre-
vent starvation. Glucose is sometimes infused before
surgery as well, in particular when surgery is started
late during the day, and, in some hospitals, also as a
2.5% solution during the surgical procedure.
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Section 1: The fluids

In the perioperative period, infusing a glucose
solution with little or no electrolyte content is themost
logical way to provide free water to compensate for
vaporization from airways and surgical wounds. The
glucose component of the fluid is indicated in patients
at risk of developing hypoglycemia, such as in dia-
betes, alcohol dependency, hepatomas, and pancreatic
islet cell tumors. Certain drugs, such as propranolol,
increase the risk of hypoglycemia.

There seems to be little reason to routinely admin-
ister glucose intraoperatively. In the vast majority of
patients, hormonal changes associated with surgery
raise the blood glucose level sufficiently (by stimu-
lating glycogenolysis and gluconeogenesis) to main-
tain normoglycemia, or even to reach mild hyper-
glycemia. The stress response, in turn, makes it
difficult for the body to adequately use exogenous glu-
cose to limit gluconeogenesis and protein catabolism
(“protein-sparing effect”).

Another argument to refrain from glucose admin-
istration intraoperatively is that a very high glucose
concentration worsens the cerebral damage that devel-
ops in association with cardiac arrest.[8,9] Therefore,
glucose solution is contraindicated in acute stroke and
not recommended in operations associatedwith a high
risk of perioperative cerebral ischema, such as carotid
artery and cardiopulmonary bypass surgery.

Overall, shorter preoperative fasting and fast-track
surgery with early postoperative mobilization have
limited the use of intravenous glucose treatment in
routine surgery.

Modifying the plasma glucose level by glucose
infusions and insulin is a tool to reduce complications
and improve survival in intensive care and after car-
diac surgery.[17–19] Cardiac function may even be
improved in patients undergoing cardiac surgery by
infusing a solution containing glucose, insulin, and
potassium.[20] These special treatments can only be
performed if rigorous control of the blood glucose
concentration is undertaken. Likewise, glucose infu-
sions in diabetic patients should be monitored with
frequent measurements of the blood glucose level.

In Europe, “carbohydrate loading” by mouth is
sometimes performed in the evening and morning
before abdominal operations. The treatment reduces
thirst and hunger sensations and might improve
the way the patient copes with hemorrhage. A pro-
posed benefit is that carbohydrate loading reduces the
surgery-induced insulin resistance,[21] but this has
not been confirmed in more recent work.[14,15]

Electrolytes are often added to the glucose solu-
tions used for maintenance fluid therapy during the
postoperative phase. Many preparations already con-
tain half the electrolyte content of a balanced Ringer’s
solution. In other cases, sodium and potassium are
added based on measurements of the plasma concen-
trations of these ions.

Patients with postoperative complications impair-
ing gastrointestinal function, who are not able to feed
themselves or receive oral nutrition, should be given
intravenous 5% glucose solution with electrolytes
as maintenance therapy. If no improvement occurs
within 7 days the glucose administration should be
replaced with full parenteral nutrition containing pro-
tein, glucose, and lipids.

Dosing
The basic need for glucose in an adult corresponds
to 4 liters of glucose 5% per 24 hours (800 kcal,
2.8ml/min), which prevents straightforward starva-
tion while not providing adequate nutrition. However,
the amount administered to hospital patients is more
often guided by the need for “free” body water, which
is 2–3 liters per 24 hours. Although the commonly
infused amount provides less glucose than the body
utilizes, the glucose supplementation reduces muscle
wasting.[3]This “nitrogen-sparing effect” of glucose is
poorer in associationwith surgery owing to the accom-
panying physiological stress response.

The rate of glucose infusion should not increase
plasma glucose concentrations above the renal thresh-
old, which is 12–15mmol/l. Higher levels induce
osmotic diuresis in which water and electrolytes losses
are poorly controlled. This limit is reached by infus-
ing 1 liter of glucose 5% over 45min in healthy
volunteers.[1]

Because of the ease with which plasma glucose
becomes elevated during surgery, most anesthetists
prefer to use glucose 2.5% with electrolytes in the
perioperative setting. During laparoscopic cholecys-
tectomy 1.4 liters of glucose 2.5% with electrolytes
over 60min raised plasma glucose from normal to the
renal threshold for osmotic diuresis (16mmol/l).[2]
The limitations set on the infusion rate owing to the
risk of hyperglycemia make both glucose 2.5% and 5%
unsuitable for use as plasma volume expanders.

Hypertonic glucose solutions (10% and 20%) must
be monitored by measurements of the plasma glucose
concentration and frequently need to be supplemented
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Chapter 4: Glucose solutions

by exogenous insulin. These fluids are used for more
ambitious supplementation of calories in postopera-
tive care and also in the intensive care unit.[18]

Glucosemetabolism yields CO2, and the accompa-
nying increased breathingmight be a problem in debil-
itated patients with impaired lung function.

Electrolytes
When used for maintenance therapy, a glucose solu-
tion should provide the basic need of electrolytes. The
NICE guideline recommends 1mmol of sodium and
1mmol of potassium per kilo body weight per
24 hours. The need varies, and it is common to guide
the administration by measurements of the serum
sodium and potassium concentrations 1–2 times daily.

An infusion containing potassium cannot be given
at a high rate because of a risk of cardiac arrhyth-
mias.This means that, in addition to the limitations of
the infusion rate given by the risk of hyperglycemia,
another risk factor has to be considered. A safe rate
of administration is 10mmol of potassium per hour,
which can be increased to 20mmol per hour if the
electrocardiogram is monitored. Therefore, one liter
of glucose with 40mmol/l of sodium and potassium
added cannot be infused during a shorter period of
time than 4 hours. Owing to the dangers inherent in
this therapy, the anesthetist should personallymonitor
the infusion or else let the fluid be administered via an
infusion pump.

Potassium supplementation exceeding the content
of a Ringer’s solution is not advisable during the intra-
operative period.The reason is that surgery always car-
ries a risk of postoperative kidney failure, which can
greatly raise serum potassium. The anesthetist should
be aware of the trauma and surgery redistributes potas-
sium to the ICF space owing to stimulation of the
adrenergic beta-2-receptors. Hence, the plasma con-
centration is usually falsely low in the postoperative
care unit. The hypokalemia resolves spontaneously
within a few hours and should not lead to extreme
measures to raise serum potassium, at least not as long
as cardiac arrhythmias are absent.

Hyponatremia
Repeated infusion of electrolyte-free glucose solution
(usually plain 5%) might induce subacute hypona-
tremia.[22,23]This complication usually develops 2–3
days after surgery and is characterized by neurological

disturbances, nausea, and vomiting.[24] When symp-
toms appear, serum sodium is usually between 120 and
130mmol/l (normal level 138–142mmol/l).

Hyponatremia might cause permanent brain dam-
age if left untreated. Menstruating women are most
prone to develop such sequelae.[25] The surgery
might be trivial but has often (at some stage) been
complicated by sudden hypotension, which boosts the
vasopressin concentration. Impaired renal function
and liberal postoperative ingestion of soft juice drinks
devoid of salt are other risk factors.[22,23]

Treatment in symptomatic patients consists of
hypertonic saline, which should be monitored so as to
increase serum sodium no faster than 1–2mmol/l per
hour. If hyponatremia has not appeared after surgery
the development has probably beenmore gradual, and
serum sodium in such chronic hyponatremia should be
raised even more slowly, at 0.5mmol/l per hour. The
reason for the caution is that the brain gradually adapts
to the lower osmolality, and damagemight occur if the
normal concentration is attained rapidly.

The risk of subacute hyponatremia is reduced by
limiting the amount of plain glucose 5% to 1 liter only.
All other glucose solutions should contain sodium.

Rebound hypoglycemia
Moderate hypoglycemia and hypovolemia are likely
to develop 30min after a glucose infusion has been
stopped abruptly in subjects with a strong insulin
response to glucose, or when glucose is infused
together with insulin.[26] This complication is called
“rebound hypoglycemia” and is an issue when, for
example, parenteral nutrition is turned off. This com-
plication might occur during minor surgery but is
unlikely during extensive surgery owing to the insulin
resistance.

This complication may also occur during labor.
Glucose from the mother crosses the placenta and
induces an insulin response in the fetus. At birth, a
strong insulin effect remains in the newborn, whose
capacity to increase endogenous glucose production is
limited.[27]Dangerous hypoglycemia develops, which
might result in convulsions and brain damage. The
“rebound” effect can be avoided by infusing the glu-
cose no faster than required to prevent starvation,
which is 1 liter glucose 5% over 6 hours. A practical
rule is to slow the rate of infusion of the glucose solu-
tion at the end of delivery.
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Section 1: The fluids

The same critical situation for the newborn might
develop if maternal volume loading is provided
with glucose-containing fluid just before Cesarean
section.[28]

Mannitol
Mannitol is an isomer of glucose that is not metab-
olized in the body but is eliminated by renal excre-
tion. The molecule remains essentially in the ECF.
The half-life is approximately 130min but can be
twice as long in the presence of impaired kidney
function.[29]

The isotonic concentration of mannitol is the same
as for 5% glucose, which is sometimes used as an
irrigating solution in endoscopic surgery. The clini-
cal use of mannitol for intravenous administration is
restricted to a plain 10% or 20% solution (in some
countries only 15%), which induces diuresis in fail-
ing, oliguric kidneys. The mechanism is that the renal
excretion of mannitol occurs by virtue of osmotic
diuresis, by which the body loses water.

The hypertonic nature of 15% mannitol has made
it a means of acutely reducing the intracranial pres-
sure in patients with head trauma. The volume used
is then 500–750ml, of which half is given as a bolus
infusion. Despite a long history, mannitol treatment
remains poorly evaluated in outcome studies. As the
fluid contains no electrolytes, users should be aware
the osmotic diuresis creates an absolute loss of sodium
and other electrolytes from the body that may need
to be replaced. If not, the ICF volume will increase
in the aftermath of the treatment, which is a dreaded
adverse effect unlikely to be shared by hypertonic
saline.

The marked increase in ECF volume makes infu-
sion of hypertonic mannitol contraindicated in con-
gestive heart failure.

Like all hypertonic fluids, mannitol 15% should
not be administered together with erythrocyte
transfusions.
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Chapter

5
Hypertonic fluids

Eileen M. Bulger

Summary

Hypertonic fluids have an osmotic content that is
higher than in the body fluids. When this content
remains in the extracellular fluid space, such as
with saline, the volume effect becomes very pow-
erful owing to osmotic allocation of fluid from the
intracellular to the extracellular fluid space. These
fluids have also been found to favorably modu-
late the inflammatory response. The most studied
preparations are saline 7.5% with and without a
colloid (dextran or hydroxyethyl starch) added.

This chapter reviews the current clinical evi-
dence regarding the use of hypertonic fluids for
the early resuscitation of injured patients and for
perioperative indications for a variety of proce-
dures. While there is a wealth of preclinical data
suggesting potential benefit from this resuscita-
tion strategy, the clinical trial data have failed to
show any clear benefit to the prehospital adminis-
tration of these fluids in trauma patients, and the
data for perioperative use is limited. More study
is needed to define the best use of these fluids
in a variety of patient populations and surgical
procedures.∗

Hypertonic fluids have been under investigation for
the resuscitation of injured patients for over 30 years.
Several studies have suggested that the use of these
fluids is of potential benefit in the resuscitation of
patients with hypovolemic shock and traumatic brain
injury.[1–3] More recent studies, however, have failed
to show amortality benefit for early treatment in these
patient cohorts.[4–6] In addition, there have been a

∗ First half of Summary added by the Editor.

number of reports describing the use of hypertonic
fluids in the perioperative setting, including aortic
surgery, cardiac surgery, transplant surgery, and spinal
surgery.[7,8]

Hypertonic fluids include awide spectrumof prod-
ucts with a range of hypertonic saline (HTS) solu-
tions varying from 1.6% to 23.4% sodium chloride.
In addition, HTS is also available coupled with a
variety of colloid solutions including dextran 70 and
hetastarch.

This review seeks to describe the mechanisms of
action of hypertonic fluids that may offer benefits for
acute resuscitation and perioperative management of
patients undergoing major surgery, and to review the
current clinical trial evidence in this regard.

Mechanism of action
Hypertonic fluids have several physiological and
immunological effects that suggest potential benefit
in management of severely injured patients. Because
these agents have an osmotic effect, when adminis-
tered intravenously they draw interstitial fluid into the
intravascular space, thus restoring tissue perfusion in
the setting of hypovolemic shock.This allows improve-
ment in blood pressure with a smaller volume of fluid
than traditional isotonic crystalloid solutions. Further-
more, several in vitro and animal studies suggest that
these fluids reduce endothelial cell edema and enhance
microcirculatory flow following hemorrhagic shock.

In addition to these physiological changes, a wide
body of literature describes the significant impact of
hypertonic solutions on the inflammatory response.
Several animal studies have demonstrated that resus-
citation with hypertonic solutions attenuates the acti-
vation of neutrophils after injury and reduces remote
inflammatory lung injury.This effect appears to be due

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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to down-regulation of the adhesion molecule CD 11b
and enhanced shedding of L-selectin.

These observations have also beenmade in humans
receiving HTS early after severe injury.[9,10] Modula-
tion of circulating monocyte function has also been
described, which may down-regulate the production
of pro-inflammatory cytokines and enhance produc-
tion of anti-inflammatory cytokines such as inter-
leukin (IL)-10.This suppression of the innate immune
response appears to be transient and resolves once the
serum osmolarity returns to normal. While the innate
immune response appears to be inhibited, the cellular
response, as manifested by changes in T-cell function,
appears to be enhanced. Extensive work by Junger
et al. has demonstrated that hypertonicity increases
T-cell proliferation, enhances mitogen-stimulated
IL-2 production, and rescues T-cells from suppres-
sive cytokines.[11–13] Taken together, these studies
suggest a potential role for hypertonic fluids in mod-
ulating the immunosuppressive response observed
after severe injury or insult.

Finally, a large body of research has focused on the
mechanism of action of hypertonic fluids to reduce
cerebral edema and improve cerebral perfusion after
brain injury. In addition to the obvious physiologi-
cal effects, hypertonic fluids have been associated with
improved cerebral vasoregulation resulting in reduced
vasospasm, modulation of cerebral leukocytes, and
inhibition of the sodium glutamate exchanger, leading
to reduced extracellular accumulation of glutamate,
which is neurotoxic.[14] These studies, coupled with
animalmodels showing reduction of intracranial pres-
sure (ICP) in brain-injured animals, have led to a num-
ber of clinical studies of these fluids for the manage-
ment of patients with severe traumatic brain injury.

In summary, there is compelling preclinical sci-
entific evidence that hypertonic fluids have physio-
logical and anti-inflammatory effects that may prove
beneficial for the management of a number of peri-
operative concerns including resuscitation of hypo-
volemic shock, management of traumatic brain injury,
and management of ischemia and reperfusion injury
such as occurs following cardiopulmonary bypass or
transplant surgery. This has led to numerous clinical
reports.

Clinical trial experience
Clinical studies of hypertonic solutions have largely
been focused on three areas: early resuscitation of

hemorrhagic shock in the prehospital or emergency
department setting, management of increased ICP
largely in the intensive care unit setting, and opera-
tive reports in a variety ofmajor surgical interventions.
Each of these areas is addressed separately.

Hemorrhagic shock
There have been 10 clinical trials of hypertonic fluids
for the management of hemorrhagic shock following
injury (Table 5.1).These studies were conducted in the
prehospital or early hospital setting. It was hypothe-
sized that the earlier the fluid is given after injury the
more likely onewould be to observe a significant effect.
These studies used a 7.5% saline solution with or with-
out the addition of 6% dextran 70. The early investi-
gations were largely too small to demonstrate a defini-
tive difference in outcome. However, meta-analysis of
the studies conducted before 1997 suggested an overall
survival benefit from HTS with dextran (HSD), with
an odds ratio of 1.47 (95% confidence interval 1.04–
2.08).[3]

These early studies led to the regulatory approval of
HSD in several European countries, but did not afford
approval by the US Food and Drug Administration.
Two subsequent studies have been conducted.The first
was a study by Bulger et al., which focused on the
impact of HSD on the development of acute respira-
tory distress syndrome (ARDS) in a blunt trauma pop-
ulation with evidence of hypovolemic shock.[15] This
study closed after enrollment of 209 patients because of
futility, with no overall difference in the rate of 28-day
ARDS-free survival between the treatment groups.

A predefined subgroup analysis suggested a poten-
tial benefit in those patients at highest risk for ARDS
as defined by the need for >10 units of blood transfu-
sion in the first 24 hours. This led to a subsequent trial
conducted by the Resuscitation Outcomes Consor-
tium, a clinical trial network in the USA and Canada.
This trial sought to enroll injured patients with more
severe shock based on a prehospital systolic blood
pressure of <70mmHg or 70–90mmHg with a heart
rate>108 beats/min.This study was also closed before
reaching its full proposed sample size after enrolling
895 patients randomized to either 7.5% saline (HS),
HSD, or normal saline (NS). The results of this study
show no difference in overall 28-day survival (HSD
74.5%, HS 73.0%, NS 74.4%, p = 0.91).[4]

In addition, there was a concern raised by the
Data Safety Monitoring Board regarding a higher
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Table 5.1 Human trials of hypertonic saline as a resuscitation fluid for hemorrhagic shock

Reference Population Design n Hypertonic fluid Outcome

Holcroft et al. (1987) [36] Prehospital trauma pts Prospective,
randomized

49 7.5% NaCl/6% dextran 70 Improved SBP and overall
survival

Holcroft et al. (1989) [37] Hypotensive trauma pts
in ED (SBP < 80)

Prospective,
randomized

32 7.5% NaCl/6% dextran 70 No difference in survival

Vassar et al. (1991) [38] Prehospital trauma pts
(SBP < 100)

Prospective,
randomized

166 7.5% NaCl/6% dextran 70 Improved SBP and improved
survival for pts with traumatic
brain injury

Mattox et al. (1991) [39] Prehospital trauma pts
(SBP < 90) 72%
penetrating

Prospective,
randomized

359 7.5% NaCl/6% dextran 70 Improved SBP, trend toward
improved survival

Younes et al. (1992) [40] Hypovolemic shock in
ED (SBP < 80)

Prospective,
randomized

105 7.5% NaCl and 7.5%
NaCl/6% dextran 70

Improved SBP, no difference in
survival

Vassar et al. (1993a) [41] Prehospital trauma pts
(SBP < 90)

Prospective,
randomized

258 7.5% NaCl and 7.5%
NaCl/6% dextran 70

Improved survival vs. predicted
historical controls

Vassar et al. (1993b) [42] Prehospital trauma pts
(SBP < 90)

Prospective,
randomized

194 7.5% NaCl and 7.5%
NaCl/6% dextran 70

Improved survival vs. historical
controls and for pts with
traumatic brain injury

Younes et al. (1997) [43] Hypovolemic shock in
ED

Prospective,
randomized

212 7.5% NaCl/6% dextran 70 Improved survival for pts with
SBP < 70

Bulger et al. (2008) [15] Prehospital blunt trauma
pts (SBP < 90)

Prospective,
randomized

209 7.5%NaCl/6% dextran 70 No difference in ARDS-free
survival

Bulger et al. (2011) [4] Prehospital trauma pts
(SBP < 70 or SBP 70–90,
HR > 108)

Prospective,
randomized

895 7.5% NaCl and 7.5%
NaCl/6% dextran 70

No difference in 28-day
mortality

ARDS, acute respiratory distress syndrome; ED, emergency department; HR, heart rate; pts, patients; SBP, systolic blood pressure.

mortality seen among the post-randomization sub-
group of patients who did not receive any blood
transfusions in the first 24 hours. Subsequent analysis
suggested a higher proportion of early deaths: some
patients in the hypertonic groups died before blood
products became available or were administered. This
difference was no longer evident 6 hours after injury. A
subsequent systematic review of the safety data
demonstrated that HSD administration delayed the
administration of blood products by altering standard
transfusion triggers, such as systolic blood pressure,
with no effect on survival.[16] Thus, despite a large
number of clinical trials in this patient population,
there remains no compelling evidence to support the
routine use of hypertonic fluids in the early manage-
ment of these patients in the civilian (non-military)
community.

Traumatic brain injury
There have been a number of studies examining the
use of hypertonic fluids ranging in concentration

from 1.6% to 23.4%, given as both bolus and con-
tinuous infusions for the management of patients
with intracranial hypertension. Most of these studies
are case series or descriptive studies, which describe
improved ICP with the use of hypertonic fluids in
patients who have been refractory to conventional
therapy. There have been few randomized controlled
trials.

The first trial, by Shackford et al., randomized
patients to HTS vs. lactated Ringer’s along with con-
ventional therapies for increased ICP.[17] They were
unable to demonstrate any major differences between
the treatment groups but were hampered by the ran-
domization of more severely injured patients into the
HTS group.

Francony et al. compared equimolar doses of 20%
mannitol and 7.45% HTS for management of patients
with sustained elevations in ICP and found them to
be equally effective.[18] Despite the lack of defini-
tive data in this area, many neurosurgeons are now
using HTS routinely for management of elevated
ICP.
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Three randomized controlled trials have specifi-
cally focused on the prehospital administration of HTS
to patients with suspected traumatic brain injury. All
of these studies utilized the Glasgow Outcome Score
(GOS) as ameasure of the long-term neurological out-
come for these patients.

The first of these studies, by Cooper et al., enrolled
injured patients with a prehospital Glasgow Coma
Scale (GCS) value <8 and systolic blood pressure
<100mmHg.[6] This trial, which compared 7.5%
saline with normal saline, was closed for futility (n =
229) with no difference in extended GOS between the
treatment groups 6 months after injury. Because this
study included patients who had both severe traumatic
brain injury and shock, it was limited by a 50%mortal-
ity in the study cohort.

A second trial recently completed in Toronto,
Canada was also closed with limitations in obtaining
long-term outcome data.[19]

The largest trial in this patient population was
recently completed by the Resuscitation Outcomes
Consortium. The study was closed early for futility
after enrolling 1,331 patients with no difference in the
GOS at 6 months after injury.[5] Importantly, this trial
enrolled patients with a GCS value <8 but no prehos-
pital hypotension. Thus, like the hypovolemic shock
studies, despite a large body of preclinical evidence
supporting these resuscitation strategies, clinical tri-
als have been unable to show convincing evidence of
improved outcome.

Intraoperative and postoperative
studies
A number of small studies have been reported regard-
ing the use of hypertonic solutions in operative cases.
Most of these have been conducted during either car-
diac or aortic surgery. For patients undergoing car-
diopulmonary bypass surgery, the most consistent
finding has been a significant decrease in the positive
fluid balance with the use of hypertonic fluids.[7]This
finding was also noted in a recent Cochrane review of
this literature.[8]

Many of these studies have also demonstrated
improvement in cardiac index (CI) with hypertonic
fluids, but the duration of this effect has been vari-
able. Two studies noted improved CI up to 48 hours
after surgery,[20,21] while others suggested a transient
effect as short as 1–3 hours.[22,23]This variabilitymay
be due to variations in the dose of hypertonic fluids

used and additional fluid given. These studies have
been too small to identify any significant improvement
in outcome.

Nine studies have examined the use of hypertonic
solutions during aortic surgery. Like the studies in
cardiac surgery, these studies also supported a lower
overall fluid requirement in patients receiving hyper-
tonic fluids. Auler et al. reported a small case series
(n = 10) describing the administration of HTS vs.
isotonic saline at the time of removal of the aor-
tic clamp.[24] These authors report improved physi-
ological endpoints and lower overall volumes of fluid
required in the patients given HTS.

In another study, Shackford et al. randomized 58
patients undergoing elective aortic reconstruction to
lactated Ringer’s vs. HTS (250 mEq sodium per liter)
solution during operative repair.[25] The hypertonic
group required on average half the amount of intra-
operative fluid as the lactated Ringer’s group but there
was no difference in clinical outcomes.

The most recent study by Bruegger et al. (n = 28)
compared HTS with hydroxyethyl starch in normal
saline for administration during the period of aor-
tic clamping and found no difference between the
groups.[26] Several other studies have also shown
improved hemodynamic parameters (for review, see
Azoubel et al. [7]), but none were large enough to
demonstrate improved outcome.

Other operative scenarios explored have included
transplantation, elective hysterectomy, and spinal
surgery. One case series has been reported describing
the use of 7.5% saline for patients with fulminant hep-
atic failure andGrade IV encephalopathy while under-
going orthotopic liver transplant.[27] These authors
compare these patients with historical controls, and
suggest that patients receiving HTS had more favor-
able hemodynamics and improved ICP. Another study
examined the immune effect of HTS administration
for patients undergoing elective hysterectomy and did
not find any significant changes.[28]

One recent study examined the use of 3% saline
infusions (30 cc/hour) in trauma patients following
damage control surgerywith open abdomens.[29]This
was not a randomized trial, but patients receiving
the hypertonic fluids demonstrated a shorter time to
abdominal wall closure and higher rates of primary
fascial closure, suggesting better management of post-
operative tissue edema.

A recent meta-analysis also explored the intra-
operative use of hypertonic solutions for elective
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neurosurgical procedures. These authors suggest that
HTS may be superior to mannitol for brain relax-
ation during tumor resection.[30] A recent review
highlights the many limitations in interpreting this
literature.[31]

Finally, a retrospective, case-controlled study com-
pared outcomes for patients undergoing major spinal
surgery who received intraoperative HTS with those
that did not, and suggested an association with lower
postoperative infection rates.[32] A few studies have
also examined the role of preloading patients under-
going spinal anesthesia with hypertonic fluids.[33–
35] These studies have had mixed results, with some
demonstrating improved hemodynamic parameters
while others did not. All of these studies are limited
by very small sample size.

Conclusion
In conclusion, despite a wide body of supportive pre-
clinical data suggesting that hypertonic fluids are asso-
ciated with improved hemodynamic response, reduc-
tion in cerebral edema, reduced fluid requirements,
and modulation of the inflammatory response, clini-
cal trials have been disappointing in the lack of defini-
tive improvement in overall patient outcome with
this resuscitation strategy. In particular, studies of the
intraoperative use of these fluids are very limited.
Future studies need to focus carefully on selection of
patients, and ensure a randomized, placebo-controlled
design and adequate sample size to observe ameaning-
ful difference in clinical outcome.
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Chapter

6
Fluids or blood products?

Oliver Habler

Summary

Thanks to the impressive anemia tolerance of
the human body, red blood cell (RBC) transfu-
sion may often be avoided despite even impor-
tant blood losses – provided that normovolemia
is maintained. While a hemoglobin (Hb) con-
centration of 60–70 g/l can be considered safe in
young, healthy patients, older patients with pre-
existing cardiopulmonary morbidity should be
transfused at Hb 80–100 g/l. Physiological trans-
fusion triggers (e.g. decrease of VO2, ST-segment
depression in the ECG, arrhythmia, continu-
ous increase in catecholamine needs, echocardio-
graphic wall motion disturbancies, lactacidosis)
appearing prior to the aforementioned Hb con-
centrations necessitate immediate RBC transfu-
sion. In the case of unexpected massive blood
losses and/or logistic difficulties impeding an
immediate start of transfusion, the anemia toler-
ance of the patient can be effectively increased by
several measures (e.g. hyperoxic ventilation, mus-
cular relaxation, or adequate depth of anesthesia).

In cases of dilutional coagulopathy – often
reflected by an intraoperatively diffuse bleeding
tendency – a differentiated coagulation therapy
can either be directed on the basis of viscoelas-
tic coagulation tests (e.g. thromboelastometry/-
graphy) or directed empirically by replacing the
different components in the order of their devel-
oping deficiency (i.e. starting with fibrinogen, fol-
lowed by factors of the prothrombin complex
and platelets). The “global” stabilization of coag-
ulation with fresh frozen plasma requires the
application of high volumes and bears the risk

of cardiac overload (TACO) and immunological
alterations (TRIM).

The transfusion dilemma and the
concept of “patient blood
management” (PBM)
Although safer than ever, allogeneic transfusion is
still associated with risks for the recipient and has
been identified in numerous investigations as an
“independent risk factor” for survival.[1–3] While
the key problems, i.e. lethal incompatible transfusion
and transfusion-associated infection, are well con-
trolled today, transfusion-related immunomodulation
(TRIM) – although not yet understood in detail –
seems to be at least partly responsible for this increase
in mortality. Via the pathomechanism of TRIM, allo-
geneic transfusion is implicated in an increased rate
of nosocomial infections [4] and an increased recur-
rence rate after oncological surgery for malignancy.[5]
Moreover, the costs for allogeneic blood products are
expected to rise in the future [6] owing to an increasing
imbalance between blood donors and potential recip-
ients, particularly older patients undergoing major
surgery.

To control both the risks and the increasing costs,
allogeneic transfusion should be either avoided or
at least minimized during surgical procedures. The
precondition for this is “patient blood management”
(PBM), including (1) the optimization of the patient’s
preoperative hematocrit (hct), (2) the perioperative
collection and retransfusion of autologous blood,
(3) the control of perioperative blood losses, and (4)
the tolerance of low perioperative hemoglobin (Hb)

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Section 1: The fluids

Figure 6.1 The four-column model of patient blood management
(PBM) intended to avoid or minimize allogeneic transfusion in
elective surgery, in order to improve the surgical patient’s
postoperative outcome.

concentrations (anemia tolerance, restrictive transfu-
sion practice) (Figure 6.1).

Management of intraoperative
blood losses
An acute surgical blood loss will not immediately be
compensated by the transfusion of red blood cells
(RBC) and/or plasma. More likely, the shed blood will
initially be replaced by infusion of RBC-free crys-
talloid and/or colloid solutions. This procedure is
intended to maintain a normal circulating intravascu-
lar volume (i.e. normovolemia); at the same time, the
dilution of all circulating blood components (normo-
volemic hemodilution) is tolerated.

Tolerance of dilutional anemia
Under general anesthesia, “normovolemic hemodilu-
tion” is tolerated down to very low Hb concentrations
and hct values, without any risk for tissue perfusion,
tissue oxygenation, and organ function. This reflects
the large natural anemia tolerance of the human body.

The physiological mechanisms enabling this ane-
mia tolerance consist in:[7]
(1) the increase of cardiac output (CO) – initially via

the increase of ventricular stroke volume and
later via additional tachycardia – depending on
the degree of hemodilution;

O2 – delivery (DO2)

(4)

(3)

“critical” DO2

(2) (1)

O
2 

– 
co
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um

pt
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n 
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Figure 6.2 Schematic depicting the course of whole-body O2
delivery (DO2) and O2 consumption (VO2) during normovolemic
hemodilution (e.g. replacement of intraoperative blood loss with
red-blood-cell-free infusion solutions); modified according to [14]).
The graphic has to be read from the right side (starting with normal
DO2) to the left (increasing dilutional anemia). Explanations in text.

(2) the increase of total body oxygen (O2) extraction;
(3) the physiological difference between macro- and

microvascular (capillary) hct (“luxury hct”); the
microvascular hct falls below its normal value
only after a 30–50% reduction of the
macrovascular hct;

(4) the physiological over-supply of organ tissues
with O2 (“luxury” O2 delivery, DO2). Under
normal conditions, DO2 exceeds tissue O2
requirements by a factor of 3 to 4 (point (1) in
Figure 6.2). Thus DO2 can be reduced over a
wide range without impairment of tissue
oxygenation. Tissue O2 demand is satisfied, and
tissue O2 consumption (VO2) remains constant
(so-called O2 supply-independency of VO2)
(Figure 6.2, segment (2)).

The compensatory mechanisms described are decisive
for the extent of anemia tolerance. Several studies show
that these mechanisms likewise exist in infants,[8]
children,[9,10] elderly patients,[11] patients with
cardiopulmonary disease,[12] and patients under
pharmacological beta-receptor blockade.[13]

Limits of the natural anemia
tolerance: concept of the “critical DO2”
(DO2crit)
At an extreme degree of hemodilution, O2 demand
will finally equal DO2 (Figure 6.2, point (3)). The
corresponding DO2 is called “critical,” DO2crit. With
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Chapter 6: Fluids or blood products?

Table 6.1 The limit of anemia tolerance: overview of critical O2 transport parameters (critical hemoglobin concentration, Hbcrit , and
critical hematocrit, hctcrit) determined in different species during extreme normovolemic hemodilution

Author Species Anesthesia FiO2

Blood
exchange
fluid

Identification
of DO2crit hctcrit(%)

Hbcrit

(g/l)

Fontana et al. [10] Man (child) Isoflurane
Sufentanil
Vecuronium

1.0 Albumin ST-segment
depression

21

van Woerkens et al. [15] Man (84 years) Enflurane
Fentanyl
Pancuronium

0.4 Gelatin Drop in VO2 12 40

Zollinger et al. [47] Man (58 years) Propofol
Fentanyl
Pancuronium

1.0 Gelatin ST-segment
depression

�11

Cain [14] Dog Pentobarbital 0.21 Dextran Drop in VO2 98 33

Perez-de-Sá et al. [48] Pig Isoflurane
Fentanyl
Midazolam
Vecuronium

0.5 Dextran Drop in VO2 23 ± 2

Meier et al. [16] Pig Propofol
Fentanyl

0.21 HES Drop in VO2 31 ± 4

Pape et al. [49] Pig Propofol
Fentanyl
Pancuronium

0.21 HES Drop in VO2 24 ± 4

Kemming et al. [21] Pig Midazolam
Morphine
Pancuronium

0.21 HES ST-segment
depression

72 ± 12 26 ± 3

Meisner et al. [50] Pig Diazepam
Morphine
Pancuronium

0.21 Albumin ST-segment
depression

61 ± 18 20 ± 8

Meier et al. [51] Pig Propofol
Fentanyl
Pancuronium

0.21 HES Drop in VO2 24 ± 5

HES: hydroxyethylstarch.

ongoing hemodilution, DO2 falls below DO2crit,
and the amount of O2 delivered to the tissues
becomes insufficient to meet their O2 demand. As
a consequence, the previously stable VO2 starts to
decline (so-called O2 supply-dependency of VO2)
(Figure 6.2, segment (4)) [14]. This sudden decrease
of VO2 indirectly reflects the limit of anemia tolerance
and the onset of tissue hypoxia. The energy needs of
the body are now mainly met by anerobic glycolysis,
and the serum lactate concentration therefore starts to
rise. In analogy to DO2crit the Hb and hct values cor-
responding to the inflection point of VO2 are called
Hbcrit and hctcrit, respectively. Without treatment
(transfusion, hyperoxic ventilation) the persistence
of the critical DO2, Hb, or hct leads to death within a
short period of time.[15,16]

The whole body’s anemia tolerance may assume
impressive proportions: in healthy awake volunteers,
DO2crit was not met even after hemodilution to Hb
48 g/l.[17] In healthy anesthetized animals and
patients, the limit of dilutional anemia was reported
at hct values between 12% and 3% (Hb 33 and 11 g/l)
(Table 6.1). Infants (1–7 months) [8] and children
(12.5 years) [10] tolerated Hb of 30 g/l and lower
without falling below their DO2crit. In pregnant sheep,
fetal tissue oxygenation was preserved down to a
maternal hct of 15% (Hb 50 g/l).[18]

Unfortunately, it is impossible to provide clini-
cians with universal numerical values for the afore-
mentioned critical O2 transport parameters. DO2crit,
Hbcrit, and hctcrit vary in and between individuals and
depend on a variety of determining factors: adequate
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depth of anesthesia, hyperoxemia, muscular relax-
ation, and mild hypothermia increase anemia toler-
ance (see below); hypovolemia, restricted coronary
reserve, heart failure, profound anesthesia, multiple
trauma, and sepsis reduce anemia tolerance.

Moreover, it cannot be excluded that single organs
will meet their DO2crit at a higher Hb (hct) than the
whole organism and develop tissue hypoxia prior to
the drop of global VO2. This would challenge whole-
body global VO2 as a global monitoring parameter for
tissue oxygenation.

In anesthetized subjects, the anemia tolerance of
the whole body and the brain,[19] the myocardium
with intact coronary perfusion,[20,21] or the splanch-
nic system [19] have been found to be equal. Kid-
ney and skeletal muscle seem to have a lower ane-
mia tolerance.[22]The situation is also different for the
compromised heart with restricted coronary reserve.
In anesthetized dogs with an experimental 50–80%
coronary artery stenosis, signs of myocardial ischemia
and/or functional deterioration appeared at Hb 70–
100 g/l.[23] In a retrospective cohort-analysis of car-
diac risk patients undergoing non-cardiac surgery
and refusing allogeneic transfusion for religious rea-
sons (affiliation to Jehovah’s Witnesses), a significantly
higher 30-day mortality was found if the postopera-
tiveHb fell below 80 g/l.[24] In otherwise healthy anes-
thetized rats, the limit of renal anemia tolerance was
identified between Hb 4 and 70 g/l,[25] and in patients
undergoing cardiac surgery at Hb between 70 and
80 g/l.[26,27]

In clinical practice it is difficult to identify the
limit of the individual anemia tolerance of a single
patient. Continuous measurement of VO2 is techno-
logically complex, costly, and therefore restricted to
scientific questions. Indirect clinical signs reflecting
DO2crit, such as ECG changes (ST-segment deviation,
arrhythmia), echocardiographic regional myocardial
wall motion disturbance, lactacidosis and a decrease
of mixed-venous or central-venous O2 saturation, are
uncertain.

Support in estimating the significance of periop-
erative dilutional anemia quoad vitam is provided
with the results of large clinical studies (generally
performed on Jehovah’s Witnesses) investigating the
relation between postoperative anemia and mortality.
Until a postoperative Hb of 80 g/l no statistical rela-
tion between anemia and mortality could be detected
even in older patients with pre-existing cardiopul-
monary disease [24,28,29] and intensive care patients

with multiple morbidity.[1,30,31] In anemic patients
(Hb < 80 g/l) whose death was causally related to ane-
mia, the Hb was always found to be below 50 g/l.[32]
At Hb 30 g/l, mortality has been shown to increase
up to 50% without transfusion.[33] Nevertheless, in
individual cases much lower Hb (15 g/l and lower) has
been survived without transfusion.

Therapeutic increase of anemia
tolerance
In cases of unexpected massive blood losses and/or
logistic difficulties impeding an immediate start of
transfusion, the anemia tolerance of the patient can be
effectively increased by the following measures:[34]

(1) Restoration and/or maintenance of
normovolemia: the basic prerequisite for the
effective compensation of dilutional anemia is
normovolemia. In “hypovolemic hemodilution”
the whole body’s O2 demand increases, mediated
by catecholamines. Under hypovolemic
conditions, DO2crit is met at higher values than
under normovolemia, and anemia tolerance is
reduced.

(2) Myocardial function: another basic prerequisite
for optimal cardiac compensation of dilutional
anemia is the increase of myocardial blood flow
(MBF) realized by maximal coronary dilation as
well as by the maintenance of adequate coronary
perfusion pressure (CPP). Situations
accompanied by an increase in myocardial O2
demand (tachycardia, increased ventricular wall
tension, increased myocardial contractility) must
be avoided. The same applies for a decrease in
diastolic aortic pressure due to reduction of
systemic vascular resistance. Continuous
application of noradrenaline increases
whole-body anemia tolerance. Sympathicolysis
via beta-receptor blockade or thoracic epidural
anesthesia leaves anemia tolerance
unaffected.[35]

(3) Inspiratory oxygen fraction (FiO2): ventilation
with supranormal FiO2 (hyperoxic ventilation)
increases the physically dissolved part of arterial
O2 content. Physically dissolved plasma O2 is
biologically highly available and covers up to
75% of whole-body O2 demand in conditions of
extreme dilutional anemia. Experimental and
clinical studies clearly demonstrate that
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Chapter 6: Fluids or blood products?

hyperoxic ventilation effectively increases
anemia tolerance and creates an important
margin of safety for global, myocardial,
gastrointestinal, and cerebral tissue oxygenation.

(4) Muscular relaxation: striated skeletal muscles
amount to about 30% of the total body mass.
Muscular relaxation significantly reduces the
whole body’s O2 demand and increases anemia
tolerance.

(5) Body temperature: hypothermia reduces the
whole body’s O2 demand. In an animal
experiment, anesthetized hypothermic pigs died
at lower Hb than normothermic control animals.
Owing to the negative impact of hypothermia on
coagulation, however, the intentional induction
of hypothermia in bleeding patients in order to
increase anemia tolerance cannot be
recommended.

(6) Choice of anesthetic drugs and depth of anesthesia:
almost all anesthetic drugs investigated suppress
the CO response to dilutional anemia. In animal
experiments, a dose-related reduction in anemia
tolerance could be demonstrated for halothane,
enflurane, isoflurane, ketamine, propofol,
etomidate, and pentobarbital. Inadequately
profound anesthesia has to be avoided to the
same extent as too light anesthesia (increased
sympathetic tone and O2 consumption).

(7) Choice of the infusion solution: the choice of the
solution infused to compensate blood losses
seems to influence anemia tolerance. While 3%
gelatin and 6% hydroxyethyl starch (HES)
200.000/0.5 did not affect anemia tolerance in
animals, an advantage could be demonstrated for
6% HES 130.000/0.4 over 3.5% gelatin, 6% HES
450.000/0.7, and Ringer’s lactate. Application of
infusion solutions with intrinsic O2 transport
capacity (artificial O2 carriers based on human
or bovine Hb; perfluorocarbons) increased
anemia tolerance in animals and patients.[36]
Unfortunately, no artificial O2 carrier is
approved in the United States or Europe.

Coagulationmanagement
In analogy to dilutional anemia, the replacement of
blood losses with crystalloid and/or colloid infusion
solutions causes dilution of all components of the
coagulatory and fibrinolytic system.This finally results
in “dilutional coagulopathy.”
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Figure 6.3 Graduated scheme (“coagulation pyramid”) for the
stabilization of coagulation in cases of major blood loss. The time
sequence of therapeutic interventions beyond the basic measures
is based on the intensity and dynamics of blood losses and on the
quality of bleeding.

It has been demonstrated in animal experiments
and in human patients that the first procoagulatory
factor to decrease below a level requiring substitu-
tion is fibrinogen (i.e. <1.5 g/l), followed by the activ-
ity of coagulation factors of the prothrombin com-
plex, and finally the platelet count.[37,38] Fibrinogen
and fibrin are essential for clot formation at the site
of the vessel damage. The lack of fibrinogen results
in the formation of unstable clots that are unable to
resist blood flow and to stop bleeding.[39] In addition,
plasma fibrinogen concentration is reduced by infu-
sion of HES-based colloidal infusion solutions.[40]
Because of problems related to its processing, fresh
frozen plasma (FFP) contains coagulation factors at
a reduced concentration. This means that FFP has to
be infused in large quantities to stabilize or improve
coagulation, often resulting in transfusion-related car-
diac overload (TACO). The infusion of small amounts
of FFP to improve coagulation has to be considered
meaningless.[41]

In the situation of the massively bleeding patient,
it is difficult or even impossible to monitor and detect
the “critical” reduction of the different components of
the coagulation system. Moderate dynamics of blood
losses allowdifferentiated coagulationmanagement on
the basis of results obtained from viscoelastic coag-
ulation tests (thromboelastometry/-graphy),[42] but
the lack of this analytic measure and/or the pres-
ence of more severe blood losses require “empirical”
coagulation management based on the intensity and
dynamics of the blood loss and the quality of bleeding
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Table 6.2 Dosage of procoagulatory drugs in massive blood loss

Fresh frozen plasma
(FFP)

>30ml/kg BW
Target: quick value (prothrombin time,
PT) >40%; increased observation
recommended in range 30–40%

Fibrinogen
concentrate

25–50 mg/kg BW; 2–4 g;
Target: plasma fibrinogen
concentration >2 g/l; increased
observation recommended in range
1.5–2 g/l

Prothrombin complex
concentrate (PCC)

20–25 IU/kg BW
Target: quick value (PT) >40%
Increased observation recommended
in range 30–40%

Tranexamic acid Initial bolus 10–20 mg/kg BW
Followed by 1–5 mg/kg BW per hour

Desmopressin 0.3 µg/kg BW over 30min

Factor XIII concentrate 10–20 IU/kg BW

Recombinant human
factor VIIa

90 µg/kg BW

(“diffuse” bleeding tendency, rebleeding of formerly
“dry” wounds).

After the establishment of procoagulatory gen-
eral conditions (e.g. normothermia, normal pH) the
following measures are taken, following a graduated
scheme (Figure 6.3): the early and calculated admin-
istration of fibrinogen concentrate, prothrombin com-
plex concentrate (PCC), vitamin-K-dependent coag-
ulation factor concentrate (PPSB), FFP, and antifibri-
nolytic drugs (e.g. tranexamic acid).[43] The admin-
istration of desmopressin [44] mobilizes stocks of
factor VIII, increases the activity of von Willebrand
factor, and stimulates aggregatory platelet function.
Clot stability may be additionally increased by appli-
cation of factor XIII concentrate.[45] In cases of
massive bleeding, the early administration of recom-
binant human factor VIIa (“off-label use”) may be
considered [46] (Table 6.2). However, the maximum
effectiveness of this substance depends on stable
general conditions for coagulation, in particular nor-
mothermia, normal pH, and adequate platelet count.
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Section 2 Basic science

Chapter

7
Body volumes and fluid kinetics

Robert G. Hahn

Summary

Body fluid volumes can be measured and esti-
mated by using differentmethods. A key approach
is to use a tracer by which the volume of distri-
bution of an injected substance is measured. Use-
ful tracers occupy a specific body fluid space only.
Examples are radioactive albumin (plasma vol-
ume), iohexol (extracellular fluid space), and deu-
terium (total body water). The transit time from
the site of injection to the site of elimination must
be considered when using tracers with a rapid
elimination, such as the indocyanine green dye.
The volume effect of an infusion fluid can be calcu-
lated by applying a tracer method before and after
the administration.

Guiding estimates of the sizes of the body vol-
umes can be obtained by bioimpedance measure-
ments and anthropometric equations.

The blood hemoglobin (Hb) concentration is
a frequently used endogenous tracer of changes
in blood volume. Hb is the inverse of the blood
water concentration, and changes in Hb indicate
the volume of distribution of the infused fluid vol-
ume. Certain assumptions have to bemade to con-
vert the Hb dilution to a change in blood vol-
ume. Volume kinetics is based on mathematical
modeling ofHb changes over timewhich, together
with measurements of the urinary excretion, can
be used to analyze and simulate the distribution
and elimination of infusion fluids.

Infusion fluids exert their therapeutic effects primar-
ily by expanding one of the three body fluid compart-
ments (spaces), namely the plasma volume and the
interstitial and intracellular fluid (ICF) volumes. The

sum of the plasma and interstitial fluid volumes is
called the extracellular fluid (ECF) volume (Figure 7.1).

The sizes of these body fluid volumes have been
measured under steady state conditions by the use of
tracer methods. In an adult weighing 75 kg, they aver-
age 3 liters for the plasma, 12 liters for the interstitial
fluid, and 30 liters for the ICF volume. Hence, the
sum of the plasma and interstitial fluid volumes (the
ECF volume) amounts to 15 liters, or 20% of the body
weight.

Measures and estimates of body fluid volumes are
of interest to basic research, while clinical guidance
for fluid therapy is mostly guided by hemodynamic
measurements, sometimes combined with fluid bolus
infusions.

Tracers
Substances known to distribute solely within one body
fluid compartment can be injected and the size of the
compartment can be calculated by means of dilution
of the substance.

The substance is then used as a tracer. The basic
equation for such calculations is:

Size of compartment

= Injected dose of tracer
Plasma concentration of tracer

Examples of such tracers include bromide and iohexol
for measurements of the ECF volume. Radioiodated
albumin and indocyanine green (ICG) are used for
measurement of the plasma volume.

Bromide has a very slow turnover, which means
that the measurement might be problematic to repeat
several times. Iohexol has a shorter half-life, only
100min, but this also implies that an estimation of
the ECF volume has to be based on several plasma

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Figure 7.1 Schematic drawing of our
three body fluid compartments.

samples to account for the elimination during the
period of mixing. Sampling cannot start within 30–
40min because the kinetics shows a clear distribution
phase.[1]

The total body water (sum of ECF and ICF) can be
measured with water isotopes, which include tritium
(radioactive) and deuterium (not radioactive). One
problem is that even distribution of these molecules in
the body requires about 3 hours to be completed. An
alternative approach is to use ethanol, but the relatively
short half-life requires frequent sampling in blood or
in the expired air.[2]

The plasma volume has frequently been measured
by radioactive iodated albumin. After 10min of distri-
bution of the injected substance, 3–4 samples are taken
every 10min to account for the exponential elimina-
tion. As the time window for the measurement is 30 to
40min, the plasma volume needs to be in a reasonably
steady state during that time to yield a correct result.

Plasma tracer results slightly overestimate the
plasma volume. Therefore, the result should be mul-
tiplied by 0.91 (the “hematocrit factor”).

Evans blue is a dye that has been used as a sub-
stitute for the albumin method because the measure-
ment does not involve exposure to radioactivity. The
dye binds to albumin, just like iodine, and the concen-
tration is measured by light absorption.

There are several possibilities for labeling erythro-
cytes with radioactive tracers to calculate red cellmass.
Such tracers include chromium and technetium.

Carbon monoxide binds to hemoglobin and can
also be used to measure red cell mass. Drawbacks are
mainly safety issues, as carbon monoxide is toxic.

The size of the interstitial fluid space and the ICF
volume cannot be measured by tracers. They have to
be inferred as the difference between body fluid spaces

that can be measured, i.e. the plasma volume, the ECF
volume, and the total body water.

These conventional tracer methods of measur-
ing body fluid volumes have limited application in
perioperative medicine. A comparison with standard
values would indicate whether the patient is dehy-
drated or hyperhydrated before or after an opera-
tion. However, conventional tracers cannot be used to
reflect what happens during surgery because the situ-
ation is too unstable. During the mixing period there
must be steady state with regard to fluid shifts, a situ-
ation that is hardly ever met in the operating room. It
is unlikely that the results can be accurate in the early
postoperative period. The only possible exception to
this rule could be the ICG tracer because steady state
is then needed only for a few minutes.

If applied during steady state conditions, the tracer
methods have an accuracy of between 1% (total body
water) and 10% (radioiodinated albumin).

A common way to determine the volume effect of
an infusion fluid in the experimental setting is to mea-
sure the plasma volume at baseline and then again after
an infusion fluid has been administered. With crystal-
loid fluid there is no meaningful way of measuring the
volume effect with a tracer until equilibration with the
interstitial fluid has occurred, because the fluid shifts
are so fast.There is equilibrium 30min after ending an
infusion.

Indocyanine green
Indocyanine green (ICG) is a dye that binds to plasma
albumin. The half-life is only 3min, owing to rapid
uptake by the liver. The rate of elimination is directly
dependent on the liver blood flow.Therefore, ICG can
be used to measure both liver blood flow (elimination
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Figure 7.2 Why errors arise when
back-extrapolation of the concentration–
time curve of indocyanine green (ICG) overlooks
the 1-min transit time for the dye to travel from the
site of injection (time zero) to reach the site of
elimination in the liver. � is the slope of the line.
From Polidori and Rowley [6].

slope) and plasma volume. Attempts have also been
made to measure cardiac output with ICG.

To measure the plasma volume, steady state with
regard to the fluid balance is required for only a few
minutes.[3]Therefore, the ICGmethod can be applied
during surgery.[4]The ICG concentration can bemea-
sured both in the blood and by pulse oximetry (pulse
dye densitometry).[5] The precision is claimed to be a
few percent.

Drawbacks include that the circulation time (about
1min in normal humans) becomes crucial. ICG is best
injected via a central venous catheter, and backward
extrapolation should bemade to 1min and not to time
zero, as elimination begins only after the tracer has
reached the liver. Polidori and Rowley [6] have shown
that extrapolation to time zero results in an under-
estimation of the true plasma volume in the normal
human (Figure 7.2). In a cohort of patients they found
the average error to be 25%. When comparing the
plasma volume before and after volume expansion, the
calculations will further be dependent on a constant
relationship between changes in the liver blood flow
and the time required for transport of the ICG to the
liver.

Double-tracer techniques
Measurement of the blood volume (BV) by a double-
tracer technique means that the erythrocyte and
plasma volumes are determined by separate tracer
methods and that the BV is the sum of them. Various

combinations of tracers can be used, of which tagging
of the erythrocytes with chromium and determination
of the plasma volumewith radioactive albumin or ICG
are the most common.

A problem with all double-tracer techniques is
that the hematocrit in sampled peripheral blood is
higher than the hematocrit deduced from direct mea-
surement of the plasma and erythrocyte volumes.
To account for this discrepancy, a correction factor
(“hematocrit factor”) of 0.91 has been introduced.This
factor appears to be quite stable under various physio-
logical circumstances [7] but has been given a number
of different interpretations over the years.

In the 1950s and 1960s it was believed that the
hematocrit in large vessels simply was higher than in
the body as a whole. The hematocrit is lower in the
capillaries, but the BV residing in them (5% of total)
is too small to explain the hematocrit factor. A sim-
plistic explanation is that that albumin but not the ery-
throcytes easily enters the liver sinusoids and some
other perivascular spaces, which slightly exaggerates
the plasma volume when measured by plasma-bound
tracers.

A recent view was that only ICG but not
erythrocytes and albumin penetrates the non-
circulating plasma bound in the endothelial sur-
face layer.[4] This is not a full explanation either,
because the hematocrit factor is present also when
measuring the plasma volume with the radioactive
albumin method, where the tracer (albumin) is
excluded from the endothelial surface.
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Bioimpedance
In bioimpedance (BIA)measurements, a series ofweak
electrical currents of different frequency are passed
through the body, typically running from the arm to
the foot.[8] Use of the method for measuring body
fluid volumes is based on the fact that currents have
more difficulty passing through large amounts of water
than small. An estimate of both the ICF and ECF vol-
umes can bemade as various frequencies pass through
and outside cells with varying ease.

Bioimpedance is often applied while the patient is
in bed before and after surgery, but rarely periopera-
tively owing to the risk of mechanical and electrical
interference. In the author’s experience, BIA can pro-
vide useful data only for groups and has a place mainly
as an adjunct to more precise methods.

Anthropometry
Empirical relationships may be used to estimate the
size of the body fluid compartments at baseline.

The simplest of these states that the plasma volume
corresponds to 4.5% of the body weight, the BV is 7%
of the bodyweight, and the ECF volumemakes up 20%
of the bodyweight.[1] Total bodywater represents 50%
of the body weight in the adult female. The percentage
is 60% in young adultmen and 50% in oldermen. Chil-
dren have a higher percentage. Such rules are simple
but useful for the clinician to remember.

More precise information can be obtained by
regression equations.These are typically based on tracer
measurements of body fluid volumes performed in a
large number of humans, and usually employ the sex,
body weight, and height of the subject as predictors.
Below is an example of such equations for estimation
of the BV in women and men.[9]

BV (liters, female) = 0.03308 weight (kg)
+ 0.3561 height3(m) + 0.1833

BV (liters, male) = 0.03219 weight (kg)
+ 0.3669 height3(m) + 0.6041

Sodiummethod
The distribution of infused fluid between the ICF and
ECF may be estimated based on the use of serum
sodium (SNa) as the marker. Sodium is then used as
an endogenous tracer.

If all infused fluid and sodium, as well as all voided
amounts, are known, the change in ICF volume can
be estimated based on the assumption that sodium is
evenly distributed in the ECF volume, whichmakes up
20% of the body weight. From time 0 to time t, we get:

�ICF = ECF + (infused − voided) volume

− (SNa × ECF − (added − voided)Na)
SNa (t)

This mass balance equation has mostly been used to
calculate the intracellular distribution of electrolyte-
free irrigating fluids,[10] but it can be used to estimate
the intracellular distribution of any infusion fluid.[11]
For example, the sodium method was used to demon-
strate that acetated Ringer’s solution does not expand
the ICF volume in volunteers, despite the fact that the
fluid is slightly hypo-osmolar; the reason is that the
urine excreted during the first 30min after the infu-
sions contained much lower concentrations of sodium
than the infused fluid, while there was only a marginal
concomitant increase in SNa.[12]

Translocation of fluid from the ICF space when
infusing hypertonic saline can also be estimated with-
out measuring SNa. This calculation is then based on
the osmolar balance between the ECF and ICF spaces,
of which one space gradually becomes expanded and
the other concentrated as more fluid is infused.[13]

Central blood volume
Measurement of the intrathoracic or central BV is pos-
sible with several modern hemodynamic monitoring
systems, such as the PiCCO and LiDCO. These appa-
ratuses are used mainly to measure central flow rates
and blood pressures, while the central BV is provided
as an adjunct output. A central venous pressure line or
arterial catheterization is needed to obtain the data on
body fluid volumes.

Measurement of the central BV is of interest
because it is more clearly related to hypovolemia-
related physiological responses than to total circulat-
ing BV.However, little has been published on intratho-
racic BV in connection with infusion fluids.

Fluid “efficiency”
The volume effect of an infusion fluid implies how
much of the infused volume is retained in the blood-
stream and expands the BV. The strength and the
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duration of BV expansion are the properties that repre-
sent the efficiency of the fluid. One may also talk about
potency when comparing the efficiency of various
fluids.

For this purpose, physiological endpoints may be
used. For example, a certain amount of blood can
be withdrawn and the amount of fluid then required
to restore baseline physiological parameters (such
as cardiac output) can be taken to represent the
“efficiency”.[14]

Tracer methods (mostly radioiodinated albumin)
have also been used to determine the efficiency of
infusion fluids. This implies that the tracer method
is applied twice and that the result before and after
the infusion is compared. Assessment of colloid flu-
ids is likely to work well by this approach. Study-
ing the volume effect of crystalloids is more difficult
because changes are more rapid; there is both a dis-
tribution phase, which cannot be covered by exoge-
nous tracers, and, at least in conscious humans, a
fairly rapid elimination. Most data relying on trac-
ers refer to the period when distribution has already
been completed and voiding has eliminatedmore than
a negligible fraction of the infused crystalloid fluid
volume.

Blood hemoglobin
A third and more simplistic approach to quantify the
volume effect of an infusion fluid is to measure the
blood hemoglobin (Hb) concentration before and after
the infusion. Hemoglobin can be used as an endoge-
nous tracer as it remains completely in the blood-
stream, and it is reasonable to assume that dilution of
its concentration is due to the infused fluid volume.

The use of Hb to calculate the efficiency of an
infusion fluid is a frequently misunderstood method.
Hemodilution is not a measure of the BV. In fact, Hb
changes will be the same regardless of whether the
BV is 1, 2, or 5 liters, as long as the number of Hb
molecules within that volume remains unchanged. Hb
changes are rather the inverse of the water concentra-
tion and indicate the volume amount of the infused
water that is easily exchangeable with the water in the
sampled (usually venous) blood.The water concentra-
tion of whole blood is about 80% and almost all the rest
is Hb (about 1 kg); electrolytes and plasma proteins
constitute only a few percent of the total. The water
concentration is always increased when a plasma vol-
ume expander is infused because the main constituent

of an infused fluid is water. The dilution of Hb is a
much easier way to indicate the increase in water con-
centration than to desiccate blood samples to deter-
mine the water concentration, but the two methods
yield the same result.[15]

The potential error that can arise is when the
hemodilution is interpreted in terms of a change in
BV and the hemodilution is then multiplied by the
BV at baseline. Radio-albumin, Evans blue, and car-
bon monoxide may be used to measure BV before an
infusion is provided.More frequently, one assumes the
BV before the infusion based on some anthropometric
equation.

TheHb concentration ismeasured before (Hb) and
after (Hb(t)) the infusion:[16]

�BV = BV(Hb/Hb(t)) − BV

The amount of fluid retained in the blood is then given
by:

Fluid retained (%) = 100 × �BV/infused volume

The fraction of fluid retained over time is the efficiency.
If the urinary output is known, the difference

between the infused volume and the sum of the urine
and blood volumes represents the change in interstitial
fluid volume.[17]

Accounting for blood loss
The Hb dilution concept can be developed to account
for blood loss, if known. This is (usually) necessary
when calculating fluid shifts based on Hb during
surgery. One then calculates the total Hb mass and
subsequently subtracts all losses (or adds transfused
erythrocytes):

Hb mass = BV × Hb

BV(t) = Hb mass − loss of Hb mass
Hb(t)

�BV(t) = BV(t) − BV

These simple equations can be entered into a pocket
calculator and may be helpful for the clinician when
assessing whether a patient is hypervolemic or hypo-
volemic. The calculations can be applied repeatedly
during surgery without loss of accuracy.[18]

These basic relationships shown above can, in turn,
be further elaborated upon to quantify the efficiency of
infusion fluids during ongoing surgery. An approach
of that kind uses a multiple regression equation to
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separate the effects of various factors that influence the
BV.

�BV(t) = A × (infused fluid volume)
−B × (blood loss)

Data may be entered for an entire operation
or for shorter periods of time. For example, this
approach was used to show that acetated Ringer’s
solution expands the BV by as much as 60% of the
infused amount during transurethral resection of
the prostate performed under general anesthesia.[19]
The deviation from the expected 20–25% can be
explained by the fact that the measurements were per-
formed every 10min, whereas the 20–25% efficacy
refers to complete distribution of the crystalloid fluid,
which takes around 30min.

The Hb method may be more difficult to apply in
animals than in humans because several species (such
as sheep and dogs) have reservoirs of erythrocytes in
the spleen that are mobilized in stressful situations,
including hemorrhage. In humans, such recruitment
is very small.[20]

Volume kinetics
Drug regimens are commonly based on pharmacoki-
netic analysis. For this purpose, the Hb mathematics
presented above has been elaborated upon to create
a pharmacokinetic system for the analysis and sim-
ulation of the distribution and elimination of infu-
sion fluids.[21] Serial analyses of theHb concentration
in whole blood are then recalculated to give the dilu-
tion of the plasma resulting from an infusion, the rea-
son being that it is the plasma rather than whole blood
that equilibrates with other body fluids.

Frombaseline at time 0 to time t, the dilution of the
plasma can be expressed as:

Plasma dilution(t) =

(
Hb − Hb(t)

Hb(t)

)

(1 − hematocrit)
The plasma dilution data are then fitted to the solu-
tions of differential equations describing the situation
in a kinetic model that describes (reasonably well)
what happens in the body (Figure 7.3). The distribu-
tion of fluid between a central and a peripheral com-
partment (Vc and Vt, respectively) is proportional to
the difference in dilution between them multiplied
by the intercompartment clearance, Cld. Elimination
occurs from the Vc and is proportional to the plasma

Clo

Cld

Vt

vc vt

Vc
Ro

Cl

Figure 7.3 Schematic drawing of the two-compartment volume
kinetic model that is applicable for analysis of the distribution and
elimination of crystalloid infusion fluids during anesthesia and
surgery. Note the expandable walls. Cl, elimination clearance; Cld,
intercompartment clearance; Clo, baseline fluid loss; Ro, infusion
rate; vc, volume expanded state of central compartment; Vc,
central compartment; vt, volume-expanded state of peripheral
compartment; Vt, peripheral compartment.

dilution multiplied by the elimination clearance, Cl.
When distribution is completed, the continued elimi-
nation reverses the direction of the flow from theVt to
Vc, which is a process called redistribution. If urinary
excretion is measured, the excreted volume divided by
the area under the curve of the plasma dilution gives
renal clearance. Accumulation of fluid in the body is
given by the difference betweenCl and renal clearance.
A complete volume kinetic analysis yields five param-
eters: the sizes ofVc andVt along with three clearances
(the intercompartmental clearance, elimination clear-
ance, and renal clearance).

The kinetic analysis can also use micro-constants,
by which uneven flow to and from the interstitial fluid
compartment can be studied. A micro-constant and
the half-life are inversely related to each other. A bene-
fit of this approach, which has still been used only spar-
ingly, is that a full simulation of the distribution of fluid
in the body can be performed using only three micro-
constants. The sizes of the body fluid spaces between
which the fluid distributes do not have to be assumed
or measured.

The parameters in the models are estimated
by a mathematical procedure called nonlinear-least
squares regression. This minimizes the difference
between the experimental concentration–time data
and theoretical values generated by a computer. When
the parameters in the kinetic model have been esti-
mated, the effect of various infusion regimens on the
body fluid compartments can be predicted and com-
pared by computer simulation.

46
https:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316401972.009
Downloaded from https:/www.cambridge.org/core. UCL, Institute of Education, on 11 Jan 2017 at 00:06:14, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
http://dx.doi.org/10.1017/CBO9781316401972.009
https:/www.cambridge.org/core


Chapter 7: Body volumes and fluid kinetics

100

80

60

40

20

0
0 30 60

1 liter over 10 min

Plasma

ECF

Fr
ac

tio
n 

of
 in

fu
se

d 
flu

id
re

ta
in

ed
 in

 p
la

sm
a 

(%
)

V
ol

um
e 

ch
an

ge
 in

 V
t (

m
l)

90 120

100 800

600

400

200

80

60

40

20

0 0
0 30 60

1 liter over 90 min Fluid accumulation in Vt

Time (min)

Plasma

ECF

10 min

90 min

90 120 0 30 60 90 120

Figure 7.4 The effectiveness of Ringer’s solution as a plasma volume expander is greater when given slowly. Computer simulation based on
volume kinetic data from thyroid surgery,[11] showing how much of the infusion that resides in the plasma when 1 liter of Ringer’s acetate is
infused over 10min (left) and 90min (middle). The hatched lower line shows the theoretical percentage of the infused fluid that would remain
in the plasma if all fluid had immediately been distributed over the ECF space. Right panel: the expansion of the interstitial fluid space. Note
the slow elimination of infused Ringer’s during surgery.

The working process is very similar to drug phar-
macokinetics, albeit there are certain differences with
regard to underlying assumptions. One difference is
that drugs do not expand their volume of distribution,
while infusion fluids exert their most important ther-
apeutic effect by doing just that.

The body fluid spaces expanded by infused fluid
are called “functional” as they may not correspond
exactly to the physiological plasma volume and inter-
stitial fluid volumes. Studies performed in volunteers
provide data in which crystalloid fluid infused at a rate
of about 30ml/min expands aVc that correlates closely
with the expected size of the plasma volume. The size
of the central space is 4–5 liters when the rate of infu-
sion is higher, which suggests that the infused water
volume easily equilibrates with body water that resides
outside the plasma volume (presumably perivascular
spaces). As stated previously, exchange with the Vt
(presumably the interstitial fluid space) requires 25–
30min to be completed. The size of Vt space is usu-
ally only twice as large asVc, and consequently smaller
than the interstitial fluid space as measured with trac-
ers. This difference might be explained by the fact that
volume kinetics only measures the size of spaces that
can be expanded, which is not the case for all parts of
the ECF.

Volunteer studies
More than 50 studies of volume kinetics have been per-
formed.[21]

Key findings show that distribution of crystalloid
fluids, such as the Ringer’s solutions, results in a 50–
75% larger plasma dilution during an infusion of crys-
talloid fluid thanwould be expected if distribution had
been immediate. It is often claimed that only 20–25%
of the fluids expand the plasma volume, but these fig-
ures are valid only some 25–30min after the infusion
has been turned off.

The distribution effect of crystalloid fluid means
that its efficiency is much better during an actual infu-
sion than after it is completed. The efficiency of the
fluid is also much better, and the peripheral edema
less pronounced, if Ringer’s solution is infused slowly
(Figure 7.4).

Comparisons between infusion fluids in volunteers
have been made to quantify their relative efficiency
to expand the plasma volume over time. This can be
made both by an area method and by computer simu-
lation to a target dilution.[15] This conclusion is not
specific for infusion fluids but applies to all drugs
with exponential elimination (which is almost all
drugs).

Acetated and lactated Ringer’s have a potency of
0.9 compared with the reference, which was normal
saline. This difference is due to the slower elimination
of normal saline as compared with Ringer’s. Hyper-
tonic (7.5%) saline is four times more potent, and
hypertonic saline in 6% dextran 70 is seven timesmore
potent, than normal saline.[13]

Repeated infusions of crystalloid fluid are followed
by a slightly higherCl. In contrast, hemorrhage of up to
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Table 7.1 The half-life (T1/2) of the buffered Ringer’s solutions after infusing the fluid (usually 25ml/kg)
over 30min in the conscious and anesthetized state

Fluid Subjects Subjects
Median T1/2
(min) Ref.

Ringer’s acetate

Volunteers
Volunteers
Volunteers
Volunteers
Dehydrated volunteers
Thyroid surgery; isoflurane
Thyroid surgery; TIVA
Laparoscopic cholecystectomy

20
10
8
10
20
15
14
12

23
27
40
46
76
327
345
268

31
32
15
22
31
11
11
24

Ringer’s lactate

4 hours after laparoscopy
Gynecological laparoscopy

20
20

17
346

33
34

TIVA, total intravenous anesthesia.

900ml reduces Cl by 50% although the blood pressure
is unchanged.[22]

Colloid fluids differ from crystalloids in that they
lack a marked distribution phase. The kinetics then
becomes quite simple. The infused fluid only occupies
one body fluid space, which has a size fairly similar to
the expected plasma volume, from which elimination
occurs according to a mono-exponential function.

Anesthesia and surgery
Anesthesia and surgery exert several effects on the
distribution and elimination of crystalloid fluids.
The anesthesia-induced reduction of the arterial
pressure makes the distribution clearance (Cld) drop
by approximately 50% during the onset of spinal,
epidural, and general anesthesia,[23] which increases
the plasma volume expansion resulting from an
ongoing infusion. Cld is even expected to become
zero in response to a constant reduction of the mean
arterial pressure to 80% of baseline, which means that
all infused fluid remains in the bloodstream.[21] The
distribution clearance normalizes later, when a new
Starling equilibrium has been reached, and this occurs
after perhaps 30min (depending on the rate of infu-
sion). However, the anesthesia-related reduction in
arterial pressure still promotes additional fluid accu-
mulation in the plasma volume, owing to a persistent
reduction of Cl.

The most significant finding during surgery is that
the renal clearance is very low, which has been found
during several types of surgery (Table 7.1).[11,24]

One can expect that only 10–20% of a volume load
would be excretedwithin 2 hours during surgery, while
this fraction is 50–80% in conscious subjects. Hor-
monal changes, such as aldosterone release, are prob-
ably responsible for much of this reduction, half of
which can be seen also during experimental anesthe-
sia.[25] Vasodilatation caused by the anesthetic drugs
may also play a role by lowering the baseline for theHb
concentration.

Low renal clearance increases the plasma volume
expansion in response to crystalloid fluid, and acts to
retain infused fluid during surgery (Figure 7.5).Hence,
it is a delicate balance to provide the patient with an
optimal dose of crystalloid fluid, as the normal mech-
anisms for elimination of excess fluid operate poorly.
Low renal clearance also implies that monitoring of
the urine flow can only indicate hypovolemia but not
hypervolemia.

It is unknown whether colloid fluid is excreted
more slowly during anesthesia and surgery as com-
pared with the unstressed conscious state. However,
the intravascular persistence of colloid fluid is clearly
decreased in the postoperative phase of major surgery,
owing to the trauma-related inflammatory response.

“Non-functional” fluid spaces
Volume kinetic studies performed in the periopera-
tive setting indicate that a single clearance parame-
ter is not always sufficient to describe the distribution
of fluid between the central and the peripheral fluid
space. One constant would suffice if there is free flowof
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Figure 7.5 Volume kinetic simulations. A, B: Expansion of the plasma and interstitial fluid volumes when 2 liters of Ringer’s acetate is
infused over 60min in an adult patient weighing 80 kg, depending on the presence of anesthesia and surgery. C: As for A, but using the
kinetics seen just after induction of anesthesia when associated with a decrease in mean arterial pressure to 85% of baseline. D, E, F: Plasma
volume expansion when infusing 1 liter of Ringer’s acetate or 500ml of hydroxyethyl starch 130/0.4 (Voluven) over 30min, 60min, and
180min. The starch generally expands the plasma volume by twice as much as Ringer’s does during anesthesia and surgery, but the
difference is greater in conscious subjects.

fluid between compartments, but fluid seems to accu-
mulate in the periphery when the rate of infusion is
high.

Fluid accumulation may be interpreted as alloca-
tion of fluid to non-functional spaces, a finding with
similarities to the third space that was described in the
1960s.[26] In kinetic terms, accumulation implies that
a fraction of the infused fluid is not available for excre-
tion, at least not within the period of study. In patients
undergoing thyroid surgery, such allocation to non-
functional spaces amounted to 2ml/min or approxi-
mately 20% of the infused fluid volume, regardless of
whether anesthesia was performed with propofol or
isoflurane.[11]

The likely explanation for the poor return of
infused fluid from the interstitium to the plasma is a
qualitative change of the elastic fibers in the intersti-
tial fluid gel. The matrix has initially a low compli-
ance or volume expansion, but this is lost when the
hydrostatic pressure increases. Eventually, free fluid
appears in lacunae in the tissues, which slows down the
redistribution process.[27] Current evidence suggests

that the problem increases when the rate of infusion
of crystalloid fluid is high. A contributing mechanism
could be that exclusion of albumin from the matrix is
reduced upon plasma volume expansion, which binds
fluid in the meshwork by oncotic forces.[28]

Glucose solutions and hypertonic saline
Glucose and hypertonic saline contain molecules that
govern the distribution of the accompanying fluid vol-
ume by virtue of osmosis. These fluid shifts may be
included in volume kinetic analysis, and the forces due
to osmosis and those due to the fluid volume alone can
be separated.[29]

The duration of plasma volume expansion by glu-
cose solution is only partly governed by the half-life
of infused glucose – renal elimination also operates
alongside the osmotic-driven translocation of water
to the ICF.[29] In contrast, renal capacity to excrete
sodiumstrongly governs the rate of restoration of base-
line plasma volume after infusion of 7.5% saline.[30]

49
https:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316401972.009
Downloaded from https:/www.cambridge.org/core. UCL, Institute of Education, on 11 Jan 2017 at 00:06:14, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
http://dx.doi.org/10.1017/CBO9781316401972.009
https:/www.cambridge.org/core


Section 2: Basic science

References
1. Zdolsek J, Lisander B, Hahn RG. Measuring the size of

the extracellular space using bromide, iohexol and
sodium dilution. Anesth Analg 2005; 101: 1770–7.
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Chapter

8
Acid–base issues in fluid therapy

Niels Van Regenmortel and Paul W. G. Elbers

Summary

Solutions such as NaCl 0.9% are an established
cause ofmetabolic acidosis.The underlyingmech-
anism, a reduction in plasma strong ion differ-
ence, [SID], is comprehensibly explained by the
principles of the Stewart approach. Fluid-induced
metabolic acidosis can be avoided by the use of so-
called balanced solutions that do not cause alter-
ations in plasma [SID]. Many balanced solutions
are commercially available, their only drawback
being their higher cost. Since NaCl 0.9% remains
the first choice of resuscitation fluid in large parts
of the world, there remains an important ques-
tion over whether a large-scale upgrade to bal-
anced solutions should be at hand. There is a lack
of high-quality data at the time of writing, but
there is increasing evidence that hyperchloremia
has a detrimental effect on renal function and has
an economic impact of its own. Therefore, until
we have more definitive data, the use of balanced
solutions in patients who need a relevant amount
of fluid therapy seems to be a pragmatic choice.

It is widely appreciated that the administration of
intravenous fluids can affect the human acid–base sta-
tus. In this chapter we will try to elucidate the mech-
anisms behind this phenomenon and whether it can
be avoided by so-called balanced solutions. Finally we
will discuss whether there is a clinical impact of adopt-
ing an acid–base neutral fluid strategy.

An introduction to the Stewart
approach
While the following introduction should be sufficient
to provide the reader with the necessary basics to

Table 8.1 The Stewart equations

Water dissociation equilibrium[H+] × [OH−] = K′
W

Weak acid dissociation
equilibrium

KA × [HA] = [H+] × [A−]

Conservation of mass for A ATOT = [A−] + [HA]

Bicarbonate ion formation
equilibrium

pCO2 × KC = [H+] × [HCO3
−]

Carbonate ion formation
equilibrium

K3 × [HCO3
−] = [H+] × [CO3

2−]

Electrical neutrality equation [SID] + [H+] – [HCO3
−] – [A−] –

[CO3
2−] – [OH−] = 0

All equations reflect chemical equilibria that need to be satisfied
simultaneously. Constants are represented by K. Units are mEq/l
for ions, mM for HA and ATOT, and kPa or mmHg for PCO2. [SID],
strong ion difference.

understand the effect of fluid infusion on a patient’s
acid–base state, a more elaborate explanation can be
found in dedicated scientific literature.[1]

There are three popular methods of assessing dis-
turbances in acid–base physiology.These are the bicar-
bonate centered approach, the base excessmethod, and
the Stewart approach. Essentially, these are all mathe-
matically compatible. However, for patients withmany
co-existing acid–base disorders, the Stewart approach
arguably provides the best overview. A potential draw-
back lies in its perceived complexity. But, as dis-
cussed below, it demystifies the interaction between
acid–base balance and electrolyte physiology, and
hence demystifies the acid–base effects of fluids. The
Stewart approach argues that bicarbonate does not
play a causal role in acid–base disturbances. Instead,
acid–base and electrolyte balance are governed by a
number of physicochemical equations, derived from
basic principles of physics and chemistry (Table 8.1).
These must be satisfied simultaneously.

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Two important concepts thus emerge. Firstly, water
is abundantly present in the body and is a virtually
inexhaustible source of [H+] formation or reuptake.
This is described by the water equilibrium equation.
Secondly, as all equations must be simultaneously sat-
isfied, it follows that only three independent parame-
ters will ultimately determine the final equilibrium of
water dissociation, and therefore also [H+] or pH.This
can be mathematically expressed as:

[H+]4 + [H+]3 × ([KA] + [SID]) + [H+]2

× ([KA] × ([SID] − [ATOT]) + (KC × pCO2

+ K ′
W)) + [H+] × (KA × (KC × pCO2

+ K ′
W) + K3 × KC × pCO2) − KA × K3 × KC

× pCO2 = 0

For bedside purposes, it is sufficient to remember
that this daunting equation may be functionally repre-
sented as [H+] = f (pCO2, [SID], ATOT). This implies
that [H+] (and also [HCO3

−]) are dependent param-
eters, which can only be modified by changes in the
three following independent parameters:

pCO2, the partial pressure of CO2. It follows from
the Stewart equations that if pCO2 increases,
[H+] must increase as well. This is not different
from other approaches to acid base–physiology.

[SID], the strong ion difference. Strong ions are
essentially completely dissociated and thus exist
in charged form only. Important examples
include Na+, K+, Ca2+, Mg2+, Cl−, lactate, and
ketoacids. In contrast, weak ions can exist both
in charged and uncharged forms. Examples
include HCO3

−, albumin, and inorganic
phosphate. [SID] is the sum of strong cations
minus the sum of strong anions. In plasma, it is
mainly determined by [Na+] and [Cl−] and its
normal value is about 40mEq/l. It follows from
the Stewart equations, that if [SID] decreases,
[H+] must increase and vice versa. Any
pathological process that disturbs the balance
between strong cations and strong anions will
thus directly affect pH. This includes lactic
acidosis, ketoacidosis, renal acidosis,
vomiting-induced alkalosis, contraction
alkalosis, and most importantly iatrogenic
fluid administration.

[ATOT], the total amount of weak acids. Weak
acids are molecules that exist in incompletely
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Figure 8.1 Spider plot showing the dependence of plasma pH on
changes in the three independent variables: strong ion difference
[SID] (normal value = 40mEq/l), pCO2 (normal value = 40mmHg),
and total concentration of non-volatile weak acids (ATOT) (normal
value = 17.2mmol/l).

ionized forms. They are grouped as ATOT, the
total amount of weak acids, and consist mainly
of plasma proteins. From an acid–base
perspective, albumin and to a lesser extent
phosphate are the most important contributors.
It follows from the Stewart equations that if ATOT
increases, [H+] must also increase. This implies
that hypoalbuminemia of any cause contributes
to alkalosis. Similarly, hyperphosphatemia, as
seen in renal failure, causes acidosis.

The effect of the different parameters on acidity is sum-
marized in Figure 8.1. It is easily appreciated that a
decrease in [SID] exerts the strongest effect.

Impact of fluids on acid–base status

The pivotal role of crystalloid [SID]
If a patient is being resuscitated with large amounts
of fluids, plasma [SID] will be forced in the direc-
tion of the [SID] of the fluid. For example, NaCl 0.9%
has a [SID] of 0mEq/l. Thus, giving large amounts of
NaCl 0.9% will lower the normal plasma [SID]. This
directly causes [H+] to rise (acidosis). Therefore, it is
important to consider [SID] when choosing fluids for
resuscitation.

Importantly, it is the [SID] rather than the chloride
content per se that causes this effect. Hyperchloremic
acidosis is, as such, a poor descriptor. Theoretically it
would be perfectly possible to produce a solution that
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is hyperchloremic as opposed to plasma and yet would
(seemingly paradoxically) lead to metabolic alkalosis,
provided it contained enough cations to enlarge its
[SID]. A fluid containing 120mEq/l of chloride and
160mEq/l of sodium in the absence of other strong
ions is an example of such a solution. On the other
hand, the use of a chloride-free solution will not in
itself avoid acidosis. For example, glucose and dextrose
5% do not contain any chloride, but owing to the con-
comitant absence of strong cations, the [SID] amounts
to 0mEq/l. The acid–base effect of such a solution will
be the same as NaCl 0.9%, maybe slightly less impor-
tant at most owing to an increased distribution of the
fluid towards the intracellular compartment.

The only way to avoid fluid-based manipulations
of the acid–base equilibrium is by using fluids that
respect the human [SID] after being administered. We
call these solutions “balanced.”Their common charac-
teristic lies in the fact that they contain more strong
cations (mostly sodium) than strong anions (mostly
chloride), and the electrical “gap” hereby created is
filled by alkalizing agents, such as lactate, acetate,
and gluconate, among others.These agents, sometimes
called “buffers” (which is not the completely correct
term from a chemical point of view) are metabolized
after administration, exposing the solution’s in vivo
[SID] (versus the [SID] “in the bag,” which is often
0 since lactate acts as strong anion). Classic exam-
ples of balanced solutions are Ringer’s acetate and
Hartmann’s solution. More recent formulations are
Plasma-Lyte R© (Baxter, Deerfield Illinois, USA) or
Sterofundin ISO R© (B. Braun, Melsungen, Germany).
An overview of the most common fluids with their
respective [SID] is given in Table 8.2.The use of acetate
as a buffer solution was treated with some skepti-
cism, especially after it was abandoned in the field
of hemodialysis, but nowadays is generally regarded
as safe.[2] There is almost no research on the more
recently used agents such as gluconate (an ubiquitous
food additive) and malate, but they too seem to be
without important safety issues. It would seem more
straightforward to avoid the need for this extra metab-
olization step and use bicarbonate as the buffer of
choice in balanced solutions. This is not commonly
done, since it would be obligatory to use glass bottles
in place of the much more flexible plastic bags.

A relevant question is at which in vivo [SID] a
solution would be completely acid–base neutral. An
intuitive answer would be a [SID] comparable to

that of human plasma, around 40mEq/l. This is not
correct, however, as fluid administration not only
manipulates the patient’s [SID] but also another inde-
pendent variable, ATOT, while pCO2 is kept con-
stant due to respiration. Morgan et al. experimen-
tally deduced that a solution that does not alter acid–
base profile needs to have a [SID] of 24mEq/l.[3,4]
Gattinoni and Carlesso et al. confirmed this finding
mathematically and argued that to avoid a change in
pH by diluting plasma with fluids, the [SID] of the
solution has to equal the patient’s bicarbonate concen-
tration.[5,6] Plasma-Lyte R© has a higher in vivo SID of
50mEq/l and could thus give rise to metabolic alka-
losis. On the other hand, its high [SID] can be useful
in situations where hyperchloremic or other forms of
metabolic acidosis are already present or in cases of
concomitant use of unbalanced solutions such as NaCl
0.9%, e.g. as diluents for medication.

Acid–base effects of colloid solutions
An important fact to acknowledge is that the acid–
base effect of some colloid solutions is not only deter-
mined by their [SID], but that the colloid itself can
be a source of ATOT. For example, gelatins are pro-
teins that exert weak acid activity. In the bag their
net negative charge leads to a positive [SID] of the
carrier crystalloid solution. For example, Gelofusine R©

(B. Braun, Melsungen, Germany), a succinylated
gelatin, contains 154mEq/l sodium and 120mEq/l
chloride, while the gelatin itself accounts for the
remainder of the negative charge to ensure electroneu-
trality. Technically this makes the gelatins “sponta-
neously” balanced solutions, although sometimes their
core solutions are balanced as well. Their effect on
acid–base status is difficult to predict: at least until
the gelatin molecules are metabolized, they exert
an acidifying effect through an increase in ATOT.
Human albumin, whether in a concentration of 4%
or 20%, follows the same principle. Hydroxyethyl
starches have no weak acid activity, which makes
their [SID] solely dependent on that of their car-
rier fluids. In an attempt to optimize these prod-
ucts, the latest-generation starches were improved
by balancing their vehicle solution, e.g. Volulyte R© is
Voluven R© (both from Fresenius Kabi, Bad Homburg,
Germany) in a balanced core solution. An overview
of the most frequently used colloids can be found in
Table 8.2, bottom.
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Table 8.2 Composition and [SID] of fluids that are frequently used across Europe. Not all solutions are available in every country

Electrolytes

Nutrients Cations (mEq/l) Anions (mEq/l)

Glucose
(g) Na+ K+ Ca2+ Mg2+ Cl− HPO4

2− HCO3
− Lactate Acetate Gluconate Malate

SID
(mEq/l) pH

Osmolarity
(mosmol/l)

Unbalanced Hypotonic Glucose 5% 50 0 0 0 0 0 0 0 0 0 0 0 0 4.20 278

NaCl 0.45% in glucose 5% 50 77 0 0 0 77 0 0 0 0 0 0 0 4.30 432

GNaK1 50 51 40 0 0 91 0 0 0 0 0 0 0 4.50 460

Glucidion2/Bionolyte3 5% 50 68.4 26.8 0 0 95.2 0 0 0 0 0 0 0 4.80 467

Isotonic NaCl 0.9% 0 154 0 0 0 154 0 0 0 0 0 0 0 5.50 308

NaCl 0.9% in glucose 5% 50 154 0 0 0 154 0 0 0 0 0 0 0 3.5–6.5 585

Tutofusin1 0 140 5 5 3 153 0 0 0 0 0 0 0 4.3–6.5 300

Hypertonic NaCl 3% 0 513 0 0 0 513 0 0 0 0 0 0 0 5.50 1,026

Mannitol 15% 0 0 0 0 0 0 0 0 0 0 0 0 0 4.5–7 823

Colloid Voluven3 0 154 0 0 0 154 0 0 0 0 0 0 0 4–5.5 308

Balanced Hypotonic Glucion 5%1 50 54 26 0 5.2 55 12.4 0 25 0 0 0 30 4.90 447

Rehydrex3 5% 50 70 0 0 0 45 0 0 0 25 0 0 25 6 440

Hartmann’s/Ringer’s lactatea 0 131 5 4 0 111 0 0 29 0 0 0 29 5–7 278

Ringer’s acetate 0 130 5.4 1.8 2 112 0 0 0 27 0 0 27 6–8 276

Isotonic Sterofundin ISO/Ringerfundin2 0 145 4 5 2 127 0 0 0 24 0 5 29 5.1–5.9 309

Plasma-Lyte1 0 140 5 0 3 98 0 0 0 27 23 0 50 7.40 295

Ionolyte3 0 137 4 0 3 110 0 0 0 34 0 0 34 6.9–7.9 286

Sodium bicarbonate 1.3% 0 154 0 0 0 0 0 154 0 0 0 0 154 7–8.5 308

Hypertonic Sodium bicarbonate 8.4% 0 1,000 0 0 0 0 0 1,000 0 0 0 0 1,000 7.0–8.5 2,000

Colloid Gelofusine2 0 154 0 0 0 120 0 0 0 0 0 0 34b 7.1–7.7 274

Geloplasma3 0 152 5 0 3 100 0 0 30 0 0 0 64b 7.1–7.7 287

Gelaspan/Isogelo2 0 151 4 2 2 103 0 0 0 24 0 0 56b 7.1–7.7 284

Volulyte3 0 137 4 0 3 110 0 0 0 34 0 0 34 5.7–6.5 287

Tetraspan2 0 140 4 5 2 118 0 0 0 24 0 5 33c 5.6–6.4 296

1 R© Baxter, Deerfield, Illinois, USA.
2 R© B. Braun, Melsungen, Germany.
3 R© Fresenius Kabi, Bad Homburg, Germany.
a Slightly different formulations exist.
b Also contains weak acids and thus has an impact on ATOT.
c Information according to product information leaflet. Electrolyte charge does not match acetate charge.
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Section 2: Basic science

The treatment of metabolic alkalosis
A high plasma [SID], as seen for example after the loss
of chloride-rich gastric juice due to vomiting or naso-
gastric drainage, leads to metabolic alkalosis. NaCl
0.9% would be a fair treatment choice in an attempt
to reduce [SID].The use of fluids with a negative [SID]
could be an even more effective strategy. In this case
strong anions should not be accompanied by strong
cations. Solutions containing ammonium chloride are
good examples. In some parts of the world, dedi-
cated preparations such as Multion Gastrique R© (Bax-
ter, Deerfield Illinois, USA) are available.

The relevance of fluid pH and bicarbonate
content
Two common misconceptions can easily be dispelled
in the light of the Stewart approach. The first is pre-
sumed effect of the pH of a solution, and thus its H+

concentration, on acid–base status. The law of mass –
on which the Stewart approach is based upon – dic-
tates that protons cannot be added to or removed from
aqueous media, but that they appear from the dis-
sociation of water when forced to by the concentra-
tion of (the independent variables) [SID], ATOT, and
pCO2. The pH of a solution is a characteristic rele-
vant for the tolerability of intravenous administration,
but has no predictable effect on acid–base equilibrium.
Another inaccurate concept is that of the dilution of
bicarbonate as the cause of metabolic acidosis due to
fluid loading. Bicarbonate is a weak anion, and its con-
centration is again a dependent variable according to
Stewart’s theory. It will be generated from its main
source, CO2 (as the endpoint of aerobic metabolism),
in an amount based upon the “gap” created by [SID].
Simplifying this process by calling it bicarbonate dilu-
tion is more than a terminological flaw, it goes against
basic physical chemistry. Moreover, when administer-
ing sodium bicarbonate as an alkalizing agent, it is
the strong cation sodium, administered without any
strong anion, that increases plasma [SID] and leads
to the correction of metabolic acidosis. Bicarbonate
should merely be seen as a fellow companion, its only
role lying in ensuring electrical neutrality of the solu-
tion. Proof of this concept can be experienced in the
often encountered phenomenon that sodium bicar-
bonate is less effective in correcting metabolic acidosis
in a patient with hypernatremia than in other patients.

The clinical relevance of balanced
solutions
Numerous reports, most of them dating back to the
1990s, show a clear relationship between fluid ther-
apy and the occurrence of metabolic acidosis.[7–9]
The role of balanced solutions in avoiding this fall in
base excess and resulting in a more stable acid–base
profile was also established in different patient popu-
lations many years ago.[10] The clinical relevance of
these findings, on the other hand, was debated and
openly doubted, especially in the light of a lack of high-
quality evidence.[11,12] It was the presumed negative
effect of hyperchloremia on kidney function, induced
by vasoconstriction of the afferent arteriole of the renal
glomerulus, that led to persistent research.[13] At first,
the only available data that showed an impact on clini-
cally relevant endpoints came from animal studies and
experiments in normal volunteers.[14–17] Nephro-
logical literature provided further, although circum-
stantial, evidence for the deterioration of kidney
function when long-term hyperchloremic metabolic
acidosis was left untreated.[18] In an experimental set-
ting, the effects of fluid type on renal parameters could
be reproduced in humans.[19]

In 2012, a large-scale propensity-matched observa-
tional analysis of US insurance data showed that the
use of Plasma-Lyte R© versus normal saline on the first
day of major abdominal surgery led to significantly
fewer postoperative infections and incidences of renal
failure requiring dialysis.[20] The authors also argued
that the economic impact of “upgrading” of NaCl 0.9%
to balanced solutions could be counterbalanced by
reducing acidosis-related investigations and interven-
tions such as blood gas analyses, lactatemeasurements,
blood transfusions, and bicarbonate administration.
Although the nature of the data and the design of the
study made it difficult to exclude potential unmea-
sured confounders, this paper is regarded as extending
concern about the safety ofNaCl 0.9% to a clinical situ-
ation. Further evidence came from a prospective open-
label sequential experiment in which patients, admit-
ted to a tertiary intensive care unit, were treated during
two distinct 6-month periods, first with the standard
chloride-rich fluid regimen, and then with this regi-
men switched to a set of chloride-poor solutions.[21]
After this second period a significant risk reduction of
acute kidney injury (AKI) based on RIFLE criteria and
a significant decrease in the need for renal replacement
therapy was shown. Although some limitations, such
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Chapter 8: Acid–base issues in fluid therapy

as the unblinded design and a shift in fluid manage-
ment that went beyond the chloride level alone (iso-
oncotic albumin was replaced by hyperoncotic albu-
min during the intervention period, which could have
a prognostic effect especially in sepsis), hindered a
definitive conclusion, the trial provided clinicians with
the first prospective evidence against the careless use of
chloride-rich solutions.

Indirect proof against the use of unbalanced solu-
tions can be sought by looking at the effects of hyper-
chloremia. This was accomplished, among others, in
a large retrospective cohort trial in a surgical popu-
lation.[22] Using an elegant statistical design, it was
shown that postoperative hyperchloremia was associ-
ated with an increased risk of mortality at 30 days and
a prolonged hospital stay. The most important issue
with this kind of approach is that it does not take the
amount of administered fluids into account. Being a
marker of both hyperchloremia and severity of illness
(or complex or complicated surgery), this is a poten-
tially relevant confounder of outcome. As such, it is
again difficult to draw a definitive conclusion.

In short, definitive proof of the added value of the
use of balanced solutions has not been delivered. On
the other hand, most of them have been in use for a
very long time (in fact Ringer’s and Hartmann’s solu-
tions were available long before the advent of NaCl
0.9%[23]) without safety issues being reported in an
already extensive amount of research. Even the fact
that most isotonic balanced solutions contain a small
amount of potassium seems not to be an issue, even in
patients with renal failure.[24–26]Thismakes the only
reason to opt for an unbalanced fluid regimen an eco-
nomic one, an incentive that clinicians should regard
as short-sighted in the light of the above-mentioned
findings. Until we have stronger evidence, abandon-
ing the use of normal saline in favor of balanced iso-
tonic crystalloids seems a pragmatic choice, especially
in sicker patients or when large amounts are neces-
sary. At the time of writing, a randomized controlled
trial comparing Plasma-Lyte R© with NaCl 0.9% in an
intensive care population (the so-called SPLIT trial) is
nearing completion and will undoubtedly contribute
invaluable information. It is not clear at the moment
whether the detrimental effect of unbalanced solutions
such as NaCl 0.9% lies in the chloride load leading
to hyperchloremia or in the acidosis induced by the
reduction in plasma [SID]. There is also a lack of data
on the critical dose beyondwhich the acid effect would
become clinically relevant. The reason for the fluid to

be administered and the patient’s comorbidities prob-
ably play important roles.

Conclusion
Solutions such as NaCl 0.9% are an established
cause of metabolic acidosis. The underlying mecha-
nism, a reduction in plasma [SID], is comprehensibly
explained by the principles of the Stewart approach.
Fluid-induced metabolic acidosis can be avoided by
the use of so-called balanced solutions that do not
cause major alterations in plasma [SID]. Many bal-
anced solutions are commercially available, their only
drawback being their higher cost. Since NaCl 0.9%
remains the first choice of resuscitation fluid in large
parts of the world, an important question remains as
to whether a large- scale upgrade should be at hand.
There is a lack of high-quality data at the time of
writing, but there is increasing evidence that hyper-
chloremia has a detrimental effect on renal function
and has an economic impact of its own. Therefore, as
we awaitmore definitive data, the use of balanced solu-
tions in patients who need a relevant amount of fluid
therapy seems to be a pragmatic choice.
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Chapter

9
Fluids and coagulation

Sibylle A. Kozek-Langenecker

Summary

Infusion therapy is essential in intravascular hypo-
volemia and extravascular fluid deficits. Crystal-
loid fluids and colloidal volume replacement affect
blood coagulation when infused intravenously.
Questions remain over whether unspecific dilu-
tion and specific side effects of infusion therapy
are clinically relevant in patients with and with-
out bleeding manifestations, and whether fluid-
induced coagulopathy is a risk factor for ane-
mia, blood transfusion, mortality, and a driver
for resource use and costs. In this chapter, path-
omechanisms of dilutional coagulopathy and evi-
dence for its clinical relevance in perioperative and
critically ill patients are reviewed. Furthermore,
medico-legal aspects are discussed. The dose-
dependent risk of dilutional coagulopathy differs
between colloids (dextran > hetastarch > pen-
tastarch > tetrastarch, gelatins > albumin). Risk
awareness includes monitoring for early signs of
side effects. With rotational thromboelastometry/
thromboelastography not only the deterioration
in clot strength can be assessed but also in
clot formation and platelet interaction. Fibrino-
gen concentrate administration may be consid-
ered in severe bleeding as well as relevant dilu-
tional coagulopathy. Targeted doses of gelatins
and tetrastarches seem to have no proven adverse
effect on anemia and allogeneic blood transfu-
sions. Further studies implementing goal-directed
volume management and careful definition of
triggers for transfusions and alternative therapies
are needed.

Introduction
Perioperative bleeding in trauma and surgery may
be due to ruptured or cut vessels – often referred
to as surgical bleeding – and/or may be induced by
deteriorations in hemostatic competence – often
referred to as coagulopathic bleeding. Periopera-
tive acquired coagulopathy is complex and has been
reviewed recently.[1] Changes in hemostasis in the
perioperative period include, for example, hyperfib-
rinolysis, coagulopathy due to blood loss, consump-
tion, dilution, hypothermia, acidosis, hypocalcemia,
and anticoagulation. These coagulopathic changes in
massive bleeding may result in (1) a defect in clot
firmness due to deficiency in the substrate fibrinogen
(an early phenomenon) and thrombocytopenia, (2)
impaired clot stability due to hyperfibrinolysis and fac-
tor XIII deficiency (a late phenomenon), and (3) pro-
longed clot generation due to various deficiencies in
coagulation factor enzymes.

Obviously, patients with surgical and coagulo-
pathic bleeding are susceptible to additional impacts
on the clotting system. For example, coagulopathic
bleeding may be aggravated by inherited bleeding di-
asthesis or pre-existing antithrombotic (anticoagulant,
anti-platelet) medication.[2,3] Intravenous infusions
of clear fluids, not containing coagulation factors or
cellular pro-coagulant surfaces, may also impair coag-
ulation (1) by non-specific dilution of the coagulation
potential (enzymes, substrates, cell surfaces, calcium
ions), and (2) by specific antithrombotic side effects.
The current review will focus on the resulting dilu-
tional coagulopathy – the unwanted side effect of col-
loids. In contrast to colloids, crystalloids have no spe-
cific side effects beyond pure dilution.

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Hemostatic strategies to stop severe bleeding in
elective surgery and in peri-partum hemorrhage have
been summarized in the respective evidence-based
guidelines from the European Society of Anaes-
thesiology (ESA).[2] The European Trauma guide-
lines describe the management of trauma-induced
coagulopathy.[3] A prerequisite for targeted bleeding
control is a sensitive and rapid identification of the
actual cause(s) of bleeding. Viscoelastic point-of-
care testing such as rotational thromboelastome-
try (ROTEM) or thromboelastography (TEG) may
guide a timely, rational, and individualized therapy
including, for example, administration of antifibri-
nolytic drugs and/or potent coagulation factor con-
centrates.[1–3] Practicability and cost-effectiveness
support this monitoring-guided concept.[4] There is
also a medico-legal perspective: after the statement of
the European Medicines Agency (EMA),[5] hydrox-
yethyl starch (HES) solutions are less prescribed
Europe-wide because of legal considerations.

The EMA encouraged us to think twice before
infusing any fluids intravenously and to acknowl-
edge that fluids are drugs. Interestingly, other colloids
are also increasingly being avoided, although the evi-
dence for safety problems for albumin or gelatin is
scarce. In the statement of the Co-ordination group for
Mutual recognition and Decentralized Procedures –
Human (CMDh), healthcare professionals are told:
“HES solutions should only be used for the treat-
ment of hypovolemia due to blood loss when crystal-
loids alone are not considered sufficient” (Article 2
of the statement). With this article, the authorities
reinforce applying individualized medicine and using
methods such as preload monitoring to assess hypo-
volemia. This represents a step forward from conven-
tional pressure-based management strategies, as still
recommended, for example, by the Surviving Sep-
sis Campaign. According to the CMDh information,
blood loss is a prerequisite for colloidal HES infusion;
replacement of extracellular water losses is clearly not
listed as an indication for a colloidal infusion. The
wording in this article leaves room for individual deci-
sion making because the lack of efficacy of crystalloids
does not need to be proven in the individual patient
before choosing a more potent colloid but only antici-
pated by the attending clinician.

Another aspect of the CMDh statement (Article 6)
proposes a link between use of HES and blood coagu-
lation, the topic of this book chapter, and will be dis-
cussed below. The article states: “HES solutions are

contraindicated in severe coagulopathy. HES solutions
should be discontinued at the first signs of coagulo-
pathy. Blood coagulation parameters should be moni-
tored carefully in case of repeated administration.”

Dilutional coagulopathy
Crystalloids and colloids exert different anticoagulant
side effects:

(1) Unspecific dilution and reduction of the
coagulation potential is determined by the fluid’s
volume efficacy, with colloids having a higher
efficacy than crystalloids. Although still
controversial, recent landmark studies (e.g.
CRYSTMAS, FIRST, CRYSTAL, CHEST) report
reduced volume requirements in the colloid
groups, indicating superior volume efficacy over
the comparator, even though the studies were
not well controlled (rational preload-based
goal-directed management was not employed in
these trials). Importantly, transfusion of packed
red blood cell concentrates (pRBC) with or
without mixing it with fresh frozen plasma (FFP)
also results in hemodilution and may induce
dilution.[6]

(2) Specific antithrombotic side effects have been
reviewed previously, with dose-dependent
differences in the risk of dilutional coagulopathy
among the colloids (dextran > hetastarch >

pentastarch > tetrastarch � gelatin >

albumin).[7]

Transient decrease in factor VIII and
acquired von Willebrand syndrome
In contrast to slowly degradable HES (heta-, hexa-
and pentastarch), rapidly degradable HES solutions
(tetrastarch) have no effect on factor VIII and von
Willebrand factor (vWF) levels even at high doses of
up to 50–70ml/kg.[8] There is a physiologic increase
in these acute phase parameters in the postoperative
period which has been found to be diminished after
slowly degradableHESbut not after rapidly degradable
HES.The pathogenetic mechanism responsible for the
adverse effects on plasmatic coagulation is not yet
understood. Association with larger HES molecules
may accelerate elimination of the factor VIII/vWF-
complex.[7] Pathophysiological consequences of the
transient decrease in factor VIII and acquired von
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Willebrand syndrome are, for example, decreased ris-
tocetin co-factor activity and increased activated par-
tial thromboplastin time (aPTT).

Anti-platelet effects: extracellular coating
Physicochemical differences among colloids and HES
generations were found to be important for the
platelet-inhibiting properties, with slowly degradable
HES solutions exerting more pronounced effects than
rapidly degradable HES.[7] The pathogenetic mech-
anism behind this has been found to be extracel-
lular coating of the platelet surface with colloidal
macromolecules.[9] Coating induces inhibition in the
conformational changes and/or interaction of gly-
coprotein (GP) IIb-IIIa and GP Ib with their lig-
ands, such as fibrinogen. It remains to be determined
whether extracellular coating impairs not only platelet
aggregation but also platelet procoagulant activity by
modifying the binding of constituents of the pro-
thrombinase and tenase complex to the negatively
charged phospholipids exposed at activated platelets.
Pathophysiological consequences of the mild colloidal
anti-platelet effect are a prolongation in PFA-100 clo-
sure times, decrease in platelet aggregation and adhe-
sion, as well as deterioration in clot formation time
(CFT) in the ROTEM or angle alpha in the TEG.

No major effects on fibrinolysis
Clots get more susceptible to fibrinolytic breakdown
in the presence of HES and albumin in in vitro
experiments.[7] The clinical importance of a pro-
fibrinolytic side effect of colloids remains unclear,
especially when considering the fact that induction of
lysis after in vivo colloid infusions has not yet been
reported.

No major effect on the acceleration
of clotting
Mild to moderate hemodilution has been reported to
accelerate the onset of clotting.This phenomenonmay
either be an in vitro artifact, or HES may indeed serve
as an additional surface able to activate coagulation
factors, thus accelerating the conversion of fibrinogen
to fibrin. In contrast to crystalloid-induced hypercoag-
ulability, an imbalance between thrombin generation
and antithrombin concentration is not suggested to be
involved in HES-induced hypercoagulability.[10]

No major effects of hyperchloremic
metabolic acidosis on coagulation
Profound acidosis may affect coagulation by pH-
dependent structural changes of coagulation factor IX,
impaired coagulation factor Xa and thrombin gener-
ation, impaired fibrinogen breakdown, and protein C
consumption.[11] Buffered plasma-adapted composi-
tion of the crystalloid carrier solution of colloids up
to 20ml/kg increases chloride levels but appears to
have only minor impact on platelet aggregation and
ROTEM kinetics.[12]

Impaired fibrin polymerization and decrease
in fibrinogen levels
Historically, the effects of colloids on coagulation fac-
torsVIII and vWFwere identified early after the licens-
ing of slowly degradable HES solutions, while the
effects on platelets and fibrin were not detected before
point-of-care coagulation tests became available. Cur-
rently, impairment in fibrin polymerization is sug-
gested to be the most outcome-relevant side effect of
colloids on coagulation. Sensitive parameter for moni-
toring decreased polymerization of fibrinmonomers is
the maximum clot firmness (MCF) or amplitude after
5 or 10min (A5 or A10) in the ROTEM, especially in
the FIBTEM test. Similar decreases in the maximum
amplitude in the functional fibrinogen assay in the
TEG are expected but have not been published so far.
In vitro experiments have major limitations in assess-
ing the effects of colloids on coagulation. However, in
vitro trials repeatedly confirmed a decrease in MCF
(in INTEM and EXTEM tests) at 10–30% dilution
withHES.[13]The carrier solution ofHES (electrolyte-
balanced vs. non-balanced) had no effect on ROTEM
parameters.[12,14]

In vivo infusion series showed a decrease in clot
kinetics and clot strength after HES infusion vs.
Ringer’s acetate after stroke volume-directed adminis-
tration in neurosurgical patients.[15,16]This decrease
was found to be only transient in major abdominal
surgery at doses up to 15ml/kg HES; 24 hours after
infusion, no significant differences could be detected
any more.[17] Confirming the transient nature of
fibrin polymerization impairment, ROTEM data in
complex cardiac surgery were also comparable at the
first postoperative day in the groups receiving HES vs.
lactated Ringer’s solution (RL) [18] or HES vs. albu-
min [19] for the pump prime. HES and albumin up
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to 50ml/kg similarly affected clot formation and clot
strength in cardiac surgery.[20] Tetrastarch and gelatin
similarly affected ROTEMparameters at pump prime-
doses.[21] Preloading with tetrastarch or gelatin was
associatedwith amild hypocoagulable effect in healthy
parturients presenting for elective Cesarean section;
however, all TEG parameters in both groups remained
within or very close to the normal range after
preloading.[22]

But albumin is also not free from side effects on fi-
brin polymerization: at large degrees of hemodilution,
the adverse effects on fibrinogen activity are in excess
of what can be explained by hemodilution alone and
more impaired after albumin than after saline.[23] In
small infants, clot firmness decreased significantly but
remained within the normal range after both albumin
and gelatin.[24] The authors concluded that from a
hemostatic point of view it might be preferable to use
gelatin solution as an alternative to albumin. Fibrino-
gen levels decrease less after HES exposure compared
with indicative ROTEM parameters.[25] An explana-
tion may be that HES macromolecules interfere more
with the functional parameter of fibrinogen polymer-
ization in whole blood samples than indicated by the
fibrinogen concentration in plasma.

First signs and severe coagulopathy:
FIBTEM decrease
In the CMDh statement, Article 6, the terms “first
signs of coagulopathy” and “severe coagulopathy” are
used:[5] “HES solutions are contraindicated in severe
coagulopathy. HES solutions should be discontinued
at the first signs of coagulopathy. Blood coagulation
parameters should be monitored carefully in case of
repeated administration.”

Obviously, the authorities require clinicians to
monitor the actual coagulation potential repeatedly,
without defining the appropriate methodology for lab-
oratory testing, grades, and pathomechanisms.

From a practical viewpoint, “severe coagulopathy”
will most likely prolong global laboratory tests such as
the aPTT and prothombin time above 1.5 times nor-
mal. Global coagulation tests, however, are inappro-
priate for assessing pathomechanisms of perioperative
bleeding [2] and for identifying “first signs” of dilu-
tional coagulopathy. The CMDh statement may sug-
gest stoppingHES infusion, at the latest, if clot strength
in the FIBTEM decreases towards hospital-internal
trigger values for fibrinogen substitution. Even though

Dilution, decrease

Enzymes Substrate

Co-factors

VIII decrease

Coating

Activated platelet surface

Ca2+Ca2+

Inhibition of fibrin
polymerization

Figure 9.1 Effects of colloidal fluids on components of the
cell-basedmodel of hemostasis. The cell-basedmodel of hemostasis
describes physiology of blood coagulation. On the surface of
activated platelets, coagulation enzymes – together with co-factors
and calcium ions – utilize substrates in order to form a stable clot.
Colloidal solutions may interfere with all these components via
non-specific and/or specific effects (dark gray boxes). The net
adverse effect of dextran � hetastarch � pentastarch � tetrastarch
� gelatin � albumin may be hypocoagulability, hypoactivation,
and impaired primary hemostatic capacity.

this sensitive viscoelastic parameter may deteriorate
owing to many other pathomechanisms during peri-
operative bleeding irrespective of HES, avoidance of
an additional hit on the coagulation system is ratio-
nal. Once clot strength has been corrected, HES
infusion may be continued if bleeding is overt, and
in the presence of hypovolemia and hemodynamic
instability.

Net result of specific antithrombotic effects
of colloids
Unspecific dilution and specific coagulopathic changes
induced by colloids are summarized in Figure 9.1.
These antithrombotic changes may result in (1) a
defect in clot firmness due to impaired fibrin poly-
merization (hypocoagulability), (2) impaired clot sta-
bility and susceptibility for fibrinolytic breakdown due
to weakening of clot strength, (3) prolonged clot for-
mation due to various deficiencies in coagulation fac-
tor enzymes and co-factors including coagulation fac-
tor VIII (hypoactivation), and (4) impaired primary
hemostatic capacity due to platelet surface coating and
decrease in vWF. In in vitro experiments, another fac-
tor may contribute to the net result: the crystalloidal
carrier solution of the colloidal macromolecules may
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affect the homeostatic milieu, e.g. the calcium concen-
tration in the test cuvette, thus affecting all compo-
nents of the cell-based model of hemostasis.

Reversal of colloid-induced
coagulopathy
Unfortunately, there is no drug in our critical care
repertoire that has no potential risks or side effects.
Risk awareness, co-administering prophylaxis, and
targeted symptomatic treatment of side effects are rou-
tine strategies. Some medications are combined in
one pill, e.g. the active painkiller with an adjuvant
substance against the common side effect of obsti-
pation. Such a pharmacological approach appears to
be acceptable if efficacy, safety, and galenic compat-
ibility of the active compound and the adjuvant are
proven, and if no alternatives without such side effects
exist.

If colloids are infused restrictively and accord-
ing to individualized preload and/or microcircula-
tory targets (and if colloids are not abused for gen-
eral fluid substitution), dose-dependent side effects
on clot strength are suggested to be minimal and –
most likely – not requiring reversal. Nevertheless,
it is intriguing to consider prescribing colloids – in
order to use their superiority in volume efficacy over
crystalloids – together with fibrinogen concentrate
in order to reverse eventual colloid-induced reduc-
tions in clot strength. Feasibility studies in in vivo ani-
mal experiments indicate that fibrinogen concentrate
can rapidly reverse MCF to baseline values. In vitro,
however, HES-induced FIBTEM reductions could be
reversed completely by fibrinogen concentrate or
cryoprecipitate in some experiments but not in oth-
ers.[25,26] HES-induced MCF reductions responded
less to fibrinogen concentrate compared with gelatins
or albumin (also at hypothermia), and the combina-
tion with factor XIII concentrate improved reversal.
These experimental findings suggest the use of fibrino-
gen concentrate after resuscitation with albumin and
gelatins.[27] ROTEM parameters cannot be improved
in vitrowith factor XIII concentrate alone in any tested
diluent.[27]

No clinical and histopathological signs for throm-
boembolic events could be detected, suggesting safety
of factor concentrates for reversal.[26] Similarly,
thrombin generation potential was not increased
by fibrinogen concentrate addition, whereas it was
increased for cryoprecipitate and plasma, suggesting

thrombogenic risks of a reversal approach based on
allogeneic blood products.

Clinical relevance of colloid-induced
coagulopathy
The question arises whether disturbances in labora-
tory parameters translate into clinically relevant bleed-
ing manifestations, burdens, and harm, and whether
fluid-induced coagulopathy is an independent risk fac-
tor for anemia, blood transfusion, and mortality, as
well as a driver for resource use and costs. These
aspects of patient safety and healthcare economics
have received more attention since the World Health
Organization (WHO) started supporting the multi-
modal therapeutic concept of patient blood manage-
ment (PBM). Inherent side effects of fluids on dilution-
dependent anemia and dilutional coagulopathy may
counterbalance the role of fluids in PBM (to increase
the tolerance to anemia) and, therefore, need careful
consideration. PBM requires clinicians worldwide to
apply a restrictive transfusion practise and to use phys-
iological triggers for transfusion of pRBC instead of
hemoglobin triggers.

Outcome studies report controversial results. A
meta-analysis published in 2013 detected no adverse
effects of tetrastarch in the surgical population: in
38 trials (3,280 patients) no increase in blood loss
was found, in 20 trials (2,151 patients) no increase
in allogeneic blood transfusions was found, and there
was no signal for increased mortality.[28] This find-
ing was confirmed by a recent meta-analysis.[29]
More recent evidence confirms no increase in blood
loss and transfusion requirements after HES expo-
sure in major abdominal surgery [17] and car-
diac surgery.[19,21,30] In neurosurgery, blood loss
was not increased in patients receiving HES.[15,16]
The intraoperative infusion of HES was not associ-
ated with the higher incidence of post-craniotomy
intracranial hematoma formation requiring surgery,
while perioperative arterial hypertension and the use
of non-steroidal anti-inflammatory drugs were risk
factors.[31]

Some studies, however, demonstrate increased
transfusion requirements despite similar blood loss
or intact coagulation in cardiac surgery.[18,20] The
explanation may be the use of hemoglobin levels as
transfusion triggers instead of physiological trans-
fusion triggers; because of the higher volume effi-
cacy, hemoglobin drops more after colloids than
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after crystalloids. Transfusion requirements, mortal-
ity, length of stay, and infections were all observed to
be reduced in orthopedic patients resuscitated with
HES.[32] However, some authors reported increased
blood loss on implementing fixed-dose rather than
goal-directed protocols.[33,34] Retrospective analy-
sis suspected increased volume efficacy-related hemo-
dilution as a contributor to increased blood loss and
transfusion requirements in patients receiving HES
versus crystalloids.[35]

In the critically ill and septic population, studies
again reported controversial results. Mean increases of
18ml FFP inHES-treated patients appear not clinically
meaningful, despite being statistically significant.[36]
In septic patients receiving tetrastarch, absence of an
increase towards hypercoagulability in the TEG was
hypothesized to be predictive for death and bleed-
ing.[37] Some trials showed no effects of HES on
blood loss,[38]while others found an increase inmajor
bleeding events and transfusion rates.[37,39] How-
ever, in the latter studies, indication and dosing of the
tetrastarch has been criticized; it was not the drug per
se that was considered harmful, but rather the way
it had been used.[40] Post-hoc analyses and meta-
analyses aggravate methodological concerns and hide
them behind the claim of high-quality evidence-based
medicine. While waiting for refined trials consider-
ing denominators of quality of critical care, we have
to acknowledge the alarming signs in the existing tri-
als indicating deleterious effects of HES: patient safety
management warrants the avoidance of HES in critical
illness.

Increased mortality has been reported in those
patients developing HES-induced clot strength reduc-
tions:[41] reduction in thromboelastographic maxi-
mum amplitude was an independent predictor for
mortality. This is surprising, because, in general, vis-
coelastic tests have a poor predictive value and are
therefore used and recommended for detecting actual
pathomechanisms of bleeding manifestations rather
than for prediction purposes.[2] Even more surpris-
ing is the finding that minimal changes in absolute
values of thromboelastographic clot strength within
the reference range have been suggested to be pre-
dictive for survival.[39] Future prospective trials will
have to confirm this observation or identify poten-
tial statistical random failure. A recent meta-analysis
found no increase in mortality, incidence of the need
for renal replacement therapy, bleeding volumes, or in

transfusion requirements in non-septic patients at the
intensive care unit [42].
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Chapter

10
Microvascular fluid exchange

Per-Olof Grände and Johan Persson

Summary

There is always a continuous leakage of plasma
fluid and proteins to the interstitium, called the
transcapillary escape rate (TER). The transcap-
illary escape rate of albumin (TERalb) corre-
sponds to 5–6% of total plasma albumin per hour.
Plasma volume is preserved mainly because of
recirculation via the lymphatic system and tran-
scapillary absorption. During inflammation and
after trauma, TER may increase up to 2–3 times
and exceed the recirculation capacity, resulting
in hypovolemia, low plasma concentration of
proteins, and tissue edema. The present chapter
discusses mechanisms controlling microvascular
fluid exchange under physiological and patho-
physiological conditions, including possible pas-
sive and active mechanisms controlling trans-
capillary fluid exchange. Options to reduce the
need for plasma volume expanders while still
maintaining an adequate plasma volume are pre-
sented. Consequently, this may simultaneously
reduce accumulation of fluid and proteins in the
interstitium. The effectiveness of available plasma
volume expanders is also discussed.

Fluid and protein exchange from the intravascular to
the extravascular space is a continuous process with a
net fluid flow across the capillary membranes and the
venules, the rate of which is called the transcapillary
escape rate (TER).[1]

Under normal circumstances, accumulation of
fluid and proteins in the interstitium is prevented by
recirculation back to the intravascular space mainly
via the lymphatic system, but also via fluid absorption
across the capillary wall. Under normal circumstances,

the entire plasma volume passes the vascular mem-
branes to the extravascular space and back to the cir-
culation at least once a day, and evenmore often under
pathophysiological conditions such as after trauma
or during systemic inflammatory response syndrome
(SIRS) and sepsis.

This means that accumulation of plasma fluid and
proteins in the interstitium resulting in hypovolemia
and tissue edema is not only a question of microvascu-
lar permeability to fluid and proteins, but also a ques-
tion of the capacity of the lymphatic system. As dis-
cussed below, other factors may also be involved, such
as hydrostatic capillary pressure, types of plasma vol-
ume expanders, and the infusion strategy. The present
chapter is an attempt to explain the mechanisms con-
trolling microvascular fluid exchange under physi-
ological and pathophysiological conditions, and the
importance of the relationship between the volumes
of the intravascular and the interstitial spaces. This
knowledge is essential not only for an adequate treat-
ment of hypovolemia, but also to reduce side effects of
the fluid treatment.

Transvascular fluid exchange outside
the brain
Fluid exchange across the capillary membrane has
been described by the classical Starling fluid equation
for transcapillary fluid exchange:

Jv = Lp × S(�P − σ�π)

where Lp represents hydraulic permeability (fluid
conductivity), S is the surface area available for
fluid exchange, reflecting the number of perfused
capillaries, �P is the net transcapillary hydrostatic
force for filtration, σ is the reflection coefficient for

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Figure 10.1 A schematic illustration of the principles used in control of transvascular exchange of fluid and macromolecules according to
the two-pore theory. Absence of an oncotic absorbing force across the large pore means that the hydrostatic transcapillary force (�P) is the
main force creating a “jet” stream of protein-rich fluid through each large pore, mainly via convection from the intravascular to the
extravascular space. An increase in the number and the area of large pores and an increase in the hydrostatic transcapillary pressure will
increase the loss of proteins.

macromolecules (plasma proteins), and �π is the
transcapillary oncotic absorbing pressure force.

The reflection coefficient for plasma proteins
describes the effective part of the transcapillary
oncotic pressure counteracting fluid filtration, and
represents the difficulty (relative to water) with which
the proteins pass the exchange vessels. The reflection
coefficient is 1.0 when the membrane is imperme-
able to the molecules and 0 when the molecules pass
through the membrane without any hindrance.

The reflection coefficient for proteins is below 1.0
in all organs of the body except the brain. For albu-
min it is 0.90–0.95 in skeletal muscle, 0.50–0.65 in
the lung, and 0.8 in the intestine and in the subcutis.
A reflection coefficient below 1.0 means a continuous
leakage of proteins to the interstitium. A system with
recirculation of proteins between blood vessels and tis-
sue and back to the intravascular space is essential to
allow access of antibodies, protein-bound hormones,
cytokines, and other macromolecules to the intersti-
tial space. The reflection coefficient can be reduced
significantly under a state of inflammation, leading to
increased loss of albumin and other macromolecules
to the interstitium. Tissue edema is formed when the
leakage of plasma fluid is greater than the net recir-
culating capacity involving the lymphatic system, and
hypovolemia develops in parallel.

The Starling formula, however, gives no infor-
mation about the mechanisms responsible for the
protein leakage. There has been a general belief for
decades that active (energy-consuming) transcytosis
(vesicle transport) across the endothelial membrane
of the capillaries is responsible for a large part of the

protein loss to the interstitium.[2] However, it is
unlikely that the relatively small capacity of an active
vesicle transporting mechanism would be responsi-
ble for transport of as much as 5–6% per hour of
all intravascular plasma proteins – and even more
than that under inflammatory states. The capacity
of an energy-consuming process is also reduced by
inflammation. Furthermore, blockade of transcytosis
by cooling or pharmacological inhibition in the rat
was not found to reduce TER.[3,4] Therefore, trans-
port of proteins across the capillary membrane should
be mainly a passive process independent of energy-
consuming activities, as discussed below.

The two-pore theory
By the alternative two-pore theory for transcapil-
lary fluid and protein exchange,[5] the large loss of
proteins from the intravascular to the extravascu-
lar space can be explained by passive mechanisms.
According to this theory, fluid and small solutes pass
the capillary membrane through all the pores along
the entire capillary bed and in venules, whereas pro-
teins pass themembranemainly through themuch less
abundant (by a factor of 10–30 thousand) large pores
on the venous side of the capillary network, and in the
venules (Figure 10.1).

Whereas the small pores with their radius of 40–
45 Å are freely permeable to electrolytes and other
small molecules and much less permeable to proteins,
the large pores with their radius of about 250 Å are
also freely permeable to proteins. This means that
the oncotic pressure gradient across the large pore
is low. The protein loss to the interstitium via the
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large pores can partly be explained by diffusion, but
the main mechanism is convection when the proteins
follow the large-pore fluid stream with the transcap-
illary/transvenular hydrostatic pressure as the major
driving force.Thismeans that the protein loss depends
on both the number and size of large pores (large-
pore permeability) and the transcapillary/transvenular
hydrostatic pressure.

The lymphatic system
The capacity of the lymphatic system is of great
importance for maintenance of a balance between
the intravascular and the interstitial space. A normal
TER of 5–6% of plasma volume per hour, correspond-
ing to 150–200ml plasma per hour for an adult, is
in the range of the capacity of the lymphatic system
under normal circumstances.[1] The capacity of the
lymphatic drainage increases with increase in skeletal
muscle activity and it can be reduced by inactivity, such
as in immobile patients.

If TER is increased, such as after trauma and dur-
ing sepsis/SIRS, the capacity of the lymphatic system
may be too low to transfer enough leaking plasma fluid
back to the circulation, and tissue edema in combina-
tion with hypovolemia develops. The situation will be
aggravated in immobile patients by the reduced recir-
culating capacity of the lymphatic system.

Physiotherapy might improve this capacity and
help to counteract tissue edema, hypovolemia, and
the need for plasma volume expanders in critically ill
patients.

Transvascular fluid exchange
in the brain
The volume regulation of the brain is more effective
than that of other organs of the body.This is of impor-
tance as there is no room for expansion in volume
of the brain when it is tightly enclosed in the cranium.
The brain also lacks a lymphatic drainage system.[6]
The sophisticated regulation of the brain volume can
be ascribed to the low permeability of cerebral cap-
illaries, which creates the so-called blood–brain bar-
rier (BBB).The cerebrospinal fluid systemmay also be
involved to maintain a normal intracranial pressure.

The intact BBB means that the cerebral capillaries
are impermeable to passive transport of all molecules
except water. Thus, neither macromolecules such as
proteins nor small solutes such as sodium or chlo-
ride ions can pass the cerebral capillary passively. This

means that a disturbed balance between the hydro-
static and the oncotic pressures will result in transfer
of only water across the cerebral capillaries, and the
subsequent dilution/concentration of the crystalloid
osmotic pressure of brain interstitium will result in
immediate interruption of further fluid exchange.[6]

In the injured brain with a disrupted BBB – in the
sense that it has also become passively permeable for
small solutes – there will be much less dilution during
filtration.The filtration will continue for a longer time,
creating a vasogenic brain edema, and it will finally
be balanced by the increase in intracranial pressure
(ICP).[7]

Crystalloids and colloids as plasma
volume expanders
While the healthy patient is normovolemic and needs
no extra plasma volume expansion, most critically ill
patients develop hypovolemia due to increased leakage
of plasma fluid that exceeds the capacity of the absorb-
ing effect and the lymphatic system. However, there is
still debate regarding which plasma volume expander
should be used to maintain or achieve normovolemia.
In this chapter we attempt to describe the advantages
and drawbacks of using crystalloids and various col-
loids as plasma volume expanders.

Because of the small radius of electrolytes (<2–
3 Å) relative to the radius of the small pores (40–
45 Å), the reflection coefficient of electrolytes is very
small. The infused crystalloid solution is therefore dis-
tributed relatively quickly over the whole extracellular
space, andmore or less independently of the prevailing
microvascular permeability, also resulting in reduction
in plasma and interstitial oncotic pressure. As plasma
volume is only about 20–25% of total extracellular vol-
ume, only 20–25% of the infused solution can be used
for plasma volume expansion and the rest will result
in tissue edema. A simultaneous increase in urine pro-
duction must be compensated by further infusions to
maintain normovolemia.

Tissue edema not only has cosmetic consequences,
but it can also be a real drawback in terms of pul-
monary edema, acute respiratory distress syndrome
(ARDS), and increased intercapillary distances. It may
also compromise perfusion because of an increased tis-
sue pressure, and there is a risk of compartment syn-
drome. Reduction in plasma oncotic pressuremay also
result in further filtration according to the Starling
formula. Distribution of a crystalloid solution to the
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interstitiumwill not occur in the normal brain because
of the intact BBB, but itmay occur to some extent in the
injured brain if the cerebral capillaries have become
permeable to small solutes, aggravating a vasogenic
brain edema.[7,8] Crystalloid solutions with high con-
centrations of chloride ionsmay cause hyperchloremic
acidosis. This can be avoided by using balanced crys-
talloid solutions instead.

Albumin is the predominant protein in plasma and
the only natural colloid solution recommended for
plasma volume expansion today, as transfusion with
plasma is justified mainly to compensate for coagula-
tion disturbances. The albumin molecule is monodis-
perse with a molecular weight of 69 kDa and the solu-
tions are available in various concentrations (3.5%, 4%,
5%, 20%, and 25%, preferably in an isotonic solution).
The albumin molecule is negatively charged, and this
may moderate its distribution to the interstitium. It is
transported back to the intravascular compartment via
the lymphatic system. In contrast to synthetic colloids,
it is degraded very slowly, which can be of advantage by
acting as a plasma volume expander for a longer time;
but this can also be a disadvantage when it accumu-
lates in the interstitium. The effectiveness of albumin
as a plasma volume expander has been questioned,
however, as some studies could not demonstrate bet-
ter outcome with albumin than with saline.[9] It is
suggested that the beneficial absorbing effect of albu-
min has been overestimated, especially during states
of inflammation. At a general increase in permeability,
more plasma fluid and proteins will leak to the inter-
stitium, and the effectiveness of albumin as a plasma
volume expander will be reduced. Further, a revision
of the classical Starling principles incorporating the
endothelial glycocalyx layer means reduced absorp-
tion effect of transcapillary oncotic pressure in favor of
the hydrostatic capillary pressure.[10]This hypothesis,
however, is highly controversial and has still not been
confirmed.[11]Thesemechanisms taken togethermay
explain why the plasma expanding effect of albumin
is not as good as expected. The effectiveness of albu-
min as a plasma volume expander can be improved
and side effects reduced by adhering to specific rules
in its administration, as will be described below. Aller-
gic reactions are rare.

The synthetic colloids available today are dextran,
hydroxyethyl starch (HES), and gelatin – and they
are all cheaper than albumin. In contrast to albu-
min, which is monodisperse, they are all polydisperse
with molecular weights ranging from low to higher

values, and with the majority of molecules concen-
trated in the range of the average molecular weight.
They are degraded in plasma and in the interstitium.
Their recirculation back to the intravascular space
via the lymphatic system is less effective than for
albumin. When degraded to molecules with weights
below their renal threshold, they are also lost via the
kidneys.

Dextran solutions are produced by hydroxylation
of polysaccharides.The predominant dextran solution
is dextran 70, with an average molecular weight of
70 kDa. It is slowly degraded to CO2 and water or lost
via the kidneys. It improves the microcirculation and
has themost effective and long-lasting plasma volume-
expanding effect of all colloids available for clinical
use today.[12,13] The risk of anaphylaxis is very low
on pretreatment with 1 kDa dextran molecules (hap-
ten competitor dextran 1), and therefore this should
be obligatory. By its influence on platelet function,
dextran can exacerbate an underlying coagulopathy,
which limits its use in larger volumes during surgery
or other situations with risk of bleeding. In larger vol-
umes, the beneficial effect on microcirculation, there-
fore, should be weighed against the risk of increased
tendency of bleeding. It is of great value preferentially
in intensive care through its good and long-lasting
plasma volume-expanding effect, through improving
microcirculation, and through its prophylactic effect
against thrombosis.

Owing to side effects with HES solutions of higher
molecular weights, the third generation of HES solu-
tions – with mean molecular weight of 130 kDa and
molar substitution of approximately 0.4 – now pre-
dominate. The HES molecules are degraded relatively
rapidly by amylase to smaller molecules below the
renal threshold and cleared from the circulation via the
kidney. The half-time of the plasma concentration of
HES130 after a bolus infusion is 1.5 to 2 hours, and it
is almost totally eliminated after 4 hours.[14] This has
made the third generation of HES solutions less effec-
tive as plasma volume expanders, but this can be com-
pensated for by repeating the infusion. Allergic reac-
tions to the modern HES solutions are less common.
The coagulopathic effect appears to be smaller with
HES than with dextran. The use of HES solutions as
plasma volume expanders to septic patients, however,
was recently questioned after publication of a multi-
centre study, showing increased frequency of renal fail-
ure and increased mortality in septic patients given
HES.[15]
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Gelatin solutions are derived from bovine collagen.
The mean molecular weight of molecules in gelatin
solutions is only 35 kDa, which means that it is on
the borderline to be defined as a crystalloid solution.
This fact in combination with the relatively fast degra-
dation of gelatin molecules and loss via the kidneys
explains their relatively poor and short-lasting plasma
volume-expanding effect. Gelatin has no or only mod-
erate effects on coagulation, but anaphylactic reactions
are more common with gelatin than with other syn-
thetic colloids.

How to reduce the need for colloids?
Maintenance of normovolemia by infusion of plasma
volume expanders in critically ill patients is always
associated with interstitial accumulation of fluid due
to the increased TER, the reduced capacity of lym-
phatic recirculation in these patients, and the fluid dis-
tribution to the extracellular space. The accumulation
is associated with side effects in terms of tissue edema,
compromised perfusion, and respiratory insufficiency.
This also explains why normovolemia often is short-
lasting after infusion of a plasma volume expander.

Increased amounts ofmacromolecules in the inter-
stitium reduce the transcapillary oncotic pressure,
resulting in further tissue edema. Besidesmaintenance
of normovolemia by giving plasma volume expanders,
an optimal strategy in the treatment of these patients
must therefore be to simultaneously minimize accu-
mulation of fluid and proteins in the interstitial space.

There are no evidence-based measures to reduce
the amount of fluid accumulated in the interstitium,
and thereby reduce the need for colloids to main-
tain normovolemia. However, based on the two-pore
theory and other well-established physiological prin-
ciples of hemodynamic vascular control, a few quite
simple measures may help to maintain normovolemia
with a relatively small amount of colloids infused. For
example, high concentrations of albuminmay bemore
effective as plasma volume expanders than low con-
centrations, as a result of their higher oncotic absorb-
ing pressure and the smaller amount of fluid given for
the same plasma expanding effect.

As shown both experimentally in the rat and clin-
ically in patients,[16,17] the plasma volume is bet-
ter preserved at a normal arterial pressure than at a
high one. Increase in blood pressure by vasopressors
may therefore increase the plasma volume loss, and
avoidance of high arterial pressures by avoidance of

vasopressors or by the use of antihypertensive treat-
ment can be an effective alternative to reduce the need
for plasma volume expanders.

Owing to the transient increase in arterial pres-
sure by bolus infusions and the fact that a bolus infu-
sionmay result in an atrial natriuretic peptide-induced
(ANP-induced) increase in microvascular permeabil-
ity and increase in urine production,[18] a more effec-
tive long-term plasma expansion may be obtained by
giving the colloid slowly rather than using a faster infu-
sion rate.[19] Stimulation of the lymphatic systemwith
physiotherapy may also reduce the interstitial fluid
accumulation by improving the recirculating capacity
of leaking plasma fluid.

There is controversy regarding the lowest accept-
able hemoglobin concentration,[20] but arguments
can be made that maintenance of a relatively normal
hemoglobin concentration may be beneficial. The red
blood cells do not pass the capillary membrane and
remain intravascularly, thus contributing to preser-
vation of the blood volume. Owing to the relatively
smaller volume of plasma at a normal compared with
a low hemoglobin concentration, the leakage and the
need of intravascular volume to substitute may be
smaller – a hypothesis supported by an experimental
study in dogs.[21]

Side effects with blood transfusion can be reduced
by using leukocyte-depleted and recently stored blood,
which is highly recommended.[22] Blood cell trans-
fusion has also been shown to be associated with
improved outcome after subarachnoid hemorrhage
[23] and increases local cerebral oxygenation.[24]

This chapter describes physiological hemodynamic
principles of fluid exchange that form the basis of nor-
movolemia, hypovolemia, and edema formation, and
are fundamental for fluid therapy and for optimization
of microcirculation and oxygenation. In view of the
lack of appropriate evidence-based clinical studies in
this field, such principles may be used as a guide in the
use of colloids, crystalloids and erythrocytes in inten-
sive care.
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Chapter

11
The glycocalyx layer

Anna Bertram, Klaus Stahl, Jan Hegermann, and Hermann Haller

Summary

Endothelial cells cover the inner surface of the vas-
culature and are essential for vascular homeosta-
sis with regulation of vasodilation and vasocon-
striction, permeability, inflammation, and coagu-
lation.The endothelium is not a barren surface but
is covered by a thick layer of so-called glycoca-
lyx. The glycocalyx is built of heavily glycosylated
proteins such as syndecans which are anchored in
the cell membrane, freely associating proteogly-
cans such as hyaluronidase, and also a multitude
of plasma molecules that bind and interact with
the proteoglycans.

The glycoproteins collectively organize into
the glycocalyx, which plays a vital role in sev-
eral important vascular functions. It serves as a
mechanotransductor mediating information on
blood flow and cellular movement to the endothe-
lium, it regulates permeability via its physical
properties, it regulates binding of vascular fac-
tors to the endothelium, and it is the “habitat”
of the resident components of the complement
system and the coagulation cascade. In addi-
tion, the glycocalyx serves as a sink for small
molecules and electrolytes in the plasma and gen-
erates chemokine gradients to guide leukocytes to
sites of inflammation. The delicate structures of
the glycocalyx can be easily disturbed and dam-
aged by acute disease such as sepsis or ischemia, as
well as chronic disease such as diabetes or hyper-
tension. The proteoglycans and/or its sugar moi-
eties can be shed by specific enzymes. Novel tools
have been developed to better visualize the glyco-
calyx both in vitro and in vivo. An understanding

and, possibly, amolecularmanipulation of the gly-
cocalyx will be important to improve our thera-
peutic strategies in patients.

Over the past decade we have learnt that the
endothelium is not a passive cellular layer of the
vessel wall but has important functions in the commu-
nication between the blood and the vessel wall. Sev-
eral important functions such as vascular permeabil-
ity, vasodilation and -constriction, the regulation of
inflammation via adhesion molecules and cytokines
as well as coagulation and the complement system are
important mechanisms regulated by the endothelial
cells. We have coined the rather vague term “endothe-
lial dysfunction” to describe damaged and/or dysfunc-
tional endothelium under pathophysiological condi-
tions such as hypertension, diabetes, sepsis, and/or
ischemia. It has only recently been recognized that the
interaction between the bloodstream and the endothe-
lial cell surface is evenmore complicated. It seems that
the endothelium is covered with a thick layer of heav-
ily glycosylated protein, a structure that has been called
the glycocalyx.[1,2]

The glycocalyx is situated at the luminal side of
all blood vessels and covers the surface receptors and
other membrane-bound molecules of the endothe-
lium. The volume of the glycocalyx depends on the
balance between biosynthesis and the enzymatic or
shear-dependent shedding of its components.[3] His-
torically, the glycocalyx has been described as a thin
mucous layer of <100 nm.[4] However, it is notori-
ously difficult to visualize.[5,6] It is mostly destroyed
upon conventional tissue fixation and optically trans-
parent in most light microscopic examinations. Using
electronmicroscopy and different staining methods, it

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Figure 11.1 Electron microscopy of endothelial cells in the glomerular capillaries using ThO2 staining. The glycocalyx covers the endothelial
cell surface in regularly distributed focal structures. The glycocalyx “bridges” the endothelial cell fenestrations. GBM, glomerular basement
membrane. (Kapillarlumen = capillary lumen, podocyten = podocytes, Dach von Glykokalyx uber Fenestrum = roof of glycocalyx above
fenestrations.)

has been demonstrated to reach up to 0.5–3µm intra-
luminally (Figure 11.1).[7]

The glycocalyx is a negatively charged, organized
mesh of membranous glycoproteins, with core proteo-
glycans of the syndecan and glypican family carrying
highly sulfated, linear glycosaminoglycan attachments
(mostly of the heparan, chondroitin, and dermatan
sulfate families). Hyaluronic acid and the negatively
charged heparan sulfate proteoglycans are its major
constituents.[1,2,3,5] This structure of core proteins
“decorated” with long glycosaminoglycans provides
a sea-grass-like surface where components of func-
tional systems such as the coagulation cascade or the

complement system can be located and plasma con-
stituents may interact intensely and dynamically. This
“habitat” on the surface of the endothelium has also
been named an endothelial surface layer (ESL) and
may attain a thickness up to 1µm in certain blood ves-
sels (Figure 11.2).

It is obvious that this glycocalyx or ESL, what-
ever nomenclature we use, plays an important role
both under physiological and under pathophysiolog-
ical conditions. In this chapter we will briefly review
the contribution of the glycocalyx for vascular perme-
ability, as a mechanotransducer, and its role in inflam-
mation. We will also discuss the methods to assess
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Figure 11.2 Schematic diagram showing the components and spatial organization of the endothelial glycocalyx. FGF, fibroblast growth
factor; VEGF, vascular endothelial growth factor; MCP-1, monocyte chemoattractant protein-1.

the glycocalyx in humans and describe under which
pathophysiological conditions the glycocalyx is dam-
aged and disturbed.

Glycocalyx and vascular permeability
The glycocalyx influences vascular permeability. The
importance of the loss of glycocalyx barrier func-
tions leading to increased vascular permeability was
suggested from experiments showing that glycocalyx
degradation is associatedwith a reduction in the exclu-
sion of anionic dextrans, with an increased protein
permeability, with an increased glomerular clearance
of albumin, and with the formation of perivascular
edema.The phenomenon has beenmostly investigated
in glomerular capillaries.[8] Under physiological per-
fusion conditions, albumin is confined to the glomeru-
lar capillary lumen and endothelial fenestrae, implying
resistance at the level of glomerular endothelial sur-
face.[9] Chappell et al. have demonstrated that shed-
ding of the glycocalyx induced by the inflammatory
cytokine tumor necrosis factor-alpha (TNF-α), or by
ischemia-reperfusion, causes a substantial increase in
vascular permeability to both plasma and colloids.[10]
Selective removal of endothelial glycocalyx from

coronary vessels increases permeability, which pro-
vides evidence that it constitutes a barrier to macro-
molecular permeability.[11]

This association between loss of glycocalyx and
an increase in vascular permeability has been shown
in animal models other than that of Chappell. Once
removed, recovery of the hydrodynamically rele-
vant glycocalyx required 5–7 days. It seems that the
composition of the glycocalyx can be modulated by
different factors. Salmon et al. have used angiopoietin-
1 (Ang-1), a ligand for the tyrosine kinase receptor
Tie-2, and were able to demonstrate that the increased
permeability after digestion of glycocalyx was
mitigated by pre-perfusion with Ang-1.[12] In addi-
tion, perfusion with Ang-1 nearly doubled glycocalyx
thickness. Mice treated with glycocalyx-degrading
enzymes show reduction in thickness of glomerular
endothelial glycocalyx coinciding with increased
albumin excretion. Therefore, the presence of a signif-
icant endothelial glycocalyx contributes significantly
to the barrier to macromolecules. Loss or alterations
of the glycocalyx may contribute to states of edema
associated with endothelial dysfunction such as in
infections and/or sepsis. Whether this is a property of
the physicochemical characteristics of the glycocalyx,
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or whether an intact glycocalyx improves the barrier
function of the endothelium, is as yet unclear.[5]

Glycocalyx as amechanotransducer
Tomaintain vascular homeostasis, endothelial cells are
endowed with a complex set of mechanisms to sense
mechanical forces imparted by blood flow.[13] The
concept that the glycocalyx contributes to the regula-
tion ofmicrovascular perfusionwas originally hypoth-
esized by the group of Duling in 1990, when they
showed that the adenosine-induced increase in cap-
illary tube hematocrit in hamster cremaster muscle
vessels was diminished after enzymatic glycocalyx
degradation.[14]

Based on the structure of the glycocalyx, with
its regular grass-like distribution of the core pro-
teoglycans, it has been assumed that these core
proteoglycans bend under the influence of the blood-
streamvelocity and transmit signals to the intracellular
cytoskeleton and/or other signaling complexes. The
evidence that supports a central role for the glycocalyx
in mechanotransduction comes from experiments
involving degrading specific components of the glyco-
calyx, followed by a reassessment of function, mostly
nitric oxide synthase (NOS) activation and/or NO
production. Several glycosamine-degrading enzymes
have been used.[15] Heparinase (which selectively
degrades heparan sulfates), neuramidase (degrading
sialic acid), and hyaluronidase (affecting hyaluronic
acid) have been shown to reduce NO production and
flow-dependent vasodilation significantly. Because
flow-dependent vasodilation is mediated by NO
release in many arteries, these studies suggest that
glycosaminoglycans contributes to shear-induced
production of NO. The core proteoglycans may also
contribute to the mechano-sensing properties of the
glycocalyx.

The different proteoglycans and their location on
the cell mebrane seem to influence erent intracellular
pathways. Both syndecan-1, a transmembrane proteo-
glycan that is linked to the cytoskeleton and mediates
endothelial cell remodeling in response to shear stress,
and the membrane-bound but not transmembranous
proteoglycan glypican-1 that is enriched in caveolae
near the intracellular endothelial nitric oxide synthase
(eNOS) mediate vasodilation with shear-induced
eNOS activation and cytoskeletal remodeling.[16]
However, gene knockdown of glypican-1 blocked only
eNOS activation, not remodeling, and knockdown of

syndecan-1 blocked only remodeling, not eNOS acti-
vation, demonstrating that the glycocalyx can convert
the mechanical signal shear stress into diverse cellu-
lar responses through distinct proteoglycans. Another
possible mechanism for how the glycocalyx regulates
vasodilation is the binding of substrates such as argi-
nine to heparan sulfates. Heparan sulfates may play a
role in the availability of arginine to its transporters
close to the endothelial cell surface, thereby providing
eNOS with its necessary substrate.[17]

Glycocalyx as a storage system
Heparan sulfates display high affinities for polycationic
molecules. In addition, they provide a significant
storage volume which is easily accessible from the
fluid phase. Oberleithner et al. suggested that plasma
sodium is stored in the glycocalyx, partially neutraliz-
ing the negative surface charges.[18]A “good” glycoca-
lyx has a high sodium store capacity, but still maintains
sufficient surface negativity at normal plasma sodium.
A “bad” glycocalyx shows the opposite. Thus, pro-
teoglycans and glycosaminoglycans (i.e. mainly extra-
cellular polyanions) may provide potential sinks for
sodium and may serve as a means of concentrating
cations close to the plasma membrane.

Heparan sulfates adsorbed to a surface undergo a
conformational change when exposed to flow: their
core proteins unfold from a random coil to an
extended filament, and their heparan sulfate chains
elongate significantly. This finding was used to illus-
trate how sodium ions bound to heparan sulfates could
not only be stored, but be delivered by the stretched
glycosaminoglycan to their transporter channels. Such
a concept of “storage space” in an intact glycocalyx has
important implications for the binding of other cations
to the heparan sulfates of the glycocalyx. Nucleic acids
bind to the glycocalyx, and incorporation of DNA
increases markedly in cells that lack the major anionic
components of the glycocalyx, sialic acid and gly-
cosaminoglycans, and anionic oligosaccharides may
provide a barrier to the uptake of nucleic acids by
mammalian cells. This phenomenon could also play
an important role in the development of crystalloid
solutions.

Glycocalyx and inflammation
The vascular endothelium is one of the earliest sites
of injury during inflammation.[19] The glycocalyx
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and its glycosaminoglycans play an important role in
various aspects of inflammation and in the phys-
iological functioning of a range of inflammatory
mediators, including chemokines, growth factors,
endothelial adhesionmolecules, and inflammatory cell
emigration. Amultitude of studies suggest that at least
two mechanisms of the glycocalyx, a change in gly-
cosamine composition as well as enzymatic disrup-
tion of the proteoglycans, may have a strong effect on
inflammatory responses.[20]

A change in glycosamine composition of the gly-
cocalyx affects the early inflammatory mechanisms in
several ways: van der Vlag and his group have demon-
strated that an early response of the glycocalyx to
inflammatory stimuli is a change in theN-deacetylase-
N-sulfotransferase-mediated composition of the
heparan sulfate. They have argued that modulation
of heparan sulfates in the endothelial glycocalyx
significantly reduces or enhances the inflammatory
response in inflammatory kidney disease.[20]

The binding properties of the glycosaminoglycans
play a second important role in inflammation. A
hallmark of immune cell trafficking is directional
guidance via gradients of soluble or surface-bound
chemokines. Vascular endothelial cells produce,
transport, and deposit either their own chemokines
or chemokines produced by the underlying stroma.
Endothelial heparan sulfate has been suggested to be
a critical scaffold for these chemokine pools. Stoler-
Barak et al. have shown that the blood vasculature
creates steep gradients of heparan sulfate scaffolds
between the luminal and basolateral endothelium,
and that inflammatory processes can further enrich
the heparan sulfate content near inflamed vessels.[21]
They proposed that chemokine gradients between
the luminal and abluminal sides of vessels could be
generated by these sharp heparan sulfate scaffold
gradients in the glycocalyx. In addition, certain
chemokines require interactions with glycosamino-
glycans for their in vivo function. Proudfoot has
shown that chemokines oligomerize on immobilized
glycosaminoglycans, and this ability to form higher-
order oligomers has also been shown to be essential
for the activity of certain chemokines in vivo.[22]

The binding properties of the glycocalyx also play a
role in the regulation of the complement system,which
is a major player in innate immunity. One of the most
important regulators of the complement cascade is
complement factor H (CFH). The surface-bound gly-
cocalyx glycosaminoglycan constituent heparan sul-

fate is crucial for CFH binding and function, both in
recognition of host tissue and prevention of sponta-
neous complement activation via the alternative path-
way.[23] Most of the clinically relevant genetic muta-
tions in CFH result in incorrect binding to heparan
sulfate. Loss of the heparan sulfate binding site will
results in impaired binding of CFH, thereby reducing
inhibitory signals to the complement system, which
increases its local activation.[24]

A second mechanism whereby glycocalyx affects
and influences the complement system is via throm-
bomodulin (TM).[24] TM is a cell-surface-expressed
transmembrane glycoprotein which was originally
identified on vascular endothelium, and is by defi-
nition a part of the glycocalyx. It is a co-factor for
thrombin binding that mediates protein C activation
and inhibits thrombin activity. In addition to its anti-
coagulant activity, recent evidence has revealed that
TM, especially its lectin-like domain, has potent anti-
inflammatory function through a variety of molecular
mechanisms. The lectin-like domain of TM plays an
important role in suppressing inflammation indepen-
dent of the TM anticoagulant activity. Loss of the gly-
cocalyx proteoglycan TM is therefore associated with
increased complement activity and enhanced inflam-
matory response.

The loss of constituents of the endothelial gly-
cocalyx has been termed “shedding.” Shedding can
range from selective cleavage of heparan sulfates to
major alterations with removal of entire syndecan
and glypican core proteins together with the attached
glycosaminoglycan side chains. The shedding of the
glycocalyx in response to inflammatory mediators
such as cytokines and chemoattractants was found
to occur in arterioles, capillaries, and venules under
various experimental models of inflammation. The
major enzyme responsible for shedding of proteogly-
cans is heparanase, which is the only known mam-
malian endoglycosidase capable of degrading heparan
sulfate glycosaminoglycan. Enzymatic degradation of
glycocalyx by heparanase profoundly affects numerous
physiological and pathological processes.[25]

Besides heparinase, there are other molecules
that can affect glycocalyx composition and shed-
ding.[26] Based on mechanism of action, inflamma-
tory mediators can directly affect endothelial cells
that, in response, alter glycocalyx structures. Addition-
ally, under inflammatory conditions, activated sub-
sets of leukocytes, such as polymorphonuclear leuko-
cytes, macrophages, and mast cells, release enzymes
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which then can contribute to degradation of the gly-
cocalyx. Upon activation, inflammatory cells release
a wide range of enzymes and reactive species that
can contribute to glycocalyx damage. In particular,
activated neutrophil granulocytes, the most abundant
blood leukocytes in humans, can induce glycocalyx
damage by producing reactive oxygen and nitrogen
species and releasing proteases from their storage
granules. Moreover, mast cells, a less abundant leuko-
cyte subset, can release heparanase directly with a
significant potential to disturb glycocalyx structure
through the degradation of heparan sulfates.

The cleavage of heparan sulfates due to reactive
oxygen, and the subsequent increase in macromolecu-
lar permeability, follows a similar pattern to that seen
after treatment with glycocalyx-degrading enzymes.
This suggests common pathways in the degradation
of the glycocalyx. Moreover, the protein core of pro-
teoglycans can also be subject to oxidation/nitrosation
and these oxidative and nitrosative modifications at
the level of proteoglycans could negatively affect gly-
cocalyx integrity.

The loss of the glycocalyx uncovers membrane sur-
face adhesion molecules providing a direct contact
area between leukocytes and the endothelium, and
thereby potentiating leukocyte adhesion to the ves-
sel wall. It should also be appreciated that degrada-
tion of the glycocalyx by inflammatory mediators, and
the release of its fragments into the circulation, can
significantly contribute to the potentiation of inflam-
matory processes, starting and maintaining a poten-
tially destructive feedback mechanism.The glycocalyx
fragments that have been shed, which may be released
after glycocalyx damage, are suggested to act as pro-
inflammatory molecules with significant chemotactic
properties.[27]

How to assess glycocalyx in patients
Visualization of the glycocalyx is no easy task. Recent
advances in staining techiques and advanced elec-
tronmicroscopy techniques (serial block face scanning
electron microscopy [SBF], focused ion beam milling
scanning electron microscopy [FIB-SEM], transmis-
sion electron tomography [Tom-TEM]) have made a
better analysis of the glycocalyx under experimental
conditions possible.[6,7] However, to analyze the gly-
cocalyx in patients is still a challenge. Basically two
approaches are feasible. One can either try to visual-
ize the glycocalyx by determining the area between the

capillary wall and circulating blood cells in capillar-
ies,[6,28,29] or one can measure the constituents of
the glycocalyx in the bloodstream, assuming that an
increase in glycocalyx components such as hyaluro-
nan or syndecan reflect damge to the glycocalyx in
patients.[30,31] Both methods have been used by sev-
eral groups.

The first method to measure glycocalyx health in
vivo is intravital microscopy utilizing the property
of the endothelial glycocalyx to function as a bar-
rier to maintain a certain distance between red blood
cells and the endothelial cell membrane.[6,28,29] The
methodmeasures these features in sublingual capillar-
ies and depends on the hypothesis that impaired gly-
cocalyx barrier properties in the sublingual microcir-
culation are associated with changes in microvascular
perfusion capacity in other vascular beds (Figure 11.3).
The camera uses green light-emitting diodes (LED;
540 nm) to detect the hemoglobin of passing red blood
cells. To determine the spatio-temporal variation in
radial displacement of individual red blood cells into
the endothelial glycocalyx in microvessels, sidestream
dark field (SDF) imaging is used.

SDF imaging is a non-invasive technique which
visualizes hemoglobin within the red blood cells by
reflected LED light from the microvasculature. With
this technique, it has been shown that the red blood
cells with a diameter of 7 to 8µm maintain a certain
distance from the endothelium of capillaries (diame-
ter of 5µm), and this was postulated to be due to the
barrier function of the glycocalyx against the red blood
cells. Using software which automatically identifies all
availablemeasurablemicrovessels (below 30µmthick-
ness) during the acquisition by contrast between the
red blood cells and the background, the longitudinal
and radial distribution of red blood cells in sublin-
gual microvessels could be measured, and informa-
tion about the in vivo endothelial glycocalyx barrier
properties in humans can be obtained. This method
has recently been tested in various patient groups with
cardiovascular disease or risk factors, such as end-
stage renal disease, stroke, premature coronary artery
disease, and critically ill patients (septic and non-
septic). It could be shown that a perturbed glycocalyx
allowed the erythrocytes to penetrate deeper towards
the endothelium, resulting in an increase in the per-
fused boundary region.[6]

The secondmethod to assess glycocalyx in patients
is measuring circulating, “shed” constituents of the
glycocalyx.[30,31] Several markers of “glycocalyx
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Figure 11.3 Sidestream dark field (SDF) imaging and data assessment in sublingual microvessels. A: Typical example of a single SDF image
of the sublingual capillary bed. B, C: During each period a large number of capillaries are assessed. D: Cartoon depicting the median RBC
column width, perfused diameter, and the PBR in a blood vessel. PBR, perfused boundary region; RBC, red blood cell.

degradation” such as syndecan-1, thrombomodulin,
von Willebrand factor, intercellular adhesion
molecule-1, E-selectin, protein C, tissue factor
pathway inhibitor (TFPI), tissue-type plasminogen
activator (tPA), urokinase-type plasminogen activa-
tor (uPA), soluble uPA receptor, and plasminogen
activator inhibitor-1 have been used.[31–34]

In trauma patients, Rahbar et al. demonstrated
that high levels of circulating syndecan-1, as a marker
of endothelial glycocalyx degradation, was associated
with inflammation, coagulopathy, and increased mor-
tality.[32] In patients with sepsis, levels of interleukin-
6(IL-6) correlated with circulating syndecan-1 lev-
els.[34] After major abdominal surgery, glycocalyx
markers in human plasma were found to be at levels
comparable to those of patients with sepsis. Several
groups have used hyaluronan as a measure of glyco-
calyx breakdown and have found that hyaluronan lev-
els were increased in chronic disease, such as in dia-
betes, as well as in acutely ill patients.[32] Measure-
ment of syndecan-1 and/or serum hyaluronan may
therefore supplement the assessment of disease sever-
ity in patients. It has also been suggested, as described
above, that these breakdown products might have

implications in the pathogenesis of critical illness and
sepsis.

Recently, Schmidt et al. have refined this diag-
nostic approach by using a novel methodology for
the analysis of glycosaminoglycan-derived disaccha-
rides.[31] This method is based on specific polysac-
charide digestion and labeling of the disaccharides,
followed by mass spectroscopy detection. Using this
method they could show that circulating heparan sul-
fate fragments were significantly elevated in patients
with indirect lung injury, while circulating hyaluronic
acid concentrations were elevated in patients with
direct lung injury.They concluded that circulating gly-
cosaminoglycans are elevated in patterns characteris-
tic of the etiology of respiratory failure and may serve
as diagnostic and/or prognostic biomarkers of critical
illness.

It is uncertain which of these methods reflects the
true state of the glycocalyx, and this needs to be shown
in other studies. Interestingly, the elevations in circu-
lating glycosaminoglycans persisted for several days
after the onset of respiratory failure in the last study.
Time course and differences in the damage to the gly-
cocalyx as well as possible repair has yet to be analyzed.

79
https:/www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.013
Downloaded from https:/www.cambridge.org/core. University of Birmingham, on 03 Apr 2017 at 19:15:50, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.013
https:/www.cambridge.org/core


Section 2: Basic science

Glycocalyx in disease
Sepsis and surgery
Several studies have investigated the deterioration
of the vascular glycocalyx in patients with sepsis
or after major abdominal surgery, and compared
these findings with healthy volunteers.[35,36] Within
these, it has been demonstrated that in patients either
with severe sepsis or after major abdominal surgery,
the plasma concentrations of glycocalyx markers
(syndecan-1, heparan sulfate) increased by the same
extent.This implies that under both situations, the gly-
cocalyx is shed off the endothelium.

In sepsis, the glycocalyx marker syndecan-1 cor-
relates with concentrations of inflammatory markers
(intercellular adhesion molecule-1 [ICAM-1], vascu-
lar cell adhesion molecule-1 [VCAM-1], and mainly
with IL-6), which were significantly higher than
after abdominal surgery.[33] During sepsis and after
abdominal surgery, the plasma leaks out into the inter-
stitial space, and this has great impact on the devel-
opment of edema and impaired oxygen and nutrient
supply to tissues. The deterioration of the endothelial
glycocalyx seems to be one of the earliest steps within
this scenario that triggers the loss of endothelial bar-
rier function.Thedegradation of the glycocalyx during
sepsis andmajor abdominal surgery has a great impact
onfluid balance and the development of edema.[35,37]
However, so far, nomethods exist to evaluate endothe-
lial dysfunction and vascular leakage during sepsis and
during the postoperative period; therefore, diagnosis
of fluid distribution during these scenarios is very dif-
ficult. The findings of Steppan et al. that the glycoca-
lyx is damaged during major abdominal surgery and
sepsis can explain the large fluid shifts into the inter-
stitial space.[30] During impaired endothelial barrier
function, colloidal solutions also distribute into the
interstitial space and can aggravate edema.Monitoring
of glycocalyx compounds in the bloodstream might
be employed for longer periods in order to determine
further endothelial barrier damage or amelioration of
endothelial function. This will possibly reduce vascu-
lar leaking, with its fateful impact on organ functions,
and improve the outcome of patients after abdominal
surgery and sepsis.

An important role of the glycocalyx in sepsis
has been demonstrated by Schmidt et al. in an
animal model of TNF-α-induced sepsis and lung
injury.[38] They tested the hypothesis that sepsis-

associated lung injury is initiated by degradation of
the pulmonary endothelial glycocalyx, leading to neu-
trophil adherence and inflammation. Using intravi-
tal microscopy, they found that endotoxemia in mice
rapidly induced pulmonary microvascular glycocalyx
degradation. Glycocalyx degradation involved the spe-
cific loss of heparan sulfate and coincided with activa-
tion of the endothelial heparanase. Heparanase inhi-
bition prevented endotoxemia-associated glycocalyx
loss and neutrophil adhesion and, accordingly, atten-
uated sepsis-induced acute lung injury and mortal-
ity in mice. These findings are in an experimental
model. Nonetheless they demonstrate how powerful a
“glycocalyx-based” therapeutic strategy can be in a dis-
ease that is often deleterious and for which few thera-
peutic options exist.
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Chapter

12
Monitoring of themicrocirculation

Atilla Kara, Şakir Akin, and Can Ince

Summary

Perioperative fluid management requires com-
prehensive training and an understanding of the
physiology of oxygen transport to tissue. Admin-
istration of fluids has a limited window of effi-
cacy. Too little fluid reduces organ perfusion and
too much fluid causes organ dysfunction from
edema. In addition, isotonic saline carries the dan-
ger of hyperchloremia, whereas balanced crystal-
loid solutions are pragmatic choices of fluid in the
majority of perioperative resuscitation settings.

The prime aim of fluid therapy is to improve
tissue perfusion so as to provide adequate oxy-
gen to the tissues. Macrohemodynamical param-
eters and/or surrogates of tissue perfusion do not
always correspond to microcirculatory functional
states, and especially not in states of inflamma-
tion. Even when targets for macrohemodynamics
are reached, the microcirculation may still remain
damaged and dysfunctional.

Observation of the microcirculation in the
perioperative setting provides a more physiolog-
ically based approach for fluid therapy by possi-
bly avoiding the unnecessary and inappropriate
administration of large volumes of fluids.

Hand-held videomicroscopy is able to visu-
alize microcirculatory perfusion sublingually. It
can be used to monitor the functional state of
the microcirculation by assessment and quantifi-
cation of sublingual microvascular capillary den-
sity, and thus to guide fluid therapy.TheCytocam-
IDF device might provide the needed clinical plat-
form because of its improved imaging capacity in

∗ Summary compiled by the Editor.

terms of density and perfusion parameters as
well as providing on-line quantification of the
microcirculation.∗

Perioperative fluid management is an essential com-
ponent of successful surgical outcome. It is also a
highly controversial issue, with much debate concern-
ing the type and amount of fluids (restrictive ver-
sus liberal) and whether the administration of flu-
ids should be guided by hemodynamic goals.[1,2]
Although the debate is ongoing, the major factor that
determines the type and amount of fluid is the pref-
erence of the practitioner. A retrospective observa-
tional study on intraoperative fluid therapy practiced
at two US medical centers, on 5,912 patients undergo-
ing different types of abdominal surgery, found con-
siderable variability in the amounts of crystalloid solu-
tions being administered, with the average infusion
rate being 7.1 (SD 4.9) ml/kg per hour at both institu-
tions. In addition, this study confirmed that by far the
most important predictor of the amount of fluid being
administered was the individual anesthetist.[3]

The aim of fluid therapy during surgery is to ensure
normal hemodynamics, with themain purpose of pro-
viding adequate perfusion and oxygenation to the tis-
sue cells by replacing losses of fluid with appropriate
fluid types.[4] The physiological basis by which this is
achieved can be divided into three parts. The first part
concerns the systemic circulation, consisting of blood
pressure, cardiac output, and vascular resistance. The
second part concerns the peripheral microvasculature,
transporting oxygen-carrying red blood cells within
each organ. The final pathway of oxygen transport is
from the microcirculation to the mitochondria where
oxygen is utilized by the respiratory chain. Summa-
rized, there are two main determinants of oxygen

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Convection = (RBC/sec)*(Hbsat)*K

Diffusion = [D* A* (pO2(cap)–pO2 (mlt))]/I

tissue cell

RBC

L

pO2 (mlt)
pO2 (cap)

Figure 12.1 The convective and diffusive determinants of oxygen
transport from the microcirculation to the tissue cell. The
convective flow is defined by the product of the oxygen-carrying
saturation (Hbsat, in %) of the red blood cells (RBC), the rate at
which red blood cells enter the capillary (RBC/sec), and the
oxygen-carrying capacity of a RBC at 100% saturation (K = 0.0362
picoliters O2/RBC). The diffusive movement of oxygen from the RBC
to the mitochondria is defined by Fick’s law of diffusion where the
flux of oxygen shown above is the product of the oxygen gradient
from RBC to mitochondria and the diffusion distance D times the
exchange surface area (A), divided by the diffusion distance (l) from
the RBC to the mitochondria.

transport to tissue, the first being convective transport
of oxygen-carrying red blood cells to the capillaries,
and the second the passive diffusion of oxygen leav-
ing the red blood cells to the respiringmitochondria to
achieve ATP production by oxidative phosphorylation
(Figure 12.1).

Hemodynamic targets are conventionally aimed at
the promotion of convective flow, on the assumption
that hypovolemia is mainly associated with decreased
blood flow. In daily practice, when hypovolemia and
tissue hypoperfusion is suspected, fluids are givenwith
the expectation that tissue perfusion and oxygena-
tion will be restored. For this purpose, clinicians use
various systemic hemodynamic parameters, such as
heart rate, venous pressure, blood pressure, cardiac
output, stroke volume variation, and pulse pressure
variation to guide the amount of administered fluid.
Recent randomized controlled trials suggest that goal-
directed therapy aimed at optimizing systemic oxygen

transport fails to improve survival.[5,6] Hence, simply
correcting global systemic variables is ineffective in
promoting microcirculatory and tissue oxygen perfu-
sion. Pottecher and co-workers observed that changes
in cardiac output and microvascular variables after
fluid administration did not follow each other, sug-
gesting that mechanisms other than changes in car-
diac output may affect themicrovascular perfusion.[7]
Ospina-Tascon et al. [8] and Pranskunas et al. [9]
reported similar results when analyzing simultane-
ously systemic and microcirculatory effects of fluid
administration. Both studies showed that improve-
ment of microcirculatory perfusion was not coher-
ently related to increases in cardiac output. Similar
results were reported by Silva and co-workers when
using gastric mucosal pCO2 as a surrogate for tissue
perfusion.[10] De Backer et al. reported that the rela-
tion between systemic hemodynamics and the micro-
circulation is not fixed, even though cardiac output
and blood pressure values may be within normal
ranges.[11]

This shows that apparent adequate systemic hemo-
dynamics may be accompanied by derangements in
the microcirculation. The persistence of such a con-
dition has been shown to be related to adverse out-
come, especially in sepsis.[11] These studies suggest
that organ function is more directly related to the
success of perfusion and oxygenation of the microcir-
culation than simply the restoration of systemic hemo-
dynamic variables. Achievement of good microcircu-
latory function can, in this context, be considered to
be the primary target of cardiovascular resuscitation.

Administrating fluids to hypovolemic patientswith
the aim of achieving an increase in global flow by
optimizing systemic hemodynamics can actually result
in a decrease of oxygen availability at the cellular
level, owing to several mechanisms. Firstly, impor-
tant reductions in the oxygen-carrying capacity of
blood due to hemodilution can cause a decrease in
oxygen availability to the parenchymal cells. A sec-
ond condition might occur in the presence of capil-
lary leak. Tissue edema occurring in this manner can
be aggravated when fluids are infused, greatly wors-
ening the diffusive component of the oxygen trans-
port to the tissue cells. A third condition is when
fluid administration targeting elevated central venous
pressure results in impaired microcirculatory blood
flow because of venous tamponade.[12] This detri-
mental effect might be amplified when using fluid
therapy strategies targeting raised venous pressures, as
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currently recommended in some international guide-
lines.[13] A fourth condition can be caused by hetero-
geneous microcirculatory blood flow alterations due,
for example, to endothelial and red blood cell dysfunc-
tion and leukocyte activation as occurs in sepsis; this
can result in the shunting of microcirculatory weak
units and lead to regional tissue hypoxia.[14]

These issues indicate that the effects of fluid admin-
istration are indeed complex, and that improvement
of themacrocirculatory perfusion does not necessarily
result in a coherent optimization of the microcircula-
tion. From a physiological point of view, the integra-
tion of microcirculatory parameters to hemodynamic
monitoring would provide a helpful complement to
conventional systemic hemodynamicmonitoring.This
could allow us to optimize tissue perfusion and to
identify conditions where there is a loss of hemo-
dynamic coherence between systemic and micro-
circulatory determinants of oxygen delivery during
resuscitation. To this end, a functional microcircula-
tory approach has been proposed to optimize fluid
administration based on the concept of microcircu-
latory fluid-responsiveness balancing convective flow
to diffusive microcirculatory capacity with the aim of
achieving optimal oxygen transport to the cells.[4]

The microcirculation consists of a complex net-
work of small blood vessels (<100µm diameter) such
as arterioles (responsible for modulating local arterial
tone to match local metabolic demands), capillaries
(acting as the primary exchange place for supplying
oxygen and transporting metabolic cell waste prod-
ucts), and the outflow venules (where leukocyte inter-
actions take place and vascular permeability changes
largely take place). This complex system consists of
different cell types such as endothelial cells inside
microvessels, smooth muscle cells (mostly in arteri-
oles), red blood cells, leukocytes, and plasma compo-
nents in blood. These cellular systems interact with
each other and are regulated by different complex
mechanisms to optimize microcirculatory perfusion
with the aim of providing adequate oxygen transport
to the tissue cells.[15]

Microvascular perfusion can bemonitored directly
by various methods. It can be evaluated indirectly
by indices of tissue perfusion and oxygenation
such as skin mottling/capillary refill time, mixed-
venous and central-venous O2 saturation, lactate, laser
Doppler, tissue pCO2, and near infrared spectros-
copy.[16] Direct monitoring of the microcirculation
can be accomplished by hand-held videomicroscopy.

Several systems have been introduced. The first such
device clinically introduced by us was orthogonal
polarizing spectral (OPS) imaging, followed by its
technical successor sidestream dark field (SDF) imag-
ing. These first and second generations require video
capture and storage of movies followed by off-line
analysis of images to quantify abnormalities.[17,18]
These devices emit green light with a wavelength
(530 nm) which is absorbed by hemoglobin, thereby
identifying erythrocytes as dark moving cells through
themicrocirculation.The area of visualization is about
1 mm2.[19] Software-assisted analysis can be used
to give several indices related to microcirculatory
function. These include the microvascular flow index
(MFI), providing information about convective flow of
blood, functional capillary density (FCD; that portion
of functional capillaries in which there is flow), and
proportion of perfused vessels (PPV), which provides
information on diffusion distance of oxygen from the
capillary vessels to the tissue cells.[20,21]

The use of hand-held vital microscopy has gone
through a number of technological developments with
the ultimate aim of introducing these devices for rou-
tine clinical use. A third-generation device has recently
been introduced, called Cytocam incident dark field
(IDF) imaging, based on a computer-controlled imag-
ing sensor which allows automatic quantification of
images. This development has been made possible by
a new hardware platform, consisting of a high-density
pixel imaging sensor illuminated by short green light-
emitting diode (LED) pulses. Computer-controlled
synchronization of illumination and image acquisition
allows semi-automatic image analysis. The device is a
pen-like probe incorporating IDF illumination with
a set of high-resolution microscope lenses projecting
images on to the image sensor.The probe is covered by
a sterilizable cap.

Cytocam-IDF imaging is based on IDF, a principle
originally introduced by Sherman et al.[22]The recent
study by Aykut et al. validated this device and showed
that 30% more capillaries could be visualized with
Cytocam-IDF imaging than with its predecessors.[23]
Now that it has been validated, Cytocam-IDF imag-
ing may provide a new improved imaging modality
fit for routine use for clinical assessment of microcir-
culatory alterations in patients.[23] Results obtained
from hand-held videomicroscopy has contributed to
the understanding that microvascular dysfunction can
occur despite optimization of systemic hemodynamic
parameters. Several studies have in addition shown
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that the persistence of such microcirculatory alter-
ations is associated with postoperative complications,
increased length of ventilation, and even increased
mortality.[24–26]

Besides the correct physiological compartment
being targeted when monitoring the effects of fluid
therapy, the composition of the type of fluid is also
an essential component for optimizing fluid therapy.
The chloride content of normal saline is 154mmol/l,
which is much higher than that found in plasma
(101 to 110mmol/l) and also higher than in the so-
called balanced solutions such as (modified) Ringer’s
or Hartmann’s solution which contain other anions
than chloride (for instance, bicarbonate precursors
such as lactate, acetate, or gluconate).[27] The differ-
ence in chloride concentrations accounts for strong
ion difference of these latter solutions, which is closer
to the value of plasma (−42mEq/l). For this rea-
son administration of balanced salt solutions causes
less dilution acidosis than does administration of
saline.

Saline, however, is still by far the most commonly
used fluid for resuscitation. It has the lowest price
of all fluids, is relatively safe, and clinicians have an
extended experience with its use at the bedside. In
a recent trial on the association between saline and
postoperative complications associated with hyper-
chloremic acidosis, McCluskey et al. [28] found that
about 35,000 liters of crystalloid solution was used at
their institution per year, of which more than 55%
was saline. Ince et al. [29] reported that 11,800 liters
of saline was used for resuscitation during 12,857
treatment days in their 36-bed mixed intensive care
department in 2012, in comparison to 1,630 liters of
Ringer’s lactate (RL), the only balanced crystalloid
solution used in their department. Unfortunately, over
the past decade, evidence is accumulating concerning
the deleterious effects of saline.One of themost impor-
tant problems is thought to be the high chloride con-
tent of saline, resulting in hyperchloremic dilutional
acidosis.[30]

Hyperchloremia has been shown to be the cause of
various adverse effects including afferent renal arterial
vasoconstriction in animal models and in volunteers,
possibly contributing to kidney dysfunction.[31,32]
Three separate studies in pigs comparing 0.9% saline
with RL after 30min of uncontrolled hemorrhage
have been described.[33–35] All showed that 0.9%
saline required significantly greater volumes to reach
hemodynamic targets than RL (256±145ml/kg saline

vs. 126±67ml/kg RL, p < 0.04).[35] Hyperchloremic
acidosis and dilutional coagulopathy were also found
with saline.[35] Hypercoagulability and low blood loss
were noted with RL.[33] Extravascular lung water
index increasedwith bothfluid types, but this occurred
earlier and to a greater degree in the saline group.[34]
In a hemodilution study in pigs comparing col-
loids (0.6% hydroxyethyl starch [HES]) with crystal-
loids, using hematocrit as a target for hemodilution,
Konrad et al. [36] showed that much less colloid
than crystalloid was required to reach similar targets,
demonstrating the effectiveness of colloids for volume
expansion. Similarly in a rat hemorrhagic shock study,
where blood pressure was targeted as a resuscitation
endpoint, much less of a balanced crystalloid solution
was required to reach target in comparison with the
unbalanced crystalloid solution.[37]

In 30 patients undergoing major surgery, ran-
domized to receive either 0.9% saline or Plasma-
Lyte 148 at 15ml/kg per hour, those receiving saline
had significantly increased chloride concentrations
(�[Cl−] +6.9 vs. +0.6mmol/l, p < 0.01), decreased
bicarbonate concentrations (�[HCO3

−] −4.0 vs.
−0.7mmol/l, p < 0.01), compared with those receiv-
ing Plasma-Lyte 148.[38] There are two random-
ized controlled double-blind trials (n = 66 and n =
51) comparing 0.9% saline with RL in the periop-
erative period, with both showing that the use of
0.9% saline resulted in more adverse events than
RL.[39,40] In patients undergoing abdominal aortic
aneurysm repair, those receiving saline needed sig-
nificantly greater volumes of packed red blood cells
(780 vs. 560ml), platelets (392 vs. 223ml), and bicar-
bonate therapy (30 vs. 4ml) than those receiving
RL.[39] Hyperchloremic acidosis was found in the
saline group, but this did not result in a difference in
outcome.[39]

Recent large observational studies [28, 41–43] have
suggested that the high chloride content of 0.9% saline
may cause adverse events, especially when renal out-
comes are considered. Assessment of outcomes in a
propensity-matched study of 2,788 adults undergo-
ing major open abdominal surgery who received only
0.9% saline, and in 926 patients who received only a
balanced crystalloid on the day of surgery, showed that
unadjusted in-hospital mortality (5.6 vs. 2.9%) and the
percentage of patients developing complications (33.7
vs. 23%) were significantly greater (p < 0.01) in those
receiving 0.9% saline than in those receiving the bal-
anced crystalloid.[41] Althoughmortality in the saline

85
https:/www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.014
Downloaded from https:/www.cambridge.org/core. University of Birmingham, on 03 Apr 2017 at 19:18:52, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.014
https:/www.cambridge.org/core


Section 2: Basic science

group remained higher after correction for confound-
ing variables, the difference ceased to be significant.
Patients in the 0.9% saline group also received an aver-
age of 316ml more fluid (p < 0.001), had a greater
need for blood transfusion (odds ratio [95% CI]: 11.5
[10.3 to 12.7] vs. 1.8 [1.2 to 2.9]%, p < 0.001), and had
more infectious complications (p < 0.001), and were
4.8 times more likely to require dialysis (p < 0.001)
than those in the balanced crystalloid group. Overall
complications were fewer in the balanced crystalloid
group (odds ratio [95% CI]: 0.79 [0.66 to 0.97]).

Another study on 22,851 surgical patients with
normal preoperative serum chloride concentration
and renal function showed that 22% incidence of
acute postoperative hyperchloremia.[28] Of the 4,955
patients with hyperchloremia after surgery, 4,266
(85%) patients were propensity matched with an
equal number of patients who had normochloremia
postoperatively. Patients with hyperchloremia were at
increased risk of 30-day postoperative mortality (3.0
vs. 1.9%; odds ratio [95% CI]: 1.58 [1.25 to 1.98]) and
had a longer median hospital stay (7.0 days [interquar-
tile range 4.1–12.3] vs. 6.3 days [interquartile range
4.0–11.3], p < 0.01) than those with normal postoper-
ative serum chloride concentrations.[28] Patients with
postoperative hyperchloremia were also more likely
to have postoperative renal dysfunction as defined by
a 25% decrease in glomerular filtration rate (12.9 vs.
9.2%, p < 0.01). All these studies have shown that
hyperchloremic acidosis is not a benign, self-limiting
metabolic disturbance. It can be stated that 0.9% saline
is neither “normal” nor “physiological” and that its
high chloride content can lead to many pathophysi-
ological changes, especially in renal function. These
negative changes were not seen after infusion of bal-
anced crystalloids.

A further topic of controversy concerns the effect
of balanced and unbalanced solutions on immune
suppression and modulation of coagulation.[27] It
has been assumed that normal, unbalanced saline
has proinflammatory properties relating to neutrophil
activation.[44,45] This could contribute to detrimen-
tal effects in trauma and sepsis resuscitation. Balanced
solutions such as RL may also be proinflammatory,
although it has been shown that the D-lactate form
was responsible for such effects.[45,46] Nevertheless,
on the basis of current literature there is adequate evi-
dence to suggest that the effects of balanced crystal-
loids are less detrimental than those of 0.9% saline,
especially in relation to renal function.

Although balanced solutions have some advan-
tages over 0.9% saline, normal saline is a better
choice of fluid than RL in certain clinical scenar-
ios such as brain injury where its isotonicity is of
benefit.[47,48] A subset analysis of the SAFE trial
showed the superiority of saline over albumin for brain
injury patients where the hypo-osmolality of the albu-
min solutions was thought to contribute to increased
intracranial pressures.[49] The plasma osmolality of
the albumin used in that study was in the range
of 280–300mosmol/kg H2O whereas saline osmo-
lality is 286mosmol/kg H2O, which can be consid-
ered isotonic. RL, on the other hand, is hypo-osmolar
(257mosmol/kg H2O) and can potentially promote
tissue edema and cause cells to swell, especially in con-
ditions where there is a damaged vascular endothelial
barrier such as can occur in brain injury.[50]. How-
ever, Roquilly et al., who used a balanced solution in
head injury patients, found that its use was compara-
ble to 0.9% saline, with patients showing no difference
in intracranial pressure increases following fluid ther-
apy.[51] Finally, some of the acetate-based solutions
contain calcium, which is contraindicated for blood
tranfusions where blood has been preserved in citrate-
based solutions.[52]

The most important impact of fluid therapy is
determined by the amount of fluid administered.[4]
Although fluid therapy is essential in the treatment
of hypovolemia and tissue hypoperfusion, overhydra-
tion and a positive fluid balance are considered harm-
ful and contribute to organ dysfunction.[4,53–56] Flu-
ids dilute blood and can decrease its oxygen-delivering
capacity. Less than 3% of oxygen transported by blood
is dissolved in plasma and fluids. Fluids transport
hardly any oxygen in themselves and are only effec-
tive in promoting blood flow. This means that fluid
therapy has a limited window of efficacy: excess flu-
ids cause a reduction in the oxygen-carrying capacity
of blood by causing toomuch hemodilutionwhile hav-
ing limited effects on cardiac output andmicrocircula-
tory blood flow.[4,36,57,58] In a clinical study, Arikan
et al. showed that fluid overload causes a reduction
in the oxygenation index associated with adverse out-
comes in pediatric patients.[59] Crystalloid fluids can
decrease mortality in hypovolemic patients, but opti-
mal type and dose of fluids remain to be defined.

Colloids have three- to four-fold greater plasma
volume-expanding and hemodynamic effects com-
pared with crystalloids and are the fluid of choice
when volume expansion is indicated as a result of
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hypovolemia.[60–63]The Colloids versus Crystalloids
for the Resuscitation of the Critically Ill (CRISTAL)
trial was designed to compare colloids and crystal-
loids in need of volume expansion due to hypov-
olemia. The trial included 1,443 patients in the crys-
talloid group and 1,414 patients in the colloid group.
Hypovolemic shock was the primary diagnosis in each
group. The trial showed that the use of colloids vs.
crystalloids did not result in a significant difference
in 28-day mortality, although 90-day mortality was
lower among patients in the colloid group. Addition-
ally, no evidence of an increased risk of renal replace-
ment therapy was detected in the colloid group.[64]
Another study, Crystalloid versusHydroxyethyl Starch
Trial (CHEST), involved 7,000 adults in the ICU. In
that study, the use of 6% HES (130/0.4), as compared
with saline, was not associated with a significant dif-
ference in 90-day mortality (relative risk, 1.06; 95%
CI, 0.96 to 1.18; P = 0.26). Although not an endpoint,
the use of HES was associated with a slight increase
in the rate of renal replacement therapy in a subset of
the initial included patient group. However, there was
a lower vasopressor requirement for the patients with
HES.[65] Even though starches have been brought
into disrepute in two large randomized control trial
studies (the CHEST and 6S trials), it is important to
realize that these colloid fluids were administered to
patients who were not hypovolemic and in need of
volume expansion, and their results should be inter-
preted with reservation. Indeed, in the CRISTAL trial
where patients were truly hypovolemic and in need of
volume expansion, colloid, of which the majority was
starches, resulted in an outcome benefit. In a micro-
circulation trial in septic shock patients, Edul and co-
workers compared 6% HES 130/0.4 to saline solu-
tion targeting mean arterial pressure. They found that
fluid resuscitation with 6% HES 130/0.4 needed less
volume than saline solution to normalize sublingual
microcirculation.[66]

Atasever et al. [67] compared red blood cell trans-
fusion to gelatin solutions and to no infusion after car-
diac surgery, and studied the effect on microvascular
perfusion, vascular density, hemoglobin, and oxygen
saturation.They found no difference in changes in sys-
temic delivery O2, O2 uptake, and extraction between
the groups. Relative to gelatin or control, however, red
blood cell transfusion increased perfused microcir-
culatory vessel density, hemoglobin content, and sat-
uration in the microcirculation, while microcircula-
tory blood flow remained unchanged. Restricted fluid

policy (usually defined as <7ml/kg per hour), on the
other hand, has been suggested in randomized stud-
ies in surgical patients to result in fewer complications
than standard or more liberal fluid strategy, regardless
of the type of solution used.[53–55,68–71] From this
point of view, colloid administration offers advantages
since less volume is needed, although care should be
taken to protect vulnerable organs such as the kidney.

Microcirculatory-guided fluid resuscitation would
provide a more physiologically based approach and
possibly avoid fluid overload.[4] Targeting the micro-
circulation in this waymay provide an important com-
plement to targeting systemic hemodynamic variables.
Functional microcirculatory hemodynamics (FMH),
in parallel to the concepts underlying functional
hemodynamics, may provide a new approach because
observing the microcirculation allows verification of
whether administration of fluids is successful in pro-
moting convective flow. It can also establish the pres-
ence of microcirculatory fluid responsiveness.[4,7,9]
The conceptual framework underlying FMH for opti-
mal administration of fluids, introduced by Ince [4],
is shown in Figure 12.2. The diagram is adapted from
the work by Bellamy [72] and Peng and Kellum [73]
whodemonstrated the dilemmaover how to decide the
optimal volume of fluid to be administered to a spe-
cific patient. Shown on the x-axis of Figure 12.2 is the
amount of fluid administered, and on the y-axis the
risk of developing complications.This figure illustrates
that in states of hypovolemia both too little and too
much fluid are associated with clinical complications.
In the concept of FMH, position A in Figure 12.2 is
defined as true hypovolemia where, in the presence of
clinical signs of hypovolemia, there is slowmicrocircu-
latory convective flow.This situation in FMH indicates
the need for fluid administration.

Microcirculatory fluid responsiveness is the obser-
vation that convective microcirculatory blood flow
increases as a result of fluid administration and signals
the success of fluid therapy. This view also means that,
despite the presence of clinical symptoms of hypo-
perfusion, if normalmicrocirculatory flow is observed,
then there is no physiological rationale for adminis-
tering fluids.[9] The optimal fluid volume is defined
as that needed to achieve normalized convective flow
with an optimal density of perfused capillaries (posi-
tion B in Figure 12.2).[4] If too much fluid is given,
then a loss of FCD is measured and the transport of
oxygen to the cells is compromised. Such a condition
is signaled by a reduction in FCD accompanied by an
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FIGURE 12.2 The conceptual framework of functional
microcirculatory hemodynamics. The relation is shown between
fluid volume administration on the x-axis and the chances of
developing clinical complication on the y-axis (adapted from [72]
and [73]). The left side of the diagram indicates hypovolemia, where
position A defines the condition in which clinical indicators of organ
hypoperfusion coincide with reduced convection, indicating the
need for fluid administration. Microcirculatory fluid responsiveness
is indicated by improvement in flow (from A to B). Optimal
convection and optimal diffusion (conserved FCD) define the
optimal amount of fluid volume administration shown in position B.
A diffusive limitation, which signals that too much fluid has been
administrated, develops as a result of prolonged diffusion distance
when RBC-filled capillaries are lost.

increase in the distances between red-blood-cell-filled
capillaries and indicates the development of diffusion
limitation, shown by position C in Figure 12.2. Thus,
observation of a loss of FCD during fluid therapy indi-
cates that enough fluid has been administered. A con-
servative strategy is then advised.
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Chapter

13
Pulmonary edema

Göran Hedenstierna, Claes Frostell, and João Batista Borges

Summary

Pulmonary edema can be either hydrostatic (car-
diac) or high-permeability (non-cardiac). In the
first type, therapy should focus on a reduction
of hydrostatic pressure. Pain relief and anxiety
relief reduces vascular pressures by bringing down
sympathetic nervous system drive. Treatment also
consists in oxygen supplementation, furosemide,
continuous positive airway pressure (CPAP) on a
tight-fitting face-mask, and possibly venesection.

High-permeability pulmonary edema implies
that the barrier function of the vasculature to
larger molecules and cells is no longer intact. The
permeability increase leads to a rapid and pro-
found fluid leakage, followed by inflammation
and destruction of lung parenchymal structure.
Treatment consists of fluid restriction while main-
taining adequate organ perfusion. Extracorporeal
membrane oxygenation (ECMO) may be used
in patients with severe non-cardiac pulmonary
edema. Adequate treatment of the primary etiol-
ogy of the condition is essential.

Resolution of pulmonary edemamight include
local reabsorption, clearance through the lym-
phatic system, clearance via the pleural space,
or clearance through the airway. Maintaining
spontaneous breathing, whenever possible, can-
not be over-emphasized. Spontaneous breathing
with CPAP both counteracts atelectasis formation
in the lung and facilitates the ability to clear secre-
tions with the re-emergence of cough.∗

∗ Summary compiled by the Editor.

The lung may react with edema and consolida-
tion in response to various insults. The morpho-
logical changes are accompanied by functional dis-
turbances signified by impaired ventilation-perfusion
matching and shunt, with subsequent impediment to
oxygenation of blood and carbon dioxide removal.
This chapter will review clinical and theoretical aspects
of pulmonary edema formation and treatment.

As a clinician, the prime question arising in fac-
ing pulmonary edema patients is, “What is the ratio-
nal approach that gives a patient the optimum chance
to heal?” First of all, a probable cause needs to be
established. It is practical and traditional to divide
pulmonary edema into at least two main groups:
hydrostatic (cardiac) pulmonary edema (HPE), and
high-permeability (non-cardiac) pulmonary edema
(HPPE).[1]

The division into twomain types of edema rests on
the knowledge that even a perfectly healthy lung may
react with a rapid and dangerous increase in extravas-
cular lung water (EVLW) if pulmonary capillary pres-
sure is elevated and maintained above 25mmHg.[2]

However, if pressure is reduced, reabsorption will
take place and we will see rapid clearing of the
fluid from lung parenchyma. The main safety fac-
tor involved is lymphatic drainage. Any process that
retards or obstructs lung lymph flow will thus pre-
dispose for pulmonary edema formation and slow
down reabsorption. In addition, patients with reduced
plasma oncotic pressure will react with edema forma-
tion at a lower threshold hydrostatic pressure.

Clinical aspects
Treatment of hydrostatic (cardiac) pulmonary
edema (HPE). From this introduction, it is obvious
that effective therapy should focus on a reduction

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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of hydrostatic pressure as soon as HPE is suspected.
Relieving pain and anxiety (IV administration of
morphine) reduces vascular pressures by bringing
down sympathetic nervous system drive; oxygen
supplementation releases hypoxic pulmonary vaso-
constriction, which adds to a reduction in pulmonary
artery pressure; furosemide redistributes intravascular
fluid to the periphery even before enhancing diuresis,
all of which reduce filling pressures. Venesection or
a form of phlebotomy can be achieved by occluding
venous return from the legs, thus reducing central
venous pressure and favoring reabsorption of lung
fluid. Breathing a continuous positive airway pressure
(CPAP) on a tight-fitting face-mask should offer
immediate improvement in arterial oxygen saturation.
This can be explained by a reduction in shunting
through redistribution of edema in the lung at the
same level of EVLW, similar to applying positive
end-expiratory pressure (PEEP) during mechanical
ventilation (MV).[3]

Treatment of high-permeability (non-cardiac)
pulmonary edema (HPPE). HPPE is the hallmark of
acute lung injury (ALI) and its severe forms, acute
respiratory distress syndrome (ARDS).[4] For years,
intensive care unit meetings have been flooded with
information on etiology, therapeutic approaches, and
treatment strategies. We have seen expensive molec-
ular targeted therapies yield disappointing efficacy
results in one randomized study after another.

The crucial point to consider is that the bar-
rier function of the vasculature to larger molecules
and cells is no longer intact in HPPE. The perme-
ability increase leads to a rapid and profound fluid
leakage followed by inflammation and destruction of
lung parenchymal structure over a period of a few
weeks. Furthermore, the process is not completely irre-
versible, and patients displaying even the most severe
forms of disease are known to have pulled through and
progressed to an impressive recovery of lung function,
as tested up to a year after the acute illness.[5] Thus,
there is little room for therapeutic nihilism even in life-
threatening circumstances.

An important part of therapy in HPPE is fluid
restriction while maintaining adequate organ perfu-
sion. A recent study of patients treated with extra-
corporeal membrane oxygenation (ECMO) reported
a fairly good outcome.[6] A combined approach was
used, aiming at a strongly negative fluid balance,
by applying continuous veno-venous hemofiltration
when necessary, as well as early reestablishment of

spontaneous breathing (SB) efforts on continuing
ECMO support of gas exchange (Dr K. Palmér, per-
sonal communication). Their overall aim is to opti-
mize pulmonary edema resolution capacity, where SB
is thought to pump out extravasated fluid through the
lymphatic system. A further advantage of ECMO is
that the low central venous pressure does not oppose
lymph drainage. The clinical hypothesis is based,
among other observations, upon animal studies dis-
cussed earlier.[7] Therapy of HPPE threatens to fail if
the primary etiology of ALI/ARDS is not treated ade-
quately, such as correct antibiotics in sepsis, surgery
for an abdominal compartment syndrome, drainage
of septic foci, stabilization of fractures, administration
of steroids if rheumatoid-type cause is suspected, and
much more.

Spontaneous breathing.The importance of main-
taining SB cannot be over-emphasized. In addition to
the above, SB at CPAP may both counteract atelec-
tasis formation basally in the lung and facilitate the
ability to clear secretions with the re-emergence of
cough. Restricted use of sedatives brings amore awake
patient, who can move around in the bed a little, and
allows the patient to participate in physiotherapy. It
should be mentioned that pulmonary edema might
be seen in a few additional and more unusual cir-
cumstances. Among them, we recognize pulmonary
edema due to extreme negative intrapleural pressures
(occluded upper airway and breathing efforts), pul-
monary edema after re-expansion of collapsed lung,
and high-altitude pulmonary edema.

Theoretical aspects of pulmonary
edema
About a century has passed since Starling pre-
sented experiments demonstrating that hydrostatic
and oncotic factors balanced each other over the cap-
illary membrane, determining the rate of fluid mov-
ing from the circulation to an extravascular region. A
later modification of his work led to the equation now
named after him:[8]

Q = K f (Pmv − Ppmv) − δ(πc − πt)
where Q is the net fluid filtration from the pulmonary
microvascular (intravascular) capillary system to
the peri-microvascular (extravascular) pulmonary
tissue, Kf is the capillary filtration coefficient, P is the
hydrostatic pressure, given as Pmv and Ppmv in the
microvascular and peri-microvascular compartments,
respectively, δ is the protein reflection coefficient –
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varying between 0 (freely permeable) and 1 (non-
permeable to proteins) – and π is the protein colloid
osmotic pressure in the microvascular (πc) and peri-
microvascular (πt) tissue. The expression Kf reflects
the surface area available for fluid and the hydraulic
conductance for fluid.

It is obvious from this expression that edema may
form in a tissue for a variety of reasons or combination
of factors. In the lung, we recognizeHPE as opposed to
HPPE.The idea here is that the former may be a result
of mainly extrapulmonary factors, such as left heart
failure. In contrast, the latter type of edema is mainly
caused by an alteration of the permeability of the capil-
lary membranes in the lung, permitting fluid and large
molecules to extravasate even with normal vascular
pressures. Naturally, the therapeutic approach, apart
from symptomatic support, differs according to the
etiology of edema formation.

Experimental studies on pulmonary
edema
Edema may accumulate because of a combination of
altered hydrostatic and permeability factors. This can,
for example, be seen in early experimental septicemia
caused by injecting live bacteria or lipopolysaccha-
rides. Sheep typically react with both a sharp increase
in pulmonary artery pressure and an increased perme-
ability in lung capillaries.[9] Both these factors, there-
fore, contribute to edema formation in the lung.

To what degree the maintenance of a high airway
pressure is detrimental has been the subject of con-
siderable debate. We have experienced an era where
the idea of “super PEEP” was advocated by some
groups in the treatment of ALI. Because MV was
introduced in the treatment of ALI, it was obvious
that barotrauma, with or without pneumothorax, was
an adverse effect to consider when using intermittent
positive-pressure ventilation.[10] The Kolobow group
studied sheep treated with MV that had their lungs
overexpanded by the application of peak airway pres-
sures at 50 cmH2O.[11] With this ventilator setting,
the clinical picture of ARDS could be produced byMV
alone.

Webb and Tierney created impressive alveolar
edema in rats by ventilating with high airway pres-
sures for only 20min.[12] This work was con-
firmed and extended by Dreyfuss and Saumon [13],
suggesting the term “volotrauma” as opposed to
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Figure 13.1 Pulmonary lymph flow (RLD + TD) and abdominal
lymph flow (TDA) during mechanical ventilation (MV) and
spontaneous breathing (SB) in a 30 kg anesthetized dog. Note the
considerable increase in lung lymph flow during SB, suggestive of
impeded lymph drainage during MV. Note also the decrease in
abdominal lymph flow during SB. Whether this reflects decreased
capillary leakage remains to be shown. From Ref. [7].

“barotrauma.” This latter study offered evidence that
overexpansion of the lung tissue by volume alterations
is more damaging than overexpansion by pressure
alterations. We can conclude that severe lung dam-
age with edema can be caused by airway-mediated
mechanical factors, resulting in repeated tearing of
tissue due to overexpansion by volume. West and
Mathieu-Costello have published impressive electron
microscopic evidence of how “overexpansion by pres-
sure release” of either the airway or the capillary vessels
(increased blood pressure) will result in “stress failure”
of these structures.[14] The damaged structures allow
fluid, larger molecules, and sometimes whole blood
corpuscular elements to exit the circulation and par-
ticipate in edema formation.

Our group measured lung lymph flow in anes-
thetized dogs ventilated with or without PEEP. Dur-
ing MV with PEEP 10 cmH2O, the lymphatic flow
from the lung was reduced by almost 50% compared
with that occurring with zero end-expiratory pressure.
On the other hand, during SB, lung lymph flow was
markedly elevated (Figure 13.1).[7]This indicates that
intra-pulmonary pressure can influence lung fluid bal-
ance, and that SB considered in relation to lung lymph
flow might have an advantage when compared with
MV.
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Summary of factors that promote
pulmonary edema
A number of factors contribute to edema formation in
the early stages of lung injury:
1. Increased capillary pressure (fluid overloading,

left heart failure);
2. Elevated airway pressure causing barotrauma

(MV, PEEP, and need for higher tidal volumes due
to intra-pulmonary shunting);

3. Elevated airway pressure impeding lymphatic
drainage of lung tissue and possibly pleural
cavities;

4. Increased permeability of the capillary or
alveolo-capillary membranes;

5. Impeded active transport of water from the alveoli
back to the interstitium and circulation;

6. Extravasation of activated neutrophils and
macrophages, which further lowers permeability
after releasing inflammatory mediators locally and
into the bloodstream;

7. Microthrombotization of lung blood or lymph
capillaries by local activation of platelets, reducing
the functional area of the lung capillary bed,
which contributes to an elevated microvascular
(hydrostatic) pressure (flow limitation) and
possibly impedes the lymphatic flow.

Clearance of pulmonary edema
When discussing clearance of extravasated fluid from
the lung, the situation becomes very complex. From a
clinical point of view, it seems advisable on the basis
of the above discussion to keep vascular pressures low
(pulmonary artery pressure and central venous pres-
sure). We attempted to optimize Starling factors by
using a hyperoncotic, hypertonic infusion during pul-
monary edema in dogs, but found to our surprise that
this manipulation did not increase the rate of reduc-
tion of EVLW.[15] Obviously, other factors limited the
maximum rate of all relevant factors that determine
lung fluid balance.

An illustration of the need to take additional fac-
tors into account is the demonstration that the pleural
cavitiesmay act as safety factors delaying andminimiz-
ing edema formation. It is nowknown that a significant
portion of interstitial fluid during edema formation is
excreted into the pleural cavities and cleared from the
parietal pleura.[16] Experiments on dogs demonstrate

to what extent this animal is dependent on an intact
lymphatic system to clear the pleural cavity of protein-
rich, extravasatedfluids.Thiswas shownby ligating the
lymphatic vessels draining the pleural cavity and mea-
suring the rate of removal of indicator-labeled protein
from a pleural effusion.[17]The dog could not remove
such an effusion after lymphatic ligation. Our con-
clusion must be that a number of factors concerning
clearance of edema, and safety factors against edema
formation, have to be taken into consideration when
discussing the fluid balance of lung tissue. We have
previously suggested the calculation of “net fluid leak-
age” per time unit as a more relevant parameter to use
for such an analysis.[18]

Summary of factors that facilitate the
clearance of pulmonary edema
Our understanding today is that there exist several
ways by which the lung can rid itself of edema. Fluid
can be:

1. Locally reabsorbed through the capillary
membrane by Starling-type mechanisms, or
actively pumped out of the alveoli;[19]

2. Cleared through the lymphatic system as lymph
and returned to the circulation;[8]

3. Excreted to the pleural space directly from the
lung tissue and from there taken up into parietal
pleural lymphatics for return to the
circulation;[16]

4. Transported to the lung hilus interstitially and
from there migrate into the mediastinum and be
absorbed;[20]

5. Cleared through the airway.

Different pathways of fluid transport in the lung are
shown schematically in Figure 13.2.[21]

Ventilator-induced lung injury and
pulmonary edema
A concept that has emerged during the past few years
is lung damage caused by the ventilator per se, so
called ventilator-induced lung injury (VILI). Positron
emission tomography (PET) studies have shown that
measures of barrier function are a nonspecific index
of lung injury indicating functional, not structural,
lung injury.[22,23] PET imagingmethods canmeasure
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Figure 13.2 Pathways of filtered fluid from the intravascular to the
extravascular spaces in the lung. From Ref. [21].

the rate at which proteins move across the endothe-
lial barrier, from vascular to extravascular compart-
ments, the so-called pulmonary transcapillary escape
rate (PTCER). Palazzo et al. [24] used PET imaging
to measure PTCER in an in vivo canine model of
unilateral pulmonary ischemia-reperfusion injury and
found it to be increased in the ischemic lung. Inter-
estingly, both lungs had an increased PTCER when
comparedwith control non-ischemic lungs, suggesting
that injury in one lung can lead to similar injury in the
contralateral lung, a finding that has been observed in
an analogous clinical setting such as acute unilateral
pneumonia.

Calandrino et al. described that, while PTCER and
extravascular density (a close correlate to EVLW) were
both elevated in patients with ARDS, they correlated
poorly with one another on a regional basis.[22]More-
over, even as extravascular density returned to normal,
PTCER remained elevated suggesting that lung tissue
injury might be “subclinical” but still present, even
after pulmonary edema has actually resolved.This was
further confirmed by Sandiford et al. [25] who exam-
ined the regional distribution of PTCER and extravas-
cular densitymore closely in ARDS patients and found
ventral–dorsal gradients only for extravascular density
but not for PTCER. Once more, functional injury was

detected even in lung regions that appeared to be free
of structural injury.

The finding that the lungs of patients with ARDS
are more diffusely involved than what might oth-
erwise be assumed from just structural radiological
imaging, such as computed tomography, helps explain
why ARDS lungs are so vulnerable to VILI: radio-
graphically “normal” lung, i.e. lung with a normal
EVLW content, in non-dependent lung regions may
still be abnormal and vulnerable tomechanical stresses
caused by MV. These data tell us that non-dependent
regions of ARDS lungs are “at risk” because they
demonstrate subclinical evidence of injury, which
can be made manifest by inappropriate ventila-
tor use. Jones et al. [26] evidenced a surprisingly
high pulmonary uptake of [18F]-fluorodeoxyglucose
(18F-FDG) in patients with head injury, at risk of
developing ARDS but without lung symptoms at the
time of the scan. This signal may reflect sequestra-
tion of primed neutrophils in lung capillaries. In vitro
studies in isolated human neutrophils have demon-
strated that the uptake of deoxyglucose is increased
to the same extent in cells that are only primed, or
primed and stimulated.[27] This indicates the vulner-
ability of these patients while on ventilatory support,
because, even though neutrophils remain in a primed
state, any additional stimulus precipitates actual tissue
damage.

PET with 18F-FDG, which is a glucose-analog
tracer, offers the opportunity to study regional lung
inflammation in vivo. 18F-FDG is taken up predomi-
nantly by metabolically active cells and has been rec-
ognized as a key marker of neutrophilic inflamma-
tion in the inflamed non-tumoral lung.[28,29] There
is a theoretical concern that in ALI 18F-FDG might
leak to the alveolar spaces, becoming a major and
non-specific determinant of the 18F-FDG signal, and
potentially causing a false, non-inflammation-related
increase in the measured uptake (Ki). The presence of
edema, however, does not seem to affect the measure-
ment of Ki, as suggested by Chen et al. [30] who mea-
sured glucose uptake with 18F-FDG in anesthetized
dogs after intravenous oleic acid-induced ALI or after
low-dose intravenous endotoxin followedby oleic acid.
The rate of 18F-FDG uptake was significantly elevated
in both endotoxin-treated groups, but not in the group
treated only with oleic acid, leading the authors to con-
clude that pulmonary vascular leak, and consequently
edema, does not significantly contribute to the Ki in
ARDS lungs.
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Figure 13.3 Representative positron emission tomography and X-ray computed tomography images of net [18F]-fluoro-2-deoxy-D-glucose
uptake rate in an experimental model of ventilator-induced lung injury. Note the predominance of the activity in the normal and poorly
aerated regions as seen in the corresponding X-ray computed tomography image.

We studied the location and magnitude of early
inflammatory changes using PET imaging of 18F-
FDG in a porcine experimental model of ARDS.[31]
We evaluated the individual contributions of regional
injurious mechanisms during early stages of VILI. We
found the highest uptake in the normal and poorly aer-
ated regions, while the hyperinflated and non-aerated
regionswere similar to the control group (Figure 13.3).
These findings challenge the current notion that hyper-
inflation and/or repeated collapse and re-expansion of
alveolar units play themajor role in earlyVILI. Instead,
our data suggest that tidal stretch was highest in the
poorly and normally aerated regions, and that this
mechanism is the most important trigger of inflam-
mation in these conditions.They also support the con-
cept that the smaller the ventilated lung, the higher
the VILI-triggering forces will be, as a larger frac-
tion of tidal volume VT is delivered to a smaller lung
volume.

Ventilatory support and abdominal
edema
Although this chapter deals with pulmonary edema,
a short note will also be made on abdominal edema
formation since it can be heavily influenced by
lung disease and, in particular, ventilator support
with positive-pressure ventilation. Any impedance
of lymph drainage will promote edema formation,

and the mechanisms described for the lung in this
chapter will also apply for the abdomen. Thus, MV
can obstruct or increase the lymph vessel resistance,
mainly the thoracic duct that drains the abdomen and
passes through the thorax to drain into innominate
veins. Similarly, increased central venous pressure by
theMVor by othermeanswill also elevate the systemic
capillary pressure and cause an increased leakage into
the abdominal extravascular bed.[32]

ARDS has a high mortality of 30–40%, and the
mortality is caused more frequently by multi-organ
failure than by lung failure.[33] Thus, abdominal
edema formation may be as important as, or more
important than, lung edema in ARDS. Attempts have
been made to compare edema formation with inflam-
mation in the abdomen, but whether it is the edema
per se or reduced perfusion pressure of abdominal
organs that is important is not fully clear. Hypoperfu-
sion ismost likely an importantmechanism, but itmay
also be that the edema formation per se impedes the
perfusion.[34]

These observations may shed further light on the
concept of “lung protective ventilation.” Low “driving
pressure” has recently been shown to be beneficial for
outcome and may reduce intrathoracic pressure,[35]
although the level of PEEP is an additional factor with
impact on lymph drainage. Onemay ask towhat extent
low tidal volumes during ventilator treatment improve
outcome by lung protection or by abdomenprotection.
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Section 3 Techniques

Chapter

14
Invasive hemodynamic monitoring

Jonathan Aron and Maurizio Cecconi

Summary

The aim of hemodynamic monitoring is to enable
the optimization of cardiac output and therefore
improve oxygen delivery to the tissues, avoiding
the accumulation of oxygen debt, in the peri-
operative period. Instigating goal-directed ther-
apy based on validated optimization algorithms
has been shown to reduce mortality in high-risk
patients and complications in moderate- to high-
risk patients.

A number of devices are available to facili-
tate this goal. The pulmonary artery catheter was
the first hemodynamic monitor, but its invasive
nature precludes its routine use in today’s clinical
practice. More recently, devices that continuously
analyze the arterial pressure waveform to calcu-
late various flow parameters have been developed
and validated. These devices have facilitated the
introduction of hemodynamic monitoring to the
wider surgical population, providing useful clin-
ical information that enables the judicious use of
fluid therapy whilst avoiding hypervolemia.

This chapter explores the role that hemody-
namic optimization plays in perioperative care,
describes some of the commonly used invasive
hemodynamic monitors, and explains how to use
the information produced effectively. Used cor-
rectly, any monitor can be useful to improve out-
come if applied to the right population, at the right
time, and with the right strategy.

Hemodynamic monitoring refers to continuous mea-
surement of a hemodynamic variable. Cardiac output

(CO) monitoring enables the clinician to guide hemo-
dynamic management and improve oxygen delivery
(DO2). It began 50 years ago with the pulmonary
artery catheter (PAC) and has evolved to the lat-
est minimally invasive and non-invasive devices. The
use of these monitors to optimize CO and tissue
perfusion may positively influence the outcome for
patients in the perioperative setting. Implementing
this strategy successfully is dependent on correct inter-
pretation of the information produced so that the
appropriate interventions can be administered at the
appropriate time.

This chapter will analyze the role of hemodynamic
monitoring in the perioperative setting, describe some
of the most commonly used invasive devices and how
to use the information obtained from them in clinical
practice.

Evidence for hemodynamic monitoring
and optimization in the perioperative
period
Patients who achieve a higher CO, oxygen delivery,
and oxygen consumption after high-risk surgery have
long been observed to have a greater chance of sur-
vival.[1,2] This led to the concept that an “oxygen
debt” accumulated within patients who were unable to
mount a sufficient cardiorespiratory response to meet
the increased metabolic demands that occur during
and after surgery. In an important study, the use of
fluid and inotrope administration to achieve supra-
normal hemodynamic targets, guided by the PAC,
resulted in a decrease in mortality and morbidity in a
cohort of high-risk surgical patients.[1] Other inves-
tigators subsequently studied goal-directed therapy

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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(GDT) in the perioperative period and demonstrated
similar results.[3,4] Unsurprisingly, using invasive
monitoring was associated with increased resource
utilization and complications.[5] Subsequent develop-
ment of less-invasive technologies allowed the safe
implementation of hemodynamic optimization to be
applied to a wider surgical population.

The use of GDT to improve patient outcome has
been repeatedly reproduced in a variety of clinical set-
tings.[6–8] Recently published meta-analyses [9–11]
and a Cochrane review [12] in perioperative patients
have demonstrated that GDT reduces postoperative
morbidity, length of hospital stay, and mortality. In
particular, mortality was reduced in patients undergo-
ing high-risk surgery, andmorbidity was reduced in all
patient groups.[9,10] The most successful GDT pro-
tocols involved optimization of DO2 or CO, and this
was most effectively achieved if inotropes in addition
to fluid therapy were used to meet these targets in the
highest-risk group of patients.[9,10]

More recently, however, a number of studies have
found no benefit in using GDT.[13,14] It is likely
that after the introduction of initiatives that improve
the overall standard of perioperative care, such as
Enhanced Recovery After Surgery (ERAS), a single
change in management has less of a demonstrable
impact than it once did. The recent OPTIMISE trial
[15] also failed to demonstrate an improvement in out-
come when using GDT; however, in a sub-analysis
in which the first 10 patients managed at each cen-
ter were removed, the reduction in postoperative
complications became significant. This suggests that
optimization bundles are likely to require a period
of familiarization before they are used to their full
potential. Timing is also likely to be important:
when GDT was used later after surgery (within
48 hours of ICU admission), it was not found to
improve outcome and was even shown to harm some
patients.[16]

In summary, it should be emphasized that a CO
monitor is most effective in improving patient care if
it is used to facilitate a validated hemodynamic opti-
mization protocol. Used together correctly, hemody-
namic monitoring and appropriate therapy have the
potential to reduce mortality in high-risk patients,
and morbidity in moderate- to high-risk patients. It
is important to remember that any monitor can be
useful to improve outcome only if applied to the
right population, at the right time, and with the right
strategy.

Assessing a cardiac output monitor
Apart from safety and efficacy considerations, there are
likely to be institutional and financial factors that may
influence the choice of a particular CO monitor. The
clinician must be aware of the limitations of a device
with particular reference to the accuracy, the precision,
and the ability to track changes in physiology in the
specific patient population used.

Despite limitations in clinical use, the PAC has
become the gold standard by which most CO moni-
toring devices are assessed. The most frequently used
statistical method for comparing the accuracy of two
CO monitoring devices is the Bland–Altman method.
Critchley et al. defined an acceptable percentage error
of less than 30% for a clinical CO device.[17] How-
ever, comparison studies are not homogeneous, the
statistical methods used for analysis have been ques-
tioned, and acceptable performance limits remain
debatable.[18]

The role of echocardiography
Trans-thoracic and trans-esophageal echocardiogra-
phy provide an immediate point-of-care assessment
of fluid status, myocardial function, cardiac structure,
and response to treatment. Many hemodynamic mea-
surements are possible, including measures of right
heart function. However, its use as a continuous mon-
itor remains impractical apart from in specific settings
such as cardiac surgery, as the availability of equip-
ment and trained personnel may limit the widespread
implementation for perioperative monitoring. Trans-
esophageal echocardiography is used routinely during
cardiac operations where its role has been well estab-
lished in guiding and changing perioperative manage-
ment.[19]The use of echocardiography to manage the
shocked patient is recommended by an expert panel in
recent guidelines.[20]

Intra-pulmonary thermodilution: the
pulmonary artery catheter
The PAC was introduced in the 1970s and was the
first clinical hemodynamic monitor. Initially used for
patients with cardiac dysfunction, it rapidly became
the standard of care for perioperative monitoring in
high-risk patients for the subsequent 20 years and has
been extensively investigated in this context.

The PAC is a balloon-tipped catheter that is avail-
able in a range of lengths and sizes for adults and
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Table 14.1 Accepted indications for using a pulmonary
artery catheter (PAC) in current clinical practice

Category Example

Cardiac (medical)
especially in the context
of right ventricular failure

Complicated acute myocardial
infarction
Left ventricular failure
Right ventricular failure

Shock especially in the
context of right
ventricular failure

Differentiating between different
types of shock (for example
cardiogenic, septic, hypovolemic,
obstructive)

Pulmonary edema Differentiating between
cardiogenic edema and
non-cardiogenic edema

Monitoring and titrating
therapy

Fluids
Inotropes
Vasoconstrictors
Vasodilators
Mechanical assist devices

Pulmonary hypertension Primary and secondary
pulmonary hypertension
Intra-cardiac shunts

children. In addition to the balloon there are three
lumina, two of which terminate in the right atrium and
one that terminates distal to the balloon. A thermistor
wire is 4 cm from the tip, proximal to the balloon, and
measures blood temperature used in the calculation of
cardiac output.

See Table 14.1 for accepted indications for using a
PAC in current clinical practice.

Originally, an intermittent value for CO was
produced using manual thermodilution, requiring a
10ml bolus of cold fluid to be rapidly injected into
a proximal port of the PAC at the end of expiration.
The temperature of blood in the pulmonary artery
is plotted against time, and the area under the curve
is calculated (see Figure 14.1) to produce CO. The
addition of a heating element that automatically
semi-continuously warms the blood in the pulmonary
artery allows more continuous CO monitoring and is
the basis of the VigilanceTM system. The mean CO is
calculated over several minutes to improve the accu-
racy, resulting in a delay in the display of any acute
changes.

Complications
The rate of complications when using the PAC may
be inversely related to user experience. Complications
related to insertion are observed in 6% of cases. Car-
diac arrhythmias also occur frequently (12.5%) but
are usually transient (including atrial and ventricular
ectopic beats, ventricular tachycardia, and right bun-
dle branch block). Rare complications include catheter
malposition or knotting, valve trauma, and pulmonary
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Figure 14.1 Change in an arbitrary indicator plotted against time in patients with normal and low cardiac output states. A high cardiac
output state results in a greater dispersal of indicator resulting in a lower peak concentration and a prolonged wash-out curve. Flow is
inversely proportional to the rate of indicator change, and cardiac output is inversely proportional to the area under the curve
(Stewart–Hamilton calculation).

102
https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.016
Downloaded from https://www.cambridge.org/core. Stockholm University Library, on 22 Apr 2018 at 04:28:31, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.016
https://www.cambridge.org/core


Chapter 14: Invasive hemodynamic monitoring

arterial rupture. Late complications are infrequent if
the catheter is removed within 72 hours and include
infection, thrombosis, and pulmonary infarction.[21]

Limitations
Reliable results depend on correct catheter position,
injection technique, and thermistor accuracy. The
presence of intra-cardiac shunts, tricuspid or mitral
valve regurgitation, and mitral valve stenosis affects
accuracy. High ventilator pressures may also result in
falsely high CO readings. The avoidance of complica-
tions and the successful interpretation of the PAC data
are user-dependent.

Validation
Outcome studies are conflicting. As discussed previ-
ously, when the PAC was used to guide therapy in
high-risk surgical patients, a mortality and morbidity
benefit was found by several investigators.[1,3,4]How-
ever, subsequent studies have demonstrated poten-
tial harm by using the PAC and increased resource
utilization.[5,22,23] Some studies found that despite
guiding therapy, no outcome benefit could be demon-
strated.[22–24] In addition, the insertion and subse-
quent interpretation is heavily user-dependent, and
experience of the operator is likely to be important.
A Cochrane review concluded that PACs did not alter
hospital length of stay, mortality, or cost.[21] Impor-
tantly, complications occurring as a result of catheter
insertion did not result in harm or death.[21,22]

Summary of the PAC
PAC use may still be beneficial in a select group of
patients as discussed above and only if the operator
and the institution have experience in the insertion,
interpretation, and subsequent care of these catheters.
In this context it is still an important monitoring tool
and provides unique clinical information not easily
obtained from other modalities.

Arterial waveform analysis
These devices use an arterial pressure trace to continu-
ously calculate the CO. Compared with the PAC, they
are less invasive and require less expertise to insert,
maintain, and interpret. Continuous stroke volume
(SV) analysis allows the prediction of fluid responsive-
ness (discussed later), an advantage over intermittent
measurements provided by the PAC.

To calculate flow from the pressure trace, the device
must calculate the overall vascular impedance, based
on the measurement or prediction of vascular resis-
tance and compliance.Thismay be achieved by using a
calibrated technique or by using an uncalibrated tech-
nique based on normograph data.

Calibrated devices using pulse-contour
analysis or pulse-power analysis
A calibrated device will use an intermittent trans-
pulmonary dilution technique. An indicator injected
into venous blood will dissipate through cardiac and
pulmonary blood volumes before reaching the sys-
temic circulation where it is measured. The change in
indicator is plotted against time, and the area under the
curve is calculated by the modified Stuart–Hamilton
equation as for the PAC. Once calibrated, the device
will utilize pulse-contour or pulse-power analysis to
provide continuous SV and CO data.

PiCCOTM (Pulsion Medical Systems, Munich,
Germany)
The PiCCOTM family of devices (PiCCOplus

TM and
PiCCOO2

TM) use a rapid bolus of cold fluid as the indi-
cator, injected through a central venous catheter. A
proprietary thermistor-tipped catheter, which detects
the change in temperature, is inserted into the femoral
or axillary artery.The proprietary algorithm calculates
the aortic impedance and subsequently uses pulse-
contour analysis to continuously calculate the SV every
3 seconds. A number of static values of preload such
as global end-diastolic volume (GEDV) and intratho-
racic blood volume (ITBV) are also produced, dis-
cussed later.

The VolumeViewTM set EV1000TM platform
(Edwards Life Sciences, Irvine, USA)
The VolumeViewTM using the EV1000TM platform
software is calibrated with cold-bolus thermodilution
(as above) and uses pulse-contour analysis to mea-
sure similar values to the PiCCOTM system. A pro-
prietary thermistor-tipped femoral arterial cannula
is also required, and an optional PreSepTM catheter
for continuous central venous oxygenation monitor-
ing is available. The unique feature is the software
package, which presents the hemodynamic data with
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a graphical interface facilitating interpretation by the
operator.

The LiDCOTM system (LiDCO Ltd,
Cambridge, UK)
LiDCOTM uses lithium as the indicator to calcu-
late CO with the trans-pulmonary bolus technique.
The peripheral arterial catheter is connected to a
proprietary lithium-sensitive electrode which cre-
ates a voltage proportional to the lithium concen-
tration in the blood. The algorithm assumes net
power change is equal to net flow change and cali-
bration creates a correction factor for vascular com-
pliance. Pulse-power analysis (rather than the pulse-
contour) is subsequently used for continuous flow
monitoring. This system is less invasive as there is no
need for a central arterial catheter or central venous
access.

Validation of calibrated devices
The PiCCOTM in particular has been extensively val-
idated in animal studies and in a variety of clinical
conditions.[25] The use of GEDV to guide fluid
administration in a cardiac ICU reduced duration
of vasopressor and inotrope dependency, mechani-
cal ventilation, and length of stay.[26] The EV1000/
VolumeViewTM monitor has demonstrated accuracy
and reliability equal to that of PiCCOTM, and superior
accuracy in measurement of the GEDV.[27]

The LiDCOTM device has also been validated in
numerous clinical situations, including in patients
with impaired ventricular function after cardiac
surgery and undergoing liver transplantation, with a
wide variety of COs.[28,29] When used to facilitate
GDT in postoperative patients to target a supranor-
malDO2, a reduced rate of complications and length of
hospital stay were demonstrated,[30] and this is used
routinely in the author’s institution.

Limitations
All pulse-contour devices, calibrated or not, depend on
a good-quality arterial pressure trace. Severe arrhyth-
mias and the use of intra-aortic balloon pump aug-
mentation will result in unreliable data. A propri-
etary central arterial catheter and central venous
access are required to calibrate the device, increas-
ing the invasive nature of the technique. Owing to

changes in the vascular resistance, recalibration is
required frequently if there is an obvious clinical
change.

Summary of calibrated devices
These devices provide accuracy comparable to the PAC
with the obvious benefits of being less invasive and less
user-dependent, and allowing assessment of dynamic
indices. The limitations include reliance of a good-
quality arterial pressure trace and the need for recur-
rent calibrations over time. Each device has been val-
idated for the use in perioperative clinical practice
when used in conjunction with evidence-based opti-
mization protocols, and they have found widespread
clinical acceptance.

Uncalibrated devices using
pulse-contour analysis
Devices without the need for external calibration are
a more recent development to meet a need for a
user-independent system to display trend data. This
allows the assessment of dynamic indices to predict
fluid responsiveness and protocol-guided optimiza-
tion. Most devices use algorithms to calculate flow,
which rely on databases containing information from
laboratory or comparative studies. One newer system
(MostCareTM, Vytech) does not require calibration as
it analyzes the arterial waveform to calculate the vas-
cular impedance.

Vigileo/FloTrac SystemTM (Edward Life
Sciences, Irvine, USA)
This device requires a proprietary transducer to be
connected to a standard arterial catheter. Demo-
graphic data (age, height, sex, weight) are man-
ually supplied to calculate the predicted vascular
impedance.The arterial trace is sampled at 100Hz over
a 20 second period and compliance and resistance are
estimated. The arterial pressure waveform is continu-
ally analyzed for changes, and SV, CO, stroke volume
variation (SVV), and pulse pressure variation (PPV)
are displayed.

PulsioflexTM (Pulsion Medical Systems)
This system uses the same algorithm as the calibrated
PiCCOTM devices without in vitro calibration, instead
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relying on normograph data and biometric informa-
tion.The basicmodule will monitor SV, CO, SVV, PPV,
and a contractility measurement. For greater accu-
racy, CO data for calibration can be supplied manu-
ally, for example from an esophageal Doppler device.
The monitor is expandable and modules can be added
that allow bolus thermodilution calibration and con-
tinuous SVO2 monitoring.

LiDCOrapidTM (LiDCO Ltd,
Cambridge, UK)
This un-calibrated system by LiDCOTM calculates the
correction factor for SVR. Using normograph data
produced by the manufacturer, aortic blood volume is
calculated based on age, height, weight, and body sur-
face area. Newer models also allow the escalation of
monitoring with transpulmonary dilution calibration,
if required.

MostCareTM System (Vytech,
Padua, Italy)
The MostCareTM system is the latest evolution of CO
monitor that des not require in vitro or external cali-
bration using a pressure recording analytical method
(PRAM) to calculate vascular impedance. The high
sample rate of 1,000 Hz is able to identify subtle accel-
eration or deceleration changes in the arterial wave-
form produced by retrograde waves originating from
the distal vascular tree. These changes are used to cal-
culate the peripheral vascular impedance and there-
fore produce an extremely reactive system allowing
calculation of SV, CO, and vascular resistance.

Validation of uncalibrated devices
A number of studies have been performed compar-
ing the accuracy of the three pulse-contour systems
described above.

The accuracy of the Vigileo/FloTracTM device has
been questioned despite several incremental updates.
The first iteration showed poor agreement with PAC-
derived values, and later generations remain unac-
ceptably inaccurate, with published error rates of 40%
in non-cardiac patients.[31] Detection of cardiac out-
put changes due to fluid bolus administration and
vasopressor therapy [32] was also unreliable. It has,
however, been used successfully in protocols for fluid

administration in general surgical patients [33] and
orthopedic patients.[34]

The uncalibrated LiDCOTM and PiCCOTM devices
produce acceptably accurate results when compared
to the PAC and are more able to track physiological
changes than the FloTracTM in a number of clinical sit-
uations.[35]The PiCCOTM device is able to accurately
track the changes in the CO during fluid and vasopres-
sors administration,[36] and both these devices have
been successfully used to guide intravenous fluid ther-
apy using GDT based on SV optimization and SVV in
the perioperative period.

In patients undergoing cardiac interventional pro-
cedures and cardiac bypass surgery, PRAM performed
well when compared to the PAC [37–39] and echocar-
diography.[39] In addition, it appears to be accurate
in patients with low CO states, receiving inotropes
or intra-aortic balloon pump augmentation. Although
promising studies exist, larger validation studies are
still required.

Summary of uncalibrated devices
These devices are useful for the perioperative patient
as they are minimally invasive, do not require cali-
bration and are not user-dependent. The use of these
devices in conjunction with evidence-based GDT pro-
tocols has been shown to reduce complications fol-
lowing surgery. However, convenience is traded for
accuracy, and it is likely that in a hemodynami-
cally compromised patient, an alternative monitoring
device may be more appropriate.

How to use thesemonitors to predict
fluid responsiveness
The aim of perioperative care is to avoid the accumu-
lation of oxygen debt by maintaining adequate oxy-
gen delivery to the tissues. The first step is to identify
patients who are not able to do this by themselves, by
instigating the appropriate physiological monitoring.
If augmentation is required, the clinician must deter-
mine whether this can be achieved with intravenous
fluid therapy. Thus we need to predict which patients
are likely to be fluid- or preload-responsive.

Static markers of preload status
Static markers of cardiac preload status include the
central venous pressure (CVP), pulmonary artery
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Figure 14.2 A: Positive intra-thoracic pressure reduces right ventricular (RV) filling. The reduced RV output flows through the pulmonary
circulation resulting in reduced LV filling and a reduced SV, apparent 2–3 seconds later during expiration. After a fluid bolus the effect is less
pronounced. B: The Starling curve. A change in ventricular preload due to positive-pressure ventilation has a marked effect on SV′ in the
volume-depleted state when the ventricle is operating on the steep position of the curve. This results in a large SV′ variation over several
cardiac cycles. In comparison, the same change in preload in the volume-replete state causes little variation in SV′ .

occlusion pressure, ventricular end-diastolic volumes,
GEDV, ITBV, and extravascular lung water (EVLW).

GEDV and ITBV are two static markers of preload
provided by pulse-contour analysis devices (PiCCOTM

and VolumeViewTM). They have been incorporated
successfully into a number of optimization protocols
as discussed earlier and are superior to the CVP at
identifying the fluid-responsive patient.[40] EVLW
reflects the amount of pulmonary interstitial fluid.
It does not correlate well with oxygenation or chest
radiograph lung opacification but does reflect severity
of illness and length of ventilation. Reducing the ITBV
to normal levels may reduce the EVLW.

These values do not reliably predict the fluid-
responsive state and are unable to identify which
patients will benefit from fluid therapy.This is because
the relationship between cardiac reserve, vascular
reserve, and contractility is too complex to be ade-
quately represented by one cardiac measurement.[40]

Dynamic markers of preload status
The application of a physiological change that alters
ventricular preload allows the functional assessment

of the cardiovascular system as a whole. Measuring
changes in CO and SV before and after the preload
change enables the reliable prediction of a fluid-
responsive state.

Heart–lung interactions
In a patient who is undergoing mechanical positive-
pressure ventilation, there is a cyclical (predictable)
change in intrathoracic pressure. During inspiration,
positive pressure impinges the right heart intermit-
tently, reducing ventricular filling which is more
affected in the volume-depleted state. Reducing right
ventricular SV reduces left ventricular filling, and sub-
sequently a decrease in left ventricular SV is seen 2–
3 seconds later, during expiration (Figure 14.2). This
delay is due to pulmonary flow transit time.

The variation in SV or pulse pressure over the res-
piratory cycle that occurs is due to the above phe-
nomenon. A PPV or SVV of greater than 13–15% pre-
dicts that there will be an increase in CO in response
to fluid administration. This has been validated in
mechanically ventilated patients undergoing normal
tidal ventilation (even as low as 8ml/kg tidal volume)
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in a variety of clinical situations.[40] Most CO mon-
itors calculate and display the PPV or SVV over a
period of 10–20 seconds.

Limitations
Spontaneous ventilation results in varying intratho-
racic pressure changes yielding uninterpretable results.
Low-tidal-volume strategies do not provide the degree
of intrathoracic pressure change required to produce
discernible changes. Cardiac arrhythmia will cause
beat-to-beat variation regardless of intrathoracic pres-
sure conditions. Right ventricular failure is also a con-
traindication since the cyclical effect of the ventilation
can affect the afterload of the right ventricle and gen-
erate falsely elevated PPV and SVV in the context of
non-fluid-responsive patients (in whom fluid admin-
istration may actually be harmful).

Increasing cardiac preload with a passive leg
raise, a fluid bolus, and an end-expiratory
hold
To increase preload transiently and reversibly with-
out administering fluid may be advantageous. In
a mechanically ventilated patient a rapid Trende-
lenburg maneuver will provide an immediate 200–
250ml bloodmigration into the central circulation.An
increase in CO ofmore than 10% is strongly predictive
of a positive response to a 500ml volume administra-
tion. The practical application of this maneuver may
be challenging in the operating theater.

Using the CO monitor, the percentage change in
SV before and immediately after a fluid challenge of
sufficient volume (usually 250ml) is calculated. An
increase of greater than 10–15% in SV indicates a posi-
tive response and predicts a fluid-responsive state.The
advantage of this technique is that it can be performed
in spontaneously breathing, awake patients.

An end-expiratory pause of 15 seconds reduces
intrathoracic pressure and allows increased ventricu-
lar filling. Studies have demonstrated that an increase
in CO or PPV of more than 5% during this period is
highly predictive of a positive response to fluid admin-
istration.

Using these indices in clinical practice
It is important to distinguish between predicting
fluid responsiveness, performing a fluid challenge, and

treating with fluid therapy. The first is done without
any fluid administration at all, which is the preferred
method and avoids inappropriate administration of
fluid. The second is using a minimal-volume fluid
challenge as a diagnostic (and therapeutic) test to see
whether the patient responds favorably.[41] The last
is treatment of hypovolemia, which may be achieved
using a number of different techniques.

Many algorithms exist that incorporate these con-
cepts.The concept of SV optimization relies on admin-
istration of fluid as boluses until the SVV or PVV is
less than 10%. Alternatively, a fluid bolus may be given
as an assessment or when the CO increases by more
than 10%, and repeated boluses may be given until no
further response is detected. Use of these algorithms
may allow a reduced volume of fluid to be adminis-
tered, achieving hemodynamic optimization without
over-administration of fluid therapy. These protocols
should not be used without consideration of the indi-
vidual patient and are therefore not a replacement for
clinical judgment.

Conclusion
Cardiac outputmonitoring in the perioperative period
is now safely available to a greater number of patients
owing to the improved risk–benefit profile of modern
devices.These devices allow the judicious use of intra-
venous fluid therapy to optimize oxygen delivery and
avoid hypervolemia. When used in conjunction with
an evidence-based GDT protocol it may improve the
outcome of patients in the perioperative period. Ade-
quate patient selection to identify moderate- to high-
risk cases is probably one of the most important parts
of these strategies.[10]

Each monitor has limitations that need to be con-
sidered by the clinician relying on the data provided.
It is likely that the use of a particular monitor is less
important than the implementation of a validated opti-
mization protocol for the majority of patients. The
monitoring tool may be escalated to a more inva-
sive, accurate device and used in conjunction with
echocardiography to manage the shocked periopera-
tive patient.
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Chapter

15
Goal-directed fluid therapy

Timothy E. Miller and Tong J. Gan

Summary

Perioperative morbidity has been linked to the
amount of fluid administered, with both insuffi-
cient and excess fluid leading to increasedmorbid-
ity, resulting in a characteristic U-shaped curve.
The challenge for us as clinicians is to keep our
patients in the optimal range at all times dur-
ing the perioperative period. Goal-directed ther-
apy (GDT) is a term that has been used for nearly
30 years to describe methods of optimizing fluid
and hemodynamic status. The arrival of a num-
ber of minimally invasive cardiac output monitors
enables clinicians to guide perioperative volume
therapy and cardiocirculatory support.

The most widely used monitor is the
esophageal Doppler. There are several others
that are able to analyze the arterial waveform to
calculate stroke volume and cardiac output, and
therefore use the “10% algorithm” in response to
a fluid challenge. There are a number of studies
that show improved outcomes with GDT-guided
fluid optimization, as demonstrated by a faster
return in gastrointestinal function, a reduction
in postoperative complications, and reduced
length of stay.The underlying mechanisms for the
success of GDT are thought to relate to avoidance
of episodes of hypovolemia, hypoxia, or decreased
blood flow that may cause mitochondrial damage
and subsequent organ dysfunction.∗

∗ Summary compiled by the Editor.

Over 310 million operations were performed world-
wide in 2012. For most patients, the risks of surgery
are thought to be low, and yet evidence increas-
ingly suggests that morbidity and mortality are more
common than expected. The recent European Sur-
gical Outcomes Study (EuSOS) provided data for a
population of more than 46,000 unselected patients
undergoing non-cardiac in-patient surgery from 28
European countries, and found that 4% of included
patients died before hospital discharge.[1]

High-risk surgery is associated with significant
morbidity and mortality. From a database of over
4million patients it has been shown that 80% of deaths
occur in only 12.5% of surgical procedures.[2] In addi-
tion, patients who develop complications but survive
to leave hospital often have reduced functional inde-
pendence and long-term survival.[3]

Optimization of the high-risk surgical patient dur-
ing the perioperative period aims to improve out-
comes in this patient population. Goal-directed ther-
apy (GDT) is a term that has been used for nearly
30 years to describe methods of optimizing fluid and
hemodynamic status. Unfortunately the termGDThas
not been standardized, and therefore can mean differ-
ent things to people, causing a significant amount of
confusion.

The term was first used to describe early oxygen-
targeted GDT in the 1980s and 1990s which used the
pulmonary artery catheter (PAC) to augment oxygen
delivery (DO2) to supranormal levels in high-risk sur-
gical patients. More recently, GDT with fluid alone
aims to maximize stroke volume (SV) and therefore
cardiac output (CO), using a minimally invasive CO
monitor. This review will concentrate on the evidence
for the benefit of such GDT during major surgery.

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Early GDT: supranormal oxygen
delivery
The first major GDT study was conducted by Shoe-
maker and colleagues in 1988.[4] This landmark
paper looked at patients undergoing high-risk surgery,
and compared standard of care with supramaximal
DO2. The hypothesis was proposed that increased
cardiac index (CI) and DO2 are necessary circu-
latory compensations needed to cope with high
postoperative metabolism. To do this in the pro-
tocol group a PAC was used to obtain targets of
CI >4.5 liter/min/m2, oxygen delivery index (DO2I)
>600ml/min/m2, and oxygen consumption index
(VO2I) >170ml/min/m2. This was achieved through
a combination of fluids, inotropes (principally dobu-
tamine), and vasopressors. Targets were based on
physiological values that they had observed in sur-
vivors after high-risk surgery,[5] and the results
showed a significant reduction in mortality.

This led to further studies of supranormal oxygen
delivery in high-risk surgery, using the same oxygen
delivery target of 600ml/min/m2. Boyd et al. in 1993
showed a reduction in mortality of 75% with GDT.[6]
Mortality benefits were also seen with preoperative
optimization,[7] as well as in cardiac [8] and general
surgery patients.[9]

The underlying mechanisms for the success of
GDT are thought to relate to avoidance of episodes
of hypovolemia, hypoxia, or decreased blood flow
that may cause mitochondrial damage and subsequent
organ dysfunction. Therefore, adequate tissue oxygen
supply throughout the perioperative period is the key
to successful outcomes.

Despite these promising results, the technique was
not widely adopted. The reasons for this are almost
certainly multifactorial. Early GDT required signif-
icant resources, was very labor intensive, and most
importantly was reliant on information from the PAC.
Catheterization of the right heart began falling out
of favor in intensive care units in the 1990s after the
publication of several observational studies showing
increased mortality.[10] As early GDT was linked so
closelywith the use of PAC, it became embroiled in this
controversy.

Thus, despite the fact that numerous trials have
shown that mortality, morbidity, and length of hospi-
tal stay can be reducedwith early GDT, widespread use
remained a pipedream for enthusiasts.
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Figure 15.1 Fluid load versus complications (modified from
Bellamy).[11]

Modern GDT: individualized volume
optimization
The past 20 years have seen the arrival of a number of
minimally invasive COmonitors that enable clinicians
to guide perioperative volume therapy and cardiocir-
culatory support. GDT uses these monitors to depict a
trend and optimize stroke volume and therefore CO.

Perioperative morbidity has been linked to the
amount of fluid administered, with both insuffi-
cient and excess fluid leading to increased morbid-
ity, resulting in a characteristic U-shaped curve (see
Figure 15.1).[11] Episodes of hypovolemia during
surgery can lead to organ hypoperfusion, ischemia,
and adverse outcomes. Conversely, a number of studies
have shown that perioperative fluid excess, particularly
crystalloid, can result in tissue edema and increased
complications.[12]

The challenge for us as clinicians is to keep our
patients in the optimal range at all times during
the perioperative period. Episodes of hypovolemia or
edema if severe can causemajormorbidity.More com-
monly, however, these changes can be subtle, with
bowel mucosa ischemia or edema causing gastroin-
testinal tract dysfunction and prolonged postoperative
ileus, with resultant inability to tolerate a normal diet,
and increased length of hospital stay.[13]

Traditional monitoring techniques are not use-
ful to accurately detect and optimize the volume sta-
tus of patients. Healthy volunteers can lose 25% of
their blood volume without any discernible change in
heart rate or blood pressure, whilst at the same time
advanced monitors show a significant reduction in
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Figure 15.2 Frank–Starling-based stroke volume optimization.

stroke volume and gastric intramucosal pH, implying
a degree of ischemia.[14] Central venous pressure
(CVP) monitoring has also been shown to be a poor
predictor of volume responsiveness.[15] A recent sys-
tematic review showed that CVP is not able to identify
which patients need more fluid, and concluded that
CVP should no longer be routinely measured in the
ICU, operating room, or emergency department.[16]

Advanced monitors in GDT can be used to mea-
sure CO and SV non-invasively, and thereby allow the
clinician to use fluid challenges to achieve SV opti-
mization (see Figure 15.2). When a patient is hypo-
volemic and on the steep part of the Starling curve, an
intravenous fluid challenge (VC1 in Figure 15.2) will
lead to a greater than 10% increase in SV. This patient
has “recruitable” SV, and is in a fluid-responsive
state. Fluid loading, typically with 250ml boluses of

intravenous colloid, should continue until the increase
in SV is less than 10% when the patient has reached
the flat part of the Starling curve.This “Frank–Starling
fluid challenge” provides a sophisticated method of
titrating intravenous fluids to complex patients.

A crucial difference from the earlier Shoemaker
concept for optimization is that the present approach
is individualized to optimize flow-related parameters
such as SV within the individual’s cardiac capacity,
as opposed to using predetermined supraphysiological
goals.

Esophageal Doppler
There are a number of technologies that can be used
for GDT. The most widely studied is undoubtedly
the Esophageal Doppler Monitor (EDM, Deltex Med-
ical, Chichester, UK). The Doppler probe is placed in
the esophagus and focused at the descending thoracic
aorta, where it uses the Doppler principle to measure
blood flow and produce a waveform (Figure 15.3).This
is then converted to SV using a nomogram of height,
weight, and age to estimate the cross-sectional area of
the descending aorta. EDM-derived SVmeasurements
have beenwell validated in different environments and
clinical scenarios.[17–22]

Another useful measurement is the corrected flow
time (FTc), which is the width of the waveform, or
length of systole in ms, corrected to a heart rate of
60. An FTc <350 ms is an additional indicator of
recruitable SV.

There are a number of studies that show improved
outcomes with EDM-guided fluid optimization, as

(A)

V
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oc
ity

Time

(B)

FTc

Figure 15.3 Esophageal Doppler. A: Schematic representation of esophageal Doppler probe in a patient, demonstrating the close relation
between esophagus and descending thoracic aorta. B: Characteristic velocity waveform obtained in the descending aorta. FTc: corrected flow
time.
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Table 15.1 Summary of perioperative esophageal Doppler monitor-guided GDT studies

Reference Surgical group
Patients
(n) Outcome

Mythen and Webb (1995) [28] Cardiac 60 ⇓ gastric acidosis in GDT
⇓ complications in GDT
⇓ LOS (3.5 days) in GDT

Sinclair et al. (1997) [30] Neck of femur fracture 40 ⇓ time FFD (5 days) in GDT
⇓ LOS (8 days) in GDT

Conway et al. (2002) [23] Major bowel 57 ⇑ ICU admissions in control, no difference in LOS

Gan et al. (2002) [24] Major general 100 ⇑ PONV in control
⇓ time to tolerating oral intake in GDT
⇓ LOS (2 days) in GDT

Venn et al. (2002) [31] Neck of femur fracture 90 ⇓ time FFD (6.2 days) in GDT (vs. control)
⇓ time FFD (3.9 days) in CVP (vs. control)

McKendry et al. (2004) [29] Cardiac surgery 174 ⇓ LOS (2.5 days) in GDT, no difference in complications

Wakeling et al. (2005) [25] Colorectal 128 ⇓ morbidity (GI and overall) in GDT
⇓ time to full diet (1 day) in GDT
⇓ LOS (1.5 days) in GDT

Noblett et al. (2006) [26] Colorectal 108 ⇓ morbidity in GDT
⇓ time to tolerating diet (2 days) in GDT
⇓ time FFD (3 days) in GDT
⇓ LOS (2 days) in GDT

Senagore et al. (2009) [27] Laparoscopic colorectal 64 no difference in LOS
no difference in complications

LOS, length of stay; FFD, fit for discharge; GI, gastrointestinal; PONV, postoperative nausea and vomiting.

demonstrated by a faster return in gastrointestinal
function, a reduction in postoperative complications
and reduced length of stay. Five studies were in
a major general/colorectal study population,[23–27],
two in cardiac surgery,[28,29], and two in patients
scheduled for repair of fractured neck of femur [30,31]
(see Table 15.1).

All of these studies used a 10% algorithm to opti-
mize SV, often combined with assessment of FTc to
predict fluid responsiveness. Although there are small
differences between the studies, a typical algorithm is
shown in Figure 15.4.

The major limitation of the EDM is the occasional
need for repositioning of the probe to optimize the sig-
nal, which can be time-consuming. There is a learn-
ing curve for positioning the probe, and as such it is
somewhat user-dependent. The use of electrocautery
can also interfere with the signal.

Nevertheless, the evidence base behind its use is
relatively strong, and its incorporation into Enhanced
Recovery after Surgery (ERAS) programs is cur-
rently a strong driving force for increased interest.[32]
Recently the Center for Medicare Services in the
USA have reviewed the literature and supported a

professional fee being paid to clinicians using EDM-
guided perioperative volume optimization.[33] The
Centre for Evidence-Based Purchasing division of the
NHSPurchasing and SupplyAgency in theUKhas also
recommended the EDM.[34]

Arterial pressure waveform analysis
The other major monitoring technique used in GDT is
arterial pressure waveform analysis. There are several
monitors available that are able to analyze the arterial
waveform to calculate SV and CO, and therefore use
the “10% algorithm” in response to a fluid challenge.

Arterial waveform analysis is also able to derive
dynamic parameters of fluid responsiveness, based
on cardiopulmonary interactions, such as stroke vol-
ume variation (SVV) and pulse pressure variation
(PPV). These dynamic variables are superior to tra-
ditional static indices such as CVP in predicting
volume responsiveness in mechanically ventilated
patients.[35]

The physiology behind SVV and PPV is relatively
simple. Positive-pressure ventilation induces cyclical
changes in the loading conditions of the right ventricle,
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START Figure 15.4 A typical combined FTc and
SV optimization algorithm.
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Figure 15.5 A Starling curve of left ventricular stroke volume
(SV) against left ventricular end-diastolic pressure (LVEDP)
demonstrating the change in SV that occurs with positive-pressure
ventilation. The starting position on the curve determines the
magnitude of the change in SV, and hence the SV variation. If the
patient is hypovolemic the LVEDP will cycle between A and B, with
respiration causing a cyclical change in SV and a swing in the arterial
line. If the patient is euvolemic LVEDP will cycle between C and D,
causing a much smaller change in SV.

with a reduction in preload during mechanical insuf-
flation. This will lead to cyclical changes in SV. If the
ventricle is operating on the steep part of the Starling
curve, the magnitude of the change in SV and blood
pressure will be greater, and will manifest itself as a
characteristic “swing” in the arterial line pressure with
respiration (Figure 15.5).

PPV and SVV represent “virtual” preload chal-
lenges occurring during each respiratory cycle in ven-
tilated patients. There is no need to administer fluid
to predict responders, with SVV or PPV greater than
10% accurately predicting a positive response to a
fluid challenge.[36] As these metrics predict respon-
ders with more accuracy than CVP or pulmonary

artery occlusion pressure (PAOP), there is less need for
invasive central lines.

Targeting a PPV or SVV <10–13% has been
shown to improve postoperative outcomes. At least
eight randomized controlled trials have demonstrated
that hemodynamic strategies based on PPV or SVV
monitoring allow a significant reduction in post-
surgical complications and hospital length of stay after
major abdominal surgery.[37]

There are some important limitations to the use
of the dynamic variables. The main limitation is that
patients should be fully mechanically ventilated with-
out any spontaneous breathing, and with a regular
R:R interval. Fortunately in the operating room this
is generally the case; less so in the intensive care
unit. For optimal results the tidal volume should
be 8ml/kg with “normal” intrathoracic and intra-
abdominal pressures. For example, during laparo-
scopic surgery after insufflation of the pneumoperi-
toneum, there will be an elevation of intra-abdominal
pressure (IAP) that will decrease chest wall compli-
ance, and consequently SVV and PPV will increase
independently of changes in blood volume.[38,39]
However, when IAP <15mmHg, SVV and PPV still
appear to predict fluid responsiveness fairly well,
although the thresholdmay be raised (fluid responsive
when PPV >15% rather than 10%).[38,40]

In practice, the limitations of each dynamic index
should be taken into consideration and the dynamic
variables used in combination with changes in SV to
ensure that fluid boluses are given at the appropriate
time to improve hemodynamics without any increase
in risk.
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Other technologies
An increasing number of new technologies that have
recently beenmarketed have the ability tomonitor CO
non-invasively.

The NICOM (Cheetah Medical, Boston, MA) is a
continuous non-invasive CO monitor based on chest
bioreactance that is accurate when compared with the
PAC.[41,42] It is totally non-invasive, comprising four
surface electrodes that are placed across the chest. The
NICOM has been shown to perform similarly to the
EDM in guiding GDT, with no clinically significant
differences in outcomes, and offers increased ease of
use as well as fewer missing data points.[43]

The ClearSight system (Edwards Lifesciences,
Irvine, CA) is another completely non-invasive
method of measuring CO using an inflatable finger
cuff. The cuff “clamps” the pulsating finger artery
to a constant volume by applying a varying coun-
terpressure equivalent to the arterial pressure. This
results in a continuous pressure waveform that resem-
bles an arterial line waveform, reliably tracks blood
pressure,[44] and serves as the basis for determining
continuous CO. There appears to be good correlation
between ClearSight-derived CO and the PAC.[45]

The pleth variability index (PVI) is a similar value
to SVV and PPV that is continuously calculated from
the pulse oximeter tracing by the non-invasiveMasimo
monitor (Masimo Corporation, Irvine, CA). PVI-
based goal-directed fluidmanagement has been shown
to reduce intraoperative and postoperative lactate lev-
els.[46] As is the case with SVV and PVV, one should
always bear inmind the same limitations before taking
clinical decisions regarding the hemodynamic opti-
mization of patients.

The BioZ (Cardiodynamics Intl. San Diego, CA)
uses thoracic bioimpedance, which is less robust.[47]
The Aesculon (Osypka Medical, La Jolla, CA) uses
electrical velocimetry to interpret the maximal change
in thoracic bioimpedance to calculate CO, and has
been shown to be accurate.[48]The challenge forman-
ufacturers is to produce not only a well-validated,
reliablemonitor, but to showanoutcomebenefit in this
increasingly competitive field.

GDT within an Enhanced Recovery
program
In the past few years, Enhanced Recovery programs
are becoming standard of care for colorectal surgery,

and are increasingly being applied to other major
surgery.[49] Enhanced Recovery programs have been
shown to reduce length of stay for colorectal surgery
by 2.5 days, and decrease perioperative complications
by 50%.[50] Such programs aim to avoid prolonged
preoperative fasting, so that the patient is euvolemic
upon arrival to the OR, potentially making intraoper-
ative fluid management easier.

Single-center studies of GDT within an ERAS pro-
gram have failed to find the same benefit on post-
operative outcomes as the early studies.[51,52] This
is perhaps not surprising, as care within the control
group has significantly improved, making it harder to
observe a difference versus GDT.

The multicenter POEMAS study randomized 142
patients undergoing major abdominal surgery within
an Enhanced Recovery pathway to GDT using the
NICOM or control, and found no difference in
the incidence of overall complications or length of
stay.[53]

In contrast, the larger multi-center OPTIMISE
study focused on GDT using the LiDCO rapid sys-
tem (LiDCO Ltd, Cambridge, UK) on 734 high-risk
patient undergoing major abdominal surgery.[54] A
significant proportion of these patients were managed
within an ERAS pathway. In this high-risk population
there was a non-significant trend towards decreased
complications (36.6% vs. 43.4%, p = 0.07) and 180-
day mortality (7.7% vs. 11.6%, p = 0.08) in the GDT
group compared with usual care.The study was under-
powered, as the complication rate in both groups was
less than expected. However, inclusion of these data in
an updated meta-analysis indicated that the interven-
tion was associated with a reduction in complication
rates.[54]

Therefore, whilst ERAS programs may have raised
the threshold for benefit, current evidence suggests
that there will still be many patients, whether expected
or unexpected, for whom SV optimization will be
beneficial. Many patients who are undergoing major
surgery outside of ERAS pathways, such as vascular
surgery, will also benefit from GDT.

Ultimately the need for GDT is specific to the
patient, surgeon, procedure, and institution. Each
institution needs to look at its outcomes and bench-
mark data for the benefitting population against other
institutions beforemaking an informed decision about
appropriate implementation of GDT.This data should
include length of stay, readmission rate, mortality,
and costs. All patients should have an individualized
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plan for fluid management rather than a formulaic
approach based on body weight and duration of sur-
gical exposure. For patients undergoing colorectal
surgery with limited blood loss within an ERAS
pathway, minimal fluid may be required, and GDT
may not offer additional benefits.[55] However, cur-
rent evidence suggests that for the majority of patients
undergoing major surgery, GDT remains the tech-
nique of choice for perioperative fluid and hemody-
namic optimization.[56]

Which fluid should I use?
Although the need for maintenance fluids has recently
been questioned, most GDT algorithms use a back-
ground infusion of a balanced crystalloid solution at
1–3ml per kg per hour based on ideal body weight.

In addition, most GDT algorithms in the litera-
ture have used a colloid solution for fluid boluses.
This is based on the principle that in the setting of
hypovolemia a colloid will restore blood pressure and
therefore organ perfusion faster and with less vol-
ume.[57] However, in clinical practice the superiority
of colloids over crystalloids remains unresolved.[58] A
recent study comparing crystalloids and colloids for
fluid boluses within a GDT algorithm found no dif-
ference in the primary outcome of postoperative gas-
trointestinal morbidity.[59] Therefore, in practice, a
combination of crystalloids and colloids are used for
fluid challenges, with colloids typically reserved for
definitive evidence of significant intravascular hypo-
volemia with blood loss.

Conclusion
As the population ages, the number of patients requir-
ing high-risk non-cardiac surgery is only going to
increase. The concept of individualized GDT for
these patients seems to improve outcomes by ensur-
ing adequate tissue perfusion at all times peri-
operatively. The underlying mechanism behind the
success of GDT is related to the optimization of DO2
to the tissues. This avoids an oxygen debt, which can
cause mitochondrial damage and organ dysfunction.

Many authors have described how the use of GDT
can reduce morbidity and length of stay in high-risk
surgical patients, although most of the studies have
been performed on small sample sizes from single cen-
ters. Two recent meta-analyses focusing on renal func-
tion [60] and gastrointestinal function [61] have also
showed that surgical patients receiving perioperative

GDT are at decreased risk of renal and gastrointesti-
nal impairment, which account for a significant pro-
portion of postoperative morbidity. The largest study
of GDT to date is the OPTIMISE study which showed
a trend towards a reduction in complications that did
not reach statistical significance. A larger OPTIMISE–
2 study is planned.

Perioperative GDT has not become standard of
care for a variety of reasons. It remains a challenge
to implement GDT because of the significant commit-
ment and resources needed. However, with an increas-
ing number of studies being published on the clinical
utility of non-invasive hemodynamic monitoring, the
use of GDT should continue to gain popularity.
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Section 3 Techniques

Chapter

16
Non-invasive guidance of fluid therapy

Maxime Cannesson

Summary

Optimization of oxygen delivery to the tissues
during surgery cannot be conducted by moni-
toring arterial pressure alone. Therefore, apart
from cardiac output monitoring, functional
hemodynamic parameters have been developed.
These parameters indicate “preload dependence,”
which is defined as the ability of the heart to
increase stroke volume in response to an increase
in preload. The Frank–Starling relationship links
preload to stroke volume and presents two distinct
parts: a steep portion and a plateau. If the patient
is on the steep portion of the Frank–Starling rela-
tionship, then an increase in preload (induced by
volume expansion) is going to induce an impor-
tant increase in stroke volume. If the patient is on
the plateau of this relationship, then increasing
preload will have no effect on stroke volume.
The functional hemodynamic parameters rely on
cardiopulmonary interactions in patients under
general anesthesia and mechanical ventilation
and can be obtained invasively from the arterial
pressure waveform or non-invasively from the
plethysmographic waveform. Here, the effects
of positive-pressure ventilation on preload and
stroke volume are used to detect fluid responsive-
ness. If mechanical ventilation induces important
respiratory variations in stroke volume (SVV)
or in pulse pressure (PPV) it is more likely that
the patient is preload-dependent. These dynamic
parameters, including passive leg raising, have

∗ Summary compiled by the Editor.

consistently been shown to be superior to static
parameters, such as central venous pressure, for
the prediction of fluid responsiveness.∗

It is estimated that about 240million anesthesia
procedures are performed each year around the
world.[1] Among them, 24million (�10%) are
conducted in high-risk patients. If this is a small per-
centage of the whole population, one has to remember
that this sample accounts for more than 80% of the
overall mortality related to surgery.[2]

Moderate-risk surgery represents approximately
40% of the whole population (i.e. 96million patients
a year). Thankfully, most of these patients present
with uncomplicated postoperative course. However,
it is estimated that approximately 30% of them (i.e.
�29million patients a year) present with “minor”
postoperative complications mainly related to gut
injury inducing delayed enteral feeding, abdominal
distension, nausea, vomiting, or wound complications
such as wound dehiscence or pus from the operation
wound.[3] Even if these complications are said to be
“minor,” they induce an increased postoperative med-
ication, increased length of stay in hospital, and finally
an increase in the cost of the medicosurgical manage-
ment. In most of these patients, postoperative compli-
cations are related to tissue hypoperfusion and inade-
quate perioperative resuscitation.[3,4]

The function of the circulation system is to ser-
vice the needs of the body tissues, to transport nutri-
ents to the body tissues, to transport waste products
away, to conduct hormones from one part of the body
to another, and, in general, to maintain an appropri-
ate environment in all the tissue fluids of the body for
optimal survival and function of the cells.

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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To be achieved, this goal requires two physiologi-
cal objectives: adequate perfusion pressure in order to
force blood into the capillaries of all organs, and ade-
quate cardiac output to deliver oxygen and substrates,
and to remove carbon dioxide and other metabolic
products.[5,6] This is so true that several studies
have demonstrated that cardiac output maximization
during high-risk surgery has the ability to improve
postoperative patients’ outcome and to decrease the
cost of surgery.[7–10]

It is obvious that optimization of oxygen deliv-
ery to the tissues during surgery cannot be conducted
by monitoring arterial pressure alone. Because arte-
rial pressure and cardiac output are both dependent on
systemic vascular resistances, a normal or even supra-
normal arterial pressure does not guarantee that car-
diac output is not low. However, flow measurement
is technologically not as straightforward as pressure
measurements.

Therefore, apart from cardiac output monitor-
ing, new parameters (called functional hemodynamic
parameters) have recently been developed. These
parameters rely on cardiopulmonary interactions in
patients under general anesthesia andmechanical ven-
tilation, and can be obtained invasively from the arte-
rial pressure waveform (pulse pressure variation or
PPV [11,12]) or non-invasively from the plethysmo-
graphic waveform (�POP, the amplitude of the pulse
oximetric plethysmographic waveform,[13] or PVI,
for pleth variability index [14]).[15,16]

In this chapter we describe the rationale and the
potential applications of these non-invasive hemody-
namicmonitoring parameters during surgery and how
they can improve patients’ outcome by optimizing car-
diac output and oxygen delivery during surgery.

Preload dependence
Hypovolemia induces hypotension, oliguria, and
tachycardia. That’s a fact. But one has to be very
careful: these signs are not related to hypovolemia, but
they are related to severe hypovolemia.[17] Moreover,
they are not specific and can be present even in
the absence of hypovolemia. Consequently, they are
neither sensitive nor specific and cannot be used for
assessing a patient’s fluid status with accuracy.

Central venous pressure (CVP) or pulmonary cap-
illary wedge pressure (PCWP) have been used for
years for monitoring patients’ volemia. However, this
assumption has been made because CVP and PCWP

Stroke
volume

Preload0
0

Normal

Ventricular failure

Figure 16.1 Frank–Starling relationship between ventricular
preload and ventricular stroke volume. The first portion of this
relationship is called the steep portion and the second portion is
called the plateau. If the heart is working on the steep portion
(low preload), then an increase in preload (induced by volume
expansion) will induce a significant increase in stroke volume (here
the heart is said to be preload-dependent). If the heart is working on
the plateau (elevated preload), then an increase in preload (induced
by volume expansion) will not induce any significant increase in
stroke volume (here the heart is said to be preload-independent).
The Frank–Starling relationship does not only depend on preload
and stroke volume but also depends on ventricular function, and
the Frank–Starling curve is flattened when ventricular function
is impaired. Consequently, for a given preload value, it is not
possible to predict the effects of an increase in preload on stroke
volume.

were supposed to reflect ventricular preload or preload
dependence, which is actually wrong. And almost all
the studies focusing on the ability of CVP and PCWP
to predict fluid responsiveness have failed to demon-
strate any accuracy of these parameters for predicting
the effects of volume expansion on cardiac output.[18]

The main question that anesthesiologists and/or
intensivists have to answer before they perform
volume expansion is: “Will my patient increase car-
diac output in response to volume expansion?” What
he or she wants to know is: “Is my patient preload-
dependent or not?”

Preload dependence is defined as the ability of the
heart to increase stroke volume in response to an
increase in preload. To understand this concept, one
has to be reminded of the Frank–Starling relation-
ship. This relationship links preload to stroke volume
and presents two distinct parts: a steep portion and
a plateau (Figure 16.1). If the patient is on the steep
portion of the Frank–Starling relationship, then an
increase in preload (induced by volume expansion)
is going to induce an important increase in stroke
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volume. If the patient is on the plateau of this rela-
tionship, then increasing preload will have no effect on
stroke volume.

The Frank–Starling relationship does not only
depend on preload and stroke volume, but also
depends on cardiac function. When cardiac function
is impaired, the Frank–Starling relationship is flat-
tened and for the same level of preload the effects
of volume expansion on stroke volume are going to
be less important, explaining why preload parameters
such as CVP or PCWP are not accurate predictors of
fluid responsiveness (Figure 16.1). Instead of monitor-
ing a given parameter, functional hemodynamic mon-
itoring assesses the effects of a stress on this given
parameter.[19]

Functional hemodynamic parameters
For the assessment of preload dependence, the stress is
a “fluid challenge,” and the parameter is stroke volume
or one of its surrogates (pulse pressure or plethysmo-
graphic waveform amplitude for instance). Inmechan-
ically ventilated patients under general anesthesia, the
effects of positive-pressure ventilation on preload and
stroke volume are used to detect fluid responsiveness.
If mechanical ventilation induces important respira-
tory variations in stroke volume (SVV) or in PPV, it
is more likely that the patient is preload-dependent
(Figure 16.2).[15]

These dynamic parameters – SVV, PPV, and pas-
sive leg raising (PLR) – have consistently been shown
to be superior to static parameters (CVP, PCWP) for
the prediction of fluid responsiveness. Today CVP and
PCWP, as well as oliguria, hypotension, and tachycar-
dia, should no longer be used for predicting the effects
of volume expansion on cardiac output.[18,20]

Theoretically, the main interest of these dynamic
parameters is that they can be used as a surrogate
for cardiac output monitoring. As a matter of fact,
if one considers that knowing whether the patient is
preload-dependent (i.e. whether cardiac output can be
improved using volume expansion) is more impor-
tant than knowing the absolute cardiac output value,
then monitoring these parameters could replace car-
diac output monitoring itself (Figure 16.2).

However, dynamic parameters of fluid responsive-
ness based on cardiopulmonary interactions have sev-
eral limitations that need to be clearly stated before
they can be adequately used in the clinical setting.

Stroke
volume

Preload0
0

Figure 16.2 Frank–Starling relationship with associated
respiratory variations in the arterial pressure waveform signal.
Provided that respiratory variations in arterial pulse pressure are
studied in adequate conditions, high respiratory variations reflect
that the heart is working on the steep portion of the relationship
(indicating a preload dependence), while low respiratory variations
reflect that the heart is working on the plateau of the relationship
(indicating a preload independence).

Firstly, these parameters have to be used in
mechanically ventilated patients under general anes-
thesia. Up to now, studies conducted in spontaneously
breathing patients have failed to demonstrate that PPV
can predict fluid responsiveness in this setting.[21]
Moreover, tidal volume has an impact on the predic-
tive value of PPV and a tidal volume of 8ml/kg of body
weight is required.[22] Patients have to be in sinus
rhythm, the chest must be closed (open chest as well as
open pericardium strongly modifies cardiopulmonary
interactions) and the intra-abdominal pressure has to
be within the normal ranges.[23]

These dynamic indicators need to be further
explored in children and in the setting of left ventricu-
lar failure and acute respiratory distress syndrome.

To summarize, the conditions of application of
PPV for the purpose of fluid responsiveness are:
� patient under general anesthesia and mechanical

ventilation;
� tidal volume >8ml/kg of ideal body weight;
� sinus rhythm;
� no right ventricular failure;
� closed chest;
� normal intra-abdominal pressure.

Finally, PPVmonitoring requires an arterial line and is
more likely to be applied in high-risk surgery patients.
In moderate-risk surgery patients, the pulse oximeter
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waveform can be used to assess preload dependence as
described below.

Using the pulse oximeter to optimize
fluid status
The pulse oximeter waveform is based on a signal pro-
portional to light absorption between an emitter and
a receptor, which are usually placed on the fingertip,
on the forehead, or on the earlobe. Light absorption
increases with the amount of hemoglobin present in
the studied tissue.

The amplitude of the pulse oximeter plethysmo-
graphic waveform depends particularly on the ves-
sel volume (venous, arterial, andmicrocirculation vol-
ume) and on the transmural pressure applied on the
probe.[24] This waveform presents two components:
the first component is said to be constant (DC, as direct
current) and is due to light absorption by bone, tissue,
pigments, non-pulsatile blood (venous), and skin.The
second component is said to be pulsatile absorption
(AC, as alternating current) and is mainly related to
arterial pulse.

Venous blood is responsible for a slight pul-
satile absorption on the plethysmographic waveform
recorded at the forehead when the pulse oximetry
sensor is not pressed by an elastic tensioning head-
band (i.e. when the transmural pressure is low).[25,26]
Without the headband, venous saturation can induce
false low-saturation readings. At the finger, the pul-
satile component is due primarily to arterialized blood
and the venous pulse is less frequently seen. Low-
frequency oscillations due to changes in capillary den-
sity (sympathetic tone) have also been reported [27]
and can alter the waveform quality.

Shamir et al. were the first to describe the respi-
ratory variations in the plethysmographic waveform
(SPVpleth) and in its �downpleth component (by
analogy with the arterial �down) in patients present-
ing with various degrees of hypovolemia.[28]Then, in
2005 our team showed the relationship between the
respiratory variations in the �POP and in the PPV in
mechanically ventilated patients under general anes-
thesia in the intensive care unit.[29] In this study, we
showed that both indiceswere strongly related and that
�POP was easily measurable at the bedside. Using the
PPV formula rather than the variations in the peak
of the waveform for quantifying the respiratory vari-
ations in the plethysmographic waveform allowed us

to get rid of the fact that this waveform has no unit.
By dividing the difference in amplitude by the mean of
these amplitudes we observe a mathematical simplifi-
cation for the unit, and then �POP is expressed as a
percentage.

Pulse oximeter waveform amplitude was then
tested in clinical settings and was shown to be sen-
sitive to venous return in mechanically ventilated
patients [30] and to be an accurate predictor of fluid
responsiveness in various settings,[13] including in
the intensive care unit [31] and in the postoperative
period following cardiac surgery.[32] In the operat-
ing room, a �POP greater than 13% before volume
expansion allowed discrimination between responders
and non-responders with 80% sensitivity and 90%
specificity.[30]

In the intensive care unit, in a septic hypotensive
cohort, Feissel et al. showed that a �POP value of
14% before volume expansion allowed discrimination
between responders and non-responders with 94%
and 80% specificity, respectively.[31] It is interesting to
underline that patients were all under vasoactive drugs
in this last study and that it did not seem to impact the
ability of this index to predict fluid responsiveness.

We now have numerous evidence showing that
�POP has the ability to predict fluid responsiveness in
mechanically ventilated patients under general anes-
thesia despite some limitations related to vasomotor
tone.[27] The most recently published study comes
from Pizov et al. and shows that respiratory vari-
ations in the plethysmographic waveform are early
detectors of hypovolemia, and that this parameter
increases before arterial pressure decreases and heart
rate increases in patients in whom occult bleeding
occurs.[33]

Pleth variability index
Most pulse oximeter waveforms displayed by con-
ventional monitor screens are smoothed and filtered
because it is impossible to accurately eyeball the respi-
ratory variations in thiswaveformand to draw any reli-
able information regarding patients’ fluid status from
these screens.[34]

Recently, a new parameter extracted from this
waveform allows clinicians to continuously and auto-
matically monitor these respiratory variations. The
PVI is continuously displayed as a percentage on Rad-
ical 7 Masimo Monitors (Masimo Corp., Irvine, CA).
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Pleth variability index is an automatic measure of the
dynamic change in perfusion index (PI) that occurs
during a complete respiratory cycle.

For the measurement of SpO2 via pulse oximetry,
red and infrared lights are used. A constant amount of
light (DC) from the pulse oximeter is absorbed by skin,
other tissues, and non-pulsatile blood, while a variable
amount of light is absorbed by the pulsatile arterial
inflow (AC). For PI calculation, the infrared pulsatile
signal is indexed against the non-pulsatile infrared sig-
nal and expressed as a percentage (PI = [AC/DC] ×
100) reflecting the amplitude of the pulse oximeter
waveform. Then PVI calculation is accomplished by
measuring changes in PI over a time interval sufficient
to include one or more complete respiratory cycles as
PVI = [(PImax − PImin)�PImax] × 100.

Several studies have now validated the ability
of PVI to predict fluid responsiveness in mechani-
cally ventilated patients undergoing general anesthe-
sia.[14,35,36] A PVI higher than 10–15% is sugges-
tive of preload dependence and indicates that volume
expansion is more likely to increase cardiac output.

Functional hemodynamic monitoring
and clinical outcome
In 2007, the literature regarding the influence of goal-
directed therapy based on cardiac output maximiza-
tion on postoperative outcome was reviewed.[37] The
authors concluded that individualized goal-directed
therapy in the perioperative period improves gut func-
tion and reduces postoperative nausea and vomiting,
morbidity, and hospital length of stay.

More recently, a 15-year follow-up study of high-
risk surgical patients even found that short-term goal-
directed therapy based on cardiac output monitoring
in the perioperative period may improve long-term
outcomes, in part owing to the ability of such ther-
apy to reduce the number of perioperative complica-
tions.[38]

Growing evidence indicates that goal-directed
therapy using appropriate fluid monitoring meth-
ods, such as PPV and PVI, is effective in optimizing
patient outcomes.[15] For example, in a randomized
controlled trial published in 2007, monitoring and
minimizing PPV by volume loading during high-
risk surgery improved postoperative outcome and
decreased hospital length of stay.[39] The median
duration of postoperative hospital stay was lower in
the intervention group than the control group (7 vs.

17 days, p < 0.01), as were the number of postopera-
tive complications per patient (1.4 ± 2.1 vs. 3.9 ± 2.8,
p< 0.05), and themedian duration ofmechanical ven-
tilation (1 vs. 5 days, p< 0.05) and stay in the intensive
care unit (3 vs. 9 days, p < 0.01).

Similarly, in a randomized controlled trial in
60 high-risk patients undergoing major abdominal
surgery, a goal-directed hemodynamic optimization
protocol using the FloTrac/Vigileo device was asso-
ciated with a shorter median length of stay: 15 days
for the goal-directed group vs. 19 days for the control
group receiving a standardmanagement protocol (p=
0.006).[10]The goal-directed group also had a reduced
incidence of perioperative complications (20%) rela-
tive to the control group (50%) (p = 0.03). In another
study, high-risk patients undergoing major abdominal
surgery whose fluid management was guided by SVV
had fewer complications than those receiving routine
intraoperative care (p = 0.0066).[40]

PVI may also play a role in optimizing hemody-
namic status in patients undergoing major abdom-
inal surgery.[41] In a recently published random-
ized controlled trial, patients scheduled for major
abdominal surgery (n = 82) were randomized into
two groups: a PVI group monitored for PVI and a
control group receiving standard care. In the PVI
group, authors aimed at maintaining PVI under 13%
by iterative volume expansion. The primary outcome
measure, the perioperative serum lactate level, was
significantly lower in the PVI group, and peri- and
postoperative volume infused were lower in the PVI
group. It was concluded that PVI improved perioper-
ative fluid management in abdominal surgery. Other
studies focusing on the ability of non-invasive tech-
nologies to be used in goal-directed therapy protocols
are now ongoing and should be published in the near
future.

Conclusion

“From flying blind to flying right?” [42]

Hemodynamic optimization is of major importance
during surgery. This concept requires arterial pres-
sure monitoring and optimization, and also car-
diac output monitoring and optimization. High-risk
surgery has been shown to benefit from cardiac out-
put maximization using semi-invasive technologies.
Patients undergoing moderate-risk surgery may also

124
https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.018
Downloaded from https://www.cambridge.org/core. University of New England, on 22 Apr 2018 at 04:34:24, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.018
https://www.cambridge.org/core


Chapter 16: Non-invasive guidance of fluid therapy

Surgery

Low Risk

No Yes

A Line?

Moderate Risk

High Risk

Discussion with the ICU
- Pulse contour analysis
- ScvO2
- SVV, PPV
- PAC

Cardiac Output
Esophageal Doppler

ΔPOP, PVI

Cardiac Output
Pulse contour

analysis SVV, PPV

No Monitoring
 ±ΔPOP, PVI

±TEE for heart 
failure patients

Figure 16.3 Proposed algorithm for hemodynamic monitoring
during anesthesia depending on the type of surgery. ICU, intensive
care unit; PAC, pulmonary artery catheter; �POP, respiratory
variations in pulse oximeter waveform amplitude; PPV, pulse
pressure variation; PVI, pleth variability index; ScvO2, mixed venous
oxygen saturation; SVV, stroke volume variation; TEE, trans-
esophageal echocardiography.

benefit from this approach using non-invasive tech-
nologies. It is more likely that in the future, goal-
directed therapy using more sophisticated and less
invasive monitoring will help clinicians to optimize
their patients’ hemodynamic status during surgery
(Figure 16.3).
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Chapter

17
Hemodilution

Philippe van der Linden

Summary

Acute normovolemic hemodilution entails the
removal of blood either immediately before or
shortly after the induction of anesthesia and its
simultaneous replacement by an appropriate vol-
ume of crystalloids and/or colloids to maintain
“isovolemic” conditions. As a result, blood sub-
sequently lost during surgery will contain pro-
portionally fewer red blood cells, thus reducing
the loss of autologous erythrocytes. Although still
frequently used in some surgical procedures, the
real efficacy of acute normovolemic hemodilution
in reducing allogeneic blood transfusion remains
discussed.The aim of this article is to describe the
physiology, limits, and efficacy of acute normo-
volemic hemodilution.

Acute normovolemic hemodilution (ANH) was intro-
duced into clinical practice in the 1970s to reduce
requirements for allogeneic blood products.[1] Acute
normovolemic hemodilution entails the removal of
blood either immediately before or shortly after the
induction of anesthesia and its simultaneous replace-
ment by an appropriate volume of crystalloids and/or
colloids to maintain “isovolemic conditions.[2] As a
result, blood subsequently lost during surgery will
contain proportionally fewer red blood cells (RBCs),
thus reducing the loss of autologous erythrocytes.

Acute normovolemic hemodilution therefore
presents all the advantages associated with a reduction
in allogeneic blood exposure, including a reduction of
transfusion reactions from exposure to donor’s blood
antigens and a decreased exposure to blood-borne
pathogens, but also offers several advantages in

comparison to other blood conservation techniques.
It is quite inexpensive and easily available, it improves
tissue oxygenation through its microcirculatory
effects, and it provides fresh autologous blood units
for later transfusion after the achievement of surgi-
cal hemostasis. However, the real efficacy of ANH
in reducing allogeneic blood transfusion remains
discussed. The aim of this article is to describe the
physiology, limits, and efficacy of ANH.

Physiological compensatory
mechanisms
The acute reduction in RBC concentration induced
by hemodilution elicits intrinsic compensatory mech-
anisms, allowing the maintenance of adequate tissue
oxygenation.[3,4] The development of these mecha-
nisms is closely related to the improvement of whole
blood fluidity achieved by the hemodilution process,
providing themaintenance of “isovolemic” conditions.
Basic determinants of blood fluidity are the red cell
concentration, the plasma viscosity, the cell-to-cell
interactions, and the prevailing shear rate (i.e. the
mean linear flow velocity). The lower the shear rate,
the more pronounced is the improvement in blood
fluidity based on changes in hematocrit.[5] The sym-
pathetic nervous system also plays an important role
in the maintenance of optimal oxygen delivery during
ANH.[6] Elicited compensatory mechanisms mainly
involve an increase in cardiac output and an increase
in tissue oxygen extraction.

Increase in cardiac output
At the systemic level, improvement in blood fluid-
ity results in an increase of venous return and a
reduction of left ventricular afterload. Enhancement

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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of shear rate with subsequent release of nitric oxide
may also contribute to systemic vasodilation, while
hemodilution-induced stimulation of aortic chemore-
ceptors increases the sympathetic activity of the heart,
resulting in improved myocardial performance.[7]
These entire phenomena are responsible for the
increase in cardiac output, mainly through a rise in
stroke volume, but also to some extent through an
increase in heart rate.

Increase in tissue oxygen extraction
The second compensatory mechanism aims at a bet-
ter matching of oxygen delivery to oxygen demand
at the tissue level. This mechanism entails physiolog-
ical alterations at both the systemic and the micro-
circulatory level. At the systemic level, a redistri-
bution of blood flow to areas of high metabolic
demand from areas where demand is low has been
repeatedly demonstrated during isovolemic ANH.[8]
Experimental models of extreme hemodilution have
recently demonstrated that tolerance to anemia is
organ-specific, the brain and the heart being more tol-
erant than organs from the splanchnic area, and more
specifically the kidneys.[9,10]This regional redistribu-
tion of blood flow is partly due to alpha-adrenergic
stimulation, but seems unaltered in the presence of
beta-adrenergic blockade.

At the microcirculatory level, several physiological
alterations develop to provide a more efficient utiliza-
tion of the remaining blood oxygen content. Increased
RBC velocity appears the most important one, result-
ing from increased arteriolar pressure, which, alone,
stimulates arterial vasomotion.[11] Increased RBC
velocity and arterial vasomotion provide a better spa-
tial and temporal spread of RBCs within the cap-
illary network, and result in improved tissue oxy-
gen extraction capacity.[12] Lastly, a right shift of the
oxygen dissociation curve may reduce the affinity of
hemoglobin for oxygen and therefore improve oxy-
gen availability. This shift, related to a rise in the
RBC’s 2,3-diphosphoglycerate level, takes some hours
to occur and has been demonstrated only in chronic
anemia.[13]

Effects of anesthesia
Anesthesia can alter the physiological adjustments to
isovolemic hemodilution at several levels (Table 17.1).
The most striking effect of anesthesia appears to be
a decreased cardiac output response, mainly related

Table 17.1 Effects of anesthesia on the physiological
response to hemodilution

1. Effects on the cardiac output response
Alteration in cardiac preload and afterload conditions
Negative inotropic effect
Depressed autonomic nervous system activity

2. Effects on the O2 extraction response
Vasodilation
Depressed sympathetic nervous system activity

3. Effects on gas exchange
Decreased functional residual capacity

4. Effects on tissue oxygen demand
Relief of pain, stress, anxiety
Decreased muscular activity
Decreased myocardial O2 demand (negative chronotropic
and inotropic effect)

to a complete blunting of the increase in heart rate
[14,15] (Figure 17.1). This reduced cardiac output
response resulted in a decreased oxygen delivery, but
oxygen consumption remained unchanged as the oxy-
gen extraction ratio increased (Figure 17.2).

Interestingly, ANH appears to be associated with
increased oxygen consumption in awake patients,
which could be related at least in part to an increase
in myocardial oxygen demand. In the Ickx et al.
study,[15] when the patients undergoing ANH while
awake were anesthetized, all the measured parame-
ters returned to values similar to those obtained in
patients undergoing hemodilution while anesthetized.
Therefore, performing ANH before or after induction
of anesthesia did not result in a significant different
physiological response at the time of surgery.

Limits of hemodilution
Asdescribed above,maintenance of tissue oxygenation
during ANH results from an increase in cardiac out-
put and oxygen extraction. Several experimental and
clinical studies have demonstrated the involvement of
both mechanisms even in the early stage of ANH.[16]
The relative contribution of these mechanisms will
depend on the ability of the organism to recruit them.
They allow the maintenance of adequate tissue oxy-
genation until the hemoglobin concentration falls to
about 3 to 4 g/dl (hematocrit 10–12%). Below this “crit-
ical” value, oxygen delivery can no longer match tis-
sue oxygen demand, and cellular hypoxia will develop,
as demonstrated in several experimental studies.[17–
20] Van Woerkens et al., who studied a Jehovah’s
Witness patient who died from extreme hemodilu-
tion, reported a critical hemoglobin concentration of
4 g/dl.[21]

128
https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.019
Downloaded from https://www.cambridge.org/core. University of South Florida Libraries, on 22 Apr 2018 at 04:44:20, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.019
https://www.cambridge.org/core


Chapter 17: Hemodilution

Cardiac Index (l/min.m2)

Hemoglobin (g/dl) Heart rate (b/min) Stroke index (ml/min.m2)

8

6

4

2

0

20 100 80

Awake Anesthetized

Awake Anesthetized Awake Anesthetized Awake Anesthetized

Before ANH

After ANH

$

∗$

∗

80

60

40

20

0

15

10

5

0

∗

∗
$

∗

∗$

∗

60

40

20

0

Figure 17.1 Effects of anesthesia on the physiological response to acute normovolemic hemodilution (ANH).
∗ p � 0.05 after ANH versus before ANH.
$ p � 0.05 anesthetized versus awake.
Adapted from Ref. [15].
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Figure 17.2 Effects of anesthesia on
oxygen delivery, oxygen consumption,
and oxygen extraction during acute
normovolemic hemodilution (ANH).
∗ p � 0.05 after ANH versus before ANH.
$ p � 0.05 anesthetized versus awake.
Adapted from Ref. [15].

The efficacy of the mechanisms maintaining tis-
sue oxygen delivery when the oxygen-carrying capac-
ity of the blood is reduced depends primarily on the
maintenance of an adequate circulating blood volume.
Indeed, hypovolemia blunts the effects of decreased

blood viscosity on venous return.[22] Although “nor-
movolemic” conditions are difficult to define, replace-
ment of the blood and fluid losses with at least a vol-
ume of substitute having the same expanding effect
on the intravascular volume is required. Only a few

129
https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.019
Downloaded from https://www.cambridge.org/core. University of South Florida Libraries, on 22 Apr 2018 at 04:44:20, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.019
https://www.cambridge.org/core


Section 3: Techniques

studies have compared the effects of different plasma
substitutes on the hemodynamic response to ANH:
colloids appeared superior to crystalloids.[23,24] On
the one hand, compared with colloids, crystalloids
have a very low volume-expanding effect in the context
of ANH.[25] On the other hand, colloids and in par-
ticular tetrastarches appeared to have potential ben-
eficial effects on renal tissue [26] and modulation of
inflammation.[27]

Tolerance to acute isovolemic hemodilution not
only depends on the integrity of the compensatory
mechanisms described above, but also on the level
of tissue oxygen demand. For a given cardiac output
and oxygen extraction response, any increase in tis-
sue oxygen demand will require a higher hemoglobin
concentration.

Acute normovolemic hemodilution and the
cardiac patient
Maintenance of myocardial oxygen delivery during
ANH depends essentially on the increase in the
coronary blood flow as oxygen extraction is already
nearly maximal at the level of the heart under rest-
ing conditions.[8] This is achieved by a reduction in
coronary vascular resistance related to the decreased
blood viscosity and to specific coronary vasodila-
tion. Heart rate and possibly myocardial contractility
have been shown to increase during hemodilution,[28]
which results in an augmentation of myocardial oxy-
gen demand. When the hematocrit is reduced to
about 10%, myocardial oxygen consumption more
than doubles and coronary vasodilation is nearly max-
imal. Below such a hematocrit, coronary blood flow
can no longer match myocardial oxygen demand
and ischemia develops, ultimately resulting in cardiac
failure.

The dependency of myocardial oxygen supply to
the coronary blood flow highlights the vulnerabil-
ity of the heart during ANH, especially in patients
with coronary artery disease (CAD) in whom coro-
nary blood flow cannot increase. The lowest tolerable
hemoglobin concentration in CAD patients remains
unknown.[29] A recent pilot study addressing specifi-
cally the problem remained inconclusive.[30] It prob-
ably depends on several factors, including the sever-
ity of the disease.[31] There is, however, increased
evidence that tolerance of CAD patients to isovolemic
anemia closely depends on the level ofmyocardial oxy-
gen demand.

In anesthetized patients scheduled for coronary
surgery, several studies demonstrated that moderate
ANH (target hematocrit value 27–33%) is well tol-
erated, and may be even cardioprotective if associ-
ated with a decreasedmyocardial oxygen demand.[32]
Myocardial oxygen balance is profoundly influenced
by the level of heart rate, and recent clinical data con-
firm that tolerance of CAD patients to moderate ane-
mia is closely related to the level of heart rate.[33] The
anesthetic technique alsomay play a role.[34]The early
postoperative period is certainly critical in hemod-
iluted CAD patients, because they have to face an
increased tissue metabolic demand.[35]

Acute normovolemic hemodilution
and hemostasis
Hemodilution could affect hemostasis in different
ways. Firstly, it will dilute not only plasmatic factors,
but also cellular coagulation factors, such as platelets
and, of course, RBCs. Red blood cells have been shown
to interfere with hemostasis through a mechanical
effect but also through biological effects related to
the release of intracellular adenosine diphosphate and
to the generation of thrombin.[36] The clinical con-
sequences (i.e. importance of perioperative bleeding)
of these interactions between RBCs and hemostasis
remain to be determined.

Hemodilution could also affect hemostasis
through the direct effects of plasma substitution fluids
on the platelets and the coagulation mechanisms.[37]
These effects are more marked with colloids than with
crystalloids. Among colloids, they are more marked
with dextrans than with gelatins and albumin. For
hydroxyethyl starches, these effects seem to be closely
related to the intrinsic properties of the different
solutions, such as a high in vitro molecular weight
and a high degree of hydroxyethyl substitution.[38]
Several in vitro studies have confirmed these effects in
the context of ANH.[39,40] In addition, patients with
Type O blood may demonstrate more coagulation
compromise than those with non-O blood when
undergoing hemodilution with low molecular weight
hydroxyethyl starch.[41]

Storage of whole blood duringANHmight be asso-
ciated with disturbances in platelet aggregation,[42]
although the clinical relevance of this observation
remains unknown. Agitation during storage of ANH
blood does not seem to have any effect on platelet
function.[43]
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Despite the fact that ANH may directly interfere
with normal hemostasis, there is no evidence from the
literature that ANH is associated with increased peri-
operative bleeding,[44,45] although it may affect stan-
dard coagulation tests.[46]

Efficacy

Theoretical aspects
The basic concept behind ANH is that patients under-
going such procedure will lose fewer erythrocytes per
milliliter of lost blood during surgery and after trans-
fusion of the collected autologous blood in the imme-
diate postoperative period.[5]

Several equations have been developed to calculate
the efficacy of ANH as a function of surgical blood
loss, initial hematocrit, target post-ANH hematocrit,
and hematocrit used as the transfusion trigger. Pre-
suming a “usual” surgical patient without preoperative
anemia, and a transfusion decision based exclusively
on a trigger hemoglobin concentration of 6–7 g/dl,
Weiskopf [47] calculated that 55 to 77% of patient’s
total blood volume must be lost during surgery in
order to achieve savings of about 180ml of RBCs,
which represents one standard blood unit. However,
the usefulness of the different published equations
in clinical practice remains limited, as several factors
have not been always taken into account in the pro-
posed formulae.[2].

Results from the literature
Although efficacy of ANH as a blood conservation
technique remains highly debated,[44,45,48,49] this
technique is still currently used in many adult and
pediatric centers.[50,51] Most of the studies reviewed
were performed in the setting of cardiac or orthopedic
surgery. Adequate evaluation of the published results
was hampered by the relative poor quality of the stud-
ies and the marked heterogeneity observed between
trials, partly explained by study factors (patient popu-
lations, target hematocrit values, transfusion triggers,
ANH technique, etc.). Efficacy of ANH was found to
be relatively modest in terms of likelihood of expo-
sure to allogeneic blood and units transfused. It closely
depends on the use or not of protocols to guide trans-
fusion practice. There was no obvious increase in
adverse events with ANH, but the incidence of com-
plications was poorly reported.

Studies that demonstrated a clear efficacy of ANH
in reducing the likelihood of patient’s exposure to allo-
geneic blood in the perioperative period have been
performed in major liver resection [52,53] or major
abdominal surgery.[54] In all of them, a high volume
of blood was collected. Surgery was associated with
significant blood loss, and a low hemoglobin concen-
tration (7–8 g/dl) was used as the transfusion trig-
ger. Adequate selection of patients may also play a
role.[55] All these observations indicate that efficient
ANH requires significant expertise in the field from
the care-giving team.

Conclusions
Acute normovolemic hemodilution entails the
removal of blood from a patient shortly after the
beginning of the surgical procedure, and its replace-
ment with crystalloids or colloids to maintain the
circulating blood volume. It is a relatively simple,
cheap, and effective tool to avoid or reduce allogeneic
blood transfusion. Factors that influence the efficacy
of the technique have been clearly identified. This
reduces the field of application of ANH to patients
undergoing surgery with high bleeding risk in whom
a great volume of blood can be collected.

Knowledge of the physiological compensatory
mechanisms that occur during normovolemic hemod-
ilution and their limits is essential for the safe use of the
technique. In addition, the anesthesiologist must be
familiar with its practical aspects. Although ANH has
a place in different types of surgery, itmust be regarded
as an integral part of a blood conservation strategy tai-
lored to the individual patient’s needs and adapted to
specific surgical procedures.
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4. P.C. Hébert, P. Van der Linden, G.P. Biro, L. Qun.
Physiologic aspects of anemia. Crit Care Clin 2004; 20:
187–212.

131
https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.019
Downloaded from https://www.cambridge.org/core. University of South Florida Libraries, on 22 Apr 2018 at 04:44:20, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.019
https://www.cambridge.org/core


Section 3: Techniques

5. U. Kreimeier, K. Messmer. Perioperative
hemodilution. Transfus Apher Sci 2002; 27: 59–72.

6. A.K. Tsui, N.D. Dattani, P.A. Marsden, et al.
Reassessing the risk of hemodilutional anemia: Some
new pieces to an old puzzle. Can J Anaesth 2010; 57:
779–91.

7. C.K. Chapler, C.M. Cain. The physiologic reserve in
oxygen carrying capacity: studies in experimental
hemodilution. Can J Physiol Pharmacol 1986,
64: 7–12.

8. F.C. Fan, R.Y.Z. Chen, G.B. Schuessler, S. Chien.
Effects of hematocrit variations on regional
hemodynamics and and oxygen transport in the dog.
Am J Physiol 1980; 238: H545–52.

9. P. Lauscher, H. Kertscho, O. Schmidt, et al. Determina-
tion of organ-specific anemia tolerance. Crit Care Med
2013; 41: 1037–45.

10. G.J. Crystal. Regional tolerance to acute normovo-
lemic hemodilution: evidence that the kidney may be
at greatest risk. J Cardiothorac Vasc Anesth 2015; 29:
320–7.

11. K. Messmer, G. Gutierrez, J.L. Vincent. Blood rheology
factors and capillary blood flow. In: Tissue Oxygen
Utilization. Berlin, Heidelberg, New-York: Springer-
Verlag; 1991: 103–13.

12. P. Van der Linden, E. Gilbart, P. Paques, C. Simon, J.L.
Vincent. Influence of hematocrit on tissue O2
extraction capabilities during acute hemorrhage. Am J
Physiol 1993; 264: H1942–7.

13. T. Rodman, H.P. Close, M.K. Purcell. The
oxyhemoglobin dissociation curve in anemia. Ann
Intern Med 1960; 52: 295–301.

14. G. Kungys, D.D. Rose, N.W. Fleming. Stroke volume
variation during acute normovolemic hemodilution.
Anesth Analg 2009; 109: 1823–30.

15. B. Ickx, M. Rigolet, P. Van der Linden. Cardiovascular
and metabolic response to acute normovolemic
anemia: effects of anesthesia. Anesthesiology 2000; 93:
1011–16.

16. D.R. Spahn, B.J. Leone, J.G. Reves, T. Pasch.
Cardiovascular and coronary physiology of acute
isovolemic hemodilution: a review of nonoxygen-
carrying and oxygen-carrying solutions. Anesth Analg
1994; 78: 1000–21.

17. J. Räsänen. Supply-dependent oxygen consumption
and mixed venous oxyhemoglobin saturation during
isovolemic hemodilution in pigs. Chest 1992; 101:
1121–4.

18. P. Van der Linden, F. De Groote, N. Mathieu, et al.
Critical haemoglobin concentration in anaesthetized
dogs: comparison of two plasma substitutes. Br J
Anaesth 1998; 81: 556–62.

19. P. Van der Linden, S. De Hert, N. Mathieu, et al.
Tolerance to acute isovolemic hemodilution: effect of
anesthetic depth. Anesthesiology 2003; 99: 97–104.

20. A. Pape, S. Kutschker, H. Kertscho, et al. The choice of
the intravenous fluid influences the tolerance of acute
normovolemic anemia in anesthetized domestic pigs.
Crit Care 2012; 16: R69.

21. E.C.S.M. van Woerkens, A. Trouwborst, J.J.B. Van
Lanschot. Profound hemodilution: what is the critical
level of hemodilution at which oxygen
delivery-dependent oxygen consumption starts in an
anesthetized human? Anesth Analg 1992; 75: 818–21.

22. T.Q. Richardson, A.C. Guyton. Effects of polycythemia
and anemia on cardiac output and other circulatory
factors. Am J Physiol 1959; 197: 1167–70.

23. D.A. Otsuki, D.T. Fantoni, C.B. Margarido, et al.
Hydroxyethyl starch is superior to lactated Ringer
as a replacement fluid in a pig model of acute
normovolaemic haemodilution. Br J Anaesth 2007; 98:
29–37.

24. V.K. Arya, N.G. Nagdeve, A. Kumar, S.K. Thingnam,
R.S. Dhaliwal. Comparison of hemodynamic changes
after acute normovolemic hemodilution using Ringer’s
lactate versus 5% albumin in patients on beta-blockers
undergoing coronary artery bypass surgery. J
Cardiothorac Vasc Anesth 2006; 20: 812–18.

25. M. Jacob, D. Chappell. Reappraising Starling: the
physiology of the microcirculation. Curr Opin Crit
Care 2013; 19: 282–9.

26. F.M. Konrad, E.G. Mik, S.I. Bodmer, et al. Acute
normovolemic hemodilution in the pig is associated
with renal tissue edema, impaired renal microvascular
oxygenation, and functional loss. Anesthesiology 2013;
119: 256–69.

27. M. Kahvegian, D. Aya Otsuki, C. Holms, et al.
Modulation of inflammation during acute
normovolemic anemia with different fluid
replacement.Minerva Anestesiol 2013; 79: 1113–25.

28. R.B. Weiskopf, J. Feiner, H. Hopf, et al. Heart rate
increases linearly in response to acute isovolemic
anemia. Transfusion 2003; 43: 235–40.

29. J.L. Carson, P.A. Carless, P.C. Hebert. Transfusion
thresholds and other strategies for guiding allogeneic
red blood cell transfusion. Cochrane Database Syst Rev
2012; 4: CD002042.

30. J.L. Carson, M.M. Brooks, J. Abbott, et al. Liberal
versus restrictive transfusion thresholds for patients
with symptomatic coronary artery disease. Am Heart J
2013; 165: 964–71.

31. R. Tircoveanu, P. Van der Linden. Hemodilution and
anemia in patients with cardiac disease: what is the
safe limit? Curr Opin Anaesthesiol 2008; 21: 66–70.

132
https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.019
Downloaded from https://www.cambridge.org/core. University of South Florida Libraries, on 22 Apr 2018 at 04:44:20, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.019
https://www.cambridge.org/core


Chapter 17: Hemodilution

32. M. Licker, C. Ellenberger, J. Sierra, et al.
Cardioprotective effects of acute normovolemic
hemodilution in patients undergoing coronary artery
bypass surgery. Chest 2005; 128: 838–47.

33. S. Cromheecke, S. Lorsomradee, P.J. Van der Linden,
S.G. De Hert. Moderate acute isovolemic hemodilution
alters myocardial function in patients with coronary
artery disease. Anesth Analg 2008; 107: 1145–52.

34. S.G. De Hert, S. Cromheecke, S. Lorsomradee, P.J. Van
der Linden. Effects of moderate acute isovolaemic
haemodilution on myocardial function in patients
undergoing coronary surgery under volatile
inhalational anaesthesia. Anaesthesia 2009; 64:
239–45.

35. C.W. Hogue, L.T. Goodnough, T. Monk. Perioperative
myocardial ischemic episodes are related to hematocrit
level in patients undergoing radical prostatectomy.
Transfusion 1998; 38: 1070–7.

36. B. Ouakine-Orlando, C.M. Samama, P. de Moerloose,
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Chapter

18
The ERAS concept

Katie E. Rollins and Dileep N. Lobo

Summary

Optimum perioperative fluid administration as
part of an Enhanced Recovery After Surgery
(ERAS) program is dependent on a range of fac-
tors which are becoming increasingly well doc-
umented. Following previous ambiguous terms
and definitions for fluid management strategies,
appreciation of the importance of “zero balance”
(where amount infused equals the amount lost
from the body) of both water and salt is increas-
ing, with both over- and underhydration result-
ing in significantly worse clinical outcomes (in a
U-shaped distribution). Excessive fluid loads have
a significant negative impact upon outcome. Elec-
trolyte balance, from pre- to post-operative stages,
is also now understood to play a key role.

Enhanced Recovery After Surgery (ERAS) programs
employ a multimodal approach to perioperative care
including fluid management, with key aims including
rapid restoration of physiological function, reduction
of themetabolic and physiological stress response, and
reduced length of hospital stay, as well as decreased
morbidity and mortality. Consensus guidelines for
the ERAS programs, including perioperative fluid
management, have been published in recent years in
the fields of gastric,[1] colorectal,[2,3] bladder,[4] and
pancreatic surgery.[5]These guidelines with respect to
perioperative fluid management have placed particu-
lar emphasis upon optimizing near-zero fluid balance
by targeting cardiac output, avoiding overhydration,
preferential use of balanced crystalloids over 0.9%
saline, and judicious use of vasopressors for arterial

hypotension. Historical terms used to describe fluid
management in the perioperative period include
“restrictive,” “liberal,” and “standard”; however, these
have been replaced largely in this setting by the concept
of “balanced” versus “unbalanced” fluid regimens.

A meta-analysis of nine randomized controlled
trials (including 801 patients undergoing elective
abdominal surgery) examining the impact of these
fluid regimes [6] foundno significant difference in out-
come when comparing “restricted” (<1.75 liter/day)
and “standard or liberal” (>2.75 liter/day) fluid strate-
gies. However, when these were reclassified as “fluid
balance” versus “fluid imbalance,” the balanced group
had a significantly lower rate of overall complications
(risk ratio 0.59 [95% CI 0.44 to 0.81], p = 0.0008) as
well as hospital length of stay (weighted mean differ-
ence −3.44 days [95% CI −6.33 to −0.54 days], p =
0.02). The occurrence of one or more complications
following surgery is associated with adverse effects
not only on short- and long-term survival but also
increasing healthcare costs.[7,8] “Near-zero balance”
fluid administration has now become a key principle
of fluid management in the perioperative period,[9]
with patients incurring minimal or no weight gain,
although the range for safe fluid therapy is a narrow
one.

Optimal perioperative fluid management requires
careful intervention in the pre-, intra- and postopera-
tive stages, with imbalance during any of these stages
potentially compromising clinical outcomes. Patient
body weight can be used as a surrogate of hydration
status during the perioperative period, with patient
weight gain of just 2.5 kg (excessive fluid administra-
tion of 2.5 liters) being associated with a detrimental
effect upon outcome.[10]

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Preoperative fluidmanagement
The aim of preoperative fluid management as part
of an ERAS pathway is for the patient to arrive in
the anesthetic room in a euvolemic state. Patients
are kept in a starved state prior to elective anesthe-
sia to reduce the risk of aspiration, but should not
undergo prolonged periods of starvation which result
in preoperative dehydration and increased insulin
resistance.[11] Current National and European guide-
lines recommending a 2-hour preoperative starvation
period for clear non-carbonated fluids and 6 hours for
solids.[12,13] However, in practice starvation times
may exceed those recommended, owing to changes in
operative scheduling, and fluid statusmust be carefully
monitored during these delays. Mechanical bowel
preparation is another potential source of preoperative
salt and water depletion, particularly in the elderly,
and following recent meta-analyses [14,15] demon-
strating no benefit in terms of overall complications,
anastomotic leak rate, requirement for re-operation,
and mortality, this is no longer recommended pre-
operatively as part of ERAS programs for colonic
surgery. Conversely, the administration of large
volumes of fluid, particularly salt-containing fluid,
in the preoperative period is known to affect clinical
outcomes adversely. If bowel preparation is deemed
necessary preoperatively (e.g. in rectal surgery) then
fluid administered should be titrated to hydration
status, gastrointestinal losses, and patient body
weight.

Oral carbohydrate drink administration contain-
ing a defined concentration (12%) of complex carbo-
hydrates up to 2 hours preoperatively facilitates the
patient’s being in a “metabolically fed” state, which
has been seen to reduce insulin resistance by approx-
imately 50% [16] without the increased risk of aspira-
tion as well as significantly reducing anxiety, hunger,
thirst, and overall hospital length of stay.[17] The
administration of a carbohydrate drink in the imme-
diate preoperative period is now recommended as part
of ERAS programs.

Combination of these preoperative fluid manage-
ment strategies makes it less likely that patients will be
fluid-responsive (i.e. underhydrated) in the anesthetic
room than with traditional preoperative fluid strate-
gies. Patients in a fluid-depleted state preoperatively
often require preoperative fluid boluses to avoid the
hypotensive effects associated with induction of anes-
thesia caused by decreased sympathetic tone.

Intraoperative fluidmanagement
Evidence in the field of perioperative fluid manage-
ment has shown a significant benefit conveyed by
aiming for “near-zero balance” of both fluid and
electrolyte in the reduction of postoperative compli-
cations.[6] However, the clinical assessment of “zero
balance” can be problematic in an operative setting,
with fluid deficits often not becoming apparent until
they exceed 10% of patient body weight. This may
be further impaired by the induction of a CO2 pneu-
moperitoneum and Trendelenburg positioning, with
laparoscopy a frequently employed technique in ERAS
programs. Perioperative tissue oxygenation is in part
dictated by cardiac output, which in turn relies on fluid
status. Inadequate intravascular volume can be seen
following a loss of circulating blood volume of just 10–
15% and this may result in splanchnic hypoperfusion
as well as hypoperfusion of other key organs, micro-
circulatory compromise, and altered coagulation, and
this frequently outlasts the period of hypovolemia.[18]
The combination of hypoperfusion and hypoxia is
associated with an increased release of reactive oxy-
gen species, and with mitochondrial and endothelial
dysfunction, which all act to increase perioperative
morbidity. This resultant hypoperfusion can precipi-
tate a range of complications related to impaired gas-
trointestinal function, including prolonged ileus and
a tendency towards anastomotic dehiscence. On the
other hand, excessive fluid administration can simi-
larly result in bowel edema, ileus, and increased surgi-
cal complications in the perioperative period.[19]This
occurs through an increase in the intravascular hydro-
static pressure. Evidence suggests that a cumulative
fluid load exceeding 10.5 liters in the first 72 hours fol-
lowing surgery is associated with an increased risk of
anastomotic breakdown.[20] Postoperative morbidity
is associated in a U-shaped manner with intraopera-
tive fluid volumes;[21] thus it is important to aim for
sufficient but not excessive fluid infusion.

Goal-directed therapy (GDT) was developed to
guide intravenous fluid and vasopressor/inotrope
administration using measurements of cardiac out-
put and other hemodynamic parameters to opti-
mize stroke volume and cardiac index. Several tech-
niques have been developed to facilitate GDT, includ-
ing trans-esophageal Doppler (TED), lithium dilution,
thoracic electric bioimpedance, and trans-pulmonary
thermodilution techniques. Algorithms used for GDT
frequently involve the assessment of stroke volume
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Monitor FTc and SV

FTc <350 ms

Yes

Colloid challenge
   7 ml/kg first bolus (if low FTc)
   3 ml/kg subsequent bolus (or initial SV)

Yes FTc <350 ms

No

FTc >400 ms

No

No
SV increased >10%
since previous
bolus or measurement

Yes Monitor FTc and SV

No Monitor FTc and SV

FTc <350 ms or
SV decrease >10%

Figure 18.1 Algorithm for intraoperative goal-directed fluid
administration. FTc – descending aortic corrected flow time; SV –
stroke volume. From Ref. [24], with permission.

and stroke volume corrected flow time (FTc) in the
descending aorta prior to and after an infusion of 200–
250ml fluid over a 5–10-min period (Figure 18.1). A
change in stroke volume exceeding 10% or an FTc of
less than 0.35 seconds following bolus administration
indicates a hypovolemic patient and thus the require-
ment for a further fluid bolus. If, however, the stroke
volume changes by less than 10% or the FTc exceeds
0.4 seconds, this suggests the patient is adequately
filled, and there is no current requirement for a fur-
ther fluid bolus in addition to background fluid infu-
sion. These hemodynamic parameters should be con-
tinuously monitored throughout the operation and a
further bolus administered if a fall below these param-
eters occurs. Perioperatively, maintenance fluid infu-
sion should be limited to 2ml/kg per hour, includ-
ing any drug infusions, to limit the risk of fluid
overload and resultant adverse clinical effects.This vol-
ume is guided by a combination of both any preopera-
tive fluid deficits as well as any sensible and insensible
intraoperative fluid losses. Currently, the use of GDT
is recommended from commencement of the surgical
procedure in:

� Major surgery with a 30-day mortality rate of>1%
� Major surgery with an anticipated blood loss of

>500ml
� Major intra-abdominal surgery
� Intermediate surgery (30-day mortality >0.5%) in

high-risk patients (age >80 years, history of
cardiovascular disease or peripheral arterial
disease)

� Unexpected blood loss and/or fluid loss requiring
>2 liters of fluid replacement

� Patients with ongoing evidence of hypovolemia
and/or tissue hypoperfusion (e.g. persistent lactic
acidosis).

Randomized controlled trials published in the early
twenty-first century suggested that GDT was associ-
ated with a significant reduction in perioperative mor-
bidity as well as hospital length of stay.[22–24] This
evidence led to a recommendation by the UKNational
Institute ofHealth andClinical Excellence (NICE) that
intraoperative GDT be used as a standard of care. In
addition, the British Consensus Guidelines on Intra-
venous FluidTherapy for Adult Surgical Patients (GIF-
TASUP) further supported the use of this technique for
the reduction of postoperative complications.

Despite this, inmore recent studies whenGDTwas
administered in combination with ERAS programs
which controlled more accurately for postopera-
tive salt and water overload than in conventional
fluid administration, there was no longer a clinical
benefit conveyed by this technique.[25] This is fur-
ther evidenced by several recent systematic reviews
and meta-analyses [26,27] which show a significantly
attenuated clinical benefit when the two techniques are
used in combination. A recentmeta-analysis of 23 ran-
domized controlled trials [28] including 2,099 patients
demonstrated that although GDT was associated with
a significant reduction in morbidity and hospital
length of stay when patients were managed in a tradi-
tional care pathway, whenmanaged in an ERAS setting
the only benefit seen was to length of stay in intensive
care.

Salt balance has become considered an increasingly
important aspect of perioperative fluid management,
with excess administration of 0.9% saline resulting in
hyperchloremic acidosis, and as such, balanced crys-
talloids have become an increasingly important aspect
of perioperative fluid management.
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Postoperative fluidmanagement
Increasing importance is now being placed upon the
maintenance of normovolemia as well as electrolyte
balance in the postoperative phase, as this is asso-
ciated with a reduction in complication rates and
hospital length of stay.[29,30] However, despite this
recommendation it is not uncommon for patients
in the postoperative period to receive 5–10 liters of
fluid with large sodium loads in the first 24 hours
following surgery. This is often related to errors in
prescribing, with studies suggesting this to occur in
up to 20% of patients. Excess fluid administration
in the postoperative period is further compounded
by the metabolic response to trauma precipitated by
surgery which causes the retention of salt and water in
order to maintain intravascular volumes. This excess
water and sodium load can take several weeks to
be offloaded in the postoperative period. Excessive
fluid administration in the intra- and postoperative
period can have multisystem complications following
surgery, including respiratory (increased pneumonia),
gastrointestinal (decreased mesenteric blood flow,
prolonged ileus, increased anastomotic leak rates, and
splanchnic edema), mobility (increased peripheral
edema), and general patient status (increased nausea,
impaired wound healing, and impaired cognitive abil-
ities). In contrast, underhydration in the postoperative
period is known to have significant hemodynamic
effects including decreased venous return and preload,
increased blood viscosity, and decreased tissue
perfusion.

Once oral intake is reestablished postoperatively,
intravenous fluid administration should be tailored
to intake requirements, with cessation at the ear-
liest opportunity, encouraging early postoperative
mobility. Intravenous fluids should only be recom-
menced if clinically indicated. ERAS guidelines advo-
cate rapid treatment of postoperative nausea and vom-
iting (PONV) in order to encourage early oral intake,
with prophylaxis indicated in specific circumstances.
ERAS guidelines recommend the avoidance of naso-
gastric tubes following evidence suggesting that their
placement increases the incidence of pneumonia and
time to passage of flatus but makes no difference to
length of hospital stay.[31,32] Recommencement of
normal diet as early as possible following surgery
should be a major target of any ERAS protocol, with
evidence that delay in commencement of feeding is

associated with increased hospital length of stay and
infectious complications.[33]

A frequently employed technique in ERAS
protocols is the use of thoracic epidural analgesia
(TEA), particularly following open surgery, owing
to superior analgesic quantities in the first 72 hours
following surgery.[34] This technique, however, often
results in a degree of sympathetic blockade, reducing
venous tone and capacitance, and resulting in fluid-
resistant hypotension. It is key that when managing
epidural-induced hypotension (EIH), a combination
of judicious intravenous fluid administration as well
as vasopressor use is adopted to prevent significant
fluid overload (Figure 18.2) which is associated with
worsening of clinical outcomes.[35]

The vast majority of the evidence for ERAS pro-
grams originates from the speciality of colorectal
surgery, and thus its extrapolation to other fields of
surgery is not without limitations.

Choice of fluid
A vast amount of research has been conducted into the
potential risks and benefits associated with the type of
fluid infused (colloid versus crystalloid; balanced ver-
sus unbalanced).

“Normal” 0.9% saline has historically been used
as a maintenance fluid method and has previously
been the most commonly prescribed crystalloid in
the UK and USA, using 10 and 200million liters
annually. However, excessive administration of “nor-
mal saline,” owing to its extra-physiological content of
both sodium and chloride (10% and 50% higher than
the content in extracellular fluid, respectively), is now
understood to result in a significant hyperchloremic
acidosis which may result in reduced renal cortical
perfusion. This acidosis has been found to be associ-
ated with a significant reduction in mean renal artery
flow velocity and perfusion [36] as well as increased
postoperative morbidity and mortality [37,38] when
compared with a balanced crystalloid, even in healthy
volunteers. Bolus administration of 0.9% saline ver-
sus balanced crystalloid solutions in healthy human
volunteers is associated with slower fluid excretion
but equivalent blood volume expansion,[36,39] there-
fore increasing the likelihood of prolonged fluid
retention and resultant edema. In addition, human
studies have shown that sodium balance remains
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Figure 18.2 Postoperative algorithm for the management of epidural-induced hypotension (EIH). BP, blood pressure; CVP, central venous
pressure; GCS, Glasgow coma scale; HR, heart rate; MAP, mean arterial pressure; NG, nasogastric; OR, operating room; RR, respiratory rate; UO,
urine output. With permission from Ref. [45].

abnormal for up to 2 days following infusion of 0.9%
saline, as the mechanisms for sodium excretion are
dependent upon prolonged suppression of the renin–
angiotensin–aldosterone system. No clinical studies
have found 0.9% saline to be superior to balanced crys-
talloids, and two randomized controlled trials [40,41]
have shown saline to be associated with an increased
side-effect profile versus Ringer’s lactate. ERAS guide-
lines [1–5] now placemuch emphasis upon the admin-
istration of balanced crystalloid as the maintenance
fluid of choice, reinforced by GIFTASuP, which rec-
ommend the use of balanced crystalloids in the major-
ity of clinical settings. The main exceptions to this
are patients with high output from the upper gas-
trointestinal tract (vomiting, high volume nasogastric
drainage) which may result in hypochloremic alkalo-
sis, and neurosurgical patients in whom hypo-osmolar
fluid administration may be harmful.

The administration of colloid versus crystalloid
fluids remains a much debated topic. Colloid flu-
ids are of an increased molecular size; as such, they
are retained in the intravascular compartment more
readily and therefore provide increased expansion of
this space. This is particularly useful in the hypo-
volemic patient, in whom colloid administration

results in a greater ability to expand intravascular
volume, although excessive administration results in
damage to the endothelial glycocalyx. Much research
into GDT has utilized hydroxyethyl starch (HES) for
bolus fluid infusion, but owing to concerns raised
about HES from level I evidence regarding the risk
of increased mortality [42,43] as well as acute kidney
injury rates,[44] this fluid is no longer in use in Europe.
Recent evidence has suggested that balanced crystal-
loid (Hartmann’s solution) and colloid (6%HES) as the
bolus agent in GDT result in equivalent rates of mor-
bidity and coagulopathy, suggesting this may become
increasingly utilized in a GDT strategy.

Summary
Optimal fluid management in the setting of an ERAS
program is a careful balance of pre-, intra-, and post-
operative factors, all aiming for “zero balance” of both
water and salt. The range of balanced fluid adminis-
tration is fairly narrow, with both under- and overhy-
dration having significant harmful effects on the sur-
gical patient. ERAS guidelines have recommended the
preferential use of balanced crystalloids as the fluid of
choice in this setting rather than 0.9% saline, excessive
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administration of which is associated with detrimental
effects.
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Chapter

19
Spinal anesthesia

Michael F. M. James and Robert A. Dyer

Summary

Fluid therapy is widely used in conjunction with
spinal anesthesia to minimize hypotensive events.
The use of crystalloids for this purpose seems to be
only minimally effective, particularly when given
prior to the administration of the spinal anes-
thetic. To be effective, substantial fluid boluses
must be administered – of the order of 20ml/kg –
and then preferably as a rapid coload simulta-
neously with the induction of spinal anesthesia.
Several studies andmeta-analyses suggest that col-
loids, either as preload or coload, are more effec-
tive than crystalloids and may result in a smaller
volume of fluid loading being required. How-
ever, fluids alone, whether crystalloid or colloid,
are generally inadequate to prevent or treat sig-
nificant hypotension associated with spinal anes-
thesia, and the concomitant use of a vasopres-
sor will frequently be necessary, particularly in
obstetrics.The best that can be achieved with opti-
mal fluid therapy is an overall reduction in the
total dose of vasopressor required. The best avail-
able management of spinal hypotension would
appear to be optimal fluid therapy combined with
carefully graded administration of the appropri-
ate vasopressor. It is possible that goal-directed
fluid therapy, using an appropriate analysis of car-
diac performance to assess the response dynamic
indices to a fluid challenge, may improve fluid
therapy in the future, but, at present, the evi-
dence for this is insufficient to make a firm
recommendation.

Introduction
Spinal anesthesia is inevitably associated with some
degree of hypotension. Estimates of the incidence of
clinically relevant hypotension vary from 25% to over
80%, depending on the criteria used to identify clini-
cally relevant decreases in blood pressure, and on the
population group studied.

Two groups of patients have been extensively
studied. The first patient population of concern com-
prises elderly patients undergoing a variety of surgi-
cal procedures for which spinal anesthesia is appro-
priate, including bladder and prostate procedures and
lower limb surgery, particularly joint replacements.
The second important group is the obstetric popula-
tion, in whom hypotension has implications for the
fetus (reduction in placental perfusion) and for the
mother (cardiovascular collapse and unpleasant side
effects of nausea and vomiting).

A variety of causative factors have been suggested
to explain the hypotension following spinal anesthesia.
These include diminished cardiac output as a result of
inadequate compensation for arteriolar- and venodi-
latation in elderly patients with impaired ventricular
function, and an only partial compensatory increase
in cardiac output in obstetrics patients with normal
ventricular function. There may also be paralysis of
the sympathetic nerve supply to the heart and adrenal
glands resulting in reduced catecholamine responsive-
ness and unmasking of hypovolemia. In the preg-
nant patient these may be complicated by aorto-caval
compression. Pre-existing hypertension may increase
the risk of spinal anesthesia-associated hypotension
in older patients,[1] but pre-eclampsia is associated

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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with less spinal hypotension than in healthy parturi-
ents, since the usual cardiovascular status is one of
increased inotropy together with elevated systemic
vascular resistance.[2]

Older texts refer to the value of electrolyte solu-
tions in minimizing the hypotensive response and
suggest that volumes of 2 liters may be adequate.These
assumptions have been challenged by a substantial
body of research over the past 20 years.

Non-obstetric spinal anesthesia
In a study conducted in elderly patients aged 60 years
or over, the overall incidence of arterial hypotension
during spinal anesthesia was 27%, rising to 60%
when temperature sensation was blocked to T7. If the
block reached T4, all patients required vasopressor
therapy. Patients were divided into three groups
receiving 16ml/kg, 8ml/kg, or zero acetated Ringer’s
lactate solution (RL) as a preload; crystalloid preload-
ing had no effect on the incidence of hypotension.[3]
However, a relatively small preload (7ml/kg) of 3%
hypertonic saline was significantly better than 0.9%
saline at reducing the requirement for vasopressor
support in patients undergoing prostatectomy.[4]
RL was shown to sustain, but not increase cardiac
output in healthy patients undergoing lower extremity
surgery.[5]

Fluid kinetics modeling has shown that crystal-
loids rapidly redistribute away from the central com-
partment, and tend to enhance the second compart-
ment. The redistribution time constants of crystalloid
are quite rapid,[6] and these kineticsmay contribute to
the relative lack of efficacy of crystalloid solutions in
preventing spinal anesthesia-associated hypotension.
Volunteer studies have shown that an infusion rate of
50ml/min is required to yield an increase in blood
volume of approximately 10%, and that this would
need be maintained for at least 40min to produce the
required volume expansion; this volume load rapidly
dissipates.[7] In a review of spinal anesthesia in elderly
patients, Critchley concluded that an adequate venous
preload was necessary, but any fluid loading should be
ideally administered as the block is developing (subse-
quently termed coload in an obstetric anesthesia study
[8]), rather than as a preload.[9] In an early study
of volume kinetics during epidural anesthesia, it was
shown that a crystalloid coload of 15ml/kg was bet-
ter retained within the circulation in those patients

who showed a substantial decrease in systolic pressure.
Nevertheless, despite volume loading, there was a rel-
ative hypovolemia, as evidenced by hemodilution, in
all patients throughout the development of hypoten-
sion.[10] A recent study using either crystalloid
(1,000ml) or colloid (500ml) coload in older patients
showed that both forms of fluid therapy sustained
cardiac output above baseline values for 30min, but
the effect of crystalloids waned after 20min.[11]

Goal-directed fluid therapy
Levy and colleagues recommended the use of goal-
directed fluid therapy with colloids together with
spinal (but not epidural) anesthesia to optimize patient
outcomes after laparoscopic surgery.[12] In a subse-
quent study, patients undergoing laparoscopic colo-
rectal surgery were randomized to receive spinal
or epidural analgesia or intravenous morphine. All
patientswere treatedwith volumeoptimization against
esophageal Doppler measurements. Patients who
failed to achieve an indexed oxygen delivery of
>400ml/min/m2 had a higher rate of anastomotic leak
than those achieving this level, but the fluid therapy
itself and the mode of analgesia were not individual
predictors.[13] A recent study examined the effects of
goal-directed fluid therapy using the LiDCOR© device
in patients undergoing hip surgery and found no evi-
dence of improved outcome relative to a standard
care group, and no evidence of benefit. These authors
concluded that there was insufficient evidence either
to support or discount routine use of goal-directed
fluid administration in these patients.[14] In a clinical
study of isobaric spinal anesthesia in patients under-
going transurethral bladder tumor resection, patients
receiving crystalloid (15ml/kg) showed a significantly
longer mean time to reach the peak sensory block
and a lower median sensory block at 15 and 20min
than those receiving colloid (5ml/kg). In the crystal-
loid group, cerebrospinal fluid (CSF) flow in the cra-
nial direction decreased significantly and attenuated
pulsatile movement of CSF at the L2–3 intervertebral
intrathecal space. However, this was not observed with
colloid.[15]

Obstetric spinal anesthesia
Themanagement of spinal hypotension in obstetrics is
crucial for the safety and comfort of the mother, and
the well-being of her baby.
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An early obstetrics study showed that the admin-
istration of a 20ml/kg crystalloid preload failed to
prevent significant hypotension whether the load was
given rapidly over 10min or more slowly over 20min.
However, in the rapid preload group, three patients
were found to have a marked rise in central venous
pressure.The authors queried the role of isotonic crys-
talloid preload in themanagement of spinal anesthesia
for elective Cesarean section,[16] and the same group
recommended that if time was scarce the spinal anes-
thesia should not be delayed by awaiting administra-
tion of the crystalloid preload.[17] Jackson and col-
leagues evaluated the use of a preload of 1,000ml prior
to spinal anesthesia for Cesarean section and were
unable to demonstrate any advantage over a preload
of 200ml.They also concluded that crystalloid preload
was not of value.[18]

A study in pre-eclamptic patients has also failed
to demonstrate significant benefit from a preload of
1,000ml crystalloid, although the authors commented
that changes in uterine artery velocity waveforms
were minimal and there was no adverse effect on the
neonate.[19] There have been a number of concerns
regarding the possible adverse consequences of saline-
based solutions given in large volumes in terms of
generating hyperchloremicmetabolic acidosis, but this
does not seem to be of particular consequence to either
mother or child when saline solution is compared with
lactated Ringer’s for preload,[20] and this has since
been confirmed in a study of starch in a balanced salt
solution compared with a similar starch in saline.[21]

Crystalloid coload
The relative lack of efficacy of crystalloid loading prior
to spinal anesthesia can be explained by a number
of factors including the physiological responses of
patients with normal fluid balance status to a rapid
fluid load, and the volume kinetics of crystalloid solu-
tions. Pouta and colleagues demonstrated a signifi-
cant increase in the release of atrial natriuretic pep-
tide, and a lesser effect on endothelin-1, following
crystalloid loading of 2,000ml lactated Ringer’s solu-
tion in healthy parturients. They concluded that this
could offset the effects of volume load on blood pres-
sure during Cesarean delivery.[22]This release of hor-
mone was correlated significantly with the increase
in atrial stretch as indicated by an increase in cen-
tral venous pressure. Pre-eclamptic patients showed a

greater response, possibly in line with reduced dias-
tolic function in these patients.[23]

A dose-defining study of 90 parturients looked at
the effect of three fluid volume groups receiving 10,
15, or 20ml/kg of RL respectively within 15min before
the spinal block. Spinal anesthesia was followed imme-
diately by an infusion of ephedrine of 3 mg/min in
all groups. The incidence of hypotension was 60%,
36.7%, and 13.4% in groups 10RL, 15RL, and 20RL,
respectively (p < 0.05). Additional ephedrine dosage
was lowest in group 20RL compared with the other
groups (p < 0.05). The incidence of nausea and vom-
iting in group 20RL was significantly less than in
group 10RL (p = 0.02). It was concluded that preload-
ing with 20ml/kg of RL prior to spinal anesthesia
followed by an ephedrine infusion reduced the inci-
dence of hypotension and of nausea and vomiting, and
decreased the total dose of ephedrine.[24]

Since the administration of crystalloids to healthy,
volume-replete subjects is likely to trigger physiolog-
ical responses such as secretion of atrial natriuretic
peptide and increased renal excretion of the fluid, and
volume kinetics suggest very rapid redistribution of
fluid loads in the absence of a hypovolemic state, the
administration of fluids as a coload at the time of onset
of spinal anesthesia might be more efficacious than
administering a preload. Initial studies using 20ml/kg
of crystalloid as a rapid bolus at the time of the per-
formance of spinal anesthesia suggested that a signif-
icant reduction in ephedrine requirements could be
achieved by this method.[8]

Ameta-analysis of preload vs. coload failed to con-
firm the advantage of coload, although the authors
commented that the only study in which coload was
effective was the one that used the highest infusion
volume, i.e. 20ml/kg.[25] Fluid kinetic studies have
shown that the distribution of crystalloids from the
plasma to the interstitium is markedly delayed dur-
ing the onset of spinal, epidural, and general anes-
thesia,[26] and this lends support to the concept that
coload with crystalloids may be more effective than
preload, but definitive data are lacking. There is also
no evidence that colloid coload is more effective than
colloid preload.[27]

Colloids
The final issue to be resolved is whether the use of col-
loid solutions would be advantageous by virtue of their
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retention in the circulating blood volume for a longer
period than crystalloids.

Studies on the effects of spinal anesthesia on car-
diac output suggested that volume preloading had to
be sufficient to produce a significant increase in cardiac
output if hypotension was to be minimized.[28]These
authors showed that colloid preload was more effec-
tive than crystalloid in enhancing cardiac output and,
consequently, in reducing spinal hypotension during
elective Cesarean section.

Whilst logic would suggest that colloid preload-
ing would be advantageous compared with crystal-
loid loading, the data on this topic are inconsis-
tent. Riley and colleagues suggested that a preload of
500ml hydroxyethyl starch (HES) together with 1 liter
RL was superior to 2 liters of RL in terms of reductions
in the incidence of hypotension and requirements
for ephedrine in obstetrics patients.[29] However, a
study found that 500ml of gelatin colloid preload was
not superior to a similar volume of crystalloid or no
preload at all in parturients.[30] The same group also
failed to show a benefit of a combination of 500ml
each of HES and crystalloid in elderly patients receiv-
ing spinal anesthesia.[31]

Obstetrics studies using 1 liter colloid showed sig-
nificantly less hypotension than no preload,[32] or
preloading with either 1.5 liters lactated Ringer’s or
500ml HES.[28] A systematic review at this time
concluded that crystalloid preload was inconsistent
in preventing hypotension, whereas colloid was gen-
erally effective in minimizing hypotension, but nei-
ther was effective in minimizing maternal nausea, and
there were few differences in neonatal outcomes.[33]
Dahlgren and colleagues confirmed that 1 liter of col-
loid was more effective than an equivalent volume
of crystalloid for the prevention of hypotension [34]
and subsequently demonstrated that supine stress test-
ing could accurately predict those patients in whom a
colloid preload would likely be beneficial.[35] Davies
and French demonstrated that 10ml/kg of colloid was
more effective than 5ml/kg at minimizing obstetric
spinal hypotension.[36]

A comparison between combinations of 1 liter each
of RL combined with gelatin or HES-based colloids
demonstrated that the HES-RL was superior to either
the gelatin combination or 1 liter HES alone.[37] A
recent Cochrane review concluded that crystalloids
were more effective than no fluids (relative risk [RR]
0.78, 95% confidence interval [CI] 0.60–1.00; one trial,
140 women, sequential analysis) and colloids were

more effective than crystalloids (RR 0.68, 95%CI 0.52–
0.89; 11 trials, 698 women) in preventing hypotension
following spinal anesthesia at Cesarean section.[38]
Although no differences were detected for different
doses, rates, or methods of administering colloids or
crystalloids, the literature review presented above sug-
gests that at least 1 liter of colloid is required to produce
a significant reduction in the incidence of hypotension
in healthy patients.

In terms of cardiac output, a study using Doppler
monitoring during 1 liter coload with crystalloid or
colloid found similar cardiac outputs between the
groups, with no differences in secondary outcomes of
vasopressor use or hemodynamic stability.[39] How-
ever, a subsequent meta-analysis involving 10 tri-
als with 853 parturients (and including the previous
study) concluded that, when colloid was used, there
were significantly fewer hypotensive events (odds
ration (OR) 3.21, 95% CI 2.15–4.53, number needed
to treat = 4), less demand for vasopressors (standard
mean difference SMD 0.77, 95% CI 0.34–1.21) and
improved cardiac output (SMD −1.08, 95% CI −2.00
to −0.17).[40]

A study has recently been published comparing
500ml of 6% HES (130/0.4) + 500ml of RL (HES
group) or 1,000ml of RL (RL group) i.v. before spinal
anesthesia. The incidence of both hypotension and
symptomatic hypotension was significantly lower in
the HES group than in the RL group. There was no
detectable placental transfer of HES in six umbilical
cord blood samples analyzed in the HES group, and
neonatal outcomes were comparable.[41]

In reviewing the current trends, Mitra et al. con-
cluded that intravenous crystalloid pre-hydration is
not very efficient and that the focus has changed
toward co-hydration and use of colloids.[42]

Fluids and vasopressors
It is well established that fluids alone are inadequate
for the prophylaxis or management of obstetric spinal
hypotension.[43] In elective cases in which left lat-
eral tilt is correctly practiced, spinal hypotension is
predominantly due to a decrease in systemic vascular
resistance, and the pure alpha-agonist phenylephrine
is the obvious antidote.[44]

Over the past 15 years, many studies by Ngan
Kee and others have confirmed that phenylephrine
is the vasopressor of choice for obstetric spinal
hypotension. Close control of maternal blood pressure
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Table 19.1 Suggested fluid options in spinal anesthesia. These volumes represent the best guidelines that can currently be obtained
from the literature, but conclusive evidence for these suggestions is lacking

Patient Fluid type Volume (ml/kg) Timing

Healthy obstetrics Crystalloid 20 Coload

Healthy obstetrics Colloid 15 Preload or coload

Pre-eclamptics Colloid (?) 5–7 Preload or coload

Older patients block below T10 No fluid load Replacement and maintenance fluids only

Older patients block above T10 Colloid 5–7 Coload

employing coload, togetherwith either early boluses or
infusions of phenylephrine, provides the best hemody-
namic stability and the lowest incidence of maternal
symptoms.[45]

Conclusions
Current data suggest that crystalloids are only mini-
mally effective at limiting hypotension and then only
if given in doses of 20ml/kg or greater, preferably as
a rapid coload immediately after induction of spinal
anesthesia. Such a large fluid bolus may be disadvan-
tageous in elderly patients with limited cardiac reserve
and in pre-eclamptic patients in whom diastolic dys-
function may predispose to the development of pul-
monary edema.

Colloid fluid loading given as either a coload or
preload appears to be more successful as a preventa-
tive strategy, and the weight of evidence appears to
suggest that a volume of 15ml/kg may be optimal in
the healthy pregnant patient. Cost– and to some extent
risk–benefit considerations have, however, resulted in
the widespread adoption of crystalloid coloading.

A smaller volume load of colloid may be appro-
priate in older patients undergoing spinal anesthesia,
and similar conditions may apply in pre-eclampsia,
although firm data in this area are lacking. The height
of the block required for surgery may also be impor-
tant as most elderly patients require a much lower
block than do Cesarean section patients and may thus
require a smaller fluid load (Table 19.1).

The use of fluids to manage hypotension during
spinal anesthesia is, at best, only moderately effec-
tive, and early intervention with vasopressors, partic-
ularly in obstetrics, will be required in many patients
regardless of the fluid strategy adopted, if hypoten-
sion is to be minimized. The best that can be achieved
with optimal fluid therapy is an overall reduction in

the total dosage of vasopressor required. However, this
endpoint is worth achieving since vasopressors may
have adverse consequences in both obstetric and non-
obstetric patients undergoing spinal anesthesia.

The best possible management of spinal hypoten-
sion would appear to be optimal fluid therapy com-
bined with early, carefully gradedmanagement of sub-
sequent hypotension with the appropriate vasopressor,
dependent on cardiovascular status. Newer techniques
involving analysis of cardiac performance, using the
response of dynamic indices to a fluid challenge, may
give better guidance in the individual case, for the
administration of the appropriate volume of fluid in
association with spinal anesthesia.
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Chapter

20
Day surgery

Jan Jakobsson

Summary

Rapid recovery and a minimum of residual effects
are factors of utmost importance when han-
dling the day-case patient. Prolonged preopera-
tive fasting should be avoided. Many countries
have adopted revised fasting guidelines that allow
patients without risk factors to eat a light meal up
to 6 hours and to ingest clear fluids up to 2 hours
prior to the induction of anesthesia. Postoperative
fatigue can be reduced by fluid intake up to 2–
3 hours prior to surgery.

Perioperative intravenous fluid therapy should
be instituted on the basis of the case profile.
In general, fluid infused during minor surgery
may not exert a major effect, but during inter-
mediate surgery, such as laparoscopic cholecys-
tectomy, a liberal fluid program has been shown
to improve recovery and reduce postoperative
fatigue. Administration of about 1 liter isotonic
electrolyte solution to compensate for the fasting,
and a further 1 liter during surgery, improves the
postoperative course. Liberal fluid administration
also reduces the risk for postoperative nausea and
the risk vs. benefit seems to be in favor for its rou-
tine use in ASA 1–2 patients.The potential benefit
in adding dextrose to the intravenous fluid during
the early postoperative phase has been assessed,
but the benefit seems to be very minor.

Resumption of oral intake, drinking, and eat-
ing are traditional variables for the assessment of
eligibility for discharge and thus an essential part

∗ Summary compiled by the Editor.

of day surgery. However, there is no need for
patients to drink before discharge; intake of fluid
and food should be recommended but not pushed.∗

Day surgery is expanding. More patients and proce-
dures are transferred from traditional in-hospital care
to day-case or short-stay logistics. This trend – to
shorten the hospital stay – affects the preparation and
planning of patient care. The concept of fast tracking
has becomewell established in a variety of surgical set-
tings and is amost fundamental part of day surgery.[1]
Rapid recovery and a minimum of residual effects are
factors of utmost importance for the handling of the
day-case patient. Resumption of oral intake, drinking,
and eating are traditional variables for the assessment
of eligibility for discharge and thus an essential part of
day surgery.

Most surgical specialities are today performing
day-case surgery, and the proportion of traditional in-
hospital vs. day surgery is, in many disciplines, much
in favor of the day cases. However, the proportion
of day-case surgery for one and the same procedure
varies considerably between countries and may also
vary considerably within nations between different
institutions. Explanations for these differences include
tradition and economical factors.

Day surgery calls for vigilant assessment and
preparation. The patient, the procedure, institutional
resources, anesthesia, and a structured and quality-
assured plan are needs to be considered. A structured
anesthesia and analgesia protocol is fundamental.
Multimodal analgesia should include a combination
of local anesthesia and non-opioid analgesics (para-
cetamol and non-steroidal anti-inflammatory drugs,
NSAIDs), then add on a weak opioid, and, as further

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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rescue, oral strong opioids in an escalating fashion.
These factors are cornerstones in the widely accepted
standard of care.[1]

The adoption of day surgery must not jeopar-
dize safety. However, the experience of day surgery
as of today is reassuring. The outcomes at 30 days
in large cohorts of patients show very low mortality
and incidences ofmajormorbidity. Classical follow-up
studies, such as the ones byWarner et al. [2], andMezei
and Chung,[3] and the 60-day follow up of day surgery
in Copenhagen,[4] have all documentedmost reassur-
ing safety. On the other hand, the increasing num-
bers of more complex procedures and acceptance of
patients with more extensive medical history for day-
case surgery must be acknowledged, and surveillance
of outcome is of great importance in order to evaluate
the maintenance of safe practice.

More elderly patients
Thenumber of elderly patients undergoing day surgery
increases. A positive result of this trend is that avoid-
ance of hospitalization and change in environment
reduces the risk of postoperative cognitive impair-
ment. However, further effort to evaluate the outcome
of day surgery in the growing elderly population is
warranted. Alternatively, the experience from cataract
surgery in office-based or day-surgery practice is most
reassuring and has gained wide acceptance as a cost-
effective approach with high patient satisfaction.

Elderly patients are also, in increasing numbers,
scheduled for day surgery that requires general anes-
thesia. The elderly are prone to have somewhat
more minor perioperative cardiovascular events, the
most frequent being hypertension and dysrhythmias.
Hypotension and hypovolemia are relatively less fre-
quent in this patient group compared with patients of
all ages; hypotension constitutes about one-tenth of all
cardiovascular events seen.[5]

Preoperative fasting routines
One important part of patient care is proper prepara-
tion with regard to intake of food and fluid in order
to minimize the risk of regurgitation and aspiration in
conjunction with the anesthesia.

Many countries have adopted revised fasting guide-
lines that allow patients without risk factors to eat a
light meal up to 6 hours and to ingest clear fluids up to
2 hours prior to the induction of anesthesia.[6] The
safety of a more liberal fasting regime in patients

without obvious risk factors for delayed gastric emp-
tying receives support from a recent Cochrane sys-
tematic meta-analysis review.[7] The acceptable safety
of intake of clear fluid up to 2 hours prior to
surgery has also been shown in obese patients and in
children.[8–10]

Avoiding prolonged fasting and fluid restriction
has beneficial effects on patient satisfaction, and may
also have positive effects on outcome, reduced fatigue,
postoperative nausea and vomiting (PONV), and glu-
cose intolerance.[11]

Adherence to the new more physiological fasting
guidelines is not yetwell adopted. For simplicity, itmay
be easier to inform a patient not to take food or fluids
after midnight.

Elective day-case surgery should allow proper
planning and timing and, thus, information about
intake of clear fluids up to 2–3 hours prior to anes-
thesia should be promoted in patients without risk
factors. Shortening the preoperative fasting and pro-
moting intake of clear liquid for up to 2 hours prior to
anesthesia is today considered to be well established
and evidence-based.

The authors’ conclusion in the Cochrane meta-
analysis is clear; there was no evidence to suggest that
a shortened fluid fast results in an increased risk of
aspiration, regurgitation, or related morbidity com-
pared with the standard “nil bymouth frommidnight”
fasting policy. Permitting patients to drink water pre-
operatively resulted in significantly smaller gastric
volumes.

Clinicians should be encouraged to appraise this
evidence for themselves and, when necessary, adjust
any remaining standard fasting policies (nil-by-mouth
frommidnight) for patients who are not considered “at
risk” during anesthesia.[7]

Preoperative nutrition: correction
of deficits
Correction of malnutrition and specific nutritional or
vitamin deficits should always be assessed before elec-
tive surgery and, as far as possible, substituted. The
typical day-surgery patients are rarely those exhibit-
ing a more extensive degree of malnourishment but, if
present, it should be handled in accordance with gen-
eral nutritional routines.

Preoperative testing of the clinically healthy patient
has been questioned in recent years.[12] Patients
showing signs or symptoms of being malnourished
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should be identified and possibly supported in order to
restore proper nutritional status before surgery. Like-
wise, in patients with severe obesity, proper preoper-
ative diet preparations have become standard care in
most bariatric centers. Fluid deficits, lowplasma/blood
volume, and/or a low hematocrit should be evaluated
and corrected whenever there are any signs, symp-
toms, or history raising suspicion about its occurrence.

Preoperative nutrition: “energy
loading”
There are reports from studies evaluating the effects of
preoperative nutritive fluid intake suggesting potential
benefitswithout risk.[13]An increasing amount of evi-
dence indicates that instead of being operated on in the
traditional overnight fasted state, undergoing surgery
in the carbohydrate-fed state has many clinical bene-
fits. Many of these clinical effects can be related to the
reduced postoperative insulin resistance by preopera-
tive carbohydrate loading.

In many centers, preoperative carbohydrates have
become established for use before major surgery.
Those who advocate preoperative energy support sug-
gest that carbohydrate loading should be considered
for all patients who are scheduled for elective surgery
and are allowed to drink clear fluid.[14] The value of
such efforts inminor intermediate elective day surgery
in ASA 1–2 patients may be debated.

Perioperative fluid therapy: anesthetic
considerations
Perioperative fluid therapy in day surgery should be
instituted on the basis of the case profile.

The benefit of fluid therapy can be questioned in
minor surgical procedures of short duration (less than
15–20min) and without any substantial fluid losses
during the procedure.

Fluid therapy is more clearly beneficial in interme-
diate surgery, and administration of more liberal vol-
umes probably leads to better recovery compared with
lower volumes. Study design, fluid administered, and
variables used for evaluation of effects vary between
studies, and thus it is hard to provide clear, explicit
guidelines (Table 20.1). The administered fluid has, in
most studies, consisted of crystalloid fluid solutions
such as lactated Ringer’s solution.

Administration of about 1 liter of isotonic elec-
trolyte solution to compensate for the fasting, and a

further 1 liter during surgery seems to improve the
postoperative course of laparoscopic cholecystectomy.
The group of Holte et al. has conducted several studies
of the effects of perioperative fluid on outcome. They
showed that administration of 30–40ml/kg compared
with 10–15ml/kg lactated Ringer’s solution for laparo-
scopic cholecystectomy improves recovery of organ
functions and reduces hospital stay.[15] In contrast, a
benefit from using a liberal fluid regime during thy-
roid surgery was not supported in a study of similar
design.[16]

Administration of crystalloids i.v. has been shown
to influence the occurrence of PONV.Apfel et al. found
in a quantitative review that a more liberal use of crys-
talloid infusion reduced nausea and need for rescue
antiemetics, supporting a liberal approach in day-case
patients without history of cardiac disease.[17]

The effects of high volume (30–40ml/kg) periop-
eratively should also be put into perspective. Infu-
sion of 40ml/kg of lactated Ringer’s solution in
volunteers with a mean age of 63 years decreased pul-
monary function for 8 hours and also resulted in a
significant weight gain that lasted for 24 hours [18].
Therefore, a more restricted fluid therapy should be
adopted in the elderly. The risk of reduced lung func-
tion and edema must be acknowledged in the elderly,
and fluid volume be adjusted accordingly.

Large volumes of crystalloid and colloid fluid have
been compared in one study showing no difference in
outcome with regard to the variables studied.[19]

The independent effect of adding glucose to the
infused fluid has been studied by McCaul et al.[20]
They could see no major benefit in adding glucose,
which rather increased thirst and the incidence of pain
besides elevating the blood glucose concentration.

The expansion of day-case surgery is moving
rapidly, and there are reports of successful bariatric
surgery performed on an ambulatory basis. Some
institutions perform transurethral prostatectomy in
day-case practice. The fluid management for these
special procedures is addressed in other chapters.
Procedure-specific fluid protocols should be used
regardless of whether the patient is operated on in
ambulatory practice or as an in-patient.

Postoperative fluids
Thepotential benefit in adding dextrose to the i.v. fluid
during the early postoperative phase has been assessed,
but the benefit, if any, seems minor.[21,22]

150
https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.022
Downloaded from https://www.cambridge.org/core. University of Warwick, on 05 Feb 2018 at 08:54:18, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.022
https://www.cambridge.org/core
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Table 20.1 Clinical trials of fluid therapy in intermediate-sized day surgery

Reference Surgery Active Control Fluid
No. of
patients Results

Yogendran et al. 1995
[29]

Ambulatory surgery 20ml/kg 2ml/kg Isotonic
electrolyte
solution

2 × 100 Significant positive
thirst, drowsiness,
and dizziness

Elhakim et al. 1998
[30]

Termination of
pregnancy

1,000ml 0 Sodium lactate 2 × 50 Significant positive
PONV

Bennett et al. 1999
[31]

Dental surgery 17ml/kg 2ml/kg Isotonic solution 2 × 77 Significant positive
feelings of well-being

McCaul et al. 2003
[20]

Gynecological
laparoscopy

1.5ml/kg ±
glucose

Sodium lactate ±
glucose

3 × 40 Glucose; higher
blood glucose and
more thirst

Ali et al. 2003 [32] Laparoscopic
cholecystectomy/
gynecological surgery

15ml/kg 2ml/kg Hartmann’s
solution

2 × 40 Significant positive
PONV

Holte et al. 2004 [15] Laparoscopic
cholecystectomy

40ml/kg 15ml/kg Lactated Ringer’s 2 × 24 Significant positive
pulmonary function,
dizziness, drowsiness,
and fatigue

Magner et al. 2004
[33]

Gynecological
laparoscopy

30ml/kg 10ml/(kg h) Sodium lactate 2 × 70 Significant positive
PONV

Maharaj et al. 2005
[34]

Gynecological
laparoscopy

2ml/(kg h) 3ml/kg Sodium lactate 2 × 40 Significant positive
PONV and pain

Chohedri et al. 2006
[35]

Ambulatory surgery 20ml/kg 2ml/kg Isotonic
electrolyte
solution

2 × 100 Significant positive
PONV and thirst

Goodarzi et al. 2006
[36]

Strabism 30ml/(kg h) 10ml/(kg h) Lactated Ringer’s 2 × 50 Significant positive
PONV and thirst

Chaudhary et al. 2008
[19]

Open
cholecystectomy

12ml/kg 2ml/kg Lactated Ringer’s
hetastarch

2 × 30 Significant positive
PONV, no diff.
crystalloid vs. colloid

Dagher et al. 2009
[16]

Thyroid surgery 30ml/kg 1ml/kg Sodium lactate 2 × 50 No effect

Lambert et al. 2009
[37]

Gynecological
laparoscopy

1,000ml 2ml/kg 2 × 23 Significant positive
PONV

PONV, postoperative nausea and vomiting.

Rapid recovery, which allows the patient to pos-
sibly bypass the conventional recovery room stay, is
a common goal in minor day-case procedures. Rapid
regain of vital function and thus capacity to drink
is also part of the management of intermediate day
cases. Traditional discharge criteria include drinking,
although the necessity of oral intake has been ques-
tioned in later versions.[23]

Allowing and supporting patients to drink clear
fluids up to 2 hours before induction of anesthesia and
promoting early postoperative intake reduce the need
for administration of intravenous fluids. Hence, intra-
venous fluids may be used only to maintain venous

access, which is a prerequisite for the rapid adminis-
tration of anesthetics and analgesics.

Adjunct medications with impact on
fluid balance
Steroids have become increasingly popular as part of
the anesthetic management for day-case surgery in
order to reduce pain, emesis, and fatigue. However, the
impact of 4–8 mg dexamethasone or betametasone on
fluid balance is not well studied.

The potential effect of NSAIDs on renal function
and subsequent risk of fluid retention should also be
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acknowledged.NSAIDshave become a key part of pain
management in day-case surgery. Renal impairment
has been described, associated to the use of ketorolac.

Outcome
Major morbidity is rarely seen in conjunction with
day surgery. Several major follow-up studies have
documented good safety associated to elective day
surgery.[2–4] For example, a huge 60-day follow-up
after day surgery study in Copenhagen revealed a very
low incidence of adverse events. Wound-related com-
plications, hematoma, and infection were the most
commonly seen.[4] Minor perioperative cardiovascu-
lar events, dysrhythmia, and hypertensive episodes
are not uncommon, but signs of hypovolemia are
rare.[5]

Rapid return of vital functions is an important
goal in day surgery. However, fatigue, dizziness, and
nausea are often reported during the early postoper-
ative period. The independent effects of preoperative
and perioperative fluid administration on quality of
recovery have been evaluated to some extent, while
the effects of postoperative fluid therapy (parenteral or
oral) are not well studied.

Fatigue can be reduced by supporting fluid intake
up to 2–3 hours prior to surgery. Administration of
intravenous fluid during minor surgery may not exert
a major effect, but during intermediate surgery such as
laparoscopic cholecystectomy a liberal fluid program
has been shown to improve recovery and reduce post-
operative fatigue.

Postoperative nausea and vomiting – the “little big
problem” – is still amajor concern in day-case anesthe-
sia and surgery. There are beneficial effects of liberal
fluid administration in reducing the risk for PONV,
and the risk vs. benefit seems to be in favor of its rou-
tine use in ASA 1–2 patients.[19]

Efforts to minimize postoperative pain are of huge
importance in day surgery, and all opioid-sparing tech-
niques should be acknowledged. Some studies eval-
uating the effects of liberal fluid administration have
shown positive effects, including a reduction of post-
operative pain.

Adequate hydration is needed when NSAID anal-
gesics are used, in order to minimize the risk of renal
impairment.

The risk for postoperative urinary retention in day
surgery must be acknowledged. Studies have reported
incidences of about 10 percent after laparoscopic

hernia repair. In this group, age and history of prostate
hyperplasia are shown to be risk factors, but length of
surgery also contributes to its occurrence.[24,25] The
risk related to fluid volume administered has not been
assessed.

A more liberal fluid regime has been shown to
facilitate recovery and discharge after laparoscopic
bariatric surgery.[26]Thedata donot support a restric-
tive fluid strategy, but rather a liberal fluid strategy, in
laparoscopic bariatric surgery among patients without
history of myocardial disease. The low urinary output
during surgery is, however, commonly seen also with
more liberal fluid administration.[27]

Conclusions
Day surgery is growing in importance. More patients
and procedures are being transferred from traditional
in-hospital care to day surgery. A number of factors
have contributed to the growth of day-case surgery;
these include the development of minimally invasive
techniques, and better understanding of the surgical
trauma and how the surgical stress response can be
reduced. Introduction of new anesthetics with rapid
onset and offset of action after cessation of adminis-
tration has also contributed. Better use of the multi-
modal approach to reduce pain and pain-associated
distress is also of huge importance.

Day surgery includes minor and intermediate
surgery and is not commonly associated with major
perioperative fluid losses. The anesthetist should still
strive tomaintain normal physiology by avoiding fluid
and energy depletion.

Ambulatory surgery and the enhanced recovery
guidelines strongly support avoidance of prolonged
preoperative fasting.[28]

Efforts to avoid fluid shifts and circulatory distur-
bances during the entire perioperative period improve
the postoperative course. They promote rapid recov-
ery and combat adverse effects such as fatigue, nausea,
and vomiting, and may also have effects on pain, thus
improving well-being and satisfaction.
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Chapter

21
Abdominal surgery

Birgitte Brandstrup

Summary

Normal as well as pathological fluid losses should
be replaced with a fluid resembling the loss
in quantity and quality (electrolyte composi-
tion). Elective surgical patients can be allowed
to eat until 6 hours and drink up to 2 hours
before surgery without increasing the risk of
fluid aspiration. Preoperative administration of
sugar-containing fluids, intravenous or by mouth,
improves postoperative well-being and muscle
strength, and lessens the postoperative insulin
resistance. It does not, however, reduce the num-
ber of patients with wound- or other complica-
tions, length of stay, or mortality. Surgery does
not increase the normal fluid and electrolyte
losses, but causes perspiration from the abdominal
wound that approximately equals the decreased
water loss from the lungs because of ventilation
with moist air. It is not possible to treat a decrease
in blood pressure caused by the use of epidural
analgesia with fluid.

The goal of zero fluid balance (formerly called
“restrictive”) reduces postoperative complications
and the risk of death in major abdominal surgery.
The goal of zero balance in combination with a
goal of near-maximum stroke volume provides
equally good outcome. During outpatient sur-
gical procedures the wellbeing of the patient is
improved by giving approximately 1 liter of fluid.
The role of glucose-containing fluid in this set-
ting may be beneficial, but the evidence is sparse.
“Postoperative restricted fluid therapy,” allowing
the patients to drink no more than 1,500ml/day,

∗ Summary compiled by the Editor.

is not recommended. To measure the body weight
is the best way to monitor the postoperative fluid
balance. Fluid charts are insufficient.∗

Hypovolemia may lead to postoperative complica-
tions, circulatory collapse, and death. However, fluid
overload with i.v. fluid also leads to the formation of
edema in all tissues but especially the tissue surround-
ing the anastomosis and the cardiopulmonary system,
causing postoperative complications and increased
risk of death.[1–10] For these reasons, it is important
to give the right amount of fluid.[11]

Lately, the question in the literature has been
what fluid to give and in how large an amount. The
so-called “fixed volume regimens” have been ques-
tioned. Instead, fluid therapy guided by a goal has been
praised, and enthusiasts have argued about which goal
is the best. The different goals in mind may be hemo-
dynamic (stroke volume or pulse pressure variation
among others), biochemical (oxygen tension or lac-
tate concentrations), or simple (zero fluid balance with
no body weight increase). Most likely, however, the
answer to the question is not one or the other, but
rather to use a combination of them.

Perioperative intravenous fluid therapy therefore
has several goals:
1. To correct preoperative fluid or electrolyte

disturbances (hypovolemia, dehydration, anemia,
hypokalemia, etc.);

2. To meet basal requirements;
3. To replace intraoperative and later postoperative

fluid and blood losses;
4. To maintain physiological parameters within an

acceptable normal range;

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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and to do it all with minimum risk for the patient in
terms of side effects.

Basic fluid and electrolyte needs
Everybody has obligatory fluid and electrolyte losses
(or fluid and electrolyte needs). Knowledge of these
and their changes during surgery ismandatory for per-
forming an adequate fluid therapy.

Insensible perspiration is the only loss of pure
water, and is approximately 10ml/kg per day, or
0.4ml/kg per hour. About 2/3 of the volume comes
from the skin, and 1/3 from the respiratory tract.Thus
a patient on mechanical ventilation with moist air has
a reduced fluid loss from the respiratory tract, and the
insensible perspiration is reduced by 1/3 to 6.6ml/kg
per day or 0.275ml/kg per hour. Increasing body tem-
perature (fever) increases the respiratory frequency
and thereby the insensible perspiration.The extra fluid
lost with fever is, however, very small.

Sensible perspiration is visible sweat, consists of
salt andwater, and is increased by exercise and increas-
ing environmental temperature. The loss is difficult
to measure, but is small or zero for elective surgical
patients. For patients with acute surgical conditions
(sepsis, shock) and visible sweat it may be large.

Diuresis is approximately 1 liter per day for a
healthy person with a normal body weight and normal
food and fluid intake. For patients, a urinary output
of 0.5–1.0ml/kg per hour is therefore recommended.
To evaluate the sufficiency of the diuresis for the indi-
vidual patient, it is necessary to know the patient’s
osmotic load and the kidneys’ ability to concentrate
the urine. Healthy kidneys can concentrate the urine
to maximum 900–1,200 milliosmol per liter of urine.
The osmotic load consists primarily of ions and nitro-
gen compounds. Under maximal thirst, a healthy kid-
ney can excrete sodium in an amount of approxi-
mately 300mmol per liter urine. This means that if
an 80 kg patient is administered 2 liters of saline 0.9%
as the only fluid therapy, approximately 800ml of the
water will evaporate as insensible perspiration, leav-
ing 1,200ml to excrete the 308mmol of sodium and
the 308mmol of chloride given with the infusion.This
brings the kidneys very near the maximal concentra-
tion ability in a healthy person, but may exceed the
kidneys’ concentration ability during sickness. This
is the reason that humans cannot survive by drink-
ing sea water, and one of the reasons (together with

the surgical stress response) that intravenous infu-
sion with normal saline causes edema formation and
does not significantly increase the diuresis in surgical
patients.

Edema formation in surgical patients should not be
understood as overhydration (hydra = water) because
something with osmotic capacity has to keep the water
in the body, and that something is typically saline.
Postoperative edema formation is better understood as
over-salting, and givingwater to help excrete the salt in
combination with furosemide that promotes natriure-
sis will reduce the edema.

Lactated or acetated Ringer’s solution has a lower
chloride content, but the sodium content is 130mmol
per liter, and is not much different from that of normal
saline.These fluids are still more easily excreted by the
kidneys, which gives them a slightly smaller volume-
expanding efficacy but also a shorter time of postoper-
ative edema. Clinical trials have, however, so far not
shown Ringer’s solutions to be superior to saline in
terms of clinical outcome. In addition, it is important
to know that without a sufficient water intake, all col-
loids will form a gel in the tubuli of the kidneys and
thereby impose a risk of kidney injury.

These normal fluid and electrolyte losses give the
following fluid and electrolyte needs in a healthy per-
son with a body weight of 70–80 kg:
� Potassium: 60–100mmol.
� Sodium: 60–150mmol (= 9 g) sodium (for the

prevention of hypertension, new
recommendations are as low as 33mmol [= 2 g]
sodium). It is possible to survive on a minimum of
10mmol sodiumper day.

� Glucose: 850mmol (= 150 g) (for the basal
metabolism of the brain).

� Water: 2–3 liters, or a normal fixed volume of
approximately 1–1.5ml/kg per hour.

Fluid therapy during preoperative
fasting
Elective surgical patients are allowed to eat until
6 hours before surgery and to drink clear fluids until
2 hours before surgery without increasing the risk of
aspiration to the lungs.[12] However, the volume of
clear fluid allowed is inconsistent. In the European
Society of Anaesthesiologists (ESA) guideline,[12] a
maximal volume is not suggested at all, and prac-
tice varies from 500ml to “no limit.” To arrive well
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Chapter 21: Abdominal surgery

hydrated in the operating room, and lessen the need
for intravenous fluid therapy, the patients should be
encouraged to eat and drink before elective surgery.

Several trials have shown that sugar-containing
fluid given preoperatively (orally or intravenously)
increases well-being, reduces hunger and thirst,
improves muscle strength, and decreases the post-
operative insulin resistance in colorectal surgical
patients.[13–15]

Intravenous glucose has been shown to reduce the
postoperative insulin resistance,[14] and it is possible
that ordinary lemonade or juice has the same effect. No
evidence exists, however, that treatment with preoper-
ative sugar-containing fluid has any effects on postop-
erative complications, length of stay, or mortality.

Intraoperative fluid therapy inmajor
abdominal surgery
Zero-balance fluid therapy (also called restricted
fluid therapy) has in several trials been shown to
reduce postoperative morbidity and the risk of death
following elective surgery.[1–4,6–10] However, the lit-
erature has been confusing, because some investiga-
tors have been testing “fixed volume regimens” with-
out looking at the patient’s individual fluid needs.[16]

Zero-balance fluid therapy is based on the princi-
ple that fluid lost should be replaced with a fluid that
resembles the loss in quantity and quality. To ensure
zero balance, it is necessary to know the patient’s basal
fluid and electrolyte needs, together with the magni-
tude of the pathological fluid losses and their elec-
trolyte content.

Surgery does not increase the normal fluid and
electrolyte losses, but results in an evaporative loss
from the open abdomen, which approximately equals
the reduced water loss from the lungs because the
patient is ventilated with moist air (3.3ml/kg per day
or 0.14ml/kg per hour). Moreover, the patient may
have pathological blood losses or ascites.

The perspiration from the open abdomen is very
small, and depends on the size of the incision and the
exteriorization of the viscera.[17]
� A small incision without exteriorization of the

viscera (for example open appendectomy): the
evaporation is 2.1ml/h.

� Amedium incision and partial exposure of the
viscera (for example open cholecystectomy): the
evaporation is 8.0ml/h.

� A large incision with totally exteriorized viscera:
the evaporation is 32.2ml/h.

This loss is reduced by 50% after 20min,[17] and by
keeping the viscera in a bowel bag of plastic the loss is
reduced by approximately 87%[18].

Themagnitude of the fluid loss during laparoscopic
surgery is entirely unknown. It is often assumed to be
small, but it may in fact be larger than the loss in open
surgery because the insufflated air is dry, the entire
visceral surface as well as the abdominal wall is
exposed, and the air is replaced an unknown number
of times during surgery.

The loss to third space
Previously it was believed that the surgical trauma
resulted in a redistribution of the fluid in the body, so
that a large volume of the extracellular fluid became
unavailable for regeneration of lost plasma, and there-
fore had to be replaced with intravenous extracellular
fluid. This was called a functional loss of extracellular
fluid or a loss to third space. A critical review of the
studies giving birth to this theory shows, however, that
the concept depends on a flawed method, and that tri-
als using newer and bettermethods are not finding this
illogical loss.[19] The entire concept should therefore
be abandoned.

Manipulation of the intestines and the surgical
trauma does, however, result in cell damage that pro-
motes the formation of minor edema. From studies of
rabbits, we know that the formation of a small bowel
anastomosis increases the water content in the tis-
sue surrounding the anastomosis by 5–10%.[20] If the
same occurs in humans and the tissue surrounding the
anastomosis corresponds to the weight of the stoma
removed by the reversal of the Hartmann’s procedure
(50 g [21]), the amount of fluid lost to the traumatized
tissue is about 2.5–5 g, or 2.5–5ml. If one imagines
that the entire colon becomes edematous (and there is
no evidence for that), the fluid lost would be approxi-
mately 150–200ml. From these numbers it can be seen
that any amount of fluid lost to traumatized tissue is
very small.

However, replacing this losswith fluid increases the
edema formation, which destabilizes the bowel anas-
tomosis: if 15ml/kg per hour is given, the water con-
tent more than doubles to 10–20%,[20] and the sta-
bility of the anastomosis decreases (the anastomosis
bursts at lower pressure)[5] while the inflammation
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Section 4: The clinical setting

around the anastomosis increases.[3]This is supported
by the findings of Rehm and co-workers,[22] who
describe how fluid overload destroys the endothelial
glycocalyx and causes inflammation and escape of
fluid to the interstitial space.

The use of epidurals blocks the sensory as well
as the sympathetic fibers in the affected area of the
spinal cord, leading to a decrease in heart rate (for high
blocks) and a dilatation of the vascular tree, and thus a
decrease in arterial blood pressure.

Early trials showed that this drop in blood pres-
sure could be counteracted by giving a fluid bolus
of, for example, 500ml of colloid or 1,000ml of
crystalloid. Randomized clinical trials have, however,
not confirmed these results. On the contrary, they
show that intravenous fluid is ineffective in the treat-
ment of the blood pressure drop caused by epidu-
ral dilatation, and the cardiac output remains largely
unchanged.[23–25]

Goal-directed fluid therapy (GDT) during anes-
thesia has been heavily argued for, and is recom-
mended especially in Great Britain. Different goals
have been used in these trials, and the goals that are
accepted in order to call a trial “goal-directed” vary
between the reviews published. The goal of “zero fluid
balance” has been included in the family of goal-
directed fluid therapies,[26] and is recommended for
use in this chapter, but inmost cases the accepted goals
refer to central hemodynamic parameters. Trials test-
ing the effect of GDT against a standard fluid regi-
men during abdominal surgical procedures are cited
in Table 21.1.

An interesting feature is that the increase in stroke
volume was achieved with a colloid solution while at
the same time all the patients, regardless of the stroke
volumemeasurements, received large amounts of crys-
talloid. This may have two interpretations: either the
crystalloid is given as pure fluid overload and leaves
the circulation almost immediately (as crystalloid fluid
does when given to normovolemic persons), or crys-
talloid cannot raise stroke volume significantly.

Most of the trials have in common that the patient
sample is small, and the trials are powered to show a
difference in length of hospital stay, but also that the
GDT intervention in most cases improved the out-
come relative to standard fluid therapy. It is interesting
that colloid including hydroxyethyl starch (Voluven)
apparently has beneficial effects on outcome in elective
bowel surgery, and not the side effects seen in a pop-
ulation of septic patients.[27] Recently the so-called

“restricted fluid therapy approach” (zero fluid balance)
has been tested against GDT without the fluid over-
load with crystalloid (GDT on a zero balance basis)
(Table 21.2).

The two regimens have shown an equally good out-
come for the patients. However, all clinical random-
ized trials of fluid therapy in general have weaknesses.
Firstly, it is very difficult to blind randomized clinical
trials of fluid therapy. The fluids cause changes in the
patient’s body weight and in the urinary output, and
if more than 20% of the extracellular fluid volume is
given (�3 liters for a 75 kg person), a visible subcu-
taneous edema is formed. The latter means that only
trials with a fluid difference less than 3 liters between
groups are possible to blind effectively.

Secondly, one has to be very careful in the choice of
endpoints. Length of stay (LOS) has especial problems.
The introduction of fast-track surgery has illustrated
that the most important factor for LOS is expectations
from patients as well as the doctors. They simply stay
in hospital as long as everybody expects them to.Other
important factors are traditions including the use of
drains, the allowance of the patient to return to oral
food, and the type of analgesia used postoperatively.

Thirdly, in all research concerning surgical
patients, the many confounders are at best difficult-
to control. This is especially a problem for trials
including a small number of patients. Large numbers
of patients will equalize the confounders between the
groups compared. For example, postoperative nausea
and vomiting (PONV) is highly influenced by the fact
that opiates have pronounced PONV side effects.

Intraoperative fluid therapy in
outpatient surgery
The trials of different fluid volumes during outpatient
andminor abdominal surgery are shown in Table 21.3.

These trials have shown that approximately 1 liter
of fluid i.v. causes better postoperative well-being (less
PONV) in patients undergoing outpatient surgery.
This finding seems logical because patients undergo-
ing outpatient surgery are told to fast from midnight
before surgery, i.e. they have a fluid deficit of approxi-
mately 1 liter.[28]

A surprising finding was that by Holte et al. [29]
who examined the effect of 3 liters versus 1 liter of
fluid on PONV, postoperative ability to run on a tread-
mill, and pulmonary function measured by spirome-
try.The trial showed that patients receiving 3 liters had
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Table 21.1 Trials of “goal-directed fluid therapy” (GDT) versus “standard therapy” in abdominal surgery

Author Surgery
No. of
patients

Blinding and
intervention

Primary
outcome

Intervention
fluid

Preoperative
fluid volume

Intraoperative
fluid volume

Postoperative
fluid volume Results

Conway et al.
2002 [33]

Elective bowel
surgery

57 in two
groups

No blinding.
Near maximal stroke

volume EDM
(CardiQ

R©
)

LOS HES 6% Not given Coll: 28ml/kg (GDT)
vs. 19ml/kg

Total 64ml/kg (GDT)
vs. 55ml/kg

Not given No differences for LOS
or morbidity.

Mortality: 0 (GDT) vs. 1

Gan et al.
2002 [34]

Elective general,
urological or
gynecological

100 in two
groups

No blinding.
Near maximal stroke

volume, EDM
(CardiQ

R©
)

LOS HES 6% Not given Coll: 847 (GDT) vs. 282
Cryst: 4,405 (GDT) vs.

4375

Not given GDT reduced LOS.
No difference for
morbidity.

Mortality not reported

Wakeling et al.
2005 [35]

Elective colorectal
resection

128 in two
groups

Observer blinded.
Near maximal stroke

volume EDM
(CardiQ

R©
)

LOS Haemaccel
R©

or Gelofusine
R©

1,000–2,000
Hartmann’s
solution from
midnight

Median coll: 2,000
(GDT) vs. 1,500.

Cryst: 3,000 both
groups

Early oral intake, fluid
volumes not given
(i.v. or oral)

GDT reduced LOS and
morbidity.

Zero mortalities in 30
days, 1 (control)
after 60 days

Noblett et al.
2006 [36]

Elective colorectal
resection

108 in two
groups

Observer blinded.
Near maximal stroke

volume EDM
(CardiQ

R©
)

LOS Volplex
R©

Not given Coll: 1,340 (GDT) vs.
1,209

Cryst: 2,298 (GDT) vs.
2,625

Early oral intake, fluid
volumes not given
(i.v. or oral)

GDT reduced LOS and
morbidity.

Mortality: 0 (GDT) vs. 1
(control)

Lopes et al.
2007 [37]

Elective mixed GI
and urological

33 in two
groups

No blinding.
Pulse pressure

variation (PPV)

LOS HES 6% Not given Coll: 2,247 (GDT) vs. 0
Cryst: 2,176 (GDT) vs.

1,563

Patients transferred
to ICU; fluid or other
treatment not given

GDT reduced LOS and
morbidity.

Mortality: 2 (GDT) vs. 5
(followed until
discharge)

Buettner et al.
2008 [38]

Elective general,
urological or
gynecological

80 in two
groups

Not blinded.
Stroke volume

variation
(PiCCOplus

R©
)

ScvO2 and
serum lactate

HES 6%
(Voluven

R©
)

Not given Coll: 1,500 (GDT) vs.
1,000.

Cryst: 4,500 (GDT) vs.
4,250

Not given No difference in ScvO2
or lactate

Mortality: 1 patient in
control group “after
several weeks.” “All
others discharged
from ICU alive”

Forget et al.
2010 [39]

Elective mixed GI
surgery

82 in two
groups

Observer blinded.
Pleth variability index

(PVI)

Whole blood
lactate levels

HES 6%
(Voluven

R©
)

Not given Coll: 890 (GDT) vs.
1,003

Cryst: 1,363 (GDT) vs.
1,815

24 h postop.
Col: 268 (GDT) vs.

358. Cryst: 3,107
(GDT) vs. 3,516

GDT reduced lactate
levels.

No difference in
morbidity.

Mortality: 2 (GDT) vs. 0

(cont.)
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Table 21.1 (cont.)

Author Surgery
No. of
patients

Blinding and
intervention

Primary
outcome

Intervention
fluid

Preoperative
fluid volume

Intraoperative
fluid volume

Postoperative
fluid volume Results

Mayer et al.
2010 [40]

Elective mixed GI
surgery

60 in two
groups

Observer blinded.
Stroke volume

variation (SVV)
(FloTrac

R©
)

LOS Not given, just
“colloid”

Not given Coll: 1,180 (GDT) vs.
817

Cryst: 2,489 (GDT) vs.
3,153

Not given GDT reduced LOS and
morbidity.

Mortality: 2 in each
group

Benes et al.
2010 [41]

Elective mixed GI
and vascular
surgery

120 in two
groups

Observer blinded.
Stroke volume

variation (SVV)
(FloTrac

R©
)

Postop
complications

HES 6%
(Voluven

R©
)

Not given Coll: 1,425 (GDT) vs.
1,000

Cryst: 2,321 (GDT) vs.
2,459

8 h postop:
Col: 0 vs. 0
Cryst: 1,587 (GDT) vs.

1,528

GDT reduced
morbidity and LOS.

Mortality: 1 (GDT) vs. 2

Challand et al.
2012 [42]

Elective open or
laparoscopic
colorectal surgery

236 in four
groups: fit
vs. unfit and
GDT vs.
standard

Observer blinded.
Near maximal stroke

volume EDM
(CardiQ

R©
)

LOS HES 6%
(Voluven

R©
)

1,273 (GDT) vs.
971 Hartmann’s
solution

Coll: 358 (GDT) vs. 336
Cryst: 3,479 (GDT) vs.

3,593

1. postop. day:
2,083 (GDT) vs. 2,011

GDT worsened LOS
and morbidity for
the fit. No difference
for the unfit.

Mortality 30 days: 2 vs.
2.

90 days: 5 (GDT) vs. 4

Salzwedel
et al. 2013 [43]

Elective general,
urological, or
gynecological

160 in two
groups

Patient blinded.
Pulse pressure

variation (PPV) and
CI monitoring

Postop.
complications

Not given Not given Coll: 774 (GDT) vs. 725
Cryst: 2,862 (GDT) vs.

2,680

24 h postop.
Coll: 57 (GDT) vs. 147.

Cryst: 3,204 (GDT)
vs. 3,452

GDT reduced
complications but
not LOS.

Mortality: not given

Fluid volumes are in ml.
LOS, length of stay; EDM, esophageal Doppler monitoring; CI, cardiac index; HES, hydroxyethyl starch; GI, gastrointestinal.
NOTE: One reference was excluded from the table because inclusion and exclusion criteria were unclear.[44]
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Table 21.2 Trials of “goal-directed fluid therapy” (GDT) versus “restricted fluid therapy” in abdominal surgery

Author Surgery No. of patients
Blinding and
intervention

Primary
outcome

Intervention
fluid

Preoperative
fluid volume

Intraoperative
fluid volume

Postoperative
fluid volume Results

Brandstrup
et al. 2012
[45]

Elective
laparoscopic or
open colectomy

150 in two groups:
GDT vs. “restricted”

Observer blinded.
Near maximal
stroke volume
(EDM)
(CardiQ R©)

Patients with
postop.
complications

HES 6%
(Voluven

R©
)

2 h fasting for fluid.
500ml saline if no

fluid in 6 h

Coll: 810 (GDT) vs.
475

Total volume 1,877
(GDT) vs. 1,491
(restricted)

Oral fluid in an
enhanced
recovery protocol.

i.v. fluid if oliguria,
tachycardia, or
hypotension

No difference in
morbidity or LOS.

Mortality: 1 in each
group

Zhang et al.
2012 [46]

Elective open GI
surgery

60 in three groups:
4ml/(kg h) and
GDT-Ringer’s;

4ml/(kg h) and
GDT-HES; and

4ml/(kg h) Ringer’s

Observer blinded.
Pulse pressure
variation (PPV)

LOS Ringer’s lactate
and HES 6%

Not given Total volume:
GDT-Ringer’s: 2,109
vs.

GDT-colloid: 1,742
vs. restricted
Ringer’s 1,260

1.5–2.0ml/(kg h)
crystalloid for
3 days.

Oral intake not
mentioned

LOS was shortest in
GDT-colloid
group, longest in
the GDT-Ringer’s
group.

Morbidity: no
difference.

Mortality: none

Srinivasa
et al. 2013
[47]

Elective
laparoscopic or
open colectomy

85 in two groups
GDT vs. “restricted”

Observer blinded.
Near maximal
stroke volume
(EDM)
(CardiQ R©)

Surgical Recovery
Score (SRS)

Succinylated
gelatin colloid
solution

Gelofusine

13 patients with
bowel preparation:
1,000ml crystalloid

Coll: 591 (GDT) vs.
297

Total volume: 1,997
(GDT) vs. 1,614
(restricted)

Oral fluid in an
enhanced
recovery protocol.

i.v. fluid if oliguria,
tachycardia, or
hypotension

No difference in
SRS, LOS, or
postoperative
morbidity.

Mortality: none

Phan et al.
2014 [48]

Elective colorectal
surgery

100 in two groups
GDT vs. “restricted”

Near maximal
stroke volume
(EDM) (CardiQ

R©
)

LOS Total volume 2,115
(GDT) vs. 1,500
(restricted)

Oral fluid in an
enhanced
recovery protocol

No difference in LOS
or postoperative
morbidity

Mortality: none

LOS, length of stay; EDM, esophageal Doppler monitoring. Fluid volumes are in ml.
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Table 21.3 Trials of outpatient abdominal surgery

Author Surgery
No. of
patients Blinding

Duration
of surgery Intervention Fast

Postop. oral
fluid intake Results

Keane & Murray
1986 [49]

Mixed outpatient
surgery

212 in
2 groups

No 18min 1,000ml Hartmann’s solution
+ 1,000ml DW vs.

No fluid

? ? Fluid reduces thirst and drowsiness, and
increases well-being. No effect on
nausea

Spencer 1988
[50]

Minor
gynecological
surgery

100 in
2 groups

No 8min 1,000ml CSL vs.
No fluid

? ? Fluid reduces dizziness and nausea

Cook et al.
1990 [51]

Gynecological
laparoscopy

75 in
3 groups

Yes 20min CSL 20ml/kg vs.
CSL + DW 20ml/kg vs.
No fluid

11–16 h ? Fluid reduces dizziness and drowsiness.
Hospital stay reduced in dextrose group

Yogendran et al.
1995 [52]

Mixed outpatient
surgery

200 in
2 groups

Yes 28min Plasma-Lyte 20ml/kg (1,215ml) vs.
Plasma-Lyte 2ml/kg (164ml)

8–13 h ? Fluid reduces thirst, dizziness and
drowsiness. No effect on nausea

McCaul et al.
2003 [53]

Gynecological
laparoscopy

108 in
3 groups

Yes 22min CSL 1.5ml/kg per fasting hour
(1,115ml) vs. CSL + DW
1.5ml/kg per fasting hour
(1,148ml) vs.

No fluid

11.5 h ? No significant differences between the
groups

Magner et al.
2004 [54]

Gynecological
laparoscopy

141 in
2 groups

Yes 20min CSL 30ml/kg vs.
CSL 10ml/kg

13 h ? Fluid reduced nausea and vomiting. No
effect on dizziness or thirst

Holte et al.
2004 [29]

Laparoscopic
cholecystectomy

48 in
2 groups

Yes 68min LR 15ml/kg (998ml)
vs. 40ml/kg (2,928ml)

2 h Mean 600ml Fluid reduces thirst, nausea, dizziness,
drowsiness; improves well-being and
pulmonary function; and shortens
hospital stay

DW, dextrose in water 5%; CSL, compound sodium lactose (Na:131, K:5, Ca:2, Cl:111, lactate:29mmol/l); LR, lactated Ringer’s solution.
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Chapter 21: Abdominal surgery

less PONV and better exercise performance than the
patients given 1 liter.This trial has, however, a problem
with the doses of postoperative opiates, with smaller
doses given to the patients in the group given most
fluid.

Postoperative fluid therapy
Both fluid chart and body weight are needed to pro-
vide logical fluid and electrolyte therapy.[30]The fluid
chart tells the type of fluid lost (the quality), and the
body weight is needed for monitoring the quantity of
fluid lost, i.e. the fluid balance. It is therefore neces-
sary to measure the body weight of the patient in the
morning before the operation, to ensure the recording
of a fluid chart, and to continue to measure the body
weight every morning postoperatively on one and the
same scale.

Blood samples for control of electrolyte status (Na,
K,Hb, creatinine) should bemeasured daily for as long
as the patient does not eat a sufficient diet.

A drop in arterial pressure for any reason, includ-
ing the use of epidurals or other drugs, decreases uri-
nary output, because the glomerular filtration rate
is pressure-dependent. In patients without a steno-
sis in the renal artery, a mean arterial pressure above
60mmHg will be sufficient for the maintenance of
glomerular filtration rate and thereby the urine pro-
duction. Hypotension caused by epidurals is best
treated with vasopressor substances. However, such
drugs are not recommended for use in the surgical
ward, and epidural hypotension is better treated with a
reduction in the dose of epidural analgesia or interrup-
tion of habitual antihypertensive medication. If hypo-
volemia is suspected, a fluid bolus may be given and
the effect observed.

A few trials have been performed to examine the
effect of postoperative fluid restriction on colorec-
tal surgical patients.[31,32] The results have not been
consistent, probably in part because the trials have
not been combined with zero-balance fluid therapy
intraoperatively. It is not physiological to withhold
water from thirsty patients, especially not if they have
received large amounts of sodium and chloride during
surgery.

It is recommended that patients are allowed to
drink and eat freely postoperatively, and intravenous
fluid therapy is indicated if the oral intake is insuffi-
cient, if the patient has paralytic ileus, or if a compli-
cation has occurred.
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Chapter

22
Cardiac surgery

Saqib H. Qureshi and Giovanni Mariscalco

Summary

Cardiac surgical patients have altered vascular
and immunological factors that dictate short- and
long-term clinical outcomes. So far, the evidence
does not favor any single choice of fluid therapy.
In fact, volume replacement is a determinant of
“filling pressures” in isolation but requires a crit-
ical balance with other determinants of tissue-
oxygen debt such as vasomotor tone, fluid respon-
siveness, and cardiac contractility. Lastly, none of
the available fluid therapies have been assessed for
their comparative endothelial homeostatic poten-
tial. This leaves a significant knowledge gap and
an incentive for researchers, clinicians, and indus-
try to design and test safer and more efficacious
choices for clinical use.

Introduction
Cardiac surgical patients may receive fluid in excess of
10 liters of fluid therapy during the intraoperative and
postoperative course. Such volume overload leads to
peripheral edema, which is worsened by the alteration
of capillary endothelial function that occurs during
cardiopulmonary bypass (CPB).[1–5] This alteration
might lead to depletion of intravascular volume and to
organ dysfunction such as acute lung and acute kidney
injury (AKI), thus increasing the length of stay in the
intensive care unit (ICU) or hospital, with increased
hospital healthcare costs. The choice of fluid therapy,
the context in which it is indicated, and the target
responses are often vague; hence the outcomes remain
unpredictable in clinical practice.[1–5]

In this chapter we discuss why the debate is ongo-
ing over whether colloids or crystalloids are superior,

and how the evidence should be interpreted. We con-
sider why we not only need novel fluids for intravascu-
lar resuscitation targeted for this population but also
need better designed randomized controlled trials to
assess the safety and efficacy of existing choices such as
hydroxyethyl starch (HES), dextrans, and gelatin, and
balanced or unbalanced crystalloids.

Cardiac surgery and vascular
endothelial alterations
Perioperative factors – such as hypothermia, CPB-led
cytokine storm, ischemia reperfusion and generation
of reactive oxygen species, myocardial depression-led
alterations in renin–angiotensin responses, or atrial
natriuretic peptide (ANP) release from atrial tissue –
can all affect vascular barrier function and in par-
ticular the integrity of the endothelial glycocalyx.[6–
8] Surgical trauma has also been implicated in shed-
ding of the glycocalyx in humans. Rehm et al. [8]
showed an increase of the main components of the
glycocalyx, syndecan-1 and heparan sulfate, in the
plasma of vascular surgical patients with global or
regional ischemia.The intraoperative damagewas pro-
portional to the duration of ischemia. Bruegger et al.
[7] described increase levels of syndecan-1 and hep-
aran sulfate in the arterial blood of patients under-
going coronary artery bypass surgery. In both inves-
tigations, shedding of the glycocalyx occurred con-
comitant with reperfusion.[7,8] It is important to real-
ize that glycocalyx shedding has been demonstrated
in patients undergoing both on-pump and off-pump
coronary artery bypass grafting.[9] ANP, along with
IL-8, IL-6, and IL-10, has been implicated.[10]

In addition, plasma-circulating enzymes play
an important role in glycocalyx shedding. Human
heparanase (HPSE-1) degrades heparan sulfate and

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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glycosaminoglycans, and over-expression of HPSE-1
in transgenic mice leads to early proteinuria and renal
failure.

Fluid therapy and effect on endothelial
glycocalyx layer (EGL)
Rapid crystalloid infusion has been shown to cause
a large increase in plasma hyaluronic acid, presum-
ably by cleaving this essential polysaccharide from
the endothelial glycocalyx.[11] Increased right atrial
pressure resulting from large volume resuscitation
as well as right atrial cannulation during cardiac
surgery increases the release of natriuretic peptide.[12]
Natriuretic peptides cleave off glycocalyx compo-
nents (syndecan-1, hyaluronic acid, and heparan sul-
fate) into the circulation, compounding endothe-
lial injury.[7] Owing to capillary leak, less than 5%
of infused crystalloid remains intravascular within
3 hours after infusion.[13]The increased tissue edema
compounds pre-existing myocardial dysfunction.[14]

Revised Starling equation and
glycocalyx model paradigm:
implications for fluid therapy
The traditional views of Ernest Starling’s observations
that capillaries were semipermeable membranes have
essentially been re-written as our understanding of
the role of the glycocalyx has increased.[15,16] The
key objective behind infusion of colloids is to main-
tain and boost intravascular colloid osmotic pressure
(COP) to prevent filtration and ensuing peripheral
edema. However, the revised Starling equation and
the glycocalyx model paradigm suggest that filtration
in systemic capillaries is regulated not by COP dif-
ference between capillary and interstitial fluid, but
rather by the COP difference between capillary and
sub-glycocalyx space (πc –πg).The latter COP is zero,
resulting in amuch higher difference than for the orig-
inal Starling hypothesis (Figure 22.1). Because of this,
a “no-reabsorption rule” applies, suggesting that even
with low mean capillary pressures, filtration of fluid
to the interstitim will continue.[15] Resuscitation with
colloids will oppose but will not reverse absorption.
In addition, patients with sepsis lose their glycocalyx
layer; hence the advantage affiliated with colloids of
creating higher COP is lost, and with that, any supe-
riority over crystalloids.

Intercellular
endothelial
cleft

Glycocalyx

Pc

Classical Starling principle: Filtration Force = (Pc – Pi) – σ(πp – πi)
Revised Starling principle: Filtration Force = (Pc – Pi) – σ(πp – πg)

EC

EC
Sub-glycocalyx layer

(Protein free)

Pi
πi

πg

πc

Figure 22.1 Two-dimensional glycocalyx–cleft model of capillary
fluid exchange: the sub-glycocalyx space is protected and is protein
free, forming the basis for the “no-reabsorption rule.” The
glycocalyx–cleft model identifies glycocalyx as a semipermeable
layer. Its underside is subjected to the colloid osmotic pressure of
fluid high inside the intercellular cleft rather than interstitial fluid
(ISF), with important functional consequences. Pc, plasma capillary
hydrostatic pressure; Pi, interstitial hydrostatic pressure; πc, oncotic
pressure of plasma; π i, oncotic pressure of interstitial fluid; πg,
oncotic pressure of intercellular endothelial cleft; EC, endothelial
cell. Derived and modified from Ref. [16].

Types of resuscitation fluids

Colloids
Human albumin solutions
In healthy humans, albumin contributes 80% of the
plasma oncotic pressure (25 mmHg) whereas in crit-
ically ill patients there is considerable reduction (to
approx. 19mmHg) and associated poor outcomes.[17]
Albumin is involved in transport and metabolism of
bile acids, eicosanoids, copper, zinc, folate and aqua-
cobalamin, and drugs. Albumin imparts half of the
normal anion gap, has significant antioxidant prop-
erties, and maintains vascular nitric oxide (NO) lev-
els via stable S-nitrosothiol. Human albumin solutions
(HAS) are produced by fractionation of blood and then
heat treated to prevent transmission of viruses. The
Saline versus Albumin Fluid Evaluation study (SAFE
trial), on 6,997 patients randomized to either albu-
min or saline, concluded that albumin was not supe-
rior to saline when analyzed for 28-day mortality (rel-
ative risk, 0.99: 95% confidence interval, 0.91–1.09, p=
0.870).[18] Since then, follow-on trials such as FEAST
study and ALBIOS have not shown any superiority of
human albumin over crystalloids.[19,20]
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Table 22.1 Pharmacological properties of different HES preparations. Molar substitution and the C2/C6 (i.e. quotient of the numbers of glucose residues hydroxyethylated at positions 2 and
6, respectively) dictate the kinetics of degradation: a higher C2/C6 substitution protects from hydrolysis, thus increasing plasma half-life and potential toxicity

Preparationa Concentration Trade name
MMW
(kDa)

Specification
range (kDa)

Top
fractionb

(kDa)

Bottom
fractionc

(kDa) MS
C2/C6
ratio

In vitro
COP
(mmHg)

Initial
volume
effect

T½
alpha
(h)

T½
beta
(h)

Clearance
(ml/min)

Hetastarch

HES 450/0.7 6% Plasmasteril,
Hespan

450 150 2,170 19 0.7 4–5 26 100 n/a 300 n/a

HES 670/0.7 6% Hextend 670 175 2,500 20 0.75 4 n/a 100 6.3 46.4 0.98

Hexastarch

HES 200/0.62 6% Elohes 200 25 900 15 0.62 9 25 110 5.08 69.7 1.23

Pentastarch

HES 70/0.5 6% Rheohes,
Expafusin

70 10 180 7 0.5 3 30 90 n/a n/a n/a

HES 200/0.5 10% HAES-steril,
Hemohes

200 50 780 13 0.5 4–5 50–60 145 3.35 30.6 9.24

HES200/0.5 6% HAES-steril,
Hemohes

200 50 780 13 0.5 4–5 30–35 100 n/a n/a n/a

HES 200/0.5 3% HAES-steril,
Hemohes

200 50 780 13 0.5 4–5 15–18 60 n/a n/a n/a

Tetrastarch (waxy-maize-derived)

HES 130/0.4 10% Voluven 130 20 380 15 0.4 9 70–80 200 1.54 12.8 26

HES 130/0.4 6% Voluven,
Volulyte

130 20 380 15 0.4 9 36 100 1.39 12.1 31.4

Tetrastarch (potato-derived)

HES 130/0.42 10% Tetraspan 130 15 n/a n/a 0.42 6 60 150 n/a n/a n/a

HES 130/0.42 6% Venofundin,
Tetraspan,
VitaHES

130 15 n/a n/a 0.42 6 36 100 n/a 12 19

Derived and modified from Ertmer et al. [24].
a Data extracted from manufacturer’s product information.
b Bottom fraction: <10% of molecules are less than the molecular weight defined by bottom fraction.
c Top fraction: <10% of molecules exceed the molecular weight defined by bottom fraction.
COP, colloid osmotic pressure; MMW, molecular weight; MS, molar substitution; n/a, not applicable or not available; T½ alpha, distribution half-life; T½ beta, elimination half-life.
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Semisynthetic colloids
Hydroxyethyl starches (HES)
The high cost of human albumin dictated the devel-
opment of synthetic colloids. Currently HES are the
most commonly used synthetic colloids (Table 22.1).
HES are produced by hydroxyl substitution of amy-
lopectin obtained from sorghum,maize, or potatoes. A
high degree of substitution on glucose molecules pro-
tects against hydrolysis by non-specific amylases in the
blood, but the action increases accumulation in liver
and spleen macrophages, which constitute the reticu-
loendothelial system, probably because the reticuloen-
dothelial system recognizesHES as a foreign substance
and stores it (in the liver, spleen, and skin).[21] HES
administration causes changes in coagulation and fib-
rinolysis.[22] The effect on fibrinolysis is driven by
reduction in alpha2-antiplasmin/plasmin interactions
with simultaneous reduction in all measures of coag-
ulation such as clotting time, maximum clot firmness,
and alpha-angle; these changes are driven by platelet
dysfunction and loss of coagulation factors.[22,23]
Growing evidence now questions the safety of tradi-
tional and modern HES owing to an increased inci-
dence of mortality and renal failure observed in large
randomized controlled trials (RCTs). However, these
trials have only focused on critically ill septic patients,
and have ignored trauma or cardiac surgical popula-
tions. Currently used HESs have a reduced concentra-
tion (6%) with a molecular weight (MW) of 130 kDa
and a substitution of 0.38–0.45. HES is widely used for
patients undergoing anesthesia for major surgery and
in patients in ICU.

The rawmaterial from which HES is synthesized is
amylopectin (starch).HES is generated by nucleophilic
substitution of amylopectin to ethylene oxide in the
presence of an alkaline catalyst. Residual solvents
are removed by repeated ultrafiltration. HES with a
molar substitution of 0.5 or 0.6 is denoted as “pen-
tastarch” or “hexastarch,” respectively. In this regard,
first-generation HESs consist of heta- and hexa-
starches, whereas pentastarch is allocated to the sec-
ond generation.The latest, third-generationHESs con-
sist of modern tetrastarches (HES 130/0.4 and HES
130/0.42).

Gelatins
These are prepared by hydrolysis of bovine colla-
gen. Succinylated gelatin (GelofusineTM) is produced
by enzymatic alterations of the basic gelatin peptide

and is presented in isotonic saline. Urea-linked gelatin
(Polygeline, HaemaccelTM) is produced by thermal
degradation of the raw material to small peptides
(12,000–15,000Da) followed by urea cross-linking to
produce polymers of around 35,000Da that are sus-
pended in isotonic sodium chloride with 5.1mmol/l
potassium and 6.25mmol/l calcium.[24] Concerns
have been raised about association between the
use of bovine-derived gelatin (but not pharmaceuti-
cally derived), bovine spongiform encephalitis, and
Creutzfeld–Jakob disease.[24]

Dextrans
These are biosynthesized from sucrose by Leuconos-
toc bacteria using the enzyme dextran sucrase. This
enzyme catalyzes the alpha-1,6-glycosidic linkage of
glucose monomers. Dextrans are defined by their
MW, with dextran 40 and 70 having MW 40,000 and
70,000Da, respectively. Allergic reactions (<0.35%)
have been associated with dextrans.[5] Injection of
a hapten, dextran 1, before administering dextran
solutions has significantly reduced the incidence to
<0.0015%.[25] This involves a 20ml injection of low-
MW dextran 1 (1,000Da MW) prior to infusion of a
dextran volume expander, which leads to inactivation
of anti-dextran IgGs in the recipient.

Crystalloids
Themost commonly used crystalloid is normal (0.9%)
saline (Na concentration = 154mmol/l). The term
“normal” was coined by Dutch physiologist Hartog
Jacob Hamburger, who in 1882 suggested human
blood salt to be 0.9% rather than 0.6%.

Concerns have been raised that normal saline (NS)
induces hyperchloremic metabolic acidosis (NaCl +
H2O ➔ HCl+ NaOH), but the clinical consequences
of this are unclear.[26] In addition, owing to concerns
regarding a fluid overload condition induced by large
volumes, small-volume resuscitation with hypertonic
saline (3%, 5%, or 7%) has been introduced.

Hypertonic saline
In 1980, de Felippe reported almost miraculous recov-
ery from near-fatal hemorrhagic shock in 11 patients
resuscitated with hypertonic saline (HS).[27] Various
concentrations of HS have been used, and these are
provided in Table 22.2. The plasma volume expan-
sion is derived from increased fluid shift ability, sec-
ondary to the hyperosmotic and hyperoncotic abilities
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Table 22.2 Physico-chemical properties of various HS
solutions

Solution
Osmolarity
(mosmol/l)

Sodium
concentration
(mosmol/l)

0.9% normal saline 308 154

Ringer’s lactate 275 130

1.7% saline 291 582

3% saline 1,026 513

7.2% saline/6% HAES
(200/0.6)

2,464 1,232

7.5% saline 2,566 1,283

7.5% saline/6% dextran 70 2,568 1,283

10% saline 3,424 1,712

23% saline 8,008 4,004

30% saline 10,000 5,000

Derived from Strandvik.[28]

of these solutions. The plasma volume expansion is
approximately 750ml for infusion of 1 liter of HS vs.
300ml derived from 1 liter of crystalloid. Hypertonic-
ity leads to vasodilatation by improving endothelial
cell volume, improves cardiac output, and has also
shown to reduce neutrophilic activation.[28]However,
HS have not improved outcomes in patients with trau-
matic brain injury.[29]

Physiologically “balanced” and
“unbalanced” fluids
Balanced or physiological fluids contain inorganic ions
(calcium, potassium, magnesium), molecular glucose,
and buffer components such as lactate or bicarbon-
ate, and have a lower chloride component to prevent
hyperchloremic metabolic acidosis. There is evidence

that patients randomized to these vs. unbalanced flu-
ids had less impaired coagulation (less effect on throm-
boelastography and platelet aggregation).[30] Renal
function may also be better preserved.

A typical example of balanced crystalloids is Hart-
mann’s solution/Ringer’s lactate. Balanced colloids
are also available as 6% HES (Hextend R© , Volulyte R©).
Table 22.3 summarizes the advantages and disad-
vantages of colloids and crystalloids, while Table
22.4 details compositions of commonly used colloids
and crystalloids.

Controversies surrounding randomized
clinical trials comparing efficacy of
colloids with crystalloids
The clinical risks and benefits of crystalloids and
colloids have remained controversial for decades.
On the one hand, RCTs such as CHEST indicate
that modern colloids such as hydroxyethyl starch
(tetrastarch 130/0.4) may promote AKI in intensive
care patients, and increased risk of mortality in septic
patients.[31,32] On the other hand, trials such as
FIRST, BaSES, and CRISTAL suggest that the out-
comes for colloids and crystalloids are similar.[31–35]
Within crystalloids, a growing body of evidence
debates the safety of 0.9% saline when compared with
balanced crystalloids.[36,37]

Unfortunately,much of the evidence is confounded
by clinical, methodological, or statistical heterogene-
ity. Careful scrutiny of CHEST and 6S trials by adopt-
ing a standardized method shows lack of consistency
in trial design, indications for colloid use, ormaximum
administered dose.[38] Such key limitations are high-
lighted in Table 22.5. Critics have used these and other
observations such as lack of robust evidence of harm

Table 22.3 Comparative overview of generic advantages and disadvantages of colloids and crystalloids

Solution Advantages Disadvantages

Colloids 1. Smaller infused volumes
2. Prolong increase in plasma volumes
3. Less peripheral edema
4. Endothelial protection

1. Renal dysfunction (dextran>HES>albumin)
2. Coagulopathy (older HES>tetrastarch>albumin)
3. Pulmonary edema (capillary leak syndrome)
4. Pruritus (HES, dextran>albumin)
5. Anaphylaxis (dextran>HES>albumin)
6. Greater cost (albumin>other synthetic colloids)

Crystalloids 1. Lower cost
2. Higher glomerular filtration rate
3. Interstitial fluid replacement

1. Short-term increase in intravascular volume
2. Short-term hemodynamic improvement
3. Interstitial fluid accumulation
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Table 22.4 Constituents of commonly used colloids and crystalloids

Variable
Human
plasma

4%
albumin

10%
(200/0.5)
HES

6%
(450/0.7)
HES 6% (130/0.4) HES 6% (130/0.42) HES

4% succinylated
modified fluid
gelatin

3.5%
urealinked
gelatin

0.9%
saline

Compounded
sodium
lactate

Balanced
salt
solution

Trade name Albumex Hemohes Hextend Voluven Volulyte Venofundin Tetraspan Gelofusine Haemaccel Normal
saline

Hartmann’s or
Ringer’s lactate

Plasma-Lyte

Colloid
source

Human
donor

Potato
starch

Maize
starch

Maize starch Maize starch Potato starch Potato starch Bovine gelatin Bovine
gelatin

Osmolarity
(mosmol/l)

291 250 308 304 308 286 308 296 274 301 308 280.6 294

Sodiuma 135–145 148 154 143 154 137 154 140 154 145 154 131 140

Potassiuma 4.5–5.0 - - 3.0 - 4 - 4 - 5.1 - 5.4 5

Calciuma 2.2–2.6 - - 5 - - - 2.5 - 6.25 - 2 -

Magnesiuma 0.8–1 - - 0.9 - 1.5 - 1 - - - - 3

Chloridea 94–111 128 154 124 154 110 154 118 120 145 154 111 98

Acetatea - - - - - 34 - 24 - - - - 27

Lactatea 1–2 - - 28 - - - - - - - 29 -

Malatea - - - - - - - 5 - - - - -

Gluconatea - - - - - - - - - - - - 23

Bicarbonatea 23–37 - - - - - - - - - - - -

Octanoatea - 6.4 - - - - - - - - - - -

Derived from Myburgh et al. [31].
a Units of measurement are mmol/l.
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Table 22.5 Characteristics and relative risks of various outcomes in RCTs evaluating HES

Trial VISEP 6S Trial CHEST CRYSTMAS CRISTAL

Number of
included
patients

537 804 7,000 196 2,857

Disease
condition

Severe sepsis Severe sepsis ICU admission
requiring fluid
administration

Severe sepsis Sepsis, trauma,
hypovolemic shock

Starch solution 10% 200/0.5 6% 130/0.42 6% 130/0.4 6% 130/0.4 Any colloid solution

Comparator Ringer’s lactate Ringer’s acetate Saline Saline Isotonic or
hypertonic saline,
buffered solutions

Renal
replacement
therapy

1.66a 1.35a 1.21a 1.83 0.93

90-day
mortality

1.21 1.17a 1.06, 95% CI 0.96,
1.18, p = 0.26

1.20 0.92a

Limitations Considerable no. of
patients received
higher dose than
manufacturer
recommendation.

Study used older
HES.

Considerable no. of
patients in control
group received
HES

Randomization of 52% of
patients after initial
stabilization with colloids.

Lack of valid resuscitation
endpoints or
resuscitation protocols.

Failure to use pre-specified
treatment algorithms.

36% of patients receiving
HES had pre-existing
renal impairment.

No hemodynamic
monitoring

Inclusion of patients
after initial
stabilization.

Lack of valid
resuscitation
endpoints or
resuscitation
protocols.

Failure to use
pre-specified
treatment
algorithms

Not powered to
assess renal
safety.

Publication and
reporting bias.

68% of patients
receiving HES
had pre-existing
renal impairment

Trial fluid not
blinded.

No stratified
comparison
according to
subgroups

Derived and modified from Ghijselings and Rex [39].
a These relative risks differed from 1.00 with statistical significance at the 5% level.
CI, confidence interval.

with colloids in the non-critically ill/septic population
as bases for their continued support.

An additional consideration is the increased cost
of colloid solutions, which has been justified until now
by the suggested clinical benefits conferred. In addi-
tion, publication of RCTs showing colloid harm have
resulted in rapid regulatory steps to suspend market-
ing authorization of these colloids, but at the same time
increased the downstream risk of blanket use of crys-
talloids even in patients with fragile microcirculation
and fluid balance, a known risk factor for increased
morbidity.[14,39,40]

Safety outcomes in cardiac surgery: an
up-to-date review of randomized
controlled trials
In a meta-analysis conducted by our group compar-
ing safety outcomes in patients randomized to receive

colloids or crystalloids (unpublished), we failed to
observe any superiority of colloids over crystalloids.
Interestingly, we did not receive any safety concerns
such as renal morbidity attributed to HES in this
subgroup of patients. We also undertook sensitivity
analyses (not shown) by sensitizing against low-
volume studies (fewer than 250 patients) and low-
quality studies (high risk of selection or performance
bias) to look at robustness of evidence. However, these
by and large did not affect the summary estimates of
effect.

� Mortality. Seven trials comparing colloids vs.
crystalloids were included. Neither benefit nor
harm was seen with either intervention (odds
ratio (OR) 0.74, 95% CI 0.17 to 3.32; p = 0.70)
(Figure 22.2).

� Acute kidney injury.This was analyzed in four
studies showing neither benefit nor harm (OR
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Chapter 22: Cardiac surgery

Study or Subgroup

15.1.1 Cardiac surgery
Alavi 2012 0 63 0 29 Not estimable
Bueno 2004 0 25 0 25 Not estimable
Gurbuz 2013 0 100 0 100 Not estimable
Magder 2010 2 119 2 118 57.4% 0.99 [0.14, 7.13]
Soares 2009 0 20 1 20 14.5% 0.14 [0.00, 6.82]

1.00 [0.06, 16.74]
Tamayo 2008 0 22 0 22 Not estimable

28.1%Verheij1 2006 1 16 1 16
0.74 [0.17, 3.32]

0.01 0.1 1
Favors colloid Favors crystalloid

10 100

Total (95% Cl)
Total events
Heterogeneity: Chi2 = 0.85, df = 2 (P = 0.65); I2 = 0%
Test for overall effect: Z = 0.39 (P = 0.70)
Test for subgroup differences: Not applicable

3 4
365 330 100.0%

Colloid Crystalloid Peto Odds Ratio
Peto, Fixed, 95% Cl

Peto Odds Ratio
Peto, Fixed, 95% ClEvents  Total Events  Total Weight

Figure 22.2 Comparison: colloid vs. crystalloid. Outcome: mortality. From Ref. [41].

Study or Subgroup

15.2.1 Cardiac surgery

Colloid Crystalloid Peto Odds Ratio
Peto, Fixed, 95% Cl

Peto Odds Ratio
Peto, Fixed, 95% ClEvents  Total Events  Total Weight

Gurbuz 2013 9 100 100 29.5% 1.54 [0.54, 4.39]6
Lee 2011 1 53 53 2.1% 7.39 [0.15, 372.38]0
Magder 2010 19 119 118 66.3% 1.06 [0.52, 2.13]18
Soares 2009 1 20 20 2.1% 7.39 [0.15, 372.38]0

1.28 [0.72, 2.26]Total (95% Cl)

Heterogeneity: Chi2 = 1.95, df = 3 (P = 0.58); I2 = 0%
Test for overall effect: Z = 0.85 (P = 0.40)
Test for subgroup differences: Not applicable

Total events 30 24

292 291 100.0%

0.01 0.1 1
Favors colloid Favors crystalloid

10 100

Figure 22.3 Comparison: colloid vs. crystalloid. Outcome: acute kidney injury. From Ref. [41].

Study or Subgroup

15.3.1 Cardiac surgery

Colloid Crystalloid Peto Odds Ratio
Peto, Fixed, 95% Cl

Peto Odds Ratio
Peto, Fixed, 95% ClEvents  Total Events  Total Weight

Lee 2011 1 53 53 33.4% 7.39 [0.15, 372.38]0
Magder 2010 1 119 118 66.6% 0.99 [0.06, 15.95]1
Total (95% Cl) 172 171 100.0% 1.94 [0.20, 18.71]

Heterogeneity: Chi2 = 0.67, df = 1 (P = 0.41); I2 = 0%
Test for overall effect: Z = 0.57 (P = 0.57)
Test for subgroup differences: Not applicable

Total events 2 1

0.01 0.1 1
Favors colloid Favors crystalloid

10 100

Figure 22.4 Comparison: colloid vs. crystalloid. Outcome: renal replacement therapy. From Ref. [41].

1.28, 95% CI 0.72 to 2.26; p = 0.40) (Figure 22.3).
No analyses could be performed after exclusion of
low-volume studies owing to lack of studies
remaining. Exclusion of low-quality studies had
no effect on the outcome.

� Renal replacement therapy.This was analyzed
in two studies showing neither benefit nor harm
(OR 1.94, 95% CI 0.20 to 18.71; p = 0.57)
(Figure 22.4). No analyses could be performed
after exclusion of low-volume studies owing to
lack of studies remaining. Exclusion of
low-quality studies had no effect on the outcome.

� Cerebrovascular accident. An assessment on four
studies was performed. No effect was observed in
favor of colloids or crystalloids (OR 1.95, 95% CI
0.52 to 7.26; p = 0.32) (Figure 22.5).

� ICU stay.This was assessed in seven studies
showing neither benefit nor harm (mean
differences −0.04, 95% CI −0.16 to 0.08; p =
0.54) (Figure 22.6). No analyses could be
performed after exclusion of low-volume studies
owing to lack of studies remaining. Exclusion
of low-quality studies had no effect on the
outcome.
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Section 4: The clinical setting

Study or Subgroup

15.5.1 Cardiac surgery

Colloid Crystalloid Peto Odds Ratio
Peto, Fixed, 95% Cl

Peto Odds Ratio
Peto, Fixed, 95% ClEvents  Total Events  Total Weight

Gurbuz 2013 1001 1 100 22.3% 1.00 [0.06, 16.10]
Magder 2010 3 119 2 118 55.2% 1.49 [0.25, 8.73]

Mazhar 1998 1 10 0 10 11.2% 7.39 [0.15, 372.38]
Verheij1 2006 1 16 0 16 11.2% 7.39 [0.15, 372.38]

1.95 [0.52, 7.26]

0.01 0.1 1
Favors colloid Favors crystalloid

10 100

Total (95% Cl)

Heterogeneity: Chi2 = 1.20, df = 3 (P = 0.75); I2 = 0%
Test for overall effect: Z = 1.00 (P = 0.32)
Test for subgroup differences: Not applicable

245 244 100.0%

Total events 6 3

Figure 22.5 Comparison: colloid vs. crystalloid. Outcome: cerebrovascular accident. From Ref. [41].

Study or Subgroup
15.6.1 Cardiac surgery

Colloid Crystalloid Mean Difference
IV, Fixed, 95% Cl

Mean Difference
IV, Fixed, 95% ClSDMean  Total SDMean  Total Weight

Gurbuz 2013 1247.93 100 45 5.8 100 0.2% 2.93 [0.32, 5.54]
Lee 2011 0.82.7 53 2.7 1.1 53 11.0% 0.00 [−0.37, 0.37]

Magder 2010 1.31.5 119 1.4 1.06 118 16.1% 0.10 [−0.20, 0.40]
Shahbazi 2011 0.83.04 35 2.94 1.3 35 5.7% 0.10 [−0.41, 0.61]

Soares 2009 0.92.4 20 3.3 3.4 20 0.6% −0.90 [−2.44, 0.64]

Tamayo 2008 2.22.6 22 2.1 1.8 22 1.0% 0.50 [−0.69, 1.69]
Tiryakioglu 2008 0.41.8 70 1.9 0.5 70 65.3% −0.10 [−0.25, 0.05]

Heterogeneity: Chi2 = 8.73, df = 6 (P = 0.19); I2 = 31%
Test for overall effect: Z = 0.61 (P = 0.54)
Test for subgroup differences: Not applicable

Total (95% Cl) 419 418 100.0% −0.04 [−0.16, 0.08]

−100 −50 0
Favors colloid Favors crystalloid

50 100

Figure 22.6 Comparison: colloid vs. crystalloid. Outcome: ICU length of stay (days). From Ref. [41].

Study or Subgroup
15.7.1 Cardiac surgery

Colloid Crystalloid Mean Difference
IV, Fixed, 95% Cl

Mean Difference
IV, Fixed, 95% ClSDMean  Total SDMean  Total Weight

Gurbuz 2013 2.56.14 100 5.47 1.2 100 48.3% 0.67 [0.13, 1.21]
Lee 2011 5.710.9 53 10.3 3.7 53 4.3% 0.60 [−1.23, 2.43]

Magder 2011 9.19.6 119 11 20.9 118 0.8% −1.40 [−5.51, 2.71]
Shahbazi 2011 0.945.23 35 5.43 1.79 35 31.8% −0.20 [−0.87, 0.47]
Soares 2009 13.310.3 20 6.8 0.8 20 0.4% 3.50 [−2.34, 9.34]

Tiryakioglu 2008 38 70 9 3 70 14.4% −1.00 [−1.99, −0.01]

Heterogeneity: Chi2 = 11.75, df = 5 (P = 0.04); I2 = 57%
Test for overall effect: Z = 0.75 (P = 0.46)
Test for subgroup differences: Not applicable

Total (95% Cl) 397 396 100.0% 0.14 [−0.23, 0.52]

−100 −50 0
Favors colloid Favors crystalloid

50 100

Figure 22.7 Comparison: colloid vs. crystalloid. Outcome: hospital length of stay (days). From Ref. [41].

� Hospital stay.This was assessed in six studies,
showing non-significant effect estimate. (Mean
differences 0.14, 95% CI −0.23 to 0.52; p = 0.46)
(Figure 22.7). Significant heterogeneity was,
however, observed. No analyses could be
performed after exclusion of low-volume studies
owing to lack of studies remaining. Exclusion of
low-quality studies had no effect on the outcome.
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Chapter

23
Pediatrics

Robert Sümpelmann and Nils Dennhardt

Summary

The main aim of perioperative fluid therapy is
to stabilize or normalize the child’s homeosta-
sis. Young infants have higher fluid volumes,
metabolic rates, and fluid needs than adults.
Therefore, short perioperative fasting periods
are important to avoid iatrogenic dehydration,
ketoacidosis, and misbehavior. Balanced elec-
trolyte solutions with 1–2.5% glucose are favored
for intraoperativemaintenance infusion. Glucose-
free balanced electrolyte solutions should then be
added as needed to replace intraoperative fluid
deficits or minor blood loss. Hydroxyethyl starch
or gelatin solutions are useful in hemodynamically
instable patients or those with major blood loss,
especially when crystalloids alone are not effective
or the patient is at risk of interstitial fluid overload.
The monitoring should focus on the maintenance
or restoration of a stable tissue perfusion. Also,
in non-surgical or postoperative children, bal-
anced electrolyte solutions should be used instead
of hypotonic solutions, both with 5% glucose, as
recent clinical studies and reviews showed a lower
incidence of hyponatremia.

An adequate fluid therapy is essential for the peri-
operative stabilization of the homeostasis of chil-
dren, whereas dosing errors or an inappropriate use
of unphysiologically composed solutions may lead to
life-threatening complications. As a consequence, it is
important firstly to understand and respect the phys-
iology of children, secondly to use suitably composed
infusion solutions, and thirdly to monitor the patient
carefully for close guidance of the fluid therapy. In the

following, well-established strategies, based on physi-
ology, scientific studies, and clinical experience in large
pediatric centers, are presented, with safety and effi-
cacy as first priorities.

Physiology
The total body water (TBW) consists of intracellular
(ICF) and extracellular fluid (ECF), represents up to
90% of the body weight in neonates, and reaches adult
levels of about 60% after one year of age.The ECF rep-
resents the main part of TBW and decreases in paral-
lel from 40% in term neonates to adult levels of 20–
25% after one year of age.[1] The composition of ECF
or plasma is similar in neonates, children, and adults,
but dehydration occurs more rapidly in the younger
age groups because of the higher fluid need.

At birth, the kidneys are still undeveloped and the
reabsorptive areas of the tubular cells are small. As a
consequence, neonates cannot concentrate urine effec-
tively or excrete large salt loads. After a month, the
kidneys reach about 60% of their maturation, but the
reabsorptive areas of the tubular cells are still small,
and the capacity for glucose reabsorption or potassium
excretion is lower than in adults. In the first 2 years, the
maturity and function of the kidneys increase greatly
and reach adult levels.[2]

The newborn heart has a lower density of contrac-
tile elements and therefore has less reserve than the
adult heart and does not respond to stress as well. A
higher percentage of non-contractile elements results
in decreased ventricular compliance and less respon-
siveness to changes in vascular tone and preload. The
cardiac output is tightly coupled with oxygen con-
sumption, which is several times higher in neonates
and infants than in adults. The stroke volume of the
small hearts is limited, and therefore the high cardiac

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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output depends strongly on a high heart rate. Nor-
mally, the heart pumps all of the venous return (VR) it
receives, and undermost conditions theVR is themain
determinant of cardiac output in all age groups. VR
depends strongly on the intravascular volume. Under-
estimation of hypovolemia and bleeding are the most
common causes of perioperative cardiac arrest in chil-
dren.[3] Therefore, maintaining normovolemia is of
paramount importance in young age groups to main-
tain circulatory function and to stabilize the high tissue
perfusion needed.[4]

Perioperative fasting
The main aim of preoperative fasting is to minimize
the volume of gastric contents to lessen the risk of
vomiting and aspiration during induction of anesthe-
sia.Many hospitalized children are suffering from pro-
longed fasting periods leading to dehydration, ketoaci-
dosis, and uncooperative behavior.[5] Perioperatively,
infants have amore stable acid–base balance and lower
ketone bodies when the fasting periods recommended
in current guidelines (clear fluids 2 hours, breast milk
4 hours, formula milk or solids 6 hours) are not
exceeded for more than 2 hours.[6] Oral fluid uptake
is generally preferable to intravenous fluid therapy
whenever possible. A recent clinical study showed no
increased incidence in pulmonary aspiration in more
than 10,000 children allowed clear fluids until called to
the operating suite.[7] With child-friendly shortened
preoperative fasting periods, perioperative fluid ther-
apy is then often not really necessary for very short
surgical procedures (duration <1 hour). Postopera-
tively, a liberal fluid and food intake as wanted by the
child should be favored, which leads to a better mental
state without increasing the frequency of nausea and
vomiting.[8]

Maintenance infusion
Maintenance fluid therapy in children should meet
the normal needs of water, electrolytes, and glucose.
For half a century this has been based on Holliday and
Segar’s recommendations, suggesting firstly the 4–2–1
rule for infusion rate and secondly the use of hypotonic
fluids with 5% glucose added.[9] In recent years, many
studies and case reports have shown that the routine
use of such fluids may lead to serious hyponatremia
and hyperglycemia, and may occasionally result in
permanent neurological damage or death.[10–12]The
two main factors for the development of perioperative

hyponatremia are firstly the stress-induced secretion
of antidiuretic hormone leading to an impaired ability
to excrete free water, and secondly the administration
of hypotonic solutions as a source of free water.[13,14]
Hyponatremia leads to an influx of water into the
brain, primarily through glial cell swelling, initially
largely preserving neuronal cell volume. This process
will ultimately lead to cerebral edema, brain stem
herniation, and death. Prepubescent children are a
high-risk group for a poor outcome associated with
hyponatremic encephalopathy because of the pres-
ence of a high ratio of brain size to cranial vault and
reduced Na-K-ATPase activity compared with the
adult brain.[14]

Infants are also at increased risk of periopera-
tive lipolysis and hypoglycemia owing to a higher
metabolic rate than in adults. If hypoglycemia does
occur, this will induce a stress response as well as
altering cerebral blood flow and metabolism.[15] Per-
manent neurodevelopmental impairment can result if
hypoglycemia goes unrecognized and untreated.How-
ever, intraoperative administration of 5% glucose solu-
tions for prevention of hypoglycemia will often result
in hyperglycemia due to stress-induced insulin resis-
tance.[16] Hyperglycemia may also be detrimental to
the brain because of an accumulation of lactate, a
decrease in intracellular pH, and subsequently com-
promised cellular function in the context of global
or focal cerebral ischemia.[17] Lastly, the administra-
tion of glucose-free solutions increases the risk of lipo-
lysis with the release of ketone bodies and free fatty
acids.[18,19]

Against the above-mentioned background, the
intraoperative maintenance infusion of isotonic bal-
anced fluids with lower glucose concentrations (i.e.
1 to 2.5%) represents a well-accepted compromise
in many European countries to avoid hyponatremia,
hypoglycemia, lipolysis, and hyperglycemia in chil-
dren (Table 23.1 [20–22]). A higher infusion rate than
calculated by the 4–2–1 rule can be used intraoper-
atively to compensate pre- and postoperative fasting
deficits in routine surgeries (i.e. 10–20ml/kg per hour
[23]). Infusion pumps are recommendable to prevent
accidental fluid overload especially in neonates and
small infants. In prolonged surgeries the maintenance
infusion should be adapted, i.e. after one hour in accor-
dance to the patient’s needs.

In non-surgical or postoperative children, the cur-
rent trend is also to use isotonic balanced electrolyte
solutions instead of hypotonic solutions, both with
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Table 23.1 Composition of extracellular fluid (ECF) and various intravenous fluids for children (in mmol/l)

Cations Anions

Na+ K+ Ca2+ Mg2+ Cl– HCO3
– Acetate Lactate Glucose

Theoretical
osmolaritya

ECF 142 4.5 2.5 1.25 103 24 − 1.5 2.78–5 291

BELb + 1% glucose 140 4 2 2 118 − 30 − 55.5 296

Normal saline 154 − − − 154 − − − − 308

RLc 130 5 1 1 112 − − 27 − 276

2/3 HEGd 100 18 2 3 90 − 38 − 277.5 251

1/2 HEGd 70 2 1.25 0.5 55 − 22.5 − 277.5 151

1/3 HEGd 45 25 − 2.5 45 − 20 − 277.5 148

a � (cations+anions).
b Balanced electrolyte solution.
c Ringer’s lactate.
d hypotonic electrolyte solutions with 5% glucose.

5% glucose, for maintenance infusion, as recent clin-
ical studies and reviews have shown a lower inci-
dence of hyponatremia and no change in hyperna-
tremia.[24,25]

Fluid replacement therapy
Fluid replacement using crystalloid solutions aims to
compensate an ECF deficit as a result of cutaneous,
enteral, or renal fluid loss. Intraoperative bleeding also
leads to a shift of interstitial fluid into the intravascu-
lar space (autotransfusion), and the resulting extracel-
lular fluid deficit should be corrected by the infusion
of crystalloid solutions as a first step.Theoretically, the
intravascular volume effect of crystalloids depends on
the ratio between the intravascular and the extracellu-
lar fluid volume (ECFV). The ECFV of neonates and
infants is larger than in adults,[1] and the intravascu-
lar volume effect of crystalloids is therefore in theory
lower in the younger age groups.

The composition of ECF is independent of age,
and therefore similar crystalloid solutions can be used
for fluid replacement in both pediatric and adult age
groups. Ideally, the composition of crystalloid solu-
tions should mimic the composition of ECF as closely
as possible, and each deviation could have unwanted
effects on the homeostasis of the patients. Assum-
ing a normal plasma osmolarity between 275 and
290mosmol/l, normal saline (NS, 308mosmol/l) is
in vitro slightly hypertonic and Ringer’s lactate (RL,
276mosmol/l) is isotonic. After infusion the in vivo
osmolarity is lower because the infused electrolytes,
especially sodium and chloride (osmotic coefficient

0.926), are partly absorbed on cell membranes and
proteins. As a result, the in vivo osmolarity of NS is iso-
tonic and that of RL is slightly hypotonic.[26]

NS contains no bicarbonate precursor and has
an unphysiologically high chloride concentration. It
therefore may cause unwanted bicarbonate dilution
and hyperchloremic acidosis with renal vasoconstric-
tion and impaired renal function. RL contains lactate
as bicarbonate precursor but is slightly hyponatremic
(130mmol/l) and therefore may increase the intracra-
nial pressure and may worsen cerebral edema when
infused in high volumes.This can all be avoided by the
use of balanced electrolyte solutions (BELs) contain-
ing a physiological osmolarity and electrolyte compo-
sition, and with metabolic anions (i.e. acetate, lactate,
ormalate) as bicarbonate precursors for acid–base sta-
bilization (Table 23.1).[26–28]

Most cases with minor or moderate surgical pro-
cedures can be managed with maintenance infusion
plus extra volumes of 10–20ml/kg BEL as needed to
replace ECF or blood loss. In major cases with signif-
icant blood loss and restrictive transfusion, the infu-
sion of very high volumes of crystalloids may lead
to unwanted intravascular hypovolemia and intersti-
tial fluid overload which may worsen recovery and
outcome.[29]

Volume replacement therapy
Volume replacement using colloid solutions aims to
replace blood loss, and tomaintain or restore hemody-
namics and tissue perfusion, especially when the use of
crystalloids alone is not effective and the patient is in

179
https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.025
Downloaded from https://www.cambridge.org/core. University of Warwick, on 05 Feb 2018 at 08:58:53, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.025
https://www.cambridge.org/core


Section 4: The clinical setting

156

52
41
33
9

40
capnography

etCO2

inCO2

0

20

40

abdominal compression
60

20

0

Figure 23.1 Abdominal pressure maneuver as test for fluid responsiveness in small children.

danger of interstitial fluid overload. In the past, human
albumin (HA) was frequently used in children, but
recently a number of gelatin and hydroxyethyl starch
solutions (HES) have been shown in several clinical
studies in children to be as effective and safe as HA,
and less costly (review in [30]).

Gelatins have been in clinical use for more than
100 years, and studies from neonatology have shown
high safety even when used in preterm infants.[31]
The first generation of HES (molecular weight [MW]
>450 kDa) was associated with significant adverse
effects with regard to coagulation, organ function,
and accumulation, but the second (MW 200 kDa) and
especially the third generation of HES (MW 130 kDa)
have an improved risk–benefit ratio and, therefore, the
last should be the preferredHES solution for perioper-
ative volume replacement in children (review in [32]).

Possible adverse drug reactions of artificial col-
loids include anaphylactoid reactions, coagulation dis-
orders, renal function impairment, and tissue accu-
mulation. In adults, anaphylactoid reactions occurred
more frequently after gelatin than after HES, but gen-
erally the risk of severe anaphylactoid reactions seems
to be lower in the younger age groups. Animal experi-
ments and clinical studies in pediatric patients showed
stable coagulation parameters after moderate doses
(10–20ml/kg) of gelatin orHES but significant impair-
ment of clot formation after profound hemodilution of
more than 50% of the estimated blood volume.[33,34]

Recent safety studies including high numbers of
children withHES 130 infused perioperatively showed
a very low incidence of adverse effects even in

neonates, small infants, and high-risk patients under-
going cardiac surgery.[35,36] The acid–base balance
was more stable when using HES in an acetate-
containing BEL instead of NS. HES-related adverse
effects were dose-dependent, and moderate doses of
10–20ml/kg were very safe. High doses close to the
maximum daily dose of 50ml/kg should be used with
more caution because theymay lead to critical hemod-
ilution, dilutional coagulopathy, or iatrogenic hyper-
volemia. HES-induced renal insufficiency could not
be detected perioperatively in animals or children
with normal renal function.[35–37] Iatrogenic hyper-
volemiamaydamage the endothelial surface layer (gly-
cocalyx) of the capillaries; thus, carefully maintaining
intravascular volume without hypervolemic peaks was
hypothesized to be the most promising concept.[38]

Monitoring
Conscious children, especially neonates and small
infants, manage to maintain blood pressure for long
periods of time through vasoconstriction in the pres-
ence of larger fluid deficits even if a shock situation
has already occurred. In deeply anesthetized children,
however, some or all of the regulation mechanisms
are suppressed so that hypotension is more likely to
occur in the presence of reduced blood volume. Shal-
low anesthesia, on the other hand, may mask hypo-
volemia. As a consequence, a low normal blood
pressure and a normal oxygen saturation are no guar-
antees of sufficient tissue perfusion. Also, the leg-
raise test for evaluation of fluid responsiveness is not
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effective in small children because of their limited
body height. Therefore, apart from standard param-
eters of heart rate and arterial blood pressure, other
parameters need to be used to estimate a child’s volume
status and tissue perfusion.[39] A short manual pres-
sure on the liver can be used to shift blood volume from
intra-abdominal to intrathoracic and to analyze the
consequences of the change in venous return on blood
flow or expiratory carbon dioxide tension (Figure
23.1). Other possible parameters to evaluate fluid
responsibility are respiratory-synchronous changes
in the invasive blood pressure curve or perfusion/
pleth variability index calculated by recent pulse
oximeter algorithms. Stable base excess values and lac-
tate concentrations reflect stable tissue perfusion peri-
operatively. Major surgical procedures should there-
fore be accompanied by regular blood gas analyses on
induction of anesthesia and at hourly intervals there-
after for early detection of negative trends. When a
central venous catheter is inserted, measurement of
central venous oxygen saturation is very useful to eval-
uate the ratio between oxygen consumption and oxy-
gen delivery. Other useful parameters for estimating
volume status and tissue perfusion include recapillar-
ization time or direct measurement of cardiac out-
put or blood flow (such as echocardiography or trans-
pulmonary thermodilution).

Clinical recommendations
The objectives of perioperative fluid therapy are to
maintain a normal blood volume, normal tissue perfu-
sion, normoglycemia, and normal water–acid–base–
electrolyte balance. In line with current recommen-
dations, children should be allowed to drink clear
fluids until 2 hours before induction of anesthesia
unless other considerations mandate otherwise. For
preterm infants, neonates, and toddlers, it is advisable
to compensate at least the deficit from preoperative
fasting and the intraoperative maintenance require-
ments using BELs with 1–2% glucose. If such solu-
tions are not available commercially, they can be pre-
pared extemporaneously in the hospital pharmacy or
by users themselves (i.e. by adding 6–12ml of glu-
cose 40% to 250ml of i.v. fluid).[23,40] To compen-
sate preoperative deficits (i.e. from fasting), the over-
all infusion rate in the first hour may be 10–20ml/kg
per hour. As blood glucose concentrations increase,
glucose-containing i.v. fluids should be reduced or
stopped, infusing correspondingly more glucose-free

Table 23.2 Suggested perioperative intravenous fluid therapy
for neonates, infants, and toddlers

Before surgery: Minimize fasting periods (milk up to 4 h
preop, clear fluids up to 2 h preop)

Minor procedures Intraop maintenance infusion of
10–20ml/kg per hour of a balanced
electrolyte solution with 1–2% glucose
(add 6–12ml of glucose 40% to 250ml of
balanced electrolyte solution); older
toddlers and school-age children may
also be given glucose-free balanced
electrolyte solutions

Larger procedures Adapt maintenance infusion to patient’s
need after one hour, use additional
balanced electrolyte solution for fluid
replacement; consider artificial colloids in
case of persistent hypovolemia – the
objective is to achieve normal blood
volume, normal tissue perfusion,
normoglycemia, and normal
water–acid–base–electrolyte balance

Major procedures Same as larger procedures; administer
blood products in cases of critical
hemodilution

After surgery Permit oral fluid as soon after surgery as
wanted by the children

BEL. Older toddlers and school-age children may also
be given glucose-free BEL within the recommended
fasting periods. In case of hemodynamic instability or
bleeding, repetitive doses of BEL (single bolus dose 10–
20ml/kg) first and HES or gelatin (single bolus dose
5–10ml/kg) thereafter may additionally be adminis-
tered as required. Postoperatively, children should be
allowed to take oral fluids again as wanted unless other
considerations mandate otherwise (Table 23.2).
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35. Sümpelmann R, Kretz FJ, Luntzer R, et al.
Hydroxyethyl starch 130/0.42/6:1 for perioperative
plasma volume replacement in 1130 children: results
of an European prospective multicenter observational
postauthorization safety study (PASS). Paediatr
Anaesth 2012; 22: 371–8.

36. van der Linden P, Dumoulin M, Van Lerberghe C,
et al. Efficacy and safety of 6% hydroxyethyl starch
130/0.4 (Voluven) for perioperative volume
replacement in children undergoing cardiac surgery: a
propensity-matched analysis. Crit Care 2015; 19: 87.

37. Witt L, Glage S, Schulz K, et al. Impact of 6%
hydroxyethyl starch 130/0.42 and 4% gelatin on renal
function in a pediatric animal model. Paediatr Anaesth
2014; 24: 974–9.

38. Chappell D, Jacob M, Hofmann-Kiefer K, Conzen P,
RehmM. A rational approach to perioperative
fluid management. Anesthesiology 2008; 109:
723–40.

39. Osthaus WA, Huber D, Beck C, et al. Correlation of
oxygen delivery with central venous oxygen saturation,
mean arterial pressure and heart rate in piglets.
Paediatr Anaesth 2006; 16: 944–7.
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Chapter

24
Obstetric, pulmonary, and geriatric surgery

Kathrine Holte

Summary

This chapter focuses on fluid management in
obstetric, pulmonary, and geriatric surgery. In
obstetrics, the fluid administration debate largely
centers on the relevance of fluid infusions to
counteract hypotension in conjunction with
regional anesthesia administered for pain relief
during labor or as anesthesia for Cesarean sec-
tion, where both colloids and sympathomimetics
reduce maternal hypotension. Particular to pul-
monary surgery, a positive fluid balance is found
to correlate with postoperative lung injury and
should be strictly controlled. Elderly patients,
while being at increased risk for postoperative
complications, may also be more susceptible
to perioperative fluid disturbances including
preoperative dehydration.

In summary, evidence suggests that fluidman-
agement should be individualized and integrated
into perioperative care programs. Both insuf-
ficient and excessive fluid administration may
increase complications, and while determining
fluid status is still a challenge, individualized fluid
therapy to obtain certain hemodynamic goals may
be recommended.

The limited knowledge of both pathophysiology and
clinical outcomes of perioperative fluid management
has precluded formation of evidence-based, rational
guidelines. While plenty of studies have focused on
fluid therapy in critically ill patients, clinical research
into fluid administration in elective (not to mention
emergency) surgical procedures has, until recently,
been largely absent.[1] However, the past decade has

seen a growing interest in perioperative fluid manage-
ment, shifting focus from the (still unresolved) ques-
tion of which type of fluid to administer to how much
fluid should be administered (Box 24.1). Attention has
increasingly focused on the avoidance of both insuffi-
cient fluid administration and fluid excess (more com-
monly seen), by individualizing the perioperative fluid
administration.[2]

The perioperative patient is predisposed to fluid
retention and thus potential postoperative fluid over-
load, as sodium and water are retained as a conse-
quence of the physiological stress response to surgery
as well as fluid accumulation in peripheral tissues.[3]
Historically, this saline conservation has been essen-
tial to survival, and only recent practices of intra-
venous saline administration have made the capacity
to excrete saline important. Thus, even healthy, non-
operated volunteers may not readily excrete 1–3 liters
of intravenous crystalloid.[1]

Currently, no available technique may reliably
determine perioperative fluid status, a fact no doubt
contributing greatly to the controversy of how much
fluid should be administered perioperatively.[4]While
weighing the patient may reflect overall fluid status,
weight gain – the essential parameter –may easily exist
in the presence of hypovolemia.

It is well known that pressure-guided cardiovas-
cular monitoring (such as blood pressure and cen-
tral venous pressures) are not adequate determinants
of intravascular volume and have generally been dis-
appointing when applied to guide fluid administra-
tion in clinical trials.[5] On the contrary, guiding
intraoperative fluid administration by individual flow-
directed cardiovascular monitoring (so-called goal-
directed fluid administration) has been shown to
improve outcome in some but not all studies.[4,6]The
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Chapter 24: Obstetric, pulmonary, and geriatric surgery

Box 24.1 Perioperative fluid management –
current controversial issues

Geriatric surgery
Similar issues to non-geriatric surgery:
“Liberal” vs. “restrictive” vs. goal-directed fluid

Administration:
Which type of fluid to administer

Pulmonary surgery
Role of fluid administration in
post-pneumonectomy pulmonary edema

Obstetrics
Preload to alleviate hypotension in regional
analgesia for labor

The terms “liberal” vs. “restrictive,” or “high” vs. “low”
fluid (internationally accepted in the medical
literature), simply describe two different levels of
fluid administration and do not imply conclusions
about the suitability of either regimen. However,
these terms have contributed to confusion in the
literature and, whenever possible, the actual
amounts of fluid administered are mentioned. The
term “fluid administration” refers to intravenous
crystalloid administration unless stated otherwise.

only goal-directed fluid administration strategy suffi-
ciently evaluated in clinical trials consists of colloid
infusions guided by cardiac filling pressures obtained
via a trans-esophageal Doppler device, but other
techniques are available.[5] Both hypovolemia and
fluid overload may obviously lead to impaired out-
comes; however, these issues have not been systemati-
cally investigated.

Regarding the type of fluid to administer, a sys-
tematic review of all (80) randomly controlled trials
(RCTs) in elective, non-cardiac surgery concluded that
available data offered no conclusions on the choice
of fluid to administer, mainly owing to most stud-
ies being underpowered (very few studies with >100
patients) as well as the failure to report relevant out-
comes.[7] Furthermore, perioperative care was gener-
ally not standardized, and the follow-up period tended
not to include the postoperative period.

A multimodal revision of principles of periopera-
tive care (so-called fast-track surgery) has been found
to shorten hospital stay and improve convalescence in
various surgical procedures.[8] Core components of
this concept are opioid-sparing analgesia, early enteral
feeding and mobilization, as well as preoperative
patient education and standardized postoperative care
protocols. There is an overall decrease in intravenous

fluid administration in fast-track protocols; as early
oral intake without restrictions is encouraged, intra-
venous fluid therapy is given on special indications
only.

Geriatric surgery
Despite an increasing number of surgical procedures
being performed in the elderly population, few studies
have been specifically concerned with elderly patients.
Furthermore, elderly patients are often excluded from
investigational trials, leaving very little specific evi-
dence on the care of the elderly surgical patient, which
is unfortunate as age >65 years is a major risk factor
for in-hospital mortality.[9]

The propensity for fluid retention described
above applies for elderly patients as well, as infusion
of �3 liters of crystalloids results in a significant
although small (�5–7%) decrease in pulmonary
function in addition to a significant weight gain over
24 hours in non-operated elderly (median 63 years)
volunteers.[10]

Preoperative fluid management
Preoperatively, bowel preparation has been found to
lead to a decrease in functional cardiovascular capac-
ity in the elderly (median 63 years), despite a daily
oral fluid intake above 2.5 liters.[11] As this func-
tional impairment presumably is caused by dehydra-
tion, it may very well be even more pronounced in
older patients with a documented decreased capac-
ity for oral intake. In patients undergoing colonic and
rectal surgery, 28% were estimated to be dehydrated
preoperatively, which led to increased postoperative
complications.[12]Thus, in elderly patients, especially
those undergoing preoperative bowel preparation, cor-
rection of a preoperative fluid deficit, if present, seems
warranted.[4]

Intraoperative fluid management
Asmentioned previously, very few studies have specif-
ically investigated elderly patients. Nevertheless, in
many of the available studies, mostly conducted in the
area of abdominal and/or colorectal surgery, most of
the participants, despite the lack of a formal age limit,
may be considered elderly (>65 years).

Several randomized studies in abdominal surgery
suggest that both so-called “restrictive” fluid adminis-
tration and regimens leading to fluid overload worsen
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outcome,[13–15] and a meta-analysis found individ-
ualized fluid administration based on hemodynamic
goals superior to “liberal” fluid regimens without
hemodynamic goals, but with uncertain effects com-
pared with restrictive fluid regimens.[6] In patients
undergoing radical prostatectomy, goal-directed fluid
administration did not reduce the postoperative
orthostatic intolerance, which often limits mobiliza-
tion and thus early recovery.[16] In summary, it would
seem that both fluid overload and a too restrictive peri-
operative fluid regimen may worsen outcome.[4]

In elective orthopedic surgery, a randomized study
in knee replacement surgery (fast-track), found “lib-
eral” (4,250ml) vs. “restrictive” (1,740ml) intraoper-
ative crystalloid-based fluid administration to result
in significant hypercoagulability (confirming previous
reports in healthy volunteers) although with no differ-
ences in morbidity or recovery.[17] Following proxi-
mal femoral fracture, a disease typical of the elderly
population, a Cochrane review found no evidence that
fluid optimization strategies improved outcome.[18]

A systematic review of various types of fluids
administered in a general (not age-restricted) surgi-
cal population failed to find differences between the
various types of fluid administered.[7] A Cochrane
review also found no outcome differences between
administration of buffered vs. non-buffered fluids,[19]
although the available studies are of insufficient vol-
ume and/or quality to allow firm conclusions to be
drawn.

Postoperative fluid management
No studies have specifically targeted the elderly popu-
lation postoperatively, and generally the literature on
postoperative fluid management is very sparse. In the
context of fast-track surgery, immediate reuptake of
normal food intake combinedwith the absence of ileus
greatly diminishes the need for postoperative intra-
venous fluid administration, and less than 10% of
patients undergoing fast-track colonic surgery receive
postoperative intravenous fluid supplements.[8]

Obstetric surgery
The debate on fluid management in obstetrics largely
centers on the relevance of fluid infusions to counter-
act hypotension in conjunction with regional anesthe-
sia administered for pain relief during labor or as anes-
thesia for Cesarean section.The theory is that regional

anesthesia (spinal, epidural, or combined spinal–
epidural) may induce hypotension, which again may
cause fetal heart rate abnormalities owing to a decrease
in intrauterine blood flow. However, both the underly-
ing mechanism and the clinical significance of these
heart rate abnormalities are unclear.

A Cochrane review from 2004 [20] included six
trials with 473 patients in which 500–1,000ml crys-
talloid vs. none was administered for preload before
regional analgesia in labor. The authors concluded
that the overall effects of preloading were question-
able: In one (of two) studies applying high-dose local
anesthetics, preload reduced maternal hypotension
and fetal heart rate abnormalities, while no effects of
preload were seen in the other trial applying high-
dose local anesthetic or in the remaining four tri-
als of low-dose local anesthetics or combined spinal–
epidural anesthesia.[20] For Cesarean section per-
formed under spinal anesthesia, a Cochrane review
from 2006 concluded preload with colloids to be more
efficient than crystalloids, which again were more
effective than placebo in preventingmaternal hypoten-
sion.[21] The superior effects of colloids were con-
firmed in a large RCT with 167 parturients.[22] Even
though both colloids and sympathomimetics reduced
maternal hypotension, no intervention has been found
to alleviate it entirely. The lack of fluid efficacy may be
attributed to the relatively short volume expansion and
a possibly concomitant increase in atrial natriuretic
peptide secretion.[3]

Pulmonary surgery
The obligatory decrease in pulmonary function after
surgery may theoretically be amplified by fluid over-
load, predisposing to pneumonia and respiratory fail-
ure.[3] Several studies have consistently shown the
incidence of lung injury/pulmonary edema after pul-
monary surgery to correlate with the amounts of
fluid administered perioperatively, and it may not be
recommended to exceed a positive fluid balance of
1.5 liters.[23] The pathophysiology is complex, how-
ever, including multiple factors such as impaired lym-
phatic drainage and ischemia/reperfusion injury.[24]
Thus, theoretically, patients subjected to lung surgery
may be at particular risk of complications related to
fluid overload, but no randomized clinical trials have
been performed in pulmonary surgery investigating
the influence of perioperative fluid administration.
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Chapter

25
Transplantations

Laurence Weinberg

Summary

Patients with end-stage liver disease have a hyper-
dynamic resting circulation with high cardiac out-
put states and low systemic vascular resistance
and tachycardia. During liver transplantation, this
state is amplified.The potential for massive bleed-
ing is common and can result in sudden and
catastrophic hypovolemia. Massive blood trans-
fusion results in large volumes of citrated blood
being administered. With limited or no hepatic
function to metabolize citrate, citrate intoxica-
tion can occur, and calcium chloride should be
administered when appropriate. Mild to moder-
ate acidosis can be safely tolerated. Albumin is
the most common colloid used, while the use of
lactate-based crystalloid solutions can result in
hyperlactatemia as lactate anions are ineffectively
metabolized. Acetate-buffered solutions should be
preferred. The most common cause of death in
fulminant liver failure is intractable intracranial
hypertension from cerebral edema, present in
approximately 50–80% of patients with fulminant
liver failure. Therefore, permissive hypernatremia
and use of hypertonic saline solutions are fre-
quently treatment options in this setting.

Crystalloids are the mainstay and first choice
of perioperative fluid intervention in renal
transplantation. Conventionally, 0.9% saline is
widely advocated because of concerns about
hyperkalemia from the balanced/buffered solu-
tions, which all contain potassium. However, this
fear has not been confirmed in clinical trials.

∗ Summary compiled by the Editor.

Hydroxyethyl starch should be avoided owing to
increased risk of a delayed graft function.∗

With improvements in surgical skills, anesthetic tech-
niques, graft preservation, and perioperative manage-
ment, liver and renal transplantation have become
established treatments for patients with end-stage
acute and chronic hepatic failure, as well as in
advanced and irreversible chronic kidney disease. In
this context, transplantation is a therapeutic interven-
tion that improves survival and quality of life, and con-
trols and/or reverses many of the comorbidities asso-
ciated with organ failure.

The scientific literature provides little evidence-
based guidance on amount (quantitative fluid inter-
vention) or type (qualitative fluid intervention) of fluid
to optimize outcomes during liver and renal transplan-
tation. Fluid intervention and vasoactive pharmaco-
logical support of transplantation depend on attend-
ing clinician preference, institutional resources, and
practice culture. This chapter provides a contempo-
rary overview of the fundamental principles under-
pinning fluid intervention for adult liver and renal
transplantation.

Fluid intervention for liver
transplantation
Factors influencing postoperative graft function and
patient outcomes in liver transplantation are com-
plex and multifactorial. Donor factors include but are
not limited to advanced age, increase in transami-
nases, requirement for catecholamines, intensive care
time, cold and warm ischemia times, and histol-
ogy and macroscopic graft appearance. Recipient
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Chapter 25: Transplantations

factors included Child–Pugh classification, Model
for End-Stage Liver Disease (MELD) scores, pre-
operative gastrointestinal bleeding, mechanical ven-
tilation, hemodialysis, and requirement for cate-
cholamines.[1,2] Recently combined donor–recipient
risk indexmodels have allowed prediction of outcomes
that provide a more complete picture of overall risk
and allow benchmarking of graft survivals between
centers and regions.[3]

The goal of optimum fluid intervention for liver
transplantation is to maintain adequate tissue perfu-
sion to the new graft and other organs, and ensure ade-
quate tissue oxygenation. Optimal fluid intervention is
dependent on a thorough understanding of the phases
of the surgery, which are conveniently divided into
three stages. A fundamental understanding of each
stage is paramount to guide optimum quantitative and
qualitative fluid intervention. Patients should be man-
aged on an individualized basis, and whilst no single
approach will be effective in all cases, the principles
of fluid intervention for each surgical stage are sum-
marized in Table 25.1.

Factors influencing volume and type of fluid
for liver transplantation
As liver transplantation imposes a major pathophysi-
ological insult on the patient, the volume and type of
fluid intervention depends on the presence and sever-
ity of the following perioperative sequelae.

Hemodynamic changes
Management of the patient’s hemodynamic status
depends on both the severity of the derangement
and its etiology. Patients with end-stage liver dis-
ease have a hyperdynamic resting circulation with
high cardiac output states, low systemic vascular resis-
tance, and tachycardia. Intraoperatively this state is
amplified. The potential for massive bleeding is com-
mon and can result in sudden and catastrophic hypo-
volemia. This can be compounded by obstruction
or clamping of the inferior vena cava, or surgical
manipulation of the liver that decreases venous return
and cardiac output. In addition, profound vasople-
gia is common, particularly at reperfusion. Patients
with end-stage liver disease suffer from glycocalyx
alterations, and ischemia reperfusion injury during
transplantation further exacerbates endothelial dam-
age.[4] The endothelial glycocalyx participates in the

maintenance of vascular integrity, and its perturba-
tions cause capillary leakage, loss of vascular respon-
siveness, and enhanced adhesion of leukocytes and
platelets. Reperfusion syndrome can result in pro-
found hemodynamic embarrassment and cardiac
arrest [5,6] as outlined in Table 25.1.

Biochemical derangements
Severe biochemical derangements are common and
include citrate toxicity, metabolic acidosis, hypocal-
cemia, osmolality changes, and rapid potassium influx.
Massive blood transfusion results in large volumes of
citrated blood being administered and the develop-
ment of a metabolic acidosis. There is limited or no
hepatic function to metabolize citrate, therefore cit-
rate intoxication can occur and resultant hypocalcemia
is frequent. Ionized calcium levels must be frequently
monitored and calcium chloride should be adminis-
tered when appropriate. Mild tomoderate acidosis can
be safely tolerated during transplantation; however, in
the author’s institution, for a base deficit of greater than
−15 or a pH less than 7.1, titration of 8.4% sodium
bicarbonate is administered to reduce the risk of reper-
fusion arrhythmias and impaired myocardial contrac-
tility. Sodium bicarbonate must be used cautiously,
as aggressive correction of pre-existing hyponatremia
can impose a risk of serious neurological complica-
tions frompontine and extrapontinemyelinosis. Intra-
venous sterile water is frequently administered to con-
trol hypernatremia.

Coagulopathy
Fluid intervention for the management of coagulopa-
thy is beyond the scope of this review; however,
there are multiple causes of coagulopathy during liver
transplantation.[7–9]These include pre-existing coag-
ulopathy due to chronic liver insufficiency and reduced
synthesis of clotting factors, pre-existing enhanced fi-
brinolytic activity thrombocytopenia, variable dissem-
inated intravascular coagulopathy, and coagulopathy
from hemodilution and massive blood transfusion.
Pediatric patients, and patients with primary biliary
cirrhosis, primary sclerosing cholangitis, or under-
lying hepatoma, may have a hypercoagulable state;
in contrast, patients with advanced cirrhosis often
present with pre-existing enhanced fibrinolytic activ-
ity. During Stages 2 and 3 of the surgery, there is lack of
hepatic clearance of tissue plasminogen activator and
progressive thrombocytopenia reaching a nadir post
reperfusion. In addition, if University of Wisconsin
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Table 25.1 Stages of liver transplantation and associated hemodynamic challenges

Surgical phase Surgical technique Challenges Hemodynamic and fluid goals

Stage 1:
Pre-anhepatic or
dissection phase

Commences with
surgical incision and
extends until the
portal vessels are
clamped

Mobilization and
dissection of native
liver

Hemodynamic instability can
be pronounced owing to:

� Decompression of ascites
� Bleeding from extensive collateral
circulation due to portal
hypertension

� Bleeding from adhesions due to
previous surgery

� Effects of liver retraction of the
inferior venae cava with
compromised venous return to the
right atrium

Maintenance of baseline vascular filling
pressures with a combination of
vasoactive pharmacotherapy (e.g.
noradrenaline) and fluids

Some centers advocate restrictive fluid
therapy, with low central venous
pressure to minimize Stage 1
blood loss

Most cirrhotic patients have increased
blood volumes and cardiac output,
therefore will tolerate 15–20% blood
loss with little volume intervention or
vasoactive support needed

Volume reduction of this magnitude can
be tolerated if mean arterial pressure is
greater than 65 mmHg and cardiac
index is above 2.0 liter/min/m2

Advantages of Stage 1 restrictive
fluid intervention:
� Less bleeding may lower venous
pressure and intravascular volume of
abdominal collateral vessels

� In cases of caval injury, less brisk
bleeding can facilitate faster control
and repair

Disadvantages of Stage 1 restrictive
fluid intervention:
� Increased risk of air embolism
� May result in impaired organ perfusion
rather than decreased venous
pressures

� Increase risk of postoperative acute
renal failure

Stage 2:
Anhepatic phase

� Begins with
transection of the
portal vessels and
ends with reperfusion

� Portal vein clamping can induce
portal hypertension and
splanchnic congestion making
dissection more difficult

� Splanchnic congestion can cause
renal congestion and subsequent
renal dysfunction

� Surgeons frequently apply side
clamps to inferior vena cava to
facilitate surgery

� Depending on extent, type, and
duration of surgical clamping of
the inferior vena cava, venous
return will be compromised

� Temporary portal caval shunts
associated with preservation of the
inferior vena cava have been used
safely without the need for
veno-venous bypass and
associated with better
hemodynamic stability

� If hemodynamically unstable,
veno-venous bypass can be
considered

� IVC clamp reduces venous return by
50%

� Consider judicious volume loading
prior to inferior vena cava clamp

� Once inferior vena cava clamp is
applied, avoid aggressive volume
loading unless replacing ongoing
blood losses

� Aggressive volume loading can
precipitate volume overload and right
heart failure on reperfusion

� Aggressive volume loading can result
in high central venous pressure during
Stage 3 increasing venous congestion
in the new graft

� As the portal vein anastomosis is
nearing completion ensure:
� Calcium > 1.1mmol/l
� Potassium < 5.0mmol/l

190
https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.027
Downloaded from https://www.cambridge.org/core. University of Warwick, on 05 Feb 2018 at 09:02:52, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.027
https://www.cambridge.org/core


Chapter 25: Transplantations

Table 25.1 (cont.)

Surgical phase Surgical technique Challenges Hemodynamic and fluid goals

Stage 3:
Reperfusion and
neohepatic phase

� Begins with removal of
caval clamps and
passive washout from
hepatic veins

� Surgical testing of the
caval hepatic
anastomoses is then
performed with back
pressure before portal
venous flow is restored

� After reperfusion of the
liver with portal venous
blood, the hepatic
arterial anastomosis is
completed

� Biliary anastomosis is
finally completed
(either a duct to duct
anastomosis
connection or a
Roux-en-Y choledo-
chojejunostomy

� After the vascular and
biliary anastomosis,
perfect surgical
hemostasis must be
achieved prior to
closure

� Reperfusion results in release of
CO2, tumor necrosis factor, and
other active mediators and
cytokines

� Reperfusion syndrome: diagnosed
by sustained reduction in mean
arterial pressure by 30% for greater
than 1min

� Reperfusion syndrome occurs in
8–30% of transplants and is caused
by acidemia, metabolic
derangements, emboli of air and
microthrombus, and release of
vasoactive substances from the
ischemic liver

� Throughout the neohepatic phase,
signs of improving graft function
include:
- Improvements in coagulation
- Falling potassium
- Improving acid–base
physiology

- Falling lactate
- Improved urine output
- Improvement in
hemodynamics

- Production of bile from new
graft

� Significant hemodynamic changes
occur in �30–50% of patients including
arrhythmias and hypotension

� Reperfusion mediators are negative
inotropes and can result in acute right
cardiac dysfunction, elevated
pulmonary artery pressures, and
increased right ventricular afterload

� Right ventricular distension limits left
ventricular filling and can cause
profound hemodynamic
embarrassment

� Reperfusion can result in
life-threatening hyperkalemia

� Drugs used to treat reperfusion
syndrome and hyperkalemia include
adrenaline, noradrenaline calcium,
atropine, insulin/dextrose, and
bicarbonate

� Vasopressin and methylene blue can be
used for refractory vasoplegia

� If right cardiac dysfunction is present,
large volume fluid intervention/
resuscitation may increase central
venous pressure, and precipitate right
cardiac failure and cardiac arrest. Use of
trans-esophageal echocardiography is
useful to guide fluid intervention and
assess the hemodynamic state in this
scenario

solution is used for graft preservation, platelet aggrega-
tion due to the adenosine can occur post reperfusion.
Heparin activity can also occur post reperfusion owing
to release of exogenous heparin from the graft and
the release of endogenous heparinoids from damaged
endothelium. Hypothermia slows enzymatic reactions
and also prolongs factor reaction time and reduces
platelet aggregation.

Renal dysfunction
The incidence of acute renal failure post liver trans-
plantation varies between 48% and 94%, with 8%
to 17% of patients requiring renal replacement ther-
apy.[10,11] Whilst the etiology is multifactorial, com-
mon causes include pre-existing ischemic acute tubu-
lar necrosis, cyclosporine toxicity, and sepsis. Patients
with acute renal failure from hepato-renal syndrome
will recovery in most cases, although recovery may
be delayed up to 6 months. The risk of chronic
kidney disease is approximately 18% at 5 years and
increases to approximately 25% by 10 years after trans-
plantation. Although preoperative, intraoperative, and

post-transplant factors may contribute to the devel-
opment of post-transplantation chronic renal failure,
pre-transplant chronic renal failure appears to be one
of the most important risk factors.[12]

Physicochemical considerations for
choice of fluids
The liver plays a vital function in acid–base regulation,
and severe metabolic derangements during transplan-
tation are commonand frequently profound.Choice of
fluid for liver transplantation should take into account
the important role that the liver plays in the mainte-
nance of acid–base homeostasis. The physicochemi-
cal composition of the commonly available crystalloid
solutions used in liver transplantation are summarized
in Table 25.2.

Metabolic acidosis
Accumulating data and expert opinion suggest that
large volumes of saline 0.9% result in hyperchloremic
metabolic acidosis.[13–15] Severe acidemia can
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Section 4: The clinical setting

Table 25.2 Characteristics of common crystalloid solutions compared with human plasma

Human
plasma

0.9% saline
(unbuffered
solution)

Compound
sodium
lactate
(lactate
buffered
solution)

Ringer’s
lactate
(lactate
buffered
solution)

Ionosteril R©
(acetate
buffered
solution)

Sterofundin
ISO R©
(acetate and
malate
buffered
solution)

Plasma-
Lyte-148 R©
(acetate and
gluconate
buffered
solution)

Sodium
(mmol/l)

136–145 154 129 130 137 145 140

Potassium
(mmol/l)

3.5–5.0 5 4 4 4 5

Magnesium
(mmol/l)

0.8–1.0 1.25 1 1.5

Calcium
(mmol/l)

2.2–2.6 2.5 3 1.65 2.5

Chloride
(mmol/l)

98–106 154 109 109 110 127 98

Acetate
(mmol/l)

36.8 24 27

Gluconate
(mmol/l)

23

Lactate
(mmol/l)

29 28

Malate
(mmol/l)

5

eSID (mEq/l) 42 0 27 28 36.8 25.5 50

Theoretical
osmolarity
(mosmol/l)

291 308 278 273 291 309 295

Actual or
measureda

osmolality
(mosmol/kg
H2O)

287 286 256 256 270 Not stated 271

pH 7.35–7.45 4.5–7 5–7 5–7 6.9–7.9 5.1–5.9 4–8

a Freezing point depression.
eSID, effective strong ion difference.
Plasma-Lyte-148 manufactured by Baxter Healthcare, Toongabie, NSW, Australia.
Ringer’s lactate manufactured by Baxter Healthcare, Deerfield, IL, USA.
Hartmann’s solution manufactured by Baxter Healthcare, Toongabie, NSW, Australia.
Ionosteril manufactured by Fresenius Medical Care, Schweinfurt, Germany.
Sterofundin ISO manufactured by B. Braun Melsungen AG, Melsungen, Germany.

result in impaired cardiac contractility, arrhythmias,
pulmonary hypertension, renal and splanchnic
vasoconstriction, and impaired coagulation,[16] all
of which are common during liver transplantation.
Correction of acidemia during liver transplantation is
contentious, as the physiological benefits of acidemia
include improved oxygen delivery via the Bohr effects
and protection against hypoxic stress.[16] Experimen-
tal evidence has shown that the optimal strong ion

difference for an intravenous fluid not to influence
blood pH should be approximately 24mEq/l.[17,18]
Saline (0.9%), with its equal concentrations of sodium
and chloride, has a strong ion difference of zero. Use
of 0.9% saline during transplantation will significantly
reduce the strong ion difference of plasma and exac-
erbate the severity of any metabolic acidosis. Use of
buffered solutions with a high effective strong ion
difference composition can minimize the severity
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Chapter 25: Transplantations

of metabolic acid–base disturbances in this setting,
whilst restoring intravascular volume deficit.

Inorganic anions
The liver plays a vital role in its capacity to metabolize
various organic anions, which results in consumption
of hydrogen ions and regeneration of the extracellu-
lar bicarbonate buffer. Anions may be exogenous (e.g.
citrate in blood transfusion, or gluconate, acetate, and
lactate from buffered crystalloid solutions), or endoge-
nous such as lactate from active glycolysis or anaer-
obic metabolism. During liver transplantation, hep-
atic metabolism is severely or completely compro-
mised, and therefore organic anions present in deliv-
ered buffered fluid solutions may not be adequately
metabolized to generate bicarbonate.

Theoretically, the use of acetate-buffered solutions
confers several advantages over the lactate-buffered
solutions in the setting of liver transplantation.[19]
Use of lactate-based crystalloid solutions can result
in hyperlactatemia, as lactate anions are ineffectively
metabolized. Lactate levels may therefore be an unre-
liable index of the severity of graft function. Hyperlac-
tatemia has also been shown to be an important prog-
nostic marker after liver resection,[20] shock states,
and critical illness,[21,22] correlating strongly with
increased risks of complications and death. Unlike
lactate, acetate is metabolized widely throughout the
body and not reliant entirely on hepatic metabolism.

A canine study showed that acetate metabolism
is well-preserved in profound shock while lactate
metabolism was significantly impaired.[23] Acetate
is metabolized more rapidly than lactate, with an
increase in bicarbonate levels evident after 15min after
the start of an acetate infusion.[24,25] Acetate is also
more alkalinizing than lactate, which may be advanta-
geous for patients undergoing liver transplantation.

More recently, in a larger clinical trial of 78
critically ill trauma patients resuscitated with sodium
acetate as an alternative to 0.9% saline or lactated
Ringer’s, patients receiving acetate had hemody-
namic profiles without evidence of hemodynamic
instability. Normalization of hyperchloremia and
metabolic acidosis occurred faster in the patients
who received acetate.[26] Acetate turnover shows no
age-related differences,[27] and acetate may protect
against malnutrition by replacing fat as an oxidative
fuel without affecting glucose oxidation or causing
hyperglycemia.[28,29] Finally, acetate metabolism

does not change the glucose or insulin concentra-
tions,[30] whereas exogenously administered lactate
can be converted to glucose via gluconeogenesis,
resulting in significant hyperglycemia.[31] In dia-
betic patients, intraoperative glucose levels have
been shown to double following administration of
exogenous lactate solutions.[30] Compared with
bicarbonate, lactate, or acetate, the alkalizing effect of
gluconate is almost zero,[32,33] so its clinical effects
in vivo as a metabolizable anion appear to be limited.

Historically, adverse effects of acetate have been
observed with high doses and high rates of acetate
infusions, particularly in the setting of hemodial-
ysis. The generalizability of these findings to liver
transplantation is unknown. Small quantity of acetate
present in various dialysis fluids (usually 35mmol/l)
has resulted in plasma acetate concentration of 10 to
40 times physiological levels.[34–36] Kirkendol et al.
reported that sodium acetate produced a direct dose-
related decrease in myocardial contractility and blood
pressure in a dog model, but that a slow infusion of
sodium acetate did not result in adverse hemodynamic
effects.[33,37] Hypoxia and hypotension have been
reported in patients with end-stage renal disease dia-
lyzed against solutions containing acetate.[38–40]

In a crossover study involving 12 patients under-
going hemofiltration randomized to either acetate
or bicarbonate (acetate free) dialysate, Selby et al.
demonstrated that exposure to acetate-free dialysate
was associated with less deterioration in systemic
hemodynamics and less suppression of myocardial
contractility.[41] Similarly, Jacob et al. examined the
effect of acetate on cardiac energy metabolism using
the isovolumic isolated perfused heart model.[42]
Exposure of myocardial tissue to acetate concentra-
tions as low as 5mmol/l selectively impaired fatty
acid metabolism in cardiac tissue, and decreased ATP
production and tissue ATP concentrations, which in
turn resulted in impaired contractile function. Whilst
the authors cautioned that this finding could be due
to other parenterally administered acetate-containing
solutions, there have been no human studies to sup-
port the findings in the isolated heart model. In con-
trast, Nitenberg et al. evaluated the effects of acetate on
left ventricular contractility and function before and
after a 20-min sodium acetate infusion during dialysis
where heart rate was controlled by atrial pacing.[43]
Angiographically determined left ventricular volumes
and pressures were used to calculate the ventricular
function indices. A plasma acetate concentration of
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3.13mmol/l increased ejection fraction and cardiac
index.

Hyperchloremia
Use of fluid solutions with physiological concentra-
tions of chloride during liver transplantation may
be beneficial, but hyperchloremia has been linked
to adverse clinical outcomes in several animal and
human studies. McCluskey et al. reviewed the datasets
of 22,851 surgical patients undergoing non-cardiac
surgery with normal preoperative serum chloride
concentration and renal function.[44] Acute postop-
erative hyperchloremia was associated with postoper-
ative renal dysfunction and 30-day mortality. Yunos
et al. reported that the implementation of a chloride-
restrictive strategy decreased the incidence of acute
kidney injury and use of renal replacement ther-
apy.[45] Finally, a recent systematic review and
meta-analysis assessed the relationship between
the chloride content of intravenous resuscitation
fluids and patient outcomes in the perioperative and
intensive care settings. A weak but significant asso-
ciation between higher chloride content fluids and
unfavorable outcomes was found, although mortality
was unaffected.[46] Mechanisms of hyperchloremic-
induced renal injury include inability of the proximal
tubule capacity to reabsorb chloride, resulting
in greater chloride delivery to the thick ascend-
ing limb of the distal tubule from inactivation of
tubuloglomerular feedback by the macula densa
and a reduction in glomerular filtration,[47–49]
hyperchloremic-induced thromboxane release with
associated vasoconstriction,[50] and an alteration in
the expression of inflammatory cytokines.[51]

Plasma osmolality
An understanding of the osmolality of intravenous
solutions is important during liver transplantation.
Hartmann’s solution or Ringer’s lactate are hypotonic
solutions with a calculated in vivo osmolality (tonicity)
of approximately 254mosmol/kg H2O (Table 25.2).
Hypotonic fluids must be used cautiously, if at all, in
patients undergoing liver transplantation with fulmi-
nant liver failure. The most common cause of death in
fulminant liver failure is intractable intracranial hyper-
tension from cerebral edema, present in approximately
50–80% of these patients with fulminant liver failure.

Permissive hypernatremia and use of hypertonic
saline solutions are choices of treatment in this

specific setting. Saline (0.9%) is considered a relatively
hypertonic solution because the sum of its osmotically
active components gives a theoretical in vitro osmolal-
ity of 308mosmol/kg H2O (154mmol/l sodium plus
154mmol/l chloride). However, 0.9% saline is an iso-
tonic solution as its constituents, sodium and chloride,
are only partially active, with an osmotic coefficient of
0.926.[52] The calculated in vivo osmolality (tonicity)
of saline is 285mosmol/kg H2O, which is the same as
plasma osmolality (tonicity). Saline may therefore be a
more appropriate fluid in the setting of transplantation
for fulminant liver failure. Finally, administration of
hypotonic fluids can represent a significant free water
load that may not be easily excreted in the presence
of the high antidiuretic hormone concentrations com-
monly associated with physiological stress.[53] Fail-
ure to excrete water in a timely fashion may result
in postoperative transplantation positive fluid balance,
edema, and weight gain.

Colloids in liver transplantation
Schumann et al. recently conducted a survey evaluat-
ing the use of fluids during liver transplantation.[54]
Representative samples of 61 US academic institutions
with a comprehensive liver transplant anesthesia pro-
gram were studied. Among the different types of col-
loids available for intraoperative fluid replacement and
volume expansion, albumin was the most common
(85%), followed by the synthetic colloids hydroxy-
ethyl starch (HES) in saline (Hespan) or HES in
balanced electrolyte solution (Hextend) in 48% and
52%of programs, respectively. High-volume programs
(>100 transplants annually) were less inclined to use
albumin intraoperatively. Routine perioperative blood
product utilization demonstrated the frequent use of
packed red blood cells, fresh frozen plasma, cryopre-
cipitate, and platelets.

There are no large-scale prospective studies guid-
ing the efficacy and safety of any colloids in the setting
of liver transplantation. In a small single-center study,
40 patients undergoing living donor liver transplan-
tation were prospectively randomized to receive albu-
min orHES.The use ofHES as an alternative to human
albumin resulted in equivalent renal outcomes.[55]
More recently, in a larger single-center observational
study, Zhou et al. evaluated the influence of HES
on renal function in 394 patients undergoing ortho-
topic liver transplantation. Perioperative use of HES
had no significant effect on renal function in the first
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Chapter 25: Transplantations

postoperative week.[56] In contrast, Hand et al. per-
formed a retrospective cross-sectional analysis of 147
adult patients who underwent orthotopic liver trans-
plantation and reported that patients receiving HES
had an increased odds of acute kidney injury com-
pared with patients receiving 5% albumin.[57]

There is a paucity of data on the safety of HES
in patients undergoing liver transplantation, despite
HES being commonly used. Whilst HES is gener-
ally the most common type of colloid administered
to resuscitate critically ill patients,[58] emerging data
has recently questioned its safety, and there is strong
expert opinion of no beneficial effect of HES in any
subgroup of critically ill patients [59] (which would
include patients undergoing liver transplantation). In
2012, two landmark studies – The Crystalloid versus
Hydroxyethyl Starch Trial (CHEST) [60] and the Scan-
dinavian Starch for Severe Sepsis/Septic Shock Trial
(6S) [61] addressed the issue of whether resuscita-
tion with HES affects kidney function differently from
resuscitation with a crystalloid solution. The CHEST
study recruited over 7,000 patients admitted to inten-
sive care and demonstrated an association between
more severe acute kidney injury or need for renal
replacement therapy and use of HES. The 6S study
also found an association between HES and mortal-
ity. Conclusions of these studies are supported by a
meta-analysis examining HES solutions for resuscita-
tion of patients with sepsis [62] and in critically ill
patients requiring volume resuscitation.[63] A recent
re-analysis of a Cochrane collaboration analysis of
trials examining colloids versus crystalloids for fluid
resuscitation in critically ill patients concluded that
HES solutions are associated with increased risk of
acute kidney injury, and recommended against use in
the critically ill.[64]

In 2013, Bagshaw et al. evaluated the efficacy and
safety of HES or 0.9% saline for fluid resuscitation
in critically ill patients with a focus on survival and
kidney function.[58] There was no significant differ-
ence in 90-day mortality between HES or 0.9% saline.
Renal replacement therapy was needed in 7.0% of the
HES group vs. 5.8% of the saline group (p = 0.04),
although RIFLE Class I was less frequent in the HES
group, and amounted to 34.6% compared with 38.0%
in the saline group (p = 0.005). Hydroxyethyl starch
was associated with a decrease in new cardiovascular
organ failure compared with saline (36.5% vs. 39.9%,
p = 0.03), but an increase in new hepatic organ failure
compared with saline (1.9% vs. 1.2%, p = 0.03), which

has direct relevance for patients undergoing liver
transplantation.

Inappropriate daily positive fluid balance may,
however, be an important source of heterogeneity in
many of the trials reporting the association of HES
with excess mortality in septic patients.[65] In an
updated Cochrane review, which was first published
in 2010,[66] Mutter et al. reviewed the current evi-
dence and suggested that all HES products increase
the risk of acute kidney injury and renal replacement
therapy (in all patient populations), and that a safe vol-
ume of anyHES solution has yet to be determined.The
review concluded that in most clinical situations it is
likely that these risks outweigh any benefits, and alter-
nate volume replacement therapies should be used in
place of HES products.[67] There is no clear evidence
that HES solutions are harmful outside critical illness,
but in the context of liver transplantation there is also
no evidence that HES solutions provide any clinically
important benefits. As safer alternatives exist, HES is
no longer used in patients undergoing liver transplan-
tation in the author’s institution.

There is a greater paucity of data regarding the
use of gelatin-based solutions in liver transplanta-
tion. The associations of gelatins and adverse effects
on hemostasis and coagulation have been the main
detractions for its use in liver transplantation given
that coagulopathy during transplantation is common,
pronounced, and often refractory.[68–70] Both gelatin
and HES solutions have been associated with adverse
effects on blood coagulation.[69,71] There are fewer
effects on blood coagulation using crystalloids com-
pared with colloids, and it is possible that adverse
coagulation effects of both gelatin and HES solutions
may be similar. There appear to be no differences
in adverse coagulation effects between balanced HES
130/0.42 and non-balanced HES 130/0.4.[71] Gelatin
causes more impairment in renal function in elective
living-donor liver transplantation than HES solutions
do.[72] Despite years of clinical use, there is insuffi-
cient quality of clinical trials to confirm both the safety
and efficacy of gelatin in the setting of liver trans-
plantation.[73] Finally, in the Australian Consultative
Council for Morbidity and Mortality report for the
Triennium 2003–2005, 27 cases of anesthesia-related
anaphylactic reactions to HES solutions and gelatin
were reported, 5 of which were fatal.[74] This again
has specific relevance to patients undergoing liver
transplantation, given the severe hemodynamic chal-
lenges faced with each case.
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Albumin is the most common colloid used in
liver transplantation. Advantages specific to liver
transplantation include maintenance of colloid
osmotic pressure, preservation of kidney function,
pleiotropic physiological benefits on endothelial
integrity, improving the endothelial integrity by
substantially protecting the glycocalyx of endothelial
cells,[75,76] facilitation of negative fluid balance in
hypoproteinemia states that are common in transplant
patients, and maintenance of glomerular filtration
via hemodynamic and oncotic mechanisms.[77–79]
Biological plausibility, freedom from nephrotoxicity
(safety), and reduction of renal morbidity in liver
cirrhosis (effectiveness) support the use of albumin
in liver transplantation.[80] In contrast to other
colloids, fluid resuscitation with human albumin is
not considered nephrotoxic.

Albumin has been extensively reappraised as a
resuscitation fluid by Finfer.[81] Available as iso-
oncotic and iso-osmolar 4–5% solutions and hyper-
oncotic 20–25% solutions, albumin is both suspended
in sodium chloride and contains octanoate as the
anion stabilizer. It remains an attractive colloid for
liver transplantation with 4–5% albumin, providing
plasma volume expansion by an amount approxi-
mately equal to the volume infused, whilst concen-
trated albumin expands the plasma volume by approx-
imately 4–5 times the volume infused.[81] However,
albumin might be harmful in patients with traumatic
brain injury.[82] Therefore, large volumes of albumin
should be used cautiously in fulminant liver transplant
recipients with raised intracranial pressure.

The pooled analysis of mortality data from large
studies of volume therapy with human albumin in sep-
sis, namely SAFE andALBIOS, confirms that adminis-
tration of albumin could significantly reducemortality
in patients with severe sepsis or septic shock.[60,83]
In the ALBIOS study, patients in the albumin group
not only achieved more frequently hemodynamic sta-
bilization but also had prognostically favorable nega-
tive fluid balance.[83] A meta-analysis by Patel et al.
confirmed that albumin appears to be safe in the set-
tings of critical illness.[84]

Crystalloids in liver transplantation
In the survey by Schumann et al. evaluating the
use of fluids during liver transplantation,[54] in the
same representative sample of 61 US academic institu-
tions with a comprehensive liver transplant program,

0.9% saline was the most frequent crystalloid used
(81%), followed by a pH-adjusted buffered/balanced
crystalloid solution, Plasma-Lyte-148 (74%). Least
favored were glucose-containing normal saline solu-
tions (43%). Such practice variation is related to the
paucity of prospective evidence regarding the compar-
ative safety and efficacy of available crystalloid solu-
tions for both fluid resuscitation and maintenance
therapy in the perioperative setting.

Existing data from observational studies in the
perioperative and critical care settings suggest that
the use of high-chloride, unbuffered crystalloid fluid
may be associated with major complications and
increased mortality.[45,85,86] However, owing to the
retrospective nature of these studies and potential for
unmeasured confounding, it is not possible to estab-
lish whether using balanced/buffered crystalloid fluid
instead of 0.9% saline is beneficial or harmful dur-
ing liver transplantation on the basis of observational
studies alone.

Until 2015, all interventional studies comparing
0.9% saline to buffered crystalloid had a small sam-
ple (n < 100) and focused primarily on short-term
physiological or biochemical outcomes. A systemic
review and meta-analysis published in 2014 identified
28 prospective, randomized control trials with at least
20 adult participants that had compared the effects of
different crystalloid fluids.[87] Use of 0.9% saline was
associated with decreased serum pH, elevated serum
chloride levels, and decreased bicarbonate levels. In
studies that examined renal outcomes, no significant
differences were found between fluids. In three sur-
gical studies that evaluated volume of red blood cells
transfused, patients who had received Ringer’s lactate
required a significantly lower volume of red blood cells
than those that received 0.9% saline. No differences
were found between Ringer’s lactate and 0.9% saline in
requirements for transfusion or operative blood loss,
except in an exploratory subgroup analysis of “high-
risk” patients that showed increased blood loss with
the use of 0.9% saline in patients that were at increased
risk of bleeding.

Fluid intervention for renal
transplantation

Crystalloids in renal transplantation
The ideal intravenous fluid for renal transplantation
has also not been defined. Traditionally, crystalloids
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are the mainstay and first choice of perioperative fluid
intervention in renal transplantation. Conventionally,
0.9% saline is widely advocated because of concerns
about hyperkalemia from the balanced/buffered solu-
tions, which all contain potassium. To date, there have
been four clinical trials comparing buffered crystalloid
solutions to 0.9% saline in living donor kidney trans-
plant recipients. In 2005, O’Malley et al. conducted
a prospective, randomized, double-blind clinical trial
comparing 0.9% saline against Ringer’s lactate for
intraoperative fluid therapy for patients undergoing
renal transplantation.[88] The study was terminated
for safety reasons after interim analysis of data from
51 patients. Whilst 0.9% saline did not have adverse
effects on graft function, Ringer’s lactate was associ-
ated with less hyperkalemia and acidosis compared
with saline, and was considered a safe alternative for
fluid intervention in kidney transplantation.

Hadimioglu et al. performed a randomized con-
trolled trial comparing Plasma-Lyte-148, Hartmann’s
solution, and 0.9% saline as intraoperative fluid
replacement in 90 patients undergoing renal trans-
plantation.[89]Those receiving 0.9% saline had higher
chloride concentration, lower pH, and lower base
excess than the other two groups. Patients receiving
Hartmann’s had elevated lactate levels. Potassium level,
urine output, serum urea and creatinine, and creati-
nine clearance were not significantly different between
the groups. The authors concluded that all three flu-
ids appear safe in short-duration uncomplicated renal
transplant surgery, but the metabolic profile was best
maintained with Plasma-Lyte-148.

Khajavi et al. then conducted a smaller double-
blinded randomized prospective clinical trial
comparing 0.9% saline to Ringer’s as intraopera-
tive intravenous fluid replacement therapy in living
related kidney transplantation.[90] Compared with
those receiving 0.9% saline, patients receiving Ringer’s
lactate had lower serum potassium levels and were
less acidemic, but had a higher incidence of graft
thrombosis. Finally Kim et al. compared the effects
of 0.9% saline and Plasma-Lyte-148 on acid–base
balance during living donor kidney transplantation
using the Stewart and base excess methods. Patients
receiving 0.9% saline had significantly lower values of
pH, base excess, and effective strong ion differences
during the post-reperfusion period compared with
Plasma-Lyte.[91]

In the setting of cadaveric renal transplantation,
where delayed graft function is more common, a

larger randomized clinical trial in 150 patients was
recently conducted by Potura et al., comparing the
effect of 0.9% saline to that of a chloride-reduced,
acetate-buffered crystalloid on the incidence of hyper-
kalemia.[92] The incidence of metabolic acidosis and
kidney function were secondary aims. There were
no significant differences in hyperkalemia between
groups. Use of buffered crystalloid resulted in less
hyperchloremia and metabolic acidosis. Significantly
more patients in the saline group required admin-
istration of catecholamines for circulatory support.
These randomized controlled trials are underpowered
to address clinical endpoints such as immediate or
delayed graft function, longer-term graft function, and
patient survival.

Colloids and renal transplantation
Many of the adverse effects of colloid solutions out-
lined in the section “Colloids in liver transplantation”
above are relevant to patients undergoing kidney
transplantation. Specific to renal transplantation,
there have been historical concerns regarding the use
of HES solutions and impaired renal function.[93] An
early prospective randomized trial in 1993 comparing
HES and gelatin for plasma volume expansion in
brain-dead organ donors found that HES was asso-
ciated with impaired immediate renal function in
kidney transplant recipients.[94] Renal biopsies
demonstrated osmotic, nephrosis-like lesions in the
HES-treated group.[95] Similar findings have been
reported by other investigators.[96]

In the absence of direct chemical toxicity, the most
likely attributed mechanism for HES-induced renal
dysfunction is swelling and vacuolization of tubular
cells and tubular obstruction due to the production
of hyperviscous urine. Renal dysfunction from high
plasma colloid osmotic pressure is thought to increase
with repeated doses of concentrated HES of high
molecular weight and high degree of substitution.[97]
Findings from these older studies have been recently
confirmed by Patel et al. who evaluated the impact of
HES in organ donors after neurological determination
of death on recipient renal graft outcomes. Nine hun-
dred and eighty-six kidneys were transplanted from
529 donors. Forty-two percent received HES and 35%
developed delayed graft function. Hydroxyethyl starch
use during donor management was independently
associated with a 41% increase in the risk of delayed
graft function.[98]
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Conclusions
Fluid prescription and intervention for liver and renal
transplantation is complex.Whilst there are physiolog-
ically rational and biologically plausible data to sug-
gest that certain fluids may confer metabolic, organ,
and outcome benefits, there are no unequivocal data to
support the use of any single fluid. Clinicians should
have a fundamental understanding of the physico-
chemical properties of the available crystalloid and
colloid solutions in order to individualize therapy to
the patient’s underlying pathophysiological condition.
It is imperative to continue to conduct large-scale clin-
ical trials to determine both the optimal type and dose
of fluid for patients undergoing either liver or renal
transplantation.
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Chapter

26
Neurosurgery

Hemanshu Prabhakar

Summary

Fluid administration is one of the basic com-
ponents in the management of neurosurgical
patients. Despite advances and extensive research
in the field of neurosciences, there is still a debate
on the ideal fluid. Issues related to adequate vol-
ume replacement and effects on the intracranial
pressure persist. Studies have demonstrated the
harmful effects of colloids over crystalloids. Nor-
mal saline has remained a fluid of choice, but
there is now emerging evidence that it too is not
free from its harmful effects. Hypertonic saline
has also been accepted by many practitioners, but
its use and administration requires close monitor-
ing and vigilance. There is now growing evidence
on the use of balanced solutions for neurosurgi-
cal patients. However, this evidence comes from
a small number of studies. This chapter tries to
briefly cover various clinical situations in neuro-
sciences with respect to fluid administration.

Introduction
Neurosurgical patients form a special population
that poses challenges to anesthetists and intensivists
when it comes to fluid administration. Issues per-
taining to elevated intracranial pressure (ICP) and
intraoperative blood losses have to be dealt with more
compositely. Earlier, it was believed that fluid intake
restriction up to 1 liter daily in patients undergoing
craniotomy maintains good homeostasis. Larger
volumes may result in expansion of the extracellular
space and may result in brain edema,[1] although
it was cautioned that fluid restriction might be
dangerous in patients receiving hyperoncotic fluids,

diuretics, and dexamethasone. However, the practice
has changed over the years, and it is now believed
that a generally restrictive fluid strategy could be
dangerous as these neurosurgical patients so often
receive mannitol and diuretics to prevent rise in ICP
and reduce brain edema. The effect of anesthetics
may be additive in causing systemic hypotension,
which risks compromising the cerebral perfusion
pressure (CPP), reducing the cerebral oxygenation
and producing intracranial complications. These
neurosurgical patients are also not excluded from the
controversy over colloids versus crystalloids.[2]

This chapter deals with various neurosurgical sit-
uations in which fluid administration is vital to the
overall management of the patient. Although themain
focus of the chapter is on perioperative fluid manage-
ment in different clinical scenarios, it also discusses the
therapeutic roles of fluid aimed at reduction of ICP and
improving CPP.

General principles
Crystalloids or colloids along with blood and blood
products are routinely used during neurosurgical pro-
cedures. It has, in general, become common prac-
tice in neuroanesthesia to avoid fluids that are hypo-
osmolar or contain glucose, because of the view that
the free water produced by hypo-osmolar and glucose-
containing solutions results in brain edema. Thus the
fluids of choice include 0.9% normal saline and lac-
tated Ringer’s solution, both being nearly equiosmo-
lar to normal plasma. For the purpose of achieving
brain relaxation in the intraoperative period, hyper-
tonic fluids such as mannitol and hypertonic saline
are frequently used. It is by virtue of these hyper-
tonic fluids that water is drawn from intracellular and

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
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interstitial compartments into the intravascular com-
partment. This results in relaxation of the brain and
increased compliance. However, it is essential that the
blood–brain barrier be intact for hypertonic fluids to
produce their effect on the brain.[3]

In general, sufficient fluids should be adminis-
tered to neurosurgical patients to maintain good car-
diac output and hemodynamic stability. It is accepted
that respiratory variations in arterial pressure during
mechanical ventilation reflect volume status and fluid
responsiveness of the patients.[4] These “dynamic”
hemodynamic parameters, such as the stroke vol-
ume, arterial pulse pressure, and the variations during
positive pressure mechanical ventilation, are consid-
ered accurate by many authors in predicting volume
status.[5]

In the following, we describe some of the situations
in neurosurgery inwhich fluid administration requires
special considerations.

Supratentorial tumor surgery
Administration of fluids in patients undergoing
craniotomy for supratentorial surgery is not only
for the purpose of replacement but also to provide
brain relaxation. Whereas mannitol and hypertonic
saline are popular fluids used for providing brain
relaxation, normal saline remains the choice of fluid
for maintaining the volume status of the patients.
There remains a controversy over which fluid to use
for intraoperative brain relaxation: mannitol or hyper-
tonic saline. In a recent meta-analysis, the authors
found that hypertonic saline significantly reduced the
risk of tense brain, but the quality of evidence was
low and the findings were from a limited number of
studies.[6] Normal saline remains the fluid of choice
to maintain intraoperative volume status. However,
amidst the controversy of crystalloid versus colloid
for neurosurgical patients, a recent study by Xia and
colleagues compared goal-directed crystalloid and
goal-directed colloid therapy in patients undergoing
craniotomy.[7] Based on a study conducted on 40
patients, the authors concluded that goal-directed
hydroxyethyl starch therapy was not superior to
goal-directed lactate Ringer’s solution therapy for
brain relaxation and cerebral metabolism.The authors
found that less fluid volume was needed to maintain
the target stroke volume variation in the colloid group
when compared with the crystalloid group.

Subarachnoid hemorrhage
Fluid management in patients with subarachnoid
hemorrhage (SAH) aims to maintain a good fluid
balance and correction of hyponatremia, which
accompanies the cerebral salt wasting syndrome often
associated with SAH. This also formed the basis of
“triple-H” therapy. The standard triple-H therapy
consisted of hypervolemia, hemodilution, and hyper-
tension. However, in a recent exploratory analysis
on 413 patients enrolled in the CONSCIOUS-1 trial,
the authors found that administration of colloid and
maintenance of a positive fluid balance during the
period of vasospasm after SAH was associated with
poor outcome.[8] In a systematic review by Dankbaar
and colleagues, the authors concluded that controlled
studies did not offer evidence that supported the
use of triple-H therapy or any of its components in
improving cerebral blood flow. They also found from
uncontrolled studies that “hypertension” was possibly
the most effective component of triple-H therapy in
increasing cerebral blood flow.[9]

When considering patients with severe brain
injury, a pilot study demonstrated that balanced solu-
tions reduced the incidence of hyperchloremic acido-
sis when compared with administration of chloride-
rich solutions.[10] Similar findings have also been
reported by Lehmann and colleagues, who found that
in the management of patients with SAH, saline-based
fluids resulted in a greater proportion of patients with
hyperchloremic acidosis, hyperosmolality, and posi-
tive fluid balance when compared with balanced solu-
tions.[11] Although evidence is accumulating in favor
of balanced solutions rather than normal saline, it is
still too early for any conclusive statement to be made
in support of any type of fluid to be recommended for
patients with SAH.

Pituitary surgery
Surgical procedures related to the pituitary pose chal-
lenges in terms of fluid and electrolyte imbalance,
which may frequently be related. Diabetes insipidus
(DI) may be observed both during the intraoperative
and postoperative period. Fluid balance needs close
monitoring to avoid fluid overload, electrolyte imbal-
ance, and complications. Syndrome of inappropriate
antidiuretic hormone secretion (SIADH) is another
postoperative complication associated with pituitary
surgery.[12] The management of these syndromes is
beyond the scope of this chapter; however, it cannot be
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Table 26.1 Salient differential features between diabetes insipidus (DI) and syndrome of
inappropriate antidiuretic hormone secretion (SIADH)

Clinical parameters DI SIADH

Urine output >30ml/kg per hour Decreased

Fluid balance (intravascular) Reduced Neutral or slightly positive

Serum osmolality Increased Decreased

Serum Na+ concentration Increased Decreased

Urine osmolality Decreased Increased (>100mosmol/kg)

Urinary Na+ concentration <15mEq/l >20mEq/l

Fluid replacement Half normal saline or 5% dextrose Fluid restriction

overemphasized that fluid and electrolyte disturbances
occur during the treatment of patients with pitu-
itary tumors. Half normal saline and 5% dextrose are
fluids of choice in cases of DI, whereas, in the case of
SIADH, fluid restriction is the most appropriate treat-
ment. A comparison of these two conditions is given
in Table 26.1. It is important to check serum osmolal-
ity frequently, to guide the administration of amount
and type of fluid.

Traumatic brain injury
Most of the work in the field of fluid management
related to neurosurgery is probably carried out in
the group of patients suffering from traumatic brain
injury. The need for early restoration of intravascular
fluid status and maintenance of hemodynamics
predicts the outcome of these patients by preventing
secondary injuries to the brain. Euvolemia is the
mainstay in managing head-injured patients. Hypo-
volemia must be avoided and so must fluid overload,
as it can worsen cerebral edema. In the popular study
by the Saline versus Albumin Fluid Evaluation (SAFE)
investigators, the authors found that higher rates of
mortality were associated with use of albumin as
resuscitating fluid when compared with saline.[13]
Small-volume fluid resuscitation with hypertonic
saline had been actively popularized earlier, and
success was reported even in pediatric patients.[14]
Soon these fluids, hypertonic saline and colloids, fell
into controversy, and the debate continues. Discussing
the types of fluids used for resuscitation in traumatic
brain injury, Van Aken and colleagues have rightly
said that it is the osmolality of an infusion solution
rather than the colloid osmotic pressure that rep-
resents the key determinant in the pathogenesis of
cerebral edema formation.[15] In a systematic review

on the use of crystalloids versus colloids for prehos-
pital fluid management in traumatic brain injury,
Tan and colleagues found that neither was superior
to the other.[16] In general, hypotonic fluids and
glucose-containing fluids have to be avoided during
management of patients with traumatic brain injury.
Maintaining the iso-osmolality (using fluid having
osmolality around 300mosmol/kg) is suggested when
administering large amounts of fluid for resuscitation.

Spinal surgery
Surgeries on the spine may be extensive, involving
many sections of the vertebral column, especiallywhen
instrumentation is planned. Massive blood loss and
blood transfusions may be expected. It is important
to maintain adequate fluid status without producing
fluid overload, which may lead to venous congestion
and at the same time compromising the blood flow and
oxygenation of the spinal cord.[17] A study revealed
that there was a correlation between the total amount
of fluid administered and length of hospital stay and
pulmonary complications.[18] With each increase of
1,000 ml of crystalloids, the odds for having a pul-
monary complication increased by 30%.

Conclusion
A strategic approach in fluid management is essen-
tial for all neurosurgical procedures and periopera-
tive management of neurological patients. Optimum
fluid administration is essential for maintenance of
perfusion pressures through the brain and the spinal
cord. It appears logical to use isotonic crystalloids and
avoid colloids as far as possible. Data supporting the
use of balanced solutions are limited, although the
results with their use are encouraging. Hyperglycemia
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or hypoglycemia must be avoided under all circum-
stances.
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Section 4 The clinical setting

Chapter

27
Intensive care

Alena Lira and Michael R. Pinsky

Summary

Fluid infusions are an essential part of the man-
agement of the critically ill, and include mainte-
nance fluids to replace insensible loss and resusci-
tation efforts to restore blood volume. This chap-
ter is on fluid resuscitation. Fluid administra-
tion is a vital component of resuscitation therapy,
with the aim being to restore cardiovascular suffi-
ciency. Initial resuscitation aims to restore a min-
imal mean arterial pressure and cardiac output
compatible with immediate survival. This is often
associated with emergency surgery and associated
life-saving procedures.Then, optimization aims to
rapidly restore organ perfusion and oxygenation
before irreversible ischemic damage occurs. Sta-
bilization balances fluid infusion rate with risks
of volume overload, and finally de-escalation pro-
motes polyuria as excess interstitial fluid is refilled
into the circulation. There is no apparent survival
benefit of colloids over crystalloids. Hydroxyethyl
starch solutions have deleterious effects in certain
patient populations, for example in sepsis. Bal-
anced salt solutions are superior to normal saline.
Further fluid resuscitation should be guided by
the patient’s need for increased blood flow and by
their volume-responsiveness.

Introduction
Fluid infusions are an essential part of the manage-
ment of the critically ill patient. There is a large
pool of clinical evidence to guide resuscitation and
fluid administration.[1,2] Yet the actual choice for flu-
ids across physicians, hospitals, and counties varies

widely.[3] Some of these differences may be driven by
economic considerations,[4] whereas others probably
reflect habit and lack of familiarity with recent findings
and their associated recommendations. Fluid therapy
in the intensive care unit can be separated into those
fluids infused in patients unable to take fluid orally as
maintenance fluids, and those fluids used in resuscita-
tion.The former can become quite complex as insensi-
ble fluid losses can vary widely in patients with burns,
open wounds, peritonitis, diarrhea, and polyuria. The
latter refers to use of fluid therapy as part of resusci-
tation from circulatory shock. This chapter focuses on
fluids in resuscitation.

The resuscitative management of the critically
ill patient presenting with circulatory shock can be
separated into four phases: rescue, optimization,
stabilization, and de-escalation.[5] Rescue or salvage
focuses on achieving a minimal arterial pressure and
cardiac output compatible with immediate survival.
This is often associated with performing appropriate
life-saving interventions to treat the underlying cause
of circulatory shock. Importantly, fluid resuscitation
alone may not restore arterial pressure if either sys-
tolic pump function or arterial vasodilation co-exist.
In these cases, inotrope and vasopressor therapies,
respectively, need to be used. Still, rapid fluid infusion,
independent of fluid type, is often indicated because
of the presumed decrease in effective circulating blood
volume. Importantly, approximately half the patients
presenting in circulatory shock are not volume-
responsive.[6] Presumably, the causes of shock in
those cases include severe cardiac pump dysfunction
of various etiologies. Following this short rescue
interval, circulatory optimization begins, focusing
on restoring global tissue perfusion and oxygenation.
This phase often requires invasive hemodynamic

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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monitoring. During this phase, serial measures of
arterial and either mixed venous or central venous O2
and CO2 levels, blood lactate, and acid–base status
are often used to track resuscitation effectiveness at
achieving tissue blood flow and oxygenation adequate
to meet the demands of tissue aerobic metabolism.
These early phases are oftenmarked by significant vio-
lation of integrity of the vascular endotheliumwith sig-
nificant capillary leakage, andmovement of fluid from
the intravascular space to the interstitium resulting
in edema, manifesting as a patient who is overloaded
in total body fluid yet intravascularly depleted. These
phenomena occur commonly in states associated with
profound inflammatory response accompanied by
cytokine release, such as severe sepsis, trauma, burns,
and pancreatitis. Once the circulation has been opti-
mized to reverse tissue hypoperfusion (and there is
debate as to what defines such optimization), the stabi-
lization phase commences with the aim of minimizing
organ dysfunction due to iatrogenic factors, such as
overhydration, with the goal of sustaining organ-
system function. The de-escalation phase aims at pro-
moting diuresis as the initial fluid resuscitation needed
in the first two phases to maintain an effective circu-
lating blood volume is nowmobilized from the tissues
and interstitium and returning to the bloodstream.
This results in an autoregulatory polyuric response,
but occasionally during this phase diuretics or dialysis
can be needed to remove this newly resorbed fluid.
Within each phase, fluid infusions are usually a cen-
tral aspect of therapy. However, also important is the
choice of which fluid to give as part of resuscitation.

Pathophysiology of cardiovascular
insufficiency
Acute cardiovascular insufficiency or shock can be
caused by processes that are often grouped into four
pathological processes: cardiogenic, hypovolemic,
obstructive, and distributive shock.[7] Clinical history
and hemodynamic monitoring often allow for both
the diagnosis of the shock etiology and monitoring
of response to therapy. Importantly, if systemic
hypotension co-exists with circulatory shock, vital
tissue hypoperfusion will also be present, presenting
a medical emergency. This hypotension needs to be
rapidly reversed independent of fluid management.
In practice, depending on the etiology of shock, a
combination of intravenous fluids and vasopressors
(e.g. noradrenaline) are used to restore mean arterial

pressure. Although a complete description of the diag-
nosis and management of circulatory shock is beyond
the scope of this chapter, some specific concepts are
central to fluid management.

Acute cardiogenic shock is usually not associ-
ated with volume overload. Volume overload when
present in heart failure is a chronic adaptive condi-
tion, caused by reactive renal sodium and water reten-
tion. Thus, any acute cardiogenic pulmonary edema
is due to pump failure (e.g. acute coronary or acute
valvular insufficiency) and its resultant elevated pul-
monary venous back pressure. The initial resuscita-
tive treatment is systemic arterial afterload reduction
and increased inotropy if organ flow is reduced, and
fluid resuscitation to sustain adequate filling pressures
in the setting of left ventricular diastolic dysfunction,
while simultaneously addressing the primary cause of
pump failure (e.g. coronary angioplasty for coronary
thrombosis, or valvular repair in the setting of acute
mitral regurgitation due to papillary muscle rupture).
Importantly, heart failure with preserved left ventricu-
lar ejection fraction, otherwise known as diastolic dys-
function, occurs commonly. The decreased left ven-
tricular diastolic compliance makes fluidmanagement
difficult, with slight decreases in filling pressure caus-
ing hypovolemia and slight increases in filling induc-
ing cardiogenic pulmonary edema. Examples of dias-
tolic dysfunction include cor pulmonale secondary to
pulmonary hypertension or vascular obstruction and
left ventricular hypertrophy due to arterial hyperten-
sion or aortic stenosis.

Hypovolemic shock is usually due to hemorrhage,
although excess fluid loss from the gut or kidneys,
or insensible loss during prolonged surgical interven-
tions with open abdomen or chest, can also cause pro-
found hypovolemia. Importantly, cellular and inter-
stitial fluids move into the vascular space, resulting
in a whole-body volume deficiency proportional to
the rate of volume loss and its duration. The longer
that patients are hypovolemic, the greater their over-
all fluid deficiency. The normal adaptive response to
acute intravascular volume loss is to increase sympa-
thetic tone, decrease fractional excretion of sodium
and water from the kidneys and divert blood flow
away from less vital organs such as the skin and
non-exercising muscle, and eventually causing pro-
found hypoperfusion to the liver, gut, and kidney.[8]
Rapid fluid administration (20–30ml/kg) of crystal-
loid solution often restores arterial pressure because
these patients usually have a high vasomotor tone
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and normal volume-responsive hearts. If arterial pres-
sure is not restored rapidly to �65mmHg, in an
otherwise non-hypertensive patient, then vasopressor
therapy needs to be started to reach this minimal arte-
rial pressure target.[9]

Obstructive shock (e.g. massive pulmonary
embolism and cardiac tamponade) require, vasopres-
sors to sustain mean arterial pressure and treatments
directed at the primary problem (e.g. thrombolysis,
pericardiocentesis). Fluid resuscitation is usually
only transiently effective in restoring cardiovascular
sufficiency and if acute cor pulmonale is present, it
can cause further deterioration by dilating further
the stressed over-distended right ventricle. In these
cases, fluid management needs to be closely titrated
by cardiovascular monitoring, including echocardi-
ography and hemodynamic monitoring so as to avoid
irreversible right ventricular failure.

Distributive shock is caused by dysregulation of
normal autonomic control of the circulation.The clas-
sic example is septic shock, although other etiologies
such as anaphylaxis and high grade spinal anesthesia,
as well as frank right ventricular failure, can present
with a similar picture. With non-specific vasodila-
tion, the unstressed blood volume greatly increases,
making the patient appear to be hypovolemic because
the driving pressure for venous return is markedly
decreased. Here initial aggressive fluid resuscitation
(20–30ml/kg) to restore venous return and central
venous pressure, combined with vasopressor ther-
apy, if needed to maintain a mean arterial pressure
>65mmHg, is often required.[9] Once initial rescue
has occurred, further aggressive resuscitation to opti-
mize organbloodflow is required, driven by end-organ
function and evidence of tissue hypoperfusion. Impor-
tantly, septic shock usually has elements of hypo-
volemia along with loss of vasomotor tone.

As listed above, loss of vascular endothelial tight
junction integrity often occurs in septic shock, leading
to markedly increased plasma transudation into the
interstitium, leading to secondary hypovolemic shock.
Thus, the fluid requirements in severe sepsis and septic
shock are often much greater than would be the case
if pure vasodilation alone without associated inflam-
matory component were present. Indirect estimates
of tissue hypoperfusion include venous O2 saturation
(SvO2) and the veno-arterial PCO2 gradient.[10]

Since loss of vascular endothelial integrity com-
monly accompanies septic shock, referring to the
Starling forces principle, many clinicians prefer using

colloid solutions for resuscitation in an effort to retain
the infused fluid in the intravascular space. However,
recent work calls into question completeness of the
initial Starling forces principle.[11] In sepsis and
markedly altered circulatory states, the transvascular
barrier, which comprises the endothelial glycocalyx
layer and endothelial basement membrane, with tight
junctions between cells and extracellular matrix, is
damaged.[12] When the vascular barrier is intact,
transcapillary movement of fluid is unidirectional, as
there is no absorption of fluid from the interstitium
back to the intravascular space, and drainage of the
interstitium is accomplished primarily by lymphatic
clearance. Transcapillarymovement is then dependent
on capillary pressure. Increasing capillary pressures
increases edema formation. Under the same condi-
tions, infusion of crystalloid solutions also increases
capillary pressure, but by dilution decreases oncotic
pressure, thus resulting in more transcapillary move-
ment than colloids. At subnormal capillary pressures,
however, transcapillary movement nears zero; thus
both crystalloids and colloids result in increase in cap-
illary pressure, but neither sufficient to result in change
in transcapillary movement. Indeed, when physicians
were blinded to the infusion of solution when man-
aging patients in septic shock, they gave the same
amounts of albumin and of crystalloid solution during
resuscitation,[13] suggesting that the hemodynamic
response to albumin and crystalloids infusion in a
septic patient is not clinically significantly different.

Although much attention focuses on the rescue
and optimization phases of resuscitation,management
during stabilization and de-escalation is also impor-
tant, because it is in those times that the deleteri-
ous effects of fluids become most manifest, presum-
ably because the risks of the pathological process that
caused the initial illness subsides. Still, those fluid-
associated risks are probably present throughout all
resuscitation phases.

Choice of resuscitation fluids
Primary decisions for fluid administration include the
use of colloid or crystalloid, and which specific colloid
or crystalloid to use within each family. The goal of
resuscitation is initially to support intravascular vol-
ume and promote tissue perfusion, while minimizing
causing interstitial edema.[14] All resuscitation fluids
will expand the intravascular space.[15] The available
colloids include albumin, hydroxyethyl starch (HES),
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gelatin, and dextran. Available crystalloids include
0.9% normal saline (NS), lactated Ringer’s (LR), Hart-
mann’s solution, and several similar balanced salt solu-
tions (e.g. Plasma-Lyte, Normo-Sol). As clinical trials
expand, analysis has switched from the colloid versus
crystalloid debate to which colloid or crystalloid to
use.[16] It should be noted that intraoperative choices
of resuscitation fluids follow different physiology, and
the discussion becomes altered when one considers
resuscitation fluid choices in the ICU.

Crystalloids
Crystalloids are aqueous fluids that contain low-
molecular-weight crystal-forming elements (elec-
trolytes), which easily pass through vascular endothe-
lial membrane barriers followed by water, leading
to their equilibration between the intravascular and
extracellular space.[17]

Crystalloid solutions can contain a variety of inor-
ganic cations, such as K+, Ca2+, Mg2+, and organic
anions such as lactate, acetate, gluconate, or bicar-
bonate as well as Cl−, allowing the Na+, Cl−, and
K+ values to vary independent of each other. The
term “normal” saline is a misnomer which was coined
because its concentration 0.9% w/v is “normal” or
about 3,000mOsmol/l (or 9 g/l), not because its com-
position is normal or “physiological” as an electrolyte
solution. Normal saline (NS) is slightly hypertonic
and has equal amounts of Na+ and Cl−, making it
both hypernatremic and hyperchloremic relative to
plasma. Thus, NS infusions promote hypernatremia
and hyperchloremic metabolic acidosis, resulting in
renal vasoconstriction.[18] NaCl is available in vary-
ing degrees of non-hyperosmolar dilution (0.9, 0.45,
and 0.225NaCl) alone or with 5% dextrose. NaCl solu-
tions are compatible with co-infusion of blood prod-
ucts. LR and other balanced salt solutions containing
Ca2+ are not. Crystalloid alternatives to NS represent
fluids more closely resembling the electrolyte compo-
sition of plasma, including LR, Hartmann’s solution,
Normo-Sol, and Plasma-Lyte.

Studies have compared different crystalloid solu-
tions in resuscitation, specifically chloride-liberal (i.e.
NS) versus chloride-restricted (balanced salt) solu-
tions.[19] These results come primarily from peri-
operative literature including mainly trauma patients
and in-patients undergoing major abdominal surgery,
and suggest that the use of balanced salt solutions in
some patient populations decreases mortality and the

incidence of acute kidney injury (AKI) when com-
pared with NS. Subsequent studies of 2,012 patients
demonstrated a decrease in incidence of AKI and
in use of renal replacement therapy (RRT) in ICU
patients with implementation of chloride-restricted
strategy.[19] The use of NS has long been known to
be associated with increased risk of hyperchloremic
metabolic acidosis,[20] but it has only recently been
shown that these metabolic changes can result in
decreased renal blood flow and renal cortical hypop-
erfusion, as demonstrated in healthy volunteers.[18]
These data suggest that the choice of crystalloid solu-
tion should be guided by individual patient character-
istics so as to decrease use of NS in patients in whom
its metabolic profile can cause harm.

Colloids
Colloids are aqueous solutions that contain both
large organic macromolecules and electrolytes. These
molecules are retained within the intravascular space
to a greater degree than pure crystalloids under nor-
mal conditions owing to their higher oncotic pressure.

The first colloid solution used clinically was albu-
min. It is available in several concentrations (4%,
5%, 20%, and 25%). The greatest barrier to its use
has been its cost. Synthetic colloids, in particular
starches (hydroxyethyl starch, HES), gelatins, and dex-
tran, present more economical alternatives. Gelatins
are derived from bovine gelatin, and their colloid base
is protein. HES are derived from potato or maize
starch, and their colloid base is large carbohydrate.
Solutions of various molecular weight are available
(130, 200, and 450 kilodaltons, kDa). Dextran is also
a polysaccharide-based colloid, made by bacteria dur-
ing ethanol fermentation.Theoncotic pressure of these
solutions varies depending on the molecular weight
and concentration, and both hypo-oncotic (gelatins,
4% and 5% albumin) and hyperoncotic solutions (20%
or 25% albumin, dextran, and HES 6% and 10%) are
available. Although albumin is degraded, the hydrox-
ylation of starches in HES and dextran results in
their accumulation in skin, kidney, and liver, resulting
in organ-specific clinical manifestations and poten-
tial morbidities such as AKI or liver injury.[20–22]
There is significant evidence that the use of HES in
the ICU increases morbidity. Its use as a resuscitation
fluid increases both serum creatinine and use of RRT
in clinical trials [23,24] and in meta-analyses.[25–32]
These effects likely result from the tissue accumulation
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with prolonged or repeated use, and based on these
data, HES use in Europe has recently been limited to
use only for routine intraoperative volume expansion.

Colloid versus crystalloid
Although, during conditions of normal capillary pres-
sure, colloids result in transient greater increase in
intravascular volume, it has not been shown that
greater intravascular volume expansion translates to
improvement in mortality outcomes.

Several studies focused on albumin as the com-
parator colloid. The large multicenter SAFE trial [13]
showed no difference inmortality with the use of albu-
min versus NS, with the exception of the subgroup of
traumatic brain injury patients whose outcomes were
worse with albumin.[13] Recent meta-analysis sug-
gests that in sepsis, albumin is superior to other col-
loids andNSbut not to other balanced crystalloid solu-
tions.[30] Still, the ALBIOS trial,[33] which compared
20% albumin with crystalloid in 1,800 severe sepsis
and septic shock patients, does not corroborate this
finding. Albumin-treated patients had higher serum
albumin level and higher mean arterial pressure, but
no differences in mortality at 28 or 90 days. A post-
hoc subgroup analysis of only septic shock patients
(>1,100 of the 1,800) showed a 90-day survival benefit
in the albumin-treated patients, whereas the albumin-
treated group in patients without septic shock had an
increased mortality.

Multiple studies (Table 27.1) [19,23–25,33,34] and
recent meta-analyses (Table 27.2) [26–32] evaluated
the outcomes associated with the use of synthetic col-
loids, showing no benefit of individual synthetic col-
loids over other colloids or over crystalloids. Resusci-
tationwithHES comes to question on the basis ofmor-
tality risk as well as risk of renal insult. HES resuscita-
tion increased 90-day mortality when compared with
LR in 800 patients with severe sepsis in the 6S trial.[23]
The CHEST trial [24] showed no difference in mortal-
ity betweenHES andNS in a 7,000-patient general ICU
population, and Bagshaw and Chawla [25] showed
no mortality difference in a 7,000-patient multicen-
ter randomly controlled trial comparing HES with NS.
Similarly, a study evaluating goal-directed fluid ther-
apy in colorectal surgery showed no mortality benefit
of HES over balanced crystalloid solution.[34] Three
recent meta-analyses [27,28,30] support the conclu-
sion that use of HES in resuscitation does not reduce
mortality when compared with other resuscitation

fluids. In contrast, the recent CRISTAL trial, which
studied 2,857 patients with hypovolemic shock, sep-
sis, and trauma,[35] and compared administration of
colloids (of which HES was the most used) with crys-
talloids (of which NS was the most used), showed bet-
ter 90-day survival in the colloid group. Although this
study has been criticized amply, its conclusions leave
unresolved the question ofmortality risk ofHES alone,
rather than all colloids. Furthermore, given that the
data regarding HES vary with variables such as molec-
ular weight in ways that are not consistent with any
particular hypothesis, this suggests that confounding
factors may exist that are not being accounted for. One
such confounding factor may in fact be the electrolyte
composition of solution used for preparation of the
starches.

However, despite the fact that the mortality data
on HES use in resuscitation remain equivocal, its
deleterious effects on renal function, development of
AKI, and increase in the need for the used RRT have
been established repeatedly and unequivocally.[24–
28,31,32] In conjunction, the above data have given us
clearer resuscitation consensus guidelines,[14] taking
into consideration pathophysiological principles asso-
ciated with resuscitation context as well as individual
patient characteristics.

Goal-directed therapy
Perioperative fluid management has long been dic-
tated by a generalized formulaic approach, rather
than physiological and homeostatic needs. However,
both perioperative fluid under-resuscitation and over-
resuscitation can have deleterious effects and lead to
increased morbidity and mortality.[36]

Goal-directed fluid resuscitation therapy targets
physiological goals of hemodynamic stabilization, and
benefit of such approach has been shown in multi-
ple studies and recent meta-analyses.[37,38]Themain
goal of such therapy is maintenance of end-organ per-
fusion, achieved by adequate circulating volume as
well as adequate function of the cardiovascular system.
All of these components can be altered by sedatives,
analgesics, and body temperature. Thus, fluid resusci-
tation should be used to achieve these specific goals
when monitoring suggests the patient to be in need of
fluids and fluid responsive.[39] The counterargument
is raised by studies evaluating fluid resuscitation in the
septic patient. As recommended by the Surviving Sep-
sis Campaign,[40] aggressive initial fluid resuscitation
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Table 27.1 Colloids versus crystalloids: results of large prospective multicenter randomized ICU clinical trials

Author,

year, (trial), Type of fluid

reference n Population Intervention n Control n Outcomes Conclusion

Finfer 2004
(SAFE) [13]

6,997 ICU patients
requiring fluid
resuscitation

4% albumin 3,497 Saline 3,500 28-day all-cause
mortality

No difference in 28-day
mortality, amount of
fluid infused, LOS, or MV
duration

Perner 2012
(6S) [23]

798 ICU patients
with severe
sepsis

6% HES
(130/0.42)

398 Ringer’s
acetate

400 90-day mortality,
RRT

Increased 90-day
mortality with HES,
increased use of RRT
with HES

Myburgh 2012
(CHEST) [24]

6,651 ICU patients 6% HES
(130/0.4)

3,315 Saline 3,336 90-day mortality,
AKI, RRT

No mortality difference;
increased AKI and RRT
use with HES

Annane 2013
(CRISTAL) [35]

2,857 ICU patients
with
hypovolemic
shock

Colloid (gelatin,
dextran, HES,
4% or 20%
albumin)

1,414 Crystalloid
(isotonic or
hypertonic
saline, Ringer’s
lactate)

1,443 28- and 90-day
mortality; days
alive without the
need for RRT, MV,
or vasopressors

No difference in 28-day
mortality; 90-day
mortality lower in colloid
group

Caironi 2014
(ALBIOS) [33]

1,810 ICU patients
with severe
sepsis or septic
shock

20% albumin
and crystalloid

903 Crystalloid 907 28- and 90-day
mortality; organ
dysfunction, LOS

No difference in
mortality or other
outcomes

AKI, acute kidney injury; HES, hydroxyethyl starch; ICU, intensive care unit; LOS, length of stay (ICU or hospital); MV, mechanical ventilation;
n, number of patients; RRT, renal replacement therapy.

should be used (i.e. 2–3 liters of fluid within the first
few hours) and further fluids thereafter. The effective-
ness of this approach was recently addressed by three
large multicenter randomized clinical trials: ProCESS,
ARISE, and ProMISe.[38,41,42] Importantly, all these
large multicenter clinical trials showed no difference
in outcome of sepsis patients treated in an emergency
department with highly detailed protocols for early
goal-directed therapy versus two types of usual care:
one requiring a central line placement and initial large
fluid infusions for resuscitation, and the other with-
out specific guidance. Importantly, all arms of all stud-
ies received roughly the same amount of fluid ther-
apy both in the initial few hours and over the first day.
Thus, it is not clear how much fluid should be given
during the acute resuscitation from septic shock, but it
is notmandatory to insert a central venous catheter for
that infusion, nor to monitor either central venous O2
saturation or serial serum lactate levels, to be effective.

It is not just the volume, but mostly the ability
to stabilize the critically ill patient with that volume
that defines outcome.[43,44] Volume responsiveness
is only one of the components of the perioperative or
septic physiological state, the others being need and

responsiveness to vasoactive agents and inotropic sup-
port. Therefore, fluid resuscitation therapy should not
be used in isolation, since the goals of therapy are
to make the patient cardiovascular status sufficient.
This approach stresses the importance of understand-
ing pathophysiological principles and how they con-
tribute to each individual’s acute pathophysiological
state.[45] The sole objective of resuscitation should
be to provide perfusion adequate to sustain tissue
metabolic demands and promote aerobic metabolism.
Fluid therapy therefore should be used only in volume-
responsive patients, and only when end-organ per-
fusion goals are not met. It is not sufficient to tar-
get volume administration to attainment of a high
arterial pressure. In a clinical trial of vasopressor-
dependent septic shock patients, improved arterial
blood pressure was not associated with better out-
comes.[9] Hence, determining fluid need is dependent
on dynamic parameters of hemodynamic monitoring,
and should be individualized to each patient.[46] In
support of this conclusion, studies comparing goal-
directed fluid administration strategies with fluid lib-
eral strategies show improved outcomes with goal-
directed therapies.[47,48]
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Table 27.2 Colloid versus crystalloid during acute ICU resuscitation: meta-analyses and systematic reviews

Author,
year,
reference

Number
of trials

Number
of
patients Population InterventionControl Outcomes Conclusion

Thomas-
Rueddel
2012 [29]

40 3,275 Adult and pediatric,
primarily elective
surgery, as well as
ICU and ED

Gelatin Albumin or
crystalloid

Mortality, blood
products
administration, AKI,
RRT

Unable to determine
safety owing to small
studies and large
heterogeneity

Perel 2013 [1] 70 22,392 Cochrane review Colloid Crystalloid Mortality Colloids do not
decrease mortality,
HES may increase
mortality

Zarychanski
2013 [27]

38 10,880 Critically ill, including
sepsis, trauma, burn,
hypovolemic shock

HES Crystalloid,
gelatin,
albumin

Mortality, AKI, LOS,
MV,

After exclusion of
Boldt studies HES
increased mortality,
AKI, and RRT

Gattas 2013
[31]

35 10,391 Critically ill or surgical
patients

6% HES
130/0.4–0.42

Other fluid Mortality, RRT, AKI,
transfusion, bleeding

Increased risk of RRT
with HES

Haase 2013
[32]

9 3,456 ICU patients with
sepsis

6% HES
130/0.38–0.45

Crystalloid or
albumin

All cause mortality,
RRT, AKI, bleeding,
and transfusion,
adverse effects as
defined in the
individual studies

HES increased RRT,
increased blood
transfusion, increased
incidence of adverse
effects

Gillies 2013
[16]

19 1,567 Surgical patients 6% HES Other colloid
or crystalloid

Postoperative in
hospital mortality,
AKI, RRT

No difference in
measured outcomes,
no demonstrable
benefit of HES

Mutter 2013
[26]

42 11,399 Cochrane review HE Other fluid Renal function Increased need for
RRT with all HES
products in all patient
populations

Serpa Neto
2014 [28]

10 4,624 Septic patients HES Crystalloid 28- and 90-day
mortality, AKI, RRT,
transfusion, LOS, fluid
intake

HES shows increase in
AKI, RRT, need for RBC
transfusion, and
90-day mortality

AKI, acute kidney injury; ED, emergency department; HES, hydroxyethyl starch; ICU, intensive care unit; LOS, length of stay (ICU or hospital);
MV, mechanical ventilation; RBC, red blood cell; RRT, renal replacement therapy.
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Chapter

28
Severe sepsis and septic shock

Palle Toft and Else Tønnesen

Summary

Sepsis is a systemic disorderwith a protean clinical
picture and a complex pathogenesis characterized
by the release of both pro- and anti-inflammatory
elements. The organ dysfunction and organ fail-
ure occurring in the early phase of severe sepsis
are believed to result from an excessive inflamma-
tory response. Degradation or destruction of the
glycocalyx layer causes transudation of fluid from
the vascular space into extravascular tissue. Such
capillary leakage makes the patient hypovolemic
and promotes a generalized edema in the lungs,
heart, gut, brain, and other tissues, which impairs
organ function and sometimes causes excessive
weight gain. Early, aggressive goal-directed ther-
apy (EGDT) based on the protocol by Rivers
et al.[1] from 2001 stresses that adequate volume
replacement is a cornerstone in management, as
restoration of flow is a key component in avoid-
ing tissue ischemia or reperfusion injury. It is the
speed with which septic patients are fluid resusci-
tated thatmakes the difference.Deep general anes-
thesia should be avoided and noradrenalinemight
be needed to prevent circulatory shock before suf-
ficient amounts of fluid have been administered.

Survival improves from EGDT only if opti-
mization is instituted before organ failure is man-
ifested. Most patients require continuous aggres-
sive fluid resuscitation during the first 24 hours
of management. In the later course of the dis-
ease, between 2 and 7 days, a more restricted fluid

∗ Summary compiled by the Editor.

management strategy should be instituted. Not all
patients who are “fluid responders” should auto-
matically receive fluids.∗

Patients subjected to infections, trauma, burns, or
surgery are characterized by systemic inflammatory
response syndrome (SIRS) or sepsis in cases with
suspected or documented infection. These complex
syndromes are defined as the presence of at least two
of the following criteria:
� Temperature <36 °C or >38 °C
� Heart rate >90 beats/min
� Respiratory rate >20 breaths/min or PaCO2

<4.3 kPa (32mmHg)
� White blood cell count >12,000/mm3 or

<4,000/mm3 or 10% immature (band) forms

Severe sepsis is defined as sepsis associated with hypo-
perfusion or dysfunction of at least one organ system,
and septic shock is associated with acute circulatory
failure defined as persistent hypotension despite “ade-
quate” volume resuscitation.[2] Severe sepsis and sep-
tic shock carry mortality rates of 30% and 40–70%,
respectively.

Sepsis is a systemic disorder with a protean clini-
cal picture and a complex pathogenesis characterized
by the release of both pro- and anti-inflammatory ele-
ments.The organ dysfunction and organ failure occur-
ring in the early phase of severe sepsis is believed to
result from an excessive inflammatory response.

The critically ill patient
The development of septic complications is usually
prolonged, taking days to develop into organ dysfunc-
tion and, in the worst cases, multi-organ dysfunction

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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and septic shock.The acute phase is different from the
prolonged phase with respect to the inflammatory and
hemodynamic response.

In severe sepsis and septic shock, all organ sys-
tems are affected, although acute kidney injury is
especially frequent. The etiology of organ dysfunc-
tion in response to critical illness is multifactorial
andmay include hypoperfusion, ischemia-reperfusion
injuries, a dysfunctional immune system, and coag-
ulopathies. The microcirculation is compromised by
massive vasodilatation, making the clinical picture of
the patient with septic shock (warm shock) quite dif-
ferent from the patient with cardiogenic or hemor-
rhagic shock (cold shock).

The vascular endothelial wall is covered with a
biologically active barrier, 0.5 to 1 µm thick, called
the endothelial glycocalyx. It is composed of proteins
and polysaccharides, and its constituents are shed into
the circulation in conditions when the glycocalyx is
degraded.

Soluble components of the plasma, especially albu-
min, are trapped in the glycocalyx, and it has been
estimated that up to 25% of the plasma volume is
trapped as a non-circulating part of the intravascu-
lar space. An intact endothelial glycocalyx is necessary
for the integrity of the microcirculation. Degradation
or destruction of the glycocalyx is manifested as cap-
illary leakage, which is central in the pathogenesis of
sepsis. Capillary leakage is manifested as transudation
of fluid from the vascular space into extravascular tis-
sue. It contributes to a generalized edema in the lungs,
heart, gut, brain, and other tissues, and it contributes
to the impairment of organ function and sometimes to
excessiveweight gain. Capillary leakagemay alsomake
the patient hypovolemic.

Critically ill patients are often elderly with sig-
nificant comorbidity, with the presence of disorders
such as ischemic heart disease, diabetes, cancer, and
alcohol-related organ dysfunction in addition to the
acute illness.

Another complicating factor that influences fluid
and electrolyte therapy is acute renal dysfunction/
failure, meaning that fluid therapy must be restricted
until renal replacement therapy has been initiated.
Ongoing intravenous treatments in the intensive care
unit (ICU) comprise nutrition, sedatives, analgesics,
vasoactive drugs, and insulin infusion – all con-
tributing to a considerable fluid load, which must be
included in the calculation of intraoperative fluidman-
agement.

The principles of perioperative fluid therapy have
traditionally been based on the assumption that pre-
operative deficit, maintenance, and blood loss require
replacement by crystalloids or colloids. However, the
principles of fluid therapy used for patients undergo-
ing elective surgery are not applicable in critically ill
patients.

Anesthesia for septic patients
Surgery performed on critically ill septic patients is
often acute, and fluid therapy is fundamentally dif-
ferent from fluid treatment in relation to elective
surgery.[3,4] Perioperative fluid therapy in patients
with severe sepsis and septic shock must follow the
principles applied for critically ill patients in general.

Deep general anesthesia should also be avoided in
patients with severe sepsis or septic shock. Patients are
often more or less sedated to tolerate ventilator ther-
apy, and even without sedation, they may not be fully
awake, owing to septic encephalopathy. Even a smaller
amount of anesthetic agents may have a detrimental
effect on their hemodynamic stability. Postoperative
patient-controlled analgesia may be an approach in
some septic patients. Reducing the amount of post-
operative sedation improves fluid balance, increases
diuresis, and improves renal function.[5]

Early versus late septic shock
The fluid therapy used in septic patients undergoing
surgery depends on where in the course of the sep-
tic disease the patient is. Moreover, fluid management
in the early course of sepsis or septic shock should be
modified if organ failure has already developed.

As described by Cuthbertson nearly 60 years
ago,[6] the inflammatory response in the very early
ebb-phase is characterized by low cardiac output,
reduced tissue perfusion, and profound peripheral
vasoconstriction. According to Cuthbertson, this
phase is followed by a flow phase characterized by
increased cardiac output and normalization of tissue
perfusion.

Early fluid resuscitation
During the initial phase of sepsis or inflammation,
adequate volume replacement is a cornerstone inman-
agement as restoration of flow is a key component
in avoiding tissue ischemia or reperfusion injury. In
2001, Rivers et al. [1] performed a randomized study
and described the beneficial effect of early, aggressive,
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goal-directed therapy (EGDT) in the acute treatment
of severe sepsis and septic shock.

The principles of EGDT
� Within the first 6 hours after admission to

hospital, patients with severe sepsis or septic
shock were hemodynamically optimized. All the
patients were intubated, mechanically ventilated,
and had a central venous line and arterial catheter.

� When the central venous pressure (CVP) was
<8mmHg, crystalloids and colloids were infused
to achieve CVP between 8 and 12mmHg. The
Surviving Sepsis Campaign recommends an even
higher target CVP of 12–15mmHg.

� If the mean arterial pressure (MAP) was
>65mmHg, fluid resuscitation alone would be
enough while patients with MAP <65mmHg
were also treated with noradrenaline to obtain
MAP >65mmHg.

� The central venous oxygen saturation (ScvO2)
was monitored. If ScvO2 was <70%, a blood
transfusion was initiated until a hematocrit >30%
was achieved. In cases where the ScvO2 was below
70%, inotropic agents were given.

A clinically important finding was that the beneficial
effect of EGDT was not related to the total amount
of fluid given. It was the speed with which the septic
patients were fluid resuscitated that made the differ-
ence.The importance of rapid and early fluid resuscita-
tion has also been confirmed in pediatric septic shock
cases. Hence, early fluid optimization, before organ
failure is manifested, is of major importance.

The goal-directed approach to stabilization of the
hemodynamics resulted in a mortality of only 30.5%
in the intervention group compared with 46% in the
control group receiving “standard therapy.”TheEGDT
also resulted in a lower serum lactate concentration,
a smaller base deficit, higher pH, and a significantly
lower APACHE II score.

Rivers’ study has been the subject of much dis-
cussion, but there is no doubt that implementation of
the principles of EGDT has improved and optimized
the acute treatment of patients with severe sepsis and
septic shock. Owing to better treatment of the con-
trol group influenced by EGDT, the striking beneficial
effect demonstrated in Rivers’ study cannot be repro-
duced today.[7]

Fluid resuscitation of a patient with severe sepsis
and septic shock must start as early as possible. The

tissue perfusion will suffer for every minute or hour
that the resuscitation is delayed, and cellular dysfunc-
tion and cell death will develop. It is unclear when the
transition from reversible to irreversible cell dysfunc-
tion occurs, but it might be different in various tissues.

Other studies of EGDT
In 2002, Kern and Shoemaker reviewed 21 random-
ized clinical trials that described hemodynamic opti-
mization in acutely ill patients.[8] They included dif-
ferent types of high-risk patients: those undergoing
elective surgery and trauma and septic patients. Early
optimization was defined as that occurring 8–12 hours
postoperatively or before organ failure, and late was
defined as later than 12 hours after surgery, 24 hours
after injury, or after organ failure had developed.

There was a significantly lower mortality in those
cases where early optimization was completed before
organ failure occurred.

Survival did not improve significantly in six of the
studies where optimization was instituted after organ
failure was manifested. A confidential inquiry was
made concerning the quality of care before admission
to intensive care in the group of patients where care
was assessed as suboptimal. This inquiry showed that
circulatory support and monitoring most often were
suboptimal.

Results from animal studies show that, in early sep-
tic shock, autoregulation of themicrocirculatory blood
flow is largely intact.[9] Videomicroscopy of the sub-
lingual microcirculation of humans has shown that
increasedmicrocirculatory flowduring resuscitation is
associatedwith reduced organ failure without substan-
tial differences in global hemodynamics.[10]However,
it remains to be clarified whether the microcirculatory
changes demonstrated sublingually are accompanied
by similar changes at organ level.

While aggressive fluid resuscitation is beneficial
early in the course of sepsis, it is of minor impor-
tance when organ dysfunction has occurred. It has
beendemonstrated that early fluid resuscitation in sep-
tic patients reduces the secretion of pro- and anti-
inflammatory cytokines and the amount of apoptotic
biomarker.[11]

Later course of sepsis
The EGDT principles focus on the initial fluid resus-
citation within the first 6 hours. Severe sepsis and
septic shock are, however, characterized by venous

217
at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.030
Downloaded from https://www.cambridge.org/core. The University of British Columbia Library, on 05 Feb 2018 at 09:07:58, subject to the Cambridge Core terms of use, available

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.030
https://www.cambridge.org/core


Section 4: The clinical setting

Yes

Titrate i.v. fluids
20 ml/kg/30 min crystalloids
Maybe faster (or equivalent colloids)

MAP ≥ 65

Noradrenaline
+ dopamine

No

Consider
reducing NA

Monitor Cl, SVRI

Yes

Stop dopamine

Yes No

Yes Lactate↑
–BE↑

Lactate↓
–BE↓

Cl↑

ScvO2 ≥ 70%

No

Titrate
dobutamine

CVP, MAP
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–BE, lactate
acceptable

NoCVP ≥ 8–12

Figure 28.1 Fluid therapy in septic shock. BE, base excess; CI, cardiac index; CVP, central venous pressure; MAP, mean arterial pressure; NA,
noradrenaline; ScvO2, central venous oxygen saturation; SVRI, systemic vascular resistance index.

dilation and ongoing capillary leakage. Therefore,
most patients require continuous aggressive fluid
resuscitation during the first 24 hours of management
(Figure 28.1). In most septic patients, early resusci-
tation transforms a hypovolemic and hypodynamic
circulation into a hyperdynamic, low-resistance
circulation where oxygen delivery/transport is normal
or high, at least in the macrocirculation.

In the course of sepsis, unnecessary fluid might
aggravate degradation of the endothelial glycocalyx
and thus contribute to edema due to capillary leak-
age and not enhance perfusion. A continuous positive
fluid balance lasting for days is a significant predictor
of mortality.[12] However, it is possible that a positive
fluid balance is only a marker of the severity of illness.

In the “fluids and catheter treatment trial,” 1,000
patients with acute lung injury or acute respiratory
distress syndrome were randomized to a conservative
fluid administration strategy compared with a more
liberal strategy.[13] The trial lasted for 7 days, and
the liberal group was brought into a positive fluid
balance of 1 liter/day. In the conservative group,
the fluid balance was nearly 0. The conservative
strategy improved oxygenation, increased the num-
ber of ventilator-free days, and reduced the length
of stay in the ICU. Patients were relatively young
(average about 50 years), and those with overt renal
failure were excluded from the trial. However, fluid
therapy in this trial was started on average 43 hours
after admission to the ICU and 24 hours after the

establishment of acute lung injury. These patients
were, in other words, already optimized with early
fluid administration.

This study underlines that what is beneficial in the
early course of sepsis might not be beneficial later. In
the later course of the disease, between 2 and 7 days, a
more restricted fluid management strategy should be
instituted. Not all critically ill patients who are fluid
responders should automatically receive fluids. The
intensivist should always consider whether the fluid
bolus would be beneficial for the patients. Thus, it is
prudent to treat patients with severe sepsis or septic
shock with EGDT during the first 6–24 hours only.

Crystalloids versus colloids
The “Surviving Sepsis Campaign” recommends
administering crystalloids as the initial fluid.[14]
Subgroup analysis of meta-analyses has demonstrated
that crystalloid resuscitation was associated with
a lower mortality in trauma patients. In contrast,
albumin resuscitation in some subgroup analysis has
been associated with a better outcome in patients with
septic shock. This tendency was observed in two large
prospective randomized trials.[15,16]

Fluid resuscitationwith albumin results in a greater
and faster increase in cardiac filling and cardiac output
than crystalloid resuscitation in septic hypovolemia.
Albumin remains in circulation for a longer time than
the crystalloids, and crystalloids require that more
fluid is used in a patient to attain the same goals,
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whereby more edema might develop.[17] Hydroxy-
ethyl starch and dextran are no longer used in criti-
cally ill septic patients, owing to increased morbidity
and mortality.[18]

The Surviving Sepsis Campaign recommends ini-
tial fluid resuscitation with crystalloid and considera-
tion of the addition of albumin in patients who con-
tinue to require substantial amount of crystalloids to
maintain adequate mean arterial pressure.[14]

Blood transfusions
Anemia is a common problem in critically ill patients.
Harmful effects of anemia include increased risk of
cardiac-related morbidity and mortality as well as a
general decrease in oxygen-carrying capacity.[19].

The consequences of anemia may be deleterious
in this population because critical illness is often
associated with increased metabolic demands. A sur-
gical procedure will accentuate metabolic demands,
and intraoperative blood loss reduces oxygen deliv-
ery. Therefore, an optimal hemoglobin level must
be maintained. However, the criteria for an optimal
hemoglobin level in critical illness are not clearly
defined. A Canadian study indicated that a liberal use
of transfusions (100–120 g/l) might result in increased
hospital mortality rates compared with a more restric-
tive transfusion regime (70–90 g/l).[20] A later obser-
vational multicenter study confirmed that there is
an association between transfusions and diminished
organ function as well as between transfusions and
mortality.[21] A recent study showed no effect on
mortality and morbidity between patients receiving
liberal (9 g/l) versus restricted transfusion regimen
(70 g/l).[22] There seems to be a very delicate bal-
ance between the harmful effects of anemia on organ
function and the harmful effects of transfusion. In the
future, treatment with blood transfusion should prob-
ably be individualized.

Fluid responsiveness in septic shock
It is important that the critically ill patient is hemo-
dynamically stable and normovolemic before being
transported from the ICU or emergency room to
the operation theater. This is not always possible in,
for example, patients with ongoing and uncontrolled
bleeding.

Patients with severe sepsis or septic shock are often
resuscitated with fluid challenges. In this process, a
large amount of fluid is administered under close

monitoring to evaluate the hemodynamic response.
The “Surviving Sepsis Campaign” recommends an ini-
tial fluid challenge of 20ml/kg of crystalloids admin-
istered over 30min. If the patient is in severe shock,
a more rapid infusion might be necessary. Repeated
fluid challenges are performed as long as the patient
improves hemodynamically. Clinical signs of hemody-
namic improvement might be increasing arterial pres-
sure, decreasing heart rate, increasing urine output, or
improvement in capillary refill time.

Adequate fluid resuscitation cannot, however, be
based only on normalization of vital signs. Tradition-
ally, physicians have used static hemodynamic values
such as CVP or the pulmonary artery occlusion pres-
sure (PAOP) to evaluate whether the patient would
benefit from further fluid challenge. There is increas-
ing evidence that estimates of intravascular volume
based on CVP or PAOP do not reliably predict the
patient’s response to a fluid challenge [12,23].

In addition to the Swan–Ganz (SG) catheter, car-
diac output can be measured by pulse contour analy-
sis.Thismethod also estimates the global end-diastolic
volume and intrathoracic blood volume. These new
static preload parameters correlate better with cardiac
index than the traditionally measured CVP. However,
static preload measurements are inaccurate and must
be supplemented with more dynamic measures.

Functional hemodynamic parameters, such as sys-
tolic pressure variation (SPV), pulse pressure varia-
tion (PPV), and passive leg raising are more sensitive
indices of fluid responsiveness. SPV and PPV can be
used only in sedated, mechanically ventilated patients
with rather large tidal volumes. With more invasive
monitoring, cardiac output can be measured and used
as an adjunct when evaluating the response to a fluid
challenge. Cardiac output measurement may also help
to identify theminority of patients who have a low car-
diac output despite adequate fluid resuscitation.

After fluid resuscitation, septic shock is often
hyperdynamic with high cardiac output, low systemic
vascular resistance (SVR), and reduced MAP. This
hyperdynamic state is, however, often confined to the
large vessels, whereas the regional microcirculation is
compromised.

As there is no perfect hemodynamic parameter,
the patient’s response to fluid administration must be
evaluated together with other parameters, such as the
ScvO2. A multimodal monitoring approach has to be
instituted. The goal of fluid resuscitation in the study
by Rivers et al. [1] was a ScvO2 greater than 70%. If a
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SG catheter was used, a mixed venous oxygen satura-
tion (SvO2) greater than 65% could be the goal.

SvO2 has been considered to be the gold standard
to monitor whole-body perfusion. This might be true
in hemorrhagic shock, but in septic shock the SvO2 is
often normal or even supernormal owing to reduced
oxygen extraction at the microvascular level. In con-
trast, serum lactate is a useful measure of anaerobic
metabolism, and base excess is often negative if the
organs are not adequately perfused.[24] Monitoring
serum lactate as well as the base excess improves the
overall evaluation of the patient’s response to fluid
challenge.

Treatment with vasopressors and
inotropic agents
The “Surviving Sepsis Campaign” recommends that
noradrenaline is used as the initial vasopressor
agent.[14] A new, large multicenter study was not
able to show any significant difference in mortality
in septic patients treated with noradrenaline com-
pared with dopamine, although those treated with
dopamine had more arrhythmic events.[25]There has
also been some concern that the use of noradrenaline
in patients who are inadequately fluid resuscitated
would increase blood pressure because of vasocon-
striction, and thereby reduce the blood flow to the
organs.

It might be necessary to use noradrenaline to
restore MAP during the early course of septic shock,
before the patient is adequately fluid resuscitated.
Some caution is recommended as animal studies
have shown that noradrenaline-masked hypovolemia
is associated not only with renal failure but also with
cardiomyocyte necrosis.[26]

Echocardiography cannot provide continuous
hemodynamic data but can be used initially to deter-
mine the type of shock or cardiac function when
septic shock is evident. When the patient with septic
shock does not respond to initial therapy, they should
be monitored with a SG catheter or pulse contour
analysis. Then cardiac output can be measured and
SVR calculated. When this monitoring is instituted,
the vasoconstrictor noradrenaline should be used to
increase MAP guided by SVR, whereas dobutamine
can be used to increase cardiac output, if necessary.
When adequately fluid-resuscitated, the septic patient
most often has hyperdynamic shock with high car-
diac output and low SVR. Only in a minority of

fluid-resuscitated septic patients is it necessary to
administer dobutamine to increase cardiac output. In
the study by Rivers et al. 15.4% of the patients who
received EGDT were treated with dobutamine.[1] By
administration of noradrenaline, the low SVR can be
increased and a MAP �65mmHg obtained. The goal
is, however, not to normalize SVR.

Adrenaline is not used very often in septic patients
as it can impair the splanchnic circulation in septic
shock. Compared with noradrenaline there was no
difference in mortality, but adrenaline was associated
with more adverse effects.[27]

Keymessages
Surgery performed on critically ill septic patients is
often acute, and fluid therapy is fundamentally differ-
ent from fluid treatment in relation to elective surgery.

Perioperative fluid therapy in patients with severe
sepsis and septic shock must follow the principles
applied for critically ill patients in general.

In septic patients, the institution of fluid therapy at
an early stage is of vital importance to the outcome.

Early resuscitation might transform a hypo-
volemic and hypodynamic circulation into a hyper-
dynamic, low-resistance circulation where oxygen
delivery/transport is normal or high.

The Surviving Sepsis Campaign recommends the
combined use of noradrenaline as the first choice vaso-
pressor to maintain MAP �65mmHg, even when the
patient is not yet adequately monitored.

When full monitoring is instituted, noradrenaline
can be used to increase MAP guided by SVR, whereas
dobutamine can be used to increase cardiac output, if
necessary.

If the patient is anesthetized, the anesthetic agents
will nearly always induce some vasodilatation, and
it might be necessary to increase an ongoing nor-
adrenaline infusion during the anesthesia, but the
anesthetist should always be aware of the danger of
noradrenaline-masked hypovolemia.
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Chapter

29
Hypovolemic shock

Niels H. Secher and Johannes J. van Lieshout

Summary

Hypovolemic shock is a response to a reduced
central blood volume (CBV) whatever its cause –
hemorrhage, passive head-up tilt, or other cause –
and follows three phases. The first comprises a
reduction of CBV initially with reflex increase
in heart rate (HR) to approximately 90 bpm and
maintained blood pressure (BP) by increased vas-
cular resistance. In the second phase, which cor-
responds to a reduction of the CBV by about
30%, a Bezold-Jarisch-like reflex ceases sympa-
thetic activity, although plasma adrenaline con-
tinues to increase, and together with vagal acti-
vation enhances coagulation competence. At this
stage of progressive CBV the HR decreases, even-
tually to extremely low values. In the third phase,
BP remains low while HR increases to more than
100 bpm.

To treat hypovolemia, volume substitution can
be directed to establish maximal values for stroke
volume, cardiac output, or venous oxygen satura-
tion.These variables do not increase when CBV is
enhanced in supine healthy humans, and thereby
define “normovolemia.” The patient’s bed can be
tilted head-down, and if the mentioned variables
then increase significantly, the patient is in need of
volume. If not, a volume deficit does not explain
the patient’s condition. Plasma atrial natriuretic
peptide (ANP) also decreases in response to a
reducedCBV, and tomaintain plasmaANPduring
major surgery requires a 2.5-liter surplus volume
of lactated Ringer’s solution. With recording of
deviations in central cardiovascular variables, the
blood volume can be maintained within 100ml

and provide a comfortable margin to the deficit
that affects BP and regional blood flow.

Second only to control of ventilation, intravenous vol-
ume administration is the cornerstone physiological
treatment modality for anesthesia and intensive care
medicine. Providing fluid supports blood volume but,
as revealed 70 years ago byBarcroft et al. [1] andGordh
[2] in regard to anesthesia, cardiovascular integrity
depends on the central blood volume (CBV) rather
than on the blood volume as such.

Hypovolemic shock is characterized by a critically
reduced CBV, as illustrated when CBV is restrained by
actual or simulated gravitational pooling of blood dur-
ing head-up tilt (HUT) and, for example, lower body
negative pressure (LBNP) or limiting venous return
by pressure breathing used following thoracic or car-
diac surgery to “recruit” the lungs. Experimentally,
interventions evaluate the influence of CBV on physi-
ological variables but are also relevant to surgery. For
example, shoulder surgery may be carried out with the
patient sitting up, and during upper laparoscopic pro-
cedures, the patient is tilted at the same time as filling
of the inferior caval vein is compressed by abdominal
inflation of CO2 with venous return being further lim-
ited by positive-pressure ventilation.

For surgical patients, volume treatment corrects
a preoperative volume deficit and attenuates negative
influences on CBV by, e.g. hemorrhage, positioning of
the patient, anesthesia, and ventilation.[3,4] Volume
treatment is most often planned according to a some-
what arbitrary fixed volume regime [5] and to compen-
sate for an eventual blood loss.The treatment is further
adjusted by recordings of heart rate (HR) and blood

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Chapter 29: Hypovolemic shock

pressure (BP), as introduced to surgery by Cushing in
1903.[6]

Interpretation of the HR and BP responses to
a reduced CBV is, however, complex. Cardiovas-
cular variables are regulated and affected by influ-
ences other than CBV, including surgical stress and
anesthesia.[7] The most accurate recording of fluid
balance is probably obtained by physical rather than
by physiological variables. For example, thoracic elec-
trical impedance accurately monitors hemorrhage and
subsequent administration of the withdrawn amount
of blood.[8,9]

To identify that hypovolemia progresses to shock
and to specify volume treatment to patients in shock,
as well as to patients in general, we address the car-
diovascular responses to a reduced CBV followed by
a definition of normovolemia as reference for vol-
ume treatment. Finally, considerations on the fluid
administered to restore the blood volume are men-
tioned. For an historical account of hypovolemic shock
see Beecher [10] and Wiggers,[11] or a more recent
summary.[12]

Pre-shock
The cardiovascular response to a reduced CBV is illus-
trated during tilt table experiments (Figure 29.1). In
response to a progressively reduced CBV, cardiovascu-
lar variables vary with activation of the autonomic ner-
vous system and are divided into three stages, among
which regulation follows the textbook description only
in the first stage.[13]

With a moderate reduction of the CBV, mean
arterial pressure (MAP) is maintained by peripheral
resistance compensating for an approximately 20%
reduction in cardiac output (CO).[1] As demonstrated
during gravitational stress, MAP is stable at the
level of the carotid baroreceptors because reduced
distension of the carotid sinus elicits sympathetic
excitation. In support, and as an extreme example,
the approximately two-fold elevated BP of the giraffe
[14] is related to the height of the animal, making
its cerebral perfusion pressure similar to that of
humans.

In addition, volume and/or pressure receptors
within the central circulation that transmit through
myelinated nerve fibers respond to a reduced CBV
and initiate sympathetic activation. Enhanced sym-
pathetic activity results not only in a relatively stable
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Figure 29.1 Circulatory dynamics in seven subjects at rest and
during passive head-up tilt until the onset of (pre)syncopal
symptoms, and return to the supine position. Values are mean and
SE. ∗ Different from rest. (From Ref. [18], with permission from the
American Physiological Society.)

MAP but also in an elevated HR,[15] albeit with val-
ues typically being lower than 100 bpm (Figure 29.1).
Yet values above 100 bpm are recorded occasionally
(Figure 29.2), and the HR response to (central) hypo-
volemia depends on age and does not always reach sta-
tistical significance.[16]

Stage II of hypovolemic shock
For volume treatment it is important that the second
stage of hypovolemic shock represents a reversal of
the autonomic response (Figure 29.1). Whereas sym-
pathetic activation dominates the first stage, parasym-
pathetic activity is prevalent during the second stage
that is entered when CBV is reduced by 30%.[17]
However, sympathetic activity to the adrenal gland
is maintained, as identified by a progressive increase
in plasma adrenaline.[18] In contrast, plasma nor-
adrenaline reaches a plateau or decreases when central
hypovolemia progresses to provoke cerebral hypo-
perfusion with loss of consciousness. Reduced sympa-
thetic activity is also reflected by muscle sympathetic
activity [19] and an increase in muscle oxygenation
and explains the fall in peripheral resistance that low-
ers MAP. The rise in plasma adrenaline is not impor-
tant with regard to loss of vascular tone.[20]
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Figure 29.2 Heart rate and systolic and diastolic pressures during
surgery for a ruptured abdominal aortic aneurysm. Stages 1–3 of
shock indicated. (From Ref. [35], with permission from John Wiley
and Sons.) ss, steady state.

Bradycardia
Parasympathetic activity is provoked by a significant
reduction in CBV as indicated by plasma pancreatic
polypeptide,[18,21] and there is usually a decrease in
HR that is blocked by glycopyrron.[15] The bradycar-
dia developed during central hypovolemiamay be pro-
foundwith no ECGactivity detected on amonitor and,
accordingly, hypovolemia should be suspected when-
ever “cardiac arrest” manifests in trauma patients, as
in patients during and after surgery. Initiation of car-
diac resuscitation, including external cardiac compres-
sion by applying pressure to the chest, besides positive-
pressure ventilation to patients in hypovolemic shock
further reduces CBV and could provoke an irreversible
stage of shock.

Conversely, immediate restoration of CBV leads to
recovery of both circulation and ventilation, within
seconds, corresponding to the salutary effects of ter-
mination of passive HUT (Figure 29.1), LBNP, or pres-
sure breathing, and indeed by providing ample vol-
ume to the patient in shock [21] (Figure 29.2). For
surgical patients, therefore, cardiac resuscitation pro-
cedures may appear counterproductive unless it is ver-
ified that rapid volume infusion is without an effect. If
it is not possible to administer such a volume imme-
diately when the patient becomes ill, CBV can, at least
partly, be restored by elevating the legs or placing the
patient in Trendelenburg’s position. Only after such

measures are found futile should a failing circulation
be considered of cardiac origin, if not obvious from
recording of the ECG.

Unfortunately the bradycardic response to hypo-
volemia is not regularly included in textbook descrip-
tions (for example Mair [22]). The texts seem to
be based on observations derived from acute ani-
mal experiments rather than from observations in
chronically instrumented conscious animals [7] or
in humans.[23] Also it may seem “unreasonable”
that vagal activity can be provoked by hemorrhage,
but there are also beneficial effects of vagal activ-
ity under those circumstances. Vagal activity pro-
motes hemostasis to an extent that it limits blood loss
and, conversely, administration of atropine maintains
bleeding and can, eventually, be fatal.[24] The sec-
ond stage of hypovolemic shock may be seen as an
attempt by the body to stop bleeding by lowering BP, at
the same time as coagulation competence is enhanced
by combined increase in vagal activity and plasma
adrenaline concentration.

Yet, obviously, not all patients in hypovolemic
shock present with a low HR. The bradycardic
response to a significantly reduced CBV carries the
prerequisite that efferent parasympathetic sinus node
activation is intact, and that may not be the case for all
patients, as exemplified by those suffering from atrial
fibrillation or autonomic dysfunction, e.g. in conse-
quence of diabetes mellitus. Of more general relevance
to a surgical environment, vagal tone to the heart
is overruled by pain-related sympathetic activity,[25]
and many trauma patients are in pain due to crushed
tissue. Also, ileus is associated with an elevated HR
during hemorrhage.[26]

Pale skin and sympathetic activity
Besides the bradycardic response to stage II hypo-
volemic shock, it is a characteristic for significant hem-
orrhage that the skin is pale, as can be observed dur-
ing a vasovagal syncope, a condition that shares most
if not all of the manifestations associated with stage
II of hypovolemic shock. Perhaps the pale skin has
inspired the notion that peripheral resistance is ele-
vated in response to enhanced baroreceptor activity
as the arterial pressure becomes low although periph-
eral resistance, asmentioned, decreases in reflection of
ceased sympathetic activity.

Ceased sympathetic activity reflects that barore-
ceptor control of BP and HR is eliminated at this
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stage of shock.[27] Rather than being caused by sym-
pathetic activity during (central) hypovolemia, pale
skin reflects a marked (about 25-fold) increase in
plasma vasopressin,[28] while a similar reduction
in cutaneous blood flow by the increase in plasma
angiotensin II is irrelevant to the appearance of the
patient.[29] The marked increase in plasma vaso-
pressin, together with lowering of plasma atrial natri-
uretic peptide (ANP) level, also explains the pro-
longed low urine production following hypovolemic
shock and, conversely, conforms to maintained CO
during surgery promoting diuresis. Similarly, car-
diac afferent nerves inhibit gastric mobility,[30] which
explains why maintained stroke volume of the heart
(SV) during surgery reduces postoperative nausea and
vomiting (PONV).[31]

The Bezold–Jarisch reflex
Collectively, bradycardia, low vascular resistance,
increase in plasma vasopressin, etc., during hemor-
rhage confirms that a critically reduced CBV is char-
acterized by responses similar to those described
in the pharmacological literature as a Bezold–Jarisch
reflex. However, it remains uncertain which afferent
input elicits the reflex. Öberg and White [32] demon-
strated the Bezold–Jarisch-like reflex by activation of
unmyelinated nerve fibers from the left ventricle and
suggested it to be provoked when the heart is emp-
tied of blood. The second stage of hypovolemic shock
is associated with only a 10–25% reduction in the dias-
tolic filling of the heart,[33] and yet it remains possible
that the most densely innervated apical part of the left
ventricle is emptied by a significant reduction in CBV.

A concomitant reduction in HR and BP can, how-
ever, also be provoked by hemorrhage following car-
diac denervation.[34] Therefore, the specific trigger
for the reflex in response to hemorrhage remains in
doubt, or it might vary depending on circumstances.
The common and clinically relevant finding is that the
reflex originates from the central circulation with a
contribution from the central nervous system, as when
a persons faints when a vein is cannulated.

Stage III of hypovolemic shock
Although stage II of hypovolemic shock may be
fatal, there is also a third stage. If the reduction in
HR in response to a low CBV is not a terminal
event, HR increases again, typically to 120–130 bpm
(Figure 29.2),[35] conforming to the tachycardia that

most textbooks hold as a key feature of hypovolemic
shock.[22] As demonstrated in animals, sympathetic
activity is resumed during severe hemorrhage as indi-
cated by the plasma catecholamine level.[26] It may be
that cerebral ischemia, in consequence of prolonged
hypotension and a low CO, is important for reacti-
vation of sympathetic activity, and critically reduced
cerebral perfusion could indicate that stage III repre-
sents a transition to an irreversible stage of shock.[12]
However, in contrast to the common descriptions
indicating an increase in total peripheral resistance
during severe hemorrhage, total peripheral resistance
decreases or does not change.[26]

Central vascular pressures during
hypovolemic shock
Cardiovascular monitoring of critically ill patients is
supplemented by recording of central vascular pres-
sures. In experimental studies, central venous pressure
decreases (Figure 29.1) togetherwithmean pulmonary
artery and wedge pressures with increasing levels of
HUT or LBNP.[17,18]

For clinical evaluation of the circulation during
progressive hypovolemia, however, it is a problem that
reduction in central vascular pressures relates to the
intervention rather than to the well-being of the sub-
ject. Although the pressure challenge (HUT or LBNP)
may be established, the subject may faint at some later
point not preceded by any specific change in central
vascular pressure. During sustained HUT or LBNP,
the reduction in CBV progresses with accumulation
of fluid in the legs [36] and, consequently, CO also
decreases, although there is a tendency for the pul-
monary artery wedge pressure to increase.[37]

Stable “filling pressures” of the heart do not secure
that CO is sufficient to maintain cerebral blood flow
and oxygenation, and there are no data to support vol-
ume treatment based on central vascular pressure.[38]
In fact, for patients, CO is not related to the filling
pressures of the heart, although there is a relationship
between CO and diastolic filling.[39]

Normovolemia
Patients need volume supplementation during anes-
thesia and in an intensive care setting, but the strat-
egy remains debated both in regard to the amount
that should be provided and to the preferred solutions.
What seems established is that for surgery not associ-
ated with a significant blood loss, patients should be
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administered 1 liter of crystalloid.[5] Otherwise, it can
be stated only that it is intuitively difficult to defend a
volume treatment regime that keeps the patient hypo-
volemic or one that provides the patient with a volume
overload, and yet there is no agreement on the volume
load that defines “normovolemia.”

With the importance of CBV for circulatory shock,
a definition of normovolemia seems desirable, not
only to the patient in shock but also to patients
throughout the perioperative period, and to patients
in general. It appears important that monitoring of the
circulation allows for intervention well before cerebral
blood flow and oxygenation become affected, and evi-
dence is provided for a volume administration strategy
that is accurate within 100ml.

Cerebral blood flow and oxygenation become
affected by a blood loss corresponding to 30% of
the (central) blood volume [40] or a blood loss of
1.0–1.5 liters. The proposed volume administration
strategy thereby allows volume administration within
approximately one-tenth of the volume loss that is sig-
nificant for brain function.

The impact of a reduced CBV for SV, CO, and thus
central or mixed (from the pulmonary artery) venous
oxygen saturation (SvO2) offersmonitoringmodalities
for evaluating the functional consequence of a reduced
CBV.

Tilt table experiments
The influence of CBV on flow-related variables is read-
ily illustrated during tilt table experiments. As men-
tioned, SV, CO, and thus SvO2 decrease during HUT,
while maximal values are obtained during supine rest
since, with the increase in central pressures and filling
of the heart during the transition from supine to the
head-down tilted position, there is no further increase
in SV, CO, or SvO2,[37,41] and SV decreases only dur-
ing extreme (90°) head-down tilt.[42]

Similarly, healthy non-fasting supine subjects
are not volume-responsive with regard to SV.[43]
Together, these observations indicate that for supine
humans, maximal flow-related variables define nor-
movolemia.

The surgical patient
In contrast to supine healthy subjects, the pre-
operative patient [3,4] and many patients under
intensive care are volume-responsive. To supplement
volume is important since any limitation to CO has

consequences for all vascular beds, independent of
an eventually large metabolic demand as exemplified
by muscle blood flow during exercise.[44] Likewise,
cerebral blood flow and oxygenation become affected
even with themoderate reduction of CO that is associ-
ated with standing up.[40] Evenmore so, skin, muscle,
and notably splanchnic and renal blood flow decrease
in response to the elevated sympathetic activity pro-
voked by a limited CBV and thereby CO. Conversely,
a volume strategy that secures CO preserves not only
splanchnic and renal flows of relevance for surgical
healing and diuresis, respectively, but also for cere-
bral oxygenation,which iswidely independent ofMAP
(Figure 29.3).[45] Thus, it seems evident that the pri-
mary focus of volume therapy is to prevent episodes of
hypovolemia, and on-line monitoring of flow-related
variables makes that possible, with consequences for
postoperative complications.[31]

Maintenance of cerebral oxygenation may
require a MAP of 90mmHg, probably because of
arteriosclerosis in the vessels that serve the cerebral
circulation. Monitoring of cerebral blood flow and/or
oxygenation is advocated for older patients and
for patients with vascular and/or cardiac disease,
also considering that cerebral autoregulation might
be compromised by the inhalation agents used for
general anesthesia (Figure 29.3).

Evaluation of cerebral oxygenation is relevant espe-
cially to cardiac surgery during which the heart–
lung machine determines CO. Maintaining cerebral
oxygenation, e.g. by increasing the pump speed of
the machine, reduces postoperative complications and
secures mental well-being.[46] Similarly, maintained
cerebral oxygenation is important for reducing com-
plications following other types of surgery, and main-
tained cerebral oxygenation may be taken as an index
for whether handling of the circulation has been
adequate.[47]

Titration to establish normovolemia
A problem with directing volume treatment by flow-
related variables is their individual variability. For
example, the trained athlete has a low resting HR and
a compensating large SV that makes it difficult to eval-
uate whether a given filling of the heart is sufficient to
secure a maximal SV.

For CO and SvO2 the inter-individual variation
is smaller, but there remain significant differ-
ences among subjects/patients, and only some of
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Figure 29.3 Changes in frontal lobe oxygenation (ScO2) and
mean arterial pressure (MAP) during anesthesia. Illustrated are three
patients, one of whom demonstrated a lower limit of cerebral
autoregulation (A); for another no cerebral autoregulation was
found (B); and for the third, no lower limit of cerebral autoregulation
was detected (C). (Derived from Ref. [45].)

the variation can be explained. Notably, there are
inter-individual differences in CO according to
beta-adrenergic polymorphism, with the “Gly–Gly”
carrying about a half liter per minute greater CO than
the “Arg–Arg” phenotype.[48] In other words, there
is a genetic background for why accurate volume
administration based on flow-related variables should
be individualized.[31] More importantly, however,
CO (and thereby SvO2) varies depending on circum-
stances including type of anesthesia, temperature, and
notably disease. Alternatively the volume regime that

100
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S
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Volume relative to normovolemia
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1 2

Figure 29.4 Venous oxygen saturation (SvO2) during volume
administration. With infusion of 100ml of volume, SvO2 increases by
approximately 1% and administration of volume is continued until
SvO2 does not increase further. For individual patients, there are
established markedly different relationships between SvO2 and the
volume load, but the administration of volume is continued until a
maximal value is reached and that may be high, for example in a
patient with liver disease or fever.

maintains the plasma (pro)ANP level may be evalu-
ated retrospectively; in that case, it seems to require
a surplus of 2.5 liters for major surgery when volume
treatment is carried out with lactate Ringer’s solution.

Choice of volume treatment
Volume treatment is usually with a crystalloid, even-
tually supplemented by a (typically synthetic) colloid,
considering that administration of blood is an inde-
pendent risk factor for the surgical patient. Accord-
ingly, initial volume treatment is associated with
hemodilution that itself increases CO because of the
inverse relationship between CO and hematocrit.[49]
To circumvent that limitation to flow-directed vol-
ume therapy, a common algorithm requires that SV
should be increased by 10% in response to a 200-ml
bolus of colloid to justify further administration of
volume.[31]

An alternative approach to individualized goal-
directed fluid therapy is to take advantage of the obser-
vation that SvO2 rather than CO is the regulated vari-
able.[50]Thus, variation in SvO2 is independent of the
fluid used for volume administration (a crystalloid, a
colloid, or blood products) (Figure 29.4).
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Clinical outcome
For patients in hypovolemic shock, the chosen
transfusion strategy may be decisive. An attempt
may be made to stop bleeding by administration of
a pro-hemostatic agent,[51] but the chosen fluid is
also important. Synthetic colloid suspensions possess
a high intravascular volume expansion effect, but
also attenuate coagulation competence and provoke
hemorrhage.[52] Alternatively, crystalloids, when
administered in a moderate amount, enhance coagu-
lation competence and are recommended for trauma
patients. It remains that patients exposed to a massive
blood loss require administration of plasma and
platelets in addition to red blood cells in order to
maintain coagulation competence, and establishing
such balanced administration of blood products
enhances survival of the trauma patient.[53]
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Chapter

30
Uncontrolled hemorrhage

Robert G. Hahn

Summary

Fluid therapy in hemorrhage strives to restore
hemodynamic function and tissue perfusion.
However, these goals are not appropriate when
there is an injury to a large blood vessel and
the hemorrhage has not been stopped surgi-
cally (uncontrolled hemorrhage). Clinical situa-
tions in which this is the case include penetrat-
ing trauma, ruptured aortic aneurysm, and gas-
tric bleeding. Numerous animal experiments in
pigs and rats have shown that the low-flow, low-
pressure state characterizing serious hemorrhage
promotes coagulation, even if a large blood ves-
sel is injured. An immature blood clot is easily
washed away if the blood flow rate and the arte-
rial pressure is normalized by infusion fluids. Vig-
orous fluid therapy then increases both the blood
loss and the mortality. The road to optimal sur-
vival is to infuse less fluid at lower speed (half
volume at half speed is suggested) and aim at a
systolic arterial pressure of 90mmHg. In this sit-
uation, the strategy is only to prevent progres-
sive acidosis and irreversible shock. A deviation
from normal hemodynamics should be accepted
until the source of bleeding has been treated sur-
gically. A sudden drop in arterial pressure during
ongoing fluid resuscitation suggests that rebleed-
ing is occurring, and the infusion rate should then
be further reduced. There is an unfortunate lack
of clinical studies showing that the fluid strategy
that has been successful in animal experiments
pertains also to humans. However, it is widely
accepted in emergency departments and trauma
hospitals to resuscitate trauma patients to a lower-

than-usual systolic pressure (hypotensive resusci-
tation).

The anesthetist is taught to compensate hemorrhage
with infusion fluids.The aim is to restore the blood vol-
ume and thereby also cardiac output, regional blood
flow rates, and arterial pressure. However, there are
certain situations in which this practice makes the sit-
uation worse and can be detrimental to the outcome.
These include ongoingmajor hemorrhagewhere surgi-
cal control cannot be achieved within reasonable time,
in particular if a major vessel has been injured. In
these situations hemodynamics and outcome do not
go hand in hand. Another strategy of fluid treatment
should be adopted that favors outcome rather than the
hemodynamics.

To correctly identify patients who suffer from
uncontrolled hemorrhage is a major clinical challenge.
Patients with aortic rupture, gastric bleeding, and trau-
matic pelvic fracture often fall in this category.Thepre-
hospital trauma patient with a penetrating injury is at
high risk.

Controlled versus uncontrolled
hemorrhage
The normal physiological response to hemorrhage
involves vasoconstriction and a reduction of the blood
flow rates. After 20% of the blood volume has been
lost, the body shifts strategy from a vasoconstriction to
vasodilatation, which results in prompt onset of arte-
rial hypotension and hypoperfusion of the tissues. Aci-
dosis develops. Certain vascular beds are closed off
from circulation, which causes a reduction of oxygen
consumption (shock). The shock becomes irreversible

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Section 4: The clinical setting

if the bleeding continues and resuscitation therapy
with infusion fluids volume is not initiated promptly.
In this setting, when the bleeding surface is small or
has been stopped by mechanic pressure or surgery,
infusion fluids reverse all the components of the shock
and are therefore a life-saving therapy.

Clinical experience holds that fluid therapy some-
times can make things worse.The underlying problem
is then that fluid therapy interferes with the body’s own
defense mechanisms. The vasoconstriction of the first
phase of hemorrhage (0–20% of the blood volume)
aims to reduce the bleeding surface and makes phys-
ical action possible by maintaining the arterial pres-
sure.The second phase apparently aims to allow blood
clotting by reducing the blood flow rates and the pres-
sure in the circulation. However, an infusion of fluid in
this situation raises the blood flow rates and the hydro-
static pressure, and therefore immature blood clots are
simply washed away. The hemorrhage escalates and
may rapidly become out of control. The infusion fluid
becomes a killer instead of a savior.

Studies in pigs
Experimental animalmodels have been able to provide
a better understanding of why infusion fluids some-
times have effects opposite to the intended ones. Many
studies have been performed using a swine model in
which an uncontrolled hemorrhage is initiated from a
tear in the aorta having awidth of exactly 5mm. In this
situation there is no vasoconstriction, and the systemic
arterial pressure drops within 10 seconds.[1]

Using the aortic tear model, Bickell et al. studied
the effects of infusing 3 times asmuch lactated Ringer’s
solution as the expected hemorrhage amount over
10min.[2] Hemodynamic indices dropped markedly
when the hemorrhage began, with slight but tran-
sient improvement in response to fluid. All pigs that
received fluid died (n = 8) while all pigs that did not
receive any fluid (n= 8) survived up to 120min, when
the experiment ended.

Kowalenko et al. studied the effect of the arterial
pressure on mortality.[3] Swine were bled from one
femoral artery to a mean arterial pressure (MAP) of
30mmHg before the aortic tear was made. The mor-
tality was 13% and 63% when crystalloid fluid was
infused to reach a MAP of 40mmHg and 80mmHg,
respectively. With no fluid at all, 88% of the animals
died. A much larger intraperitoneal hemorrhage was
found when fluid was given to reach the highest blood

pressure target. Hence, it appeared that the intermedi-
ate blood pressure target was most beneficial.

In another study, a slow increase of the MAP to 40,
60, and 80mmHg by normal saline and blood resulted
in a mortality of 11%, 22%, and 78%, respectively.
Higher rates were accompanied by larger intraperi-
toneal hemorrhage volumes.[4] Another research
group determined the pressure at which rebleed-
ing starts to be 64mmHg (systolic 94 and dias-
tolic 45mmHg). However, the pressure ranges were
wide.[5]

Riddez, Johnson, and Hahn developed the aortic
tear model by placing a flow probe above and below
the aortic tear and monitored the hemorrhage rate
as the difference in flow between the two. This tech-
nique showed that the rate of the initial hemorrhage
decreased in an exponential manner, and stopped
within 4min.[6]The hemorrhage volume during these
4min averaged 35% of the blood volume. However,
rebleeding oftenoccurred and appeared to be a key fac-
tor promoting mortality.

When Ringer’s acetate was infused slowly, themor-
tality was 25% in the animals receiving the same
amount of fluid as the bled volume, and also in those
receiving twice as much, while the mortality was 50%
in those animals that received no fluid or 3 times the
bled amount. A review of the data on hemorrhage
and oxygen consumption suggested that animals that
received no fluid died of shock, while massive rebleed-
ing was the cause of death in the group that received
the largest fluid volume.[7]

Experiments were also done with a more rapid
infusion of the same volume as in the previous study.
Here, rebleeding occurred only during the actual
infusion.[8]

Hypertonic saline in dextran (HSD) proved to
induce rapidmassive rebleedingwhen given in the rec-
ommended volume (4ml/kg over 1min). The mortal-
ity was 60%.[9] However, rebleeding was rarer and the
mortality lower (20%) when 1ml/kg was administered
over 5min.[10]

Studies in small animals
Key findings when transecting the spleen of rats
included a high survival when MAP was kept low
(50mmHg) and a progressive increase of the bleed-
ing rate when MAP was raised.[11] A slightly higher
MAP (70mmHg, 100mmHg is normal) was optimal
after the hemorrhage had been arrested surgically.[12]
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Chapter 30: Uncontrolled hemorrhage

Survival after splenic injury was higher when resusci-
tation was performed with a mixture of 2/3 of Ringer’s
lactate and 1/3 of either hydroxyethyl starch (molecu-
lar weight 130 kD) or whole blood, as compared with
administering Ringer’s acetate alone or hydroxyethyl
starch alone.[12]

Resuscitation with fresh plasma was more benefi-
cial for survival thanwith thawedplasma that had been
stored for up to 5 days.[13]

Heinius et al. studied the effect of hypothermia
(30 °C) on uncontrolled hemorrhage in the rat. They
exposed the femoral artery in the groin and punctured
the vessel with a needle. In hypothermic rats, fluid
resuscitation inducedmore frequent rebleeding events
that had longer durations and containedmore blood as
compared with normothermic animals.[14] However,
the mortality was not higher.[15]

In rabbits subjected to splenic injury and mild
hypothermia (35 °C), the coagulopathy was more
severe with dextran 70 and hetastarch than with 5%
human albumin. Mortality rates were 75%, 100%,
and 50%, respectively, after resuscitation with these
fluids.[16]

Lessons from the animal studies
These animal studies show that rebleeding is rare when
fluid therapy is not actively performed. On the other
hand, some fluid should apparently be infused to pre-
vent hypovolemic shock. However, ambitious fluid
therapy may be detrimental if the bleeding is not yet
under control. Infusing fluid at a high rate ismore dan-
gerous than providing a large volume. Such infusions
increase the blood flow rates and the systemic pres-
sures, which reinitiate bleedings that have successfully
been arrested by the coagulation system. Blood clots,
which are formed on the outside of the damaged ves-
sels, are immature and can easily be washed away by
the resulting sheer stress.

The recommended dose of hypertonic saline dex-
tran (4ml/kg over 1min), which might be used for
resuscitation in trauma patients, is too large. A smaller
amount should be administered over several minutes
instead of 1min if rebleeding events are to be avoided.

The animal studies also teach us that we should not
strive for full correction of hemodynamic measures
until the bleeding is safely arrested. Until then, a sim-
ple rule is to administer half as much fluid over twice
as long a time as usual. To strive for full correction is
futile and dangerous.

The double-probe technique in pigs has shown that
rebleeding events are more typically preceded by a rise
in aortic blood flow rate than by a rise in arterial pres-
sure. However, the arterial pressure drops soon after
the rebleeding has started, and may put an end to the
event if the rebleeding is not perpetuated by a contin-
ued high infusion rate. During fluid resuscitation the
clinician should expect to see a slow rise in arterial
pressure, but if a decrease suddenly occurs this is fairly
good evidence of a rebleeding event. The used rate of
infusion has then been too high. However, instead of
turning off the infusion, continue at a lower rate.

Uncontrolled hemorrhage in the clinic
For decades, hypotension has been used in the operat-
ing room as a means of reducing blood loss in elec-
tive surgery in which transfusion might be needed
or bleeding is difficult to remove (such as middle ear
surgery).[17] A lower blood pressure clearly reduces
the hemorrhage and limits the requirements for
erythrocyte transfusions.

A study of 110 trauma victims brought to hospital
randomized the patients to a systolic arterial pressure
of >100mmHg while another group was resuscitated
to 70mmHg.[18]There was no difference in mortality
(four died in each group). However, those who were
resuscitated to 70mmHg actually had a systolic pres-
sure of 100mmHg. Still, the rule in emergency depart-
ments and trauma hospitals is to resuscitate trauma
patients to a lower-than-usual systolic pressure, usu-
ally to 90mmHg.

The occurrence of uncontrolled hemorrhage in
prehospital care is not known but has been estimated
to be 25% of blunt traumas to the abdomen, chest,
and pelvis [19]. In penetrating trauma, the incidence is
probably higher.The presence of uncontrolled hemor-
rhage, which is most common in penetrating injuries,
will naturally affect the value of the conventional pre-
hospital fluid therapy.

In 1994, Bickell et al. compared the outcomes
of almost 600 hypotensive patients, half of whom
received crystalloid fluid at the scene of an accident
(2.5 liters) while the other half received fluid only after
having entered the operating room.[20] The results
showed a slight but statistically significant increased
survival rate in the delayed resuscitation group (70%
versus 62%). Differences were greater in the most
severely injured patients (61% versus 48%).The reader,
having the animal studies of uncontrolled hemorrhage
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fresh in the memory, will probably interpret this result
to suggest that a rapid infusion of 2.5 liters of crystal-
loid helped somepatients but caused rebleeding in oth-
ers, whereby the overall effect of the ambitious fluid
therapy was nil or even negative. This dual effect of
fluid on trauma patients might also explain the lack of
positive effect on outcomes of hypertonic saline with
and without dextran.[21,22]

Spending time at the scene of an accident to
provide infusion fluid is of little real value if the
transport time to hospital is 30min or less. In those
situations most patients are better off being rushed to
hospital as soon as possible (“scoop-and-run”). Hypo-
volemic shock should probably be treated with infu-
sion fluids at the scene of the accident (“stay-and-
play”) only in rural areas where the transport time to
hospital exceeds 30min.

A systolic pressure target of 90mmHg is suggested
in the treatment of the patient with possible uncon-
trolled hemorrhage. Crystalloid electrolyte fluids are
the first-line treatment, while colloid fluids have a lim-
ited place.[23]

Fresh whole blood, erythrocytes, and plasma are
most likely superior to clear fluids in restoring hemo-
dynamics and facilitate coagulation. Early adminis-
tration of plasma, in equal proportion to erythro-
cytes, has been suggested for management of trauma
patients,[24,25] and most trauma centers have made
uncrossmatched Type-O erythrocytes available for
rapid administration to hemorrhaging patients.[26]
Hypothermia induces coagulopathy and promotes
rebleeding. Therefore, warming the patient with blan-
kets and the use of body-warm infusion fluid is benefi-
cial and might even be life-saving in critical cases. The
experiences with early, and even prehospital, transfu-
sion of blood are described in Chapter 32, “Trauma.”
These can be difficult to practice elsewhere than in a
fully equipped trauma hospital. In smaller hospitals,
where these practices may not be feasible, crystalloid
fluid therapy as outlined in this chapter is the treat-
ment option that the anesthetist has to consider.
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Chapter

31
Burns

Folke Sjöberg

Summary

The purpose of fluid treatment for burn-injured
patients is to maintain organ perfusion despite
major leakage of fluid from the intravascular
space. The leakage is due to a sharp reduction of
the pressure in the interstitial fluid space (negative
imbibition pressure) and an increase of the vascu-
lar permeability. Most of the fluid loss due to the
first factor takes place within the first 3–4 hours
and the bulk of loss from the second factor within
12 hours after the burn.

The formula for plasma volume support most
widely used today is the “Parkland” strategy, in
which 2–4ml of buffered Ringer’s solution is
administered per total body surface area % per
kilogram body weight. Half of the calculated vol-
ume is given during the first 8 hours after the burn
and the other half during the subsequent 16 hours.
A colloid rescue strategy should come into play
when the fluid volumes provided are very large,
and is adequate after 8–12 hours post-burn.

The patient should be in a state of controlled
hypovolemia. The combined use of urine output
(aim 30–50ml/h), mean arterial pressure, and the
mental state of the patient is gold standard when
guiding the fluid therapy.The use of central circu-
latory parameters increases the risk of fluid over-
load anddoes not improve the outcome.Themaxi-
mal tissue edema reaches amaximumbetween the
first 24 and 48 hours post-burn, and thereafter the
added fluid volume is excreted as an ongoing pro-
cess over 7–10 days.∗

∗ Summary compiled by the Editor.
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Head 19%
minus age (years)

Leg 13%
plus 0.5 age (years)

1%
1%

Figure 31.1 Size of the burn in percent of skin surface. According
to the “9% rule” the body regions can be divided into areas which
are multiples of 9. The calculation is slightly different in a child up to
10 years, because of a relatively larger head and smaller legs.

Seldom within everyday medical practice is there a
moment when the need for fluid treatment is so
predictable, extensive, and has such large effects on
the body fluid balance as it does in the case of the
treatment for burns. These fluid needs can most often
be predicted from what normally affects burn injury
prognosis and outcome, i.e. the extent of the burn on
the total body surface (% total body surface area burnt
% [TBSA]) and the depth of the burn (Figure 31.1).
The total fluid need is also dependent on, and needs
to be adjusted by, the size of the individual (kg). If no

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Chapter 31: Burns

other complications arise, the fluid treatment is most
often directly calculated based on these parameters –
in cases when the start of the fluid treatment is delayed
after the injury, however, more fluid might be needed.

This chapter first presents the state of the art for
burn care, which is then followed by the modern
fluid treatment paradigm, i.e. the background for the
large fluid needs of these patients. Different fluid treat-
ment strategies will be discussed, and finally some
special situations will be presented when there is
need for additional knowledge and specialized practice
procedures.

Modern burn care
Before addressing the details about burn fluid treat-
ment, there is a need to present the big changes that
have occurred recently (in the past 10–20 years) in
modern burn care. This will lead to a better com-
prehension of the advanced medical needs of this
patient group and the corresponding fluid treatment
strategies.[1]

Incidence
In burn care, in the past 10–20 years there has been
a decreasing incidence of burn injuries. This was first
described in the United States but has also been shown
for most western countries. A very different picture is
found in the developing countries andAsia. In general,
a decrease of about 30 percent is most often seen in
western countries during that time period.[2]

Treatment outcome
At the same time, burn care treatment has signifi-
cantly been developed and improved. Most obvious
is the observation of the significant decrease in hos-
pital mortality for burns, in the range of 70%. How-
ever, it is still important to stress that the number of
deaths at the scene of the fire is still relatively con-
stant, particularly for Sweden at about 100–120 deaths
per year.[2] And these victims most often constitute
individuals who are elderly, are physically or men-
tally disabled, or have drug problems. The reduced
hospital mortality rate is claimed to be due to sev-
eral factors, of which the most important are: mod-
ern fluid treatment, aggressive early surgical interven-
tions, improved critical care, and newer and more
potent antibiotics and local antimicrobials used in
burn wound care.[1]

Another important effect of the early surgical
excisional intervention is the length of hospital stay.
Length of stay has decreased to approximately 25%
of what it was in the 1980s–1990s. At that time,
length of stay calculated as the number of days per
% body surface area burned was approximately 3–
4 days/% TBSA. Today, the corresponding value is
less than 1 day/% TBSA for partial thickness burns
and approximately 2 days/TBSA% for full thickness
burns.[3]When examiningmortality rates, they can be
depicted as the burned surface area with a 50% pre-
dicted mortality risk (lethal dose [LD] 50%). In the
mid-1980s the corresponding burn size (LD 50%) was
45% TBSA. Today, and dependent on age, the corre-
sponding burn size for a young person (<60 years old)
is 80–90% TBSA burned. The age-adjusted LD 50%
are around a Baux index (Age+TBSA%) of 115.[4,5]
Another important change in burn care was the intro-
duction of outpatient burn care in the late 1990s; today,
patients with burn injuries of up to 10–15% are often
routinely treated as outpatients. Outpatient care is also
offered for patients with larger burns when most of
their open wounds have healed. From this perspective,
it is interesting to note that the principles of fluid treat-
ment have not changed since the late 1970s.[1,6,7]

Fluid balance pathophysiology in burns
The purpose of fluid treatment for the burn-injured
is to maintain organ perfusion despite major leak-
age of fluid from the intravascular space. There are
mainly two reasons for this fluid loss, which have both
been extensively investigated andhave a clear temporal
pattern:

(a) the negative imbibition pressure in burned
tissue;[8,9] and

(b) an increase of the vascular permeability.[10,11]

Negative imbibition pressure
When fluid losses were investigated in experimen-
tal models in the 1960s, the fluid loss could not be
completely explained by an increase of permeabil-
ity, and it was postulated that there needed to be
another mechanism involved to explain the total fluid
loss. In his thesis in 1961, Gösta Arturson predicted
that there needed to be another factor involved to
explain the total fluid loss in larger burns.[12] He
then suggested that the fluid loss from the blood
could be explained by a reduction of the interstitial
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Figure 31.2 Negative imbibition pressure. Schematic drawing of
the build-up of negative interstitial fluid pressure depending on the
size of a burn injury and whether fluid is administered. Modified
from Lund et al. Am J Physiol 1988.[8]

tissue pressure. In the 1980s Lund and Reed were
able to show in in vitro models that there is a build-
up of a strong negative interstitial tissue pressure
within burn-injured tissue, in the range of −25 to
−50mmHg. This negative gradient, which is called
negative imbibition pressure and which explains most
of the total fluid loss, is most pronounced immediately
after the burn and remains for several hours afterwards
(Figure 31.2).[8,9] Importantly, most of the total fluid
loss seen is lost within these hours, and today we know
that this is a reason for early hypovolemia despite the
recommended fluid treatment. We will return to this
later in the chapterwhenwe discuss the fluid treatment
in more detail.

Interestingly, the fluids provided during fluid
resuscitation seem to negatively affect the negative
imbibition pressure: providing more fluid to the
patient leads to a more negative tissue pressure and a
larger fluid demand in the tissue, and correspondingly
a larger total fluid need for the patient. The mecha-
nism underlying the development of the negative fluid
pressure is not fully understood, but it is suggested
that it is due to effects on the tissue integrins, which
are the components important for regulation of the
hydrostatic pressure of the interstitium. The under-
lying mechanism is that the integrins lose their abil-
ity to maintain a positive effect on the pressure: as
they are disintegrated by the burn injury to the tis-
sue, their effect is lost and a negative tissue pressure
is created. Furthermore, the burn injury effect on the

build-up of a negative tissue imbibition pressure seems
to be related to the size of the burn injury, a larger
injury leading to a more pronounced negative tissue
pressure.[8]

Permeability effects of the burn
It has long been known that burns cause fluid losses
from the intravascular space. Another important
mechanism is the increase in vascular permeability.
Such an effect is seen for a burn injury correspond-
ing to a body surface area of 5% or more. Again, all
the details of this effect are yet not elucidated, but
there are a number of mediators that have been found
to be important. Temporally, in the burn-injured, this
effect is also manifested rather early after the injury:
most of it is seen within the first 8 hours after the
burn. Of the mediators, serotonin [13–15] has been
claimed to be the most important from the patho-
physiological perspective. Other relevant mediators
are: nitric oxide (NO), prostaglandins, and oxygen
radicals (see below).[1] Histamine, which historically
has been claimed to be important, has recently been
questioned.[16]

Another important factor for the fluid loss from
the vasculature is the onset of vasodilatation seen in
most vascular beds owing to the continuous liberation
of pro-inflammatory mediators in injured tissues.This
vasodilatation increases the hydrostatic pressure in the
microcirculation, leading to fluid loss into the intersti-
tial compartment. It is important, then, to stress that
the loss of fluid from the intravascular space affects
all the factors that today are claimed as important
for the transport of fluid across the capillary/venular
wall.

If using the Starling equation to describe the trans-
port of fluid across the capillary, all factors included in
the equation are affected negatively (implying a larger
fluid loss) in burns. According to the Starling equa-
tion, the filtration is dependent on the area of filtra-
tion, multiplied by the difference in hydrostatic pres-
sure between capillary and interstitium, minus (the
coefficient of filtration) times the difference in colloid
osmotic pressure between the capillary and the inter-
stitium. Among these factors, the coefficient of filtra-
tion increases greatly, often in the region of 20 times.
For the latter parts of the formula, there is an increase
in the hydrostatic pressure in the capillary (vasodilata-
tion), together with a decrease in the colloid osmotic
pressure in the capillary due to leakage; a decrease in
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interstitial pressure due to the imbibition pressure; and
an increase in the colloid osmotic pressure in the inter-
stitium (due to the leakage of colloid out of the vessels).
All of these factors lead to an increase in fluid loss from
the vasculature into the tissue. This affects most vas-
cular compartments. The effect on the venular level is
claimed to be most important from a quantitative per-
spective [1] and, althoughmost of the transport across
the vascular wall is mediated by smaller molecules,
larger proteins are also lost, albeit at a lesser fraction.
This is important to note as it underlies the arguments
for so-called “colloid rescue” fluid resuscitation in situ-
ations of larger burns: this reduces the total colloid loss
and corresponding fluid loss, and decreases the risk for
compartmental complication.[17]

In clinical practice, the permeability increase is
seen in the serum level of albumin, which decreases
after the burn as albumin is lost from the intravascular
space. It is important also to stress that the intravas-
cular colloid osmotic pressure in the acute phase is
dependent not only on albumin but also on the newly
synthesized acute phase proteins. Because of uncer-
tainties in the temporal pattern of permeability to pro-
teins locally in the vasculature, no clear advice can
be given as to the optimal time when colloids can
be administered without the risk of being lost to the
interstitium.

There has been an intense debate on when col-
loids can safely be administered during fluid resusci-
tation. Today, most burn surgeons would agree that it
is adequate to provide colloid after 8–12 hours since
the burn if needed to reduce total fluid volume. It is
important to understand that providing colloid early
may lead to colloid accumulation in the tissue, by
early leakage, increasing the risk of higher colloid pres-
sure in the interstitium which in turn increases tis-
sue edema. However, it also needs to be appreciated
that only 20% of the crystalloid fluid volume remains
intravascularly, and that providing large volumes of
crystalloid leads to decreased colloid osmotic pressure
intravascularly and thus a further loss of fluid from this
compartment. All these effects need to be appreciated
when planning the fluid resuscitation for a patient with
burns.

Fluid loss in burns – the temporal aspect
When caring for the burn-injured, it is important
to examine and discuss the temporal aspects of the
fluid loss and the recommended fluid therapy. This is

especially the case as recent investigations have shown
a clear temporal mismatch between the fluid loss and
the fluid volume provided by present guidelines. As
previously stated, most of the fluid loss due to the neg-
ative imbibition pressure takes place within the first 3–
4 hours after the burn. The picture is somewhat differ-
ent for the fluid loss due to the permeability increase.
Themost reliable data in humans suggest that this fluid
loss occurs from the time of the injury and up to 8 or
10 hours after the burn. Although there is still ongo-
ing debate on this topic, most would agree that the
bulk of the loss is during the first 12 hours after the
burn.[18,19] One should also take into account the
permeability effects of a more or less continuous SIRS
(systemic inflammatory response syndrome) reaction
that is often seen after the burn, although the magni-
tude of this is less pronounced if the case is not com-
plicated by sepsis.

Most important is that the present guidelines for
fluid resuscitation, especially if based on a pure crys-
talloid strategy, do not fully account for this early
fluid loss, and the patient may be claimed to be in a
controlled hypovolemic situation during the first 12–
16 hours after the burn. This will be commented on
later when discussing the guidelines used for burn
fluid resuscitation. In conclusion, it may be stated that
the tissue edema reaches a maximum between the first
24 and 48 hours after the burn; this added fluid vol-
ume is slowly returned thereafter to the circulation and
excreted as urine, often an ongoing process for 7 to
10 days after the burn.

Mediators important for fluid losses
A large number of mediators have been claimed to
be important for the underlying mechanisms of fluid
losses in burns. Most probable is that there are sev-
eral that contribute to the fluid loss in different ways.
The most important are: nitric oxide (NO), histamine,
thromboxanes, prostaglandins (especially PGE2 and
F2alpha), serotonin, proteases, oxygen free radicals,
eicosanoids, bradykinin, complement factor C3, neu-
ropeptides (especially substance P) and platelet acti-
vating factor (PAF), cytokines (interleukin-1,-2,-6,-8,
tumor necrosis factor-alpha), and interferons.[1,20]
Coagulations and the complement cascade system are
thought to be early activated and play a significant role.
Interest in the mediators and their possible roles in
fluid loss is driven by the hope of finding a blocker
that can stop, or reduce, the process. Some attempts

239
at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.033
Downloaded from https://www.cambridge.org/core. The University of British Columbia Library, on 05 Feb 2018 at 09:11:54, subject to the Cambridge Core terms of use, available

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.033
https://www.cambridge.org/core


Section 4: The clinical setting

have been made in this field, the most successful of
which is the use of high-dose vitamin C (as an oxygen
radical scavenger), which in a prospective randomized
trial showed a reduction in fluid loss in the treatment
group.[21–23]

Fluid treatment: practical guidelines
Much of the fluid treatment as we know it today is
based on knowledge gained in the 1970s. As long ago
as the nineteenth century, there were already theories
suggesting that it was the fluid loss, and the corre-
sponding change in the blood, that caused the negative
outcomes prevalent at the time. Major breakthroughs
in the fluid treatment for burns were made by Under-
hill who, in the 1920s, started to describe the patho-
physiology of the burn injury in more detail. In 1940,
following the Cocoanut Grove night-club disaster in
Boston, the first attempts to use intravenous fluid treat-
ment in a larger group of injured people were exam-
ined. The conclusion was that mortality was signifi-
cantly lower than expected. In 1953, the first fluid for-
mula to be based on burn size and patient weight was
introduced by Evans.[1,20]

The formula most widely used today is the one
that was published in 1973 by Charles Baxter, then
working at the Parkland Memorial Hospital in Dal-
las.The formula states, based on experimental findings
in dogs and humans, that 2–4ml of Ringer’s solution
per total burnt percent of body surface area (TBSA%)
and kilogram body weight should be provided. Half of
the calculated volume is given during the first 8 hours
after the burn and the other half during the subse-
quent 16 hours. The main advantages are easily attain-
able fluid (Ringer’s lactate), low cost, and a treatment
strategy that is easy to start and follow. A number of
other formulae have been presented over the years, but
none has the global impact of the “Parkland” strategy.
Some of the alternatives are listed in Table 31.1.[1,20]
Today, few centers in Europe or the United States use
strategies other than the Parkland option.[24]

Endpoints for the fluid treatment
As for many medical treatments, there are endpoints
for the fluid treatment to be aimed at. This has
been increasingly important for burn care, as over-
resuscitation can have significant negative effects on
the burned tissue (extensive tissue edema) and even
lead to complications such as compartment syndrome

Table 31.1 Fluid treatment formulae

Formula Contains

Main programs
Parkland

Modified
Brooke

Lactated Ringer’s solution 2–4ml/kg per TBSA%
Half of the fluid volume is given in the first 8 h

and the remaining volume during the next
16 h

Lactated Ringer’s solution 2ml/kg per TBSA%
Half of the fluid volume is given in the first 8 h

and the remaining volume during the next
16 h

Colloid-based alternatives
Evans

Brooke

Slater

Sodium chloride solution 1.0ml/kg per TBSA% +
colloid 1.0ml/kg per TBSA% + 2,000ml 5%
glucose solution

Lactated Ringer’s solution 1.5ml/kg per TBSA% +
colloid 0.5ml/kg + 2,000ml 5% glucose
solution

Lactated Ringer’s solution 2,000ml per 24 h +
fresh frozen plasma 75ml/kg per 24 h

Dextran-based
Demling Dextran 40 in isotonic saline solution (2ml/kg per

hour in 8 h) + Ringer’s lactate in a volume
sufficient to produce 30ml of urine per hour +
fresh frozen plasma (0.5ml/kg per hour from
8 h to 26 h after the burn injury)

Conventional crystalloid therapy during the first
8 h

Hypertonic formulae
Monafo

Warden

Ringer’s lactate containing 250mmol Na per liter.
Volume sufficient to produce urine 30ml/h

Ringer’s lactate + 50mmol sodium bicarbonate
(total 180mEq sodium per liter) with an aim to
produce 30–50ml/h urine volume for the first
8 h. Thereafter, Ringer’s lactate to maintain
diuresis

and, at one of its extremes, the abdominal compart-
ment syndrome.

There has even been a term coined for the issue of
over-resuscitation in burns – “fluid creep.” Although it
has been repeatedly discussed, the underlying reason
for this increase in fluid provided is not quite clear. A
number of explanations have been provided that state
that the risk of over-resuscitation, especially with crys-
talloid solution, can be minimized.[25,26]

Firstly, with increasing survival rates, even patients
with very large burns can survive today. In 1960, the
Baux index (age plus TBSA%) was used to provide a
mortality risk estimate; for example, a 30-year-oldwith
a burn size of 50% faced a 80% mortality risk. Today
the lethal dose that leads to a 50% mortality risk (LD
50) has a Baux index of 115. Given these changes, it can
be appreciated that the fluid volumes provided accord-
ing to the resuscitation formulae have increased and,
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correspondingly, negative effects of large fluid volumes
such as extensive tissue edema can be anticipated.
Therefore, a colloid rescue strategy should come into
play when the fluid volumes provided are large.[17]

Secondly, in modern times more patients are ini-
tially intubated and sedated prior to arrival to the hos-
pital. Both sedation and positive-pressure ventilation
lead to larger fluid needs to maintain the arterial pres-
sure.[27]

Thirdly, and most importantly, invasive monitor-
ing has become a treatment standard, and this leads
to a significant risk of over-resuscitating the patient.
This is because, when utilizing the Parkland crystalloid
fluid regimen, the patient is hypovolemic during the
first 12–18 hours after burn. This has been well doc-
umented, and it is important to stress that the strat-
egy is to maintain a controlled hypovolemic situation,
by the use of this formula and aiming at 30–50ml/h
urine output. The central circulatory parameters (e.g.
intrathoracic blood volume indexwhenusing aPiCCO
system, wedge pressure in the case of a pulmonary
artery catheter, or stroke volume/cardiac output by
echocardiography) should herald hypovolemia during
this specific time period. When assessing the circula-
tion at 18 hours after injury by thesemeasures, the cen-
tral parameters have normalized. In clinical practice
today, urine output is the gold standard, and added to
that is mean arterial pressure and the mental state of
the patient. The use of central circulatory parameters
for burn resuscitation does not improve outcome but
increases the risk of fluid overload.[18,28,29]

Fact square
In the Parkland strategy, burn fluid resuscitation is
performed with Ringer’s lactate 2–4ml/kg per
TBSA%. Treatment endpoint is urine production
0.5–1.0ml/kg per hour, together with a mean arterial
pressure >70mmHg, and the patient should be
mentally alert.

Situations in which Parkland strategy
should bemodified and specific
interventions needed

Very large burns or burns that need very
large fluid volumes
When the needs rapidly exceed that calculated by the
formulae (2–4ml/kg per TBSA%), it is mandatory to

use either albumin or plasma (i.e. colloid rescue treat-
ment) alone or in conjunction with the crystalloid to
reduce the risk of an abdominal compartment syn-
drome.The clinician should be observant for the early
need for escharotomy (i.e. skin incisions to reduce tis-
sue pressure in circumferential burns on the thorax
or extremities). Adding colloid should preferably be
performed no earlier than 8 hours after the burn if
possible, to reduce the risk of colloid deposition in
the tissues due to the “capillary leak.” One publication
states [26] that the risk of abdominal compartment
syndrome increases significantly when fluid volumes
of about 300ml/kg per 24 hours are exceeded.When in
doubt, start assessing abdominal compartment pres-
sure according to standard ICU procedures. Albumin
and plasma are both effective in reducing tissue edema,
but research indicates a larger pressure-reducing effect
on using plasma.

Inhalation injuries
Previously in the burns literature it was stated that
the presence of smoke inhalation injury leads to an
increased fluid need, and many textbooks suggested
administering increased fluid, in the range of an extra
1–2ml/kg per TBSA%. However, recent publications
do not support an extra need for fluid volume, and
there is also at least a theoretical issue of keeping the
lung “dry” to optimize gas exchange.[25]

Electrical injuries: chromogens in urine
Another occasion on which the fluid need may be dif-
ficult to predict, and for which there are often very
large needs, is in cases of high-voltage (>1,000 volts)
electrical injuries. These injuries constitute approxi-
mately 5–10% of the burn injuries at a burn center.The
explanation for the large fluid need is two-fold: firstly,
the total tissue volume that is injured is often signifi-
cantly larger in electrical injuries than in isolated skin
injuries. Other tissues such asmuscle and bonemay be
involved, and the burn that is seen at the skin level is
only a minor part of the total tissue injury. Secondly,
both free hemoglobin and myoglobin are circulated in
the blood, and these have a toxic effect on the kidneys.
In order to reduce this toxicity, increased urine output
is recommended, together with alkalizing the urine by
adding sodium bicarbonate to the resuscitation fluid.
Urine pH should bemaintained at approximately 7 and
the urine volumes at 100–200 ml/h.[1,20]
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Table 31.2 Daily maintenance fluid need for children

100ml/kg up to a body weight of 10 kg

Above 10 kg weight, add 50ml/kg in the weight range of
11–20 kg

Above 20 kg weight, add 20ml for each extra kg

Example: Maintenance fluid for a child of 28 kg:
1,000ml + 500ml + 160ml, i.e. total 1,660ml per 24 h

Burns in children
There are several issues when treating burn injuries
in children that need to be given special attention.
Firstly, owing to the thinner skin of the child, there
is a larger risk that the burn becomes deeper. Sec-
ondly, the larger ratio of skin area to body mass means
that the child is more prone to hypothermia. Thirdly,
there is a larger risk for hypoglycemia owing to smaller
glycogen deposits. Fourthly, the relative size of the air-
way is smaller, increasing the risk for an upper airway
obstruction due to tissue edema. The larger skin area
to body mass ratio leads to more fluid being needed
in the resuscitation.This is accomplished by providing
3–4ml/kg per TBSA%and also adding the normal 24 h
fluid maintenance need of the child (see Table 31.2).

Very extensive burns: maintaining organ
perfusion and temperature, and dealing
with the sodium load
In cases of very large burns (>50 TBSA%, and mainly
full thickness), specific conditions apply beyond the
regular fluid treatment and the early “colloid rescue”:

There is often a need for pressure support
treatment by use of inotropes (for example nor-
adrenaline/vasopressin or dobutamine infusion). In
addition to the circulatory problem, there might be
toxic effects from the burn-injured tissue on the heart,
as evidenced by leakage of troponin to the circulatory
system.[30]

The temperature issue also needs to be mentioned.
In very large burns, the usual temperature regulation
is almost completely absent because of the skin injury,
and these patients need active warming with convec-
tive (fluid-based) heating systems. Just using hot air or
air-based heaters will not suffice.[31]

As a consequence of the large fluid volume pro-
vided, there might also be a sodium problem depend-
ing on the limited fluid elimination capacity of the kid-
neys. For example, in the case of a 70% burn in an

adult of 70 kg, and using the Parkland strategy with-
out colloids, about 20 liters of lactated Ringer’s solu-
tion will be provided. This adds a significant sodium
load to the individual (20 liters × 130mosmol Na/l,
which equals 2,600mosmol of Na). Given that the kid-
neys have a ceiling effect for sodium excretion (usu-
ally in the range of 500mosmol/24 hours) it is not
uncommon that there are increased serum sodium lev-
els (>160mosmol/l) observed on days 5–10 after the
injury. The consequence of this has not been exten-
sively studied, but many burn centers add glucose-
containing fluids when the total fluid volume exceeds
10 liters to reduce this risk.

Fluid treatment and early tangential
excision of the burn wound
As surgical techniques have evolved, many burn cen-
ters now practice very early tangential excision. Dur-
ing such a procedure, all full thickness and deep
second-degree burns are surgically excised. A few
years ago, many centers performed the excision irre-
spective of the burn injury size. Today this is less com-
mon, and the procedure is instead staged in several
surgeries with 20% TBSA excision per surgery (thus
a 40% burn would be excised in two surgeries of 20%
each). This leads to a significant blood loss during the
fluid resuscitation period. In general, for most centers,
the blood loss is estimated to be in the range of 0.3
unit of packed red cells per TBSA% excised: that is,
a blood loss of approximately 7 units for an excision
of 20% TBSA. On these occasions it is important that
the anesthesia and surgical teams co-operate well and
that there is adequate monitoring of the patient.[1,20]
Plasma and platelet infusions are often added to opti-
mize coagulation.

Future prospects
It is surprising that current fluid treatment for burns
still rests on a 40-year-old strategy, even though more
knowledge and better techniques exist to support its
use today. There is a significant need for improve-
ment, possibly through blocking the process of fluid
loss from the circulation, or by developing new resus-
citation fluids. Although it was hoped that starch-
based solutions, by containing molecules of larger
sizes, would reduce the fluid losses, they have been
found to be detrimental to kidney function and have
therefore been abandoned in this respect.[32]
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Chapter

32
Trauma

Joshua D. Person and John B. Holcomb

Summary

In the United States, injury is the leading cause of
death among individuals between the ages of 1 and
44 years, and the third leading cause of death over-
all. Approximately 20% to 40% of trauma deaths
occurring after hospital admission are related to
massive hemorrhage and are therefore poten-
tially preventable with rapid hemorrhage con-
trol and improved resuscitation techniques. Over
the past decade, the treatment of this population
has transitioned into a damage control strategy
with the development of resuscitation strategies
that emphasize permissive hypotension, limited
crystalloid administration, early balanced blood
product transfusion, and rapid hemorrhage con-
trol. This resuscitation approach initially attempts
to replicate whole blood transfusion, utilizing an
empiric 1:1:1 ratio of plasma:platelets:red blood
cells, and then transitions, when bleeding slows,
to a goal-directed approach to reverse coagu-
lopathy based on viscoelastic assays. Traditional
resuscitation strategies with crystalloid fluids are
appropriate for the minimally injured patient who
presents without shock or ongoing bleeding. This
chapter will focus on the assessment and resus-
citation of seriously injured trauma patients who
present with ongoing blood loss and hemorrhagic
shock.

The resuscitation of massively bleeding patients has
changed markedly over the past century. The use of
blood banking and the transfusion of injured patients
originated during World War I when it was found to
decrease mortality in bleeding and severely injured

soldiers.[1] Whole blood was the sole transfusion
product until the 1960s and 1970s when component
therapy was adopted in the western world.

The next 40 years saw patients resuscitated initially
with large volumes of crystalloid and colloid followed
by packed red blood cells (RBCs), with limited trans-
fusion of plasma, platelets, and cryoprecipitate based
on laboratory values. In hindsight, this approach led to
substantial iatrogenic resuscitation injury, and a grow-
ing body of literature developed indicating that aggres-
sive resuscitation with large volumes of crystalloid led
to cardiac and pulmonary complications, abdominal
compartment syndrome, gastrointestinal dysmotility,
coagulopathy, and disturbances of immunological and
inflammatory mediators.[2]

After major trauma and shock, capillary perme-
ability increases with a resultant decrease in the
plasma colloid osmotic pressure and loss of intravas-
cular fluid into the interstitial space. In response to
decreased pressure and intravascular hypovolemia,
volume returns from the extravascular space in an
attempt to re-expand the vascular space and main-
tain blood pressure.[3,4]The rationale of large-volume
crystalloid resuscitation was related to the theory that
tissue injury resulted in sequestration of fluid into the
traumatized area, with a resultant decrease in extracel-
lular volume that should be replaced with fluids, the
so-called “third space concept.” This theory has been
refuted by several studies which demonstrated that
postoperatively, there is a net “no change” or increase
in the extracellular volume.[4–7] Trauma also leads to
endothelial cell dysfunction and an increase in pro-
inflammatory cytokines, which is exacerbated by pro-
inflammatory crystalloid administration, and leads to
the initiation of an exaggerated inflammatory response
with resultant fluid overload and tissue edema.[8]

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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In the past decade, there has been a philosophi-
cal change in the way severely injured trauma patients
are resuscitated which focuses on the early balanced
transfusion of blood products and limited crystalloid
use. This approach focuses on repairing the endothe-
lium, maintaining intravascular volume, and decreas-
ing edema.

Triage and initial assessment
The triage and initial assessment of injury severity in
trauma patients is primarily driven by abnormalities
of physiological variables such as blood pressure and
heart rate. Basic vital signs are easily obtainable in
the field and may provide insight as to whether or
not a patient is “clinically stable.” This data is used
in the prehospital setting to determine the patient’s
mode of transport, destination of treatment, treatment
priority, and need for potentially life-saving interven-
tions. When grossly abnormal, vital signs serve as
reliable indicators for early diagnostic and therapeu-
tic decision making after injury. However, they can
be problematic in many cases as normal physiolog-
ical compensatory mechanisms may mask the true
degree of injury and tissue hypoperfusion.These com-
pensatory mechanisms, especially in young healthy
patients, allow for a significant reduction in central
circulating blood volume, stroke volume, and cardiac
output to occur well before changes in blood pres-
sure develop.[9] Patients may appear “clinically sta-
ble” when in fact they are approaching cardiovascu-
lar collapse. Hypotension in trauma patients was clas-
sically defined as a systolic blood pressure (SBP) of
less than 90mmHg. More recent literature suggests
that a SBP of 90mmHg does not represent the onset
of circulatory failure, but rather the clinical mani-
festation of physiological decompensation associated
with advanced hemorrhagic shock and impending car-
diovascular collapse. A SBP of <110mmHg may be
a more clinically relevant definition of hypotension
in trauma patients as it is at this threshold that tis-
sue hypoperfusion begins to develop, as evidenced by
increasing base deficit, with resultant increase in mor-
tality, ICU length of stay, complications, and ventilator
days.[10] To overcome the well-described limitations
of blood pressure and heart rate, accurate non-invasive
methods of delineating the compensated shock state
need to be developed and validated.

Intravascular volume depletion, with or without
associated hypotension, leads to the physiological state

of shock which is characterized by tissue malperfu-
sion and the inability to maintain aerobic metabolism.
There are several different mechanisms by which the
shock state can be produced after trauma. Hypo-
volemia due tomassive blood loss is themost likely eti-
ology and the leading cause of death after injury. Other
causes must also be considered and rapidly treated,
including blunt myocardial damage leading to cardio-
genic shock, spinal cord injury with resultant vasodila-
tion and distributive shock, or obstructive shock sec-
ondary to tension pneumothorax or pericardial tam-
ponade. Acute blood loss, if not expeditiously treated
with hemorrhage control and restoration of intravas-
cular volume,will lead to hemodynamic instability, tis-
sue malperfusion, cellular hypoxia, multisystem organ
failure, and death.

The two most commonly used laboratory mark-
ers in assessing tissue hypoperfusion and the devel-
opment of anaerobic metabolism in trauma are serum
lactate and base deficit. Both tests are easily obtainable
and provide quick results which can help guide resus-
citative efforts. Base deficit represents the number of
mEq/l of additional base that must be added to a liter
of blood to normalize the pH and is calculated directly
from the blood gas analyzer from the pCO2, pH, and
HCO3

− values as applied to a standard nomogram.
Changes in base deficit occur early in hemor-

rhage and will often precede alterations in hemo-
dynamic parameters such as blood pressure, urine
output, and pH.[11] Normal values for base deficit
vary among institutions but tend to be greater than
−2mmol/l. A significant base deficit has been shown
to be a marker of mortality in several studies.[12–14]
Mortality starts increasing when base deficit is >4,
and when �8mmol/l has predicted a 25% mortality
rate in trauma patients less than 55 years old without
head injury.[15] Lactate is a by-product of anaerobic
metabolism and is often considered amarker for tissue
hypoxia. It is produced by the conversion of pyruvate
to lactate after glycolysis by the enzyme lactate dehy-
drogenase. Although lactate can be elevated in sev-
eral other conditions, its use to guide resuscitation by
lactate clearance has been validated in several studies.
Both the initial lactate value and the time to normal-
ization of lactate levels are predictive of mortality, with
100% mortality in ICU patients who fail to achieve
normal levels.[16–20]

While blood volume varies with age and physi-
ological state, the average adult blood volume rep-
resents approximately 7% of body weight (70ml/kg
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Chapter 32: Trauma

of body weight). For a 70 kg individual, estimated
blood volume is approximately 5 liters.There aremany
potential sites of major hemorrhage following injury.
Injury to the base of the skull or neck can lead to
rapid exsanguination from major vascular structures
which are frequently difficult to control and can also
lead to difficulty in securing a reliable airway owing
to swelling and distortion of normal anatomy. Injuries
to the chest can cause parenchymal lung or great
vessel injury resulting in hemothorax, which is eas-
ily identified with standard chest X-ray. Penetrating
cardiac injury can rapidly cause cardiovascular col-
lapse secondary to pericardial tamponade or mas-
sive exsanguination. In the peritoneal cavity, hepatic,
splenic, and mesenteric injuries can lead to massive
hemoperitoneum if not rapidly controlled either in
the operating room or interventional radiology suite.
Bleeding in the retroperitoneal space from injuries
to the great abdominal vessels, renal lacerations, or
pelvic fractures with associated damage to pelvic ves-
sels can be difficult to diagnose as ultrasound exam-
ination and peritoneal lavage are not reliable diag-
nostic tools. Extremity injury, such as a penetrating
wound or open fracture of the proximal leg or upper
arm,may causemassive bleeding from damage to arte-
rial and venous structures. More commonly, and fre-
quently overlooked, a closed fracture of the femur can
easily hide 2–3 units of bloodwithout obvious physical
exam findings of ongoing bleeding.

In modern trauma centers, facilities and person-
nel are available to address each of these injuries.
When patients present with multiple serious injuries,
diagnostic and therapeutic dilemmas arise in properly
sequencing the plan of care between advanced imaging
studies and operative or angiographic intervention.
For this reason, advanced trauma care centers with
focused hybrid operating suites are becoming more
common, allowing patients to be moved directly from
the emergency department to the hybrid resuscitation
area where all imaging and interventions can occur
simultaneously and in one location. It is very likely
that as this capability becomes more common, time to
hemostasis after multisystem injury will decrease and
survival will improve.

Massive transfusion
Traditionally, massive transfusion has been defined
as the administration of 10 or more units of RBCs
over a 24-hour period. Several alternative definitions

have been proposed, including transfusion of an entire
blood volume over 24 hours, 10 units over 6 hours,
5 units over 4 hours, 8 or more units over 12 hours,
or 3 or more units over a 1-hour period.[21] Older
definitions suffered from significant bias, and have
been replaced with rate-based definitions that quan-
tify transfusion requirement over shorter time periods.
Regardless of definition, this patient population repre-
sents the most critically injured and those most likely
to die secondary to massive hemorrhage. In a civil-
ian hospital setting, the incidence of trauma patients
receiving massive transfusion ranges between 1% and
3% of all admissions. The mortality of trauma patients
who receive massive transfusion is between 20% and
50%.[22–26] Also of critical importance is that these
patients die quickly after admission, with the median
time to death from hemorrhage of 2 hours.[26] These
high mortality rates, especially in those patients who
die very soon after admission, are frequently associ-
ated with the “lethal triad” that follows severe trauma,
characterized by hypothermia, metabolic acidosis, and
coagulopathy.[27] Historically, both hypothermia and
acidosis were aggressively treated, without a specific
focus on coagulopathy. In recent years it has become
understood that trauma-induced coagulopathy (TIC)
is a multifactorial event which is strongly associated
with increased mortality. It is important to promptly
recognize those patients who develop TIC, and focus
all resuscitative efforts on reversing and preventing
any exacerbation of this coagulopathy. The exact eti-
ology of TIC is unclear but the systemic shedding of
the glycocalyx and resultant increased permeability of
the endothelium is at least partially responsible. Hem-
orrhagic shock leads to systemic endothelial injury
and dysfunction that causes disturbances in coagula-
tion, vascular leak, edema, inflammation, and tissue
injury, termed “endotheliopathy of trauma.” Plasma
has been shown to repair endothelial tight junctions,
decrease paracellular permeability, and restore the gly-
cocalyx, while crystalloids have no effect. The exact
mechanism is unknown, but resuscitating with plasma
appears to help repair the vascular endothelium, min-
imizing edema and avoiding the iatrogenic resuscita-
tion injury associated with large volumes of crystalloid
administration.[28,29]

Historically, blood product components were
infused in a serial fashion. Many liters of crystalloid
were infused first, then moving to RBCs and then
adding plasma when the entire blood volume was
substituted, followed by the addition of platelets when
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two blood volumes were substituted.This strategy was
problematic as the dilution of coagulation factors and
platelets by large volumes of crystalloid and RBCs led
to further coagulopathy and ongoing bleeding. This
transfusion strategy was challenged early in the new
millennium, primarily by US military experiences
with combat injuries in Iraq, where thawed AB fresh
frozen plasma was administered together with RBCs
and platelets from the start of resuscitation.[30]

In 2007, Borgman et al. found a survival advan-
tage in massively transfused patients utilizing a bal-
anced transfusion strategy.[31] The transfusion of a
1:1:1 balanced ratio of blood product components
(plasma:platelets:RBCs) became the foundation for the
strategy described as “damage control resuscitation”
(DCR). At the same time that combat surgeons were
developing this concept, Johansson and colleagues in
Copenhagen were implementing a similar approach,
based on their transfusion experience with ruptured
aortic aneurysms.[32] The DCR approach has been
examined and validated by multiple authors, and has
undergone evaluation in single- and multicenter ret-
rospective studies, multicenter observational studies,
and recently a prospective and randomized multicen-
ter study.[31,33–35] The pragmatic randomized opti-
mal plasma and platelet ratio (PROPPR) study eval-
uated 680 patients randomized to either a 1:1:1 or
a 1:1:2 ratio. The authors found that there was no
mortality difference at 24 hours and 30 days, but more
patients in the 1:1:1 group achieved hemostasis and
fewer experienced death due to exsanguination by
24 hours. There was a significant difference (p = 0.02)
in mortality at 3 hours and this difference persisted
over the ensuing 30 days. No other safety differences
were identified between the two groups despite the
increased use of plasma and platelets transfused in the
1:1:1 group. These results have been viewed favorably
and many guidelines now recommend starting trans-
fusion with a 1:1:1 approach in massively bleeding
patients.[36]

At our center, the Texas Trauma Institute, we have
4 units of universal donor liquid plasma and RBCs
available in the emergency department at all times. If
the door is opened to the refrigerator housing these
units, the massive bleeding protocol is activated and
6 units of RBCs, 6 units of plasma, and a 6 pack
of platelets are delivered automatically to the emer-
gency department. The goal of this protocol is to
keep these products readily available for transfusion
at the patient’s bedside until hemostasis is achieved.

We utilize an active performance improvement pro-
cess to review each bleeding protocol activation, ensur-
ing optimal efficiency of this critical pathway.

Measuring coagulation
The recent paradigm shift in the resuscitation of mas-
sively bleeding patients has also been associated with
a change in the way that coagulation parameters in
trauma patients are measured. Historically, conven-
tional tests such as international normalized ratio
(INR), prothrombin time (PT), partial thromboplas-
tin time (PTT), platelet count, and fibrinogen lev-
els were used to identify those patients with trau-
matic coagulopathy who were in need of blood prod-
uct transfusion. These tests are problematic as they
were not designed to guide resuscitation efforts or
comprehensively describe coagulation function, and
are poorly associated with bleeding and transfusion
requirements. Furthermore, they are often clinically
irrelevant in massively bleeding patients as the results
take a prolonged time period to return. The optimal
coagulation test used to guide resuscitation in critically
injured patients would be a rapid assay based on whole
blood thatmore accurately reflects the integrated func-
tion of all aspects of the coagulation system.

The cell-basedmodel of hemostasis, which empha-
sizes both the importance of tissue factor as the ini-
tiator of coagulation as well as cellular elements such
as platelets, replaced the classical cascade model of
coagulation in the mid-1990s. According to the cell-
based model, hemostasis occurs in three phases: initi-
ation, amplification, and propagation, with the magni-
tude of thrombin generation determining the hemo-
static capacity of the formed clot.[37] This integrated
model of coagulation is now widely accepted, and the
viscoelastic hemostatic assays (VHAs) are felt to reflect
this approach more accurately than the conventional
tests described above.

VHAs such as thromboelastography (TEG) and
rotational thromboelastometry (ROTEM) have his-
torically been used to guide resuscitation in cardiac
and transplant centers, and are now frequently being
used in the trauma population. These assays pro-
duce a tracing based on viscoelastic properties of a
whole blood sample and represent components of the
coagulation system including plasma proteins and fi-
brinogen function, thrombin burst, platelet function,
and the fibrinolytic system. Compared with conven-
tional coagulation tests, results are available faster,
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cheaper, and provide a more global assessment of the
functional aspects of intravascular coagulation.[38]
They have also been shown to predict increased risk
of pulmonary embolism following major trauma.[39]
Rapid thromboelastography (r-TEG) can be imple-
mented with computer software packages that allow
the tracing to be monitored in real-time in the trauma
bay, operating room, or intensive care unit as the test
is being performed in the laboratory. This capabil-
ity provides the clinician with clinically useful data
that can be acted upon before the entire test is final-
ized and reported. When compared with conventional
coagulation tests this technology provides more rapid
results and has proven to be clinically superior, iden-
tifying patients with an increased risk of needing early
RBC, plasma, and platelet transfusions, and those with
excessive fibrinolysis. With a similar cost profile, it is
feasible to replace conventional coagulation tests with
VHAs in trauma patients.[31] However, in the rapidly
bleeding patient the VHAs still do not return data fast
enough for clinical utility. Rates of transfusion easily
approach several units every 5min, and the rate of
death from hemorrhagic shock is highest in the first
hour after admission. In these patients minutes really
do make a difference, and it is in this scenario that the
empiric 1:1:1 transfusion approach is utilized. Unfor-
tunately, VHAs do not reveal any direct data about
endotheliopathy of trauma and reveal limited informa-
tion about platelet function. Newer coagulation tests
should integrate these important data points, provid-
ing a more comprehensive picture of TIC.

Hemorrhage control
In the prehospital setting, the use of tourniquets,
hemostatic dressings, pelvic binders, and hypotensive
resuscitation efforts to minimize and prevent ongo-
ing blood loss is central to the model of damage con-
trol resuscitation. Trauma patients that have bleeding
controlled are much easier to resuscitate. Histori-
cally, the prehospital approach to hypotensive trauma
patients included the prompt administration of large
volumes of isotonic intravenous fluids. More recently,
most centers have adopted the practice of “permis-
sive hypotension” prior to operative control of bleed-
ing, which is used to prevent the disruption of clot
formation and exacerbation of ongoing hemorrhage.
The use of excessive crystalloid not only further dilutes
coagulation factors, exacerbates endothelial damage,
and increases edema, but the associated increase in

blood pressure can also “pop the clot,” leading to fur-
ther hemorrhage. Consistentwith this approach, a ran-
domized trial of prehospital hypotensive resuscitation
for penetrating torso injuries found that when com-
pared with the standard prehospital crystalloid resus-
citation group, those patients who were randomized to
receive no fluids prior to arrival in the operating room
had less intraoperative blood loss, increased survival,
and shorter hospital length of stay.[40]

Because so many patients exsanguinate before
reaching the hospital, newer methods of prehospital
abdominal hemorrhage control are needed. An inter-
esting experimental option is the use of a novel intra-
abdominal self-expanding polyurethane foam which
can be instilled into the peritoneal cavity in order to
provide temporary control of non-compressible hem-
orrhage in the prehospital setting.[41] Clinical trials
are being reviewed by regulatory bodies, and if suc-
cessful could significantly alter this landscape.The use
of catheter-based interventions for control of non-
compressible torso hemorrhage is also an area of active
clinical research. Resuscitative endovascular balloon
occlusion of the aorta (REBOA), initially described in
the 1950s, has been more frequently utilized over the
past several years as non-vascular surgeons become
more comfortable with endovascular techniques. This
procedure can be performed in the emergency depart-
ment and provides rapid temporary control of abdom-
inal and pelvic hemorrhage until definitive hemostasis
is achieved, without the need for a resuscitative thora-
cotomy with cross-clamping of the aorta.[42]

Prehospital transfusion
Optimal prehospital care is based on the logisti-
cally feasible extension of hospital care that can be
effectively delivered. As the resuscitation of bleeding
trauma patients in the hospital has shifted away from
a crystalloid-based resuscitation to a balanced blood
product approach, the use of prehospital transfusion
has developed. Why would we infuse crystalloids in
the prehospital setting when they are avoided in the
hospital? Following the lead of the recent military
experience, several civilian trauma centers have placed
RBCs and plasma on their helicopters. Several ret-
rospective studies have demonstrated a benefit with
prehospital transfusion of RBCs and plasma includ-
ing lower overall transfusion requirements, decreased
coagulopathy, improved early survival, and negligible
wastage of blood products.[43–45].
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We start transfusion with a plasma first approach,
and 85% of prehospital transfused patients have con-
tinued transfusion in the hospital. These small ret-
rospective studies have generated significant interest,
and there are now several ongoing prospective and
observational studies. While current studies are eval-
uating liquid products, future randomized studies will
include the use of dried blood products. This excit-
ing area of investigation is rapidly expanding and is
extremely important. Bringing blood products to the
point of injury will likely improve survival.

Bringing it all together
Starting at the point of injury and continuing into the
emergency department, evaluation with an emphasis
on rapid identification and treatment of active hem-
orrhage should ensue. All devices that are effective in
controlling external compressible hemorrhage are uti-
lized. If the patient has had transfusion started pre-
hospital, the massive bleeding protocol is automati-
cally activated and products are waiting in the emer-
gency department when the patient arrives. Diagnosis
is made via a thorough physical examination, assess-
ment of vital signs and response to initial resuscita-
tion, brief radiographic studies to include plain films
of the chest and pelvis, and ultrasound of the medi-
astinum and peritoneal cavity to evaluate for signs of
occult hemorrhage (Focused Assessment with Sonog-
raphy in Trauma, FAST). VHA assessment of coagu-
lation parameters (TEG, ROTEM), hemoglobin level,
and blood gas analysis is obtained on all seriously
injured patients.

Our group utilizes the Assessment of Blood Con-
sumption (ABC) score both on the helicopter and in
the emergency department to help guide the initia-
tion of transfusion. The ABC score is a rapid non-
laboratory-dependent tool that can accurately predict
those patients who will require massive transfusion.
Patients are given one point each for: penetrating
mechanism, initial SBP of �90mmHg, initial heart
rate of �120 bpm, and positive FAST exam. An ABC
score of �2 is 75% sensitive and 86% specific for
predicting massive transfusion.[46]. The ABC scor-
ing system is utilized to help predict which patients
will require massive transfusion as physician gestalt
has proved to be less accurate.[47] After complete
evaluation, hemodynamically stable patients can have
resuscitation guided by the returning VHAs. Patients
who present hypotensive or in shock, or have an ABC

score �2, should have large-bore i.v. access obtained
and have the massive bleeding protocol initiated, ini-
tially receiving a 1:1:1 ratio-driven resuscitation with
rapid control of hemorrhage sought in the operating
room or interventional radiology suite. It is critical to
have resuscitation and hemorrhage control interven-
tions occur simultaneously, with minimal time spent
in the emergency department in these most critically
ill patients. Ideally, less than 15min should be spent
in the evaluation phase, and the patient should move
to definitive hemorrhage control very quickly. We feel
that this provides optimal resuscitation of the endothe-
lium. Response to resuscitation should be closelymon-
itored (heart rate, blood pressure, urine output, base
deficit, lactate levels, etc.) and when bleeding slows so
that laboratory values return in a clinically useful time
period, resuscitation should transition from a ratio-
driven approach to a goal-driven approach guided by
VHAs. The TEG Ly30 can assess for hyperfibrinoly-
sis in a whole blood sample by measuring the per-
centage of maximal clot strength that has been dis-
solved 30min after maximum amplitude (MA) has
been reached. Mortality from trauma rises as fibrinol-
ysis increases to �3% as evidenced by TEG Ly30.[48]
In our center, those patients who are hyperfibrinolytic
(>3%) with ongoing hemorrhage, and are within a
3-hour window from injury, receive tranexamic acid
according to the CRASH2 trial dose.[49–51] When
bleeding stops and resuscitation is complete, TEG val-
ues are usually near normal. Utilizing the concepts
described above has resulted in a 30% decrease in
death from hemorrhage over the past 7 years.
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Section 4 The clinical setting

Chapter

33
Absorption of irrigating fluid

Robert G. Hahn

Summary

Absorption of irrigating fluid can occur in endo-
scopic surgeries. The complication is best known
from transurethral prostatic resection and tran-
scervical endometrial resection.Whenmonopolar
electrocautery is used, the irrigation is performed
with electrolyte-free fluid containing glycine, or
mannitol or sorbitol. With bipolar electrocautery
the irrigating fluid is usually isotonic saline. Inci-
dence data on fluid absorption and associated
adverse effects show great variation, but absorp-
tion in excess of 1 liter usually occurs in 5% to
10%of the operations and causes symptoms in 2–3
patients per 100 operations.

Thepathophysiology of the complications aris-
ing from absorption of electrolyte-free irrigating
fluids is complex. Symptoms can be related to
metabolic toxicity, cerebral edema, and circula-
tory effects caused by rapidmassive fluid overload.
Available data on absorption of isotonic saline
suggest that symptoms are likely when the volume
exceeds 2 liters.

Ethanol monitoring is the most viable of the
methods suggested formonitoring of fluid absorp-
tion in clinical practice. By using an irrigating fluid
that contains 1% of ethanol, updated information
about fluid absorption can be obtained at any time
perioperatively by letting the patient breathe into
a hand-held alcolmeter.

Treatment of massive fluid absorption is sup-
portive with regard to ventilation, hemodynam-
ics, and well-being. Hypertonic saline is indicated
when electrolyte-free fluids are used, while diuret-
ics should be withheld until the hemodynamic

situation has been stabilized. In contrast, absorp-
tion of isotonic saline should (logically) be treated
with diuretics as saline does not cause osmotic
diuresis and is not distributed to the intracellular
space.

A number of different sterile water solutions are
employed for irrigation in connection with various
operative procedures. Medical aspects of these are pri-
marily of interest when used during endoscopy. Here,
these solutions dilate the operating field andwash away
debris and blood. A potential complication of such
irrigation is absorption of the fluid by the patient, even
to the extent that symptoms ensue. The rate and vol-
ume of fluid absorbed, as well as the type of fluid used,
are of importance to the appearance of this iatrogenic
complication.

Patients developing overt symptoms due to absorp-
tion of irrigating fluid were first described in con-
nection with transurethral resection of the prostate
(TURP). The complication was named “transurethral
resection (TUR) syndrome” andwas proved during the
1940s to be due to uptake of more than 3 liters of ster-
ile water used for irrigation. An intense effort started
to add various non-electrolyte solutes to the sterile
water for the purpose of preventing fluid absorption
from causing hemolysis-induced renal failure. In the
mid-1950s the hemolysis problem had disappeared,
but other types of adverse effects continued to appear.
Since then, several hundred life-threatening and even
fatal TUR syndromes have been reported.[1]

The TUR syndrome might also develop in other
operations, including transcervical resection of the
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endometrium (TCRE), transurethral resection of blad-
der tumors, cystoscopy, arthroscopy, rectal tumor
surgery, vesical ultrasonic lithotripsy, and percuta-
neous nephrolithotripsy.

The most common irrigating fluids used today
contain one or two solutes, such as glycine, sorbitol,
or mannitol, to prevent hemolysis in case of absorp-
tion. These fluids are intended for monopolar electro-
cautery, i.e. when current travels between the tip of the
resectoscope to an electrode placed on the patient’s hip
or back.

With bipolar electrocautery the current travels only
across the tip of the resectoscope, and electrolyte-
containing solutions (most often isotonic saline) can
then be used. This technique was introduced early in
the newmillennium and is slowly taking over themar-
ket for electrocautery.The use of saline has paramount
influence over the type of adverse effects that can be
expected if absorption occurs.

Sterile water is still often used during cystoscopy as
it provides superior vision for the urologist. Although
perforations do occur, absorption of irrigating fluid
during cystoscopy is very rare.

Mechanisms
Irrigating fluid is most often absorbed directly into the
vascular system during TURP and TCRE, and implies
that a vein has been severed by the electrosurgery. The
event usually starts in the middle or at the end of the
surgery, and continues until it is completed.[2]

Extravasation occurs after perforations of
anatomic structures with the resectoscope. The
perforated tissue is the prostatic capsule in TURP, the
uterine wall in TCRE, and the bladder wall during
cystoscopy and transurethral resection of bladder
tumors. Extravasation is the predominant route of
absorption during renal stone surgery.[3]

Smoking is the only constitutional patient fac-
tor associated with large-scale fluid absorption dur-
ing TURP,[4] which is probably due to anoxia-induced
enlargement of the prostate vessels. Transurethral
resection in prostate cancer is associated with the same
incidence of fluid absorption as those with benign
tissue.[2] Fluid absorption increases with the extent
of the resection, since the exposure to the fluid then
becomes prolonged.[2]

During TCRE, fluid absorption occurs more often
when fibroids are resected.[5] Some extravasation via
the Fallopian tubes can be expected to occur because

the fluid pressure used is much higher than during
TURP (about 150mmHg versus 15–40mmHg).[6]

Incidence and clinical presentation

Electrolyte-free fluid
Symptoms of fluid absorption occur in between 1%
and 8% of TURPs performed when glycine is used
as the irrigating solution.[1] Absorption in excess of
1 liter is associated with a statistically increased risk
of symptoms.[7] This has been reported in between
5% and 20% of TURPs performed.[2,8] Extravasation
is the cause in about 20% of these patients.[7] Fluid
absorption seems to be slightly more common dur-
ing TCRE and percutaneous stone surgery than during
TURP.[9,10]

The incidence and severity of symptoms for
increasing amounts of absorbed fluid have been best
established for glycine solution during TURP. Olsson
et al. [7] recorded an average of 1.3 symptoms from the
circulatory and nervous systems in each TURP during
which very little or no fluid was absorbed (0–300ml).
This figure increased to 2.3 symptoms per operation
when between 1 and 2 liters of glycine 1.5% was taken
up, while 5.8 symptoms developed when the absorp-
tion exceeded 3 liters. The dose-dependent increase in
the number of symptoms has been confirmed in later
prospective studies.[8,11]

During surgery, the patient may experience tran-
sient prickling and burning sensations in the face and
neck, suffer chest pain, become restless, and complain
of headache. Bradycardia and arterial hypotension are
very common signs of volume overload, which occa-
sionally progress to pulmonary edema.

Nausea and arterial hypotension followed by vom-
iting and low urinary output are typical symptoms
in the postoperative period.[7,8,11] Absorption of a
few hundred milliliters is associated with transient
cognitive dysfunction,[12] while apparent confusion
might occur after absorption of 1–2 liters,[13] which,
with larger absorption volumes, eventually results in
coma.[14]

Abdominal pain is a common first sign of extrava-
sation, which is further associated with a higher
incidence of arterial hypotension and poor urinary
output.[15]

Mild TUR syndromes are incomplete and easily
overlooked. A drop in arterial pressure at the end of
surgery combined with nausea is the most common

254
at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.035
Downloaded from https://www.cambridge.org/core. The University of British Columbia Library, on 05 Feb 2018 at 09:15:14, subject to the Cambridge Core terms of use, available

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.035
https://www.cambridge.org/core


Chapter 33: Absorption of irrigating fluid

presentation. The severe TUR syndrome is rare and
occurs perhaps in 0.1–0.5% of operations. A French
review of 24 severe TUR syndromes showed neurolog-
ical (92%) and cardiovascular symptoms (54%), visual
disturbances (42%), digestive symptoms (25%), and
renal failure (21%). The mortality rate was 25%.[16]

Electrolyte-containing fluid
There is only scarce information about the inci-
dence and symptomatology of fluid absorption when
endoscopic resection is performed with the bipolar
technique. There is a widespread belief among urol-
ogists that all adverse effects including the TUR syn-
drome have disappeared because hyponatremia does
not occur when isotonic saline is used for irrigation.
It is true that the parts of the TUR syndrome that are
due to hyponatremia, such as brain edema and epilep-
tic seizures, no longer can occur. However, a few pub-
lications using ethanol as the tracer show that fluid
absorption still occurs, and suggest that the problem
is underestimated by the medical community.

One study reported saline absorption that
exceeded 500ml in 2% of 185 TURP patients [17] and
another 16% of 55 patients undergoing high-power
laser prostate vaporization, of which one patient
with the largest absorption (>2 liters) showed agita-
tion and dyspnea.[18] Likewise, in a further study,
saline absorption occurred in 44% and the volume
exceeded 1 liter in 20% of the patients (maximum
3.5 liters). Three patients had symptoms, consisting of
depressed consciousness, mild dyspnea, and low oxy-
gen saturation.[19] Absorption averaged as much as
900ml in a study in which TURP was compared with
transurethral enucleation.[20]

In addition to observations made during and after
prostate surgery, there is much information about
dose-dependent adverse effects of isotonic saline to
be found from the literature where saline has been
given by intravenous infusion. However, fluid absorp-
tion might occur much faster than infusion fluids are
normally administered, which raises special concerns.
Up to 2.4 liters over 10min has been reported.[21]

The irrigating solutions
Glycine is an amino acid with a dose-dependent
half-life of between 40min and several hours, which
is probably due to intracellular accumulation.[22]
Glycine is an inhibitory neurotransmittor in the retina,
and absorption sometimes causes visual disturbances

or transient blindness, which always resolve within
24 hours.

Elimination occurs by direct cleavage in the
liver, which is a process that yields ammonia. Those
who absorb glycine may develop hyperammonemic
encephalopathy, which is associated with blood
ammonia concentrations >100µmol/l (normal range
10–35).[23] A genetic disposition seems to be
involved, since only 15–20% of a group of volunteers
had a rise in blood ammonia when challenged by
glycine overload.[24]

Absorption of glycine solution induces osmotic
diuresis, whereby 5–10% of an excess dose becomes
excreted along with electrolytes, including sodium.
This creates an absolute loss of sodium from the body,
which undoubtedly prolongs the hyponatremia that
always results from dilution of the extracellular fluid
(ECF) with electrolyte-free irrigating fluid. Glycine is
usually marketed in a 1.5% solution, which is slightly
hypo-osmotic.

A review of the mortality, symptoms, and bio-
chemical disturbances after experimental infusions
and absorption of glycine in animals, volunteers, and
patients shows that glycine solution is associated with
the worst outcome of the electrolyte-free irrigating flu-
ids.[25] However, sterile water was not included in the
comparison because of too scarce data.

Mannitol is an isomer of glucose that is marketed
as a 3% or 5% solution, of which the latter is iso-
osmotic. The elimination half-life is 100–130min but
is markedly longer in patients with a raised serum
creatinine concentration.Mannitol cannot bemetabo-
lized and is excreted unchanged in the urine. The lack
of reabsorption causes osmotic diuresis. Circulatory
symptoms following absorption of mannitol 3% are as
common as for glycine 1.5%, but neurological symp-
toms are rare.[8]

Sorbitol is metabolized to fructose and glucose in
the liver with a half-life of 30min. Overload with
sorbitol may be complicated by lactic acidosis,[26]
and intolerance to a metabolite, fructose, can be life-
threatening. In commercial solutions sorbitol is often
combined with mannitol in a 5:1 or 2:1 ratio.

Sterile water causes hemolysis and renal damage if
absorbed into the blood.Therefore this irrigating solu-
tion should only be usedwithout electrocautery, i.e. for
visual inspections.

These hypo-osmotic irrigating fluids hydrate the
ECF space but also add water to the intracellular fluid
(ICF). Volume expansion of the ICF becomes more
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apparent with time when glycine and sorbitol are used
as solutes as they undergo intracellular metabolism.

Isotonic saline is used for irrigation with the bipo-
lar resection technique. Infusion of 2–3 liters of nor-
mal saline in volunteers was followed by mental
changes and discomfort from swelling.[27,28] Nor-
mal saline also gives rise to hyperchloremic metabolic
acidosis and inhibits kidney function due to its high
amount of chloride.[29]. Other adverse effects are not
fluid-specific but probably follow the same course as
the balanced Ringer’s solutions when given in pro-
gressively larger volumes. However, many symptoms
of “TUR syndrome” known from the absorption of
electrolyte-free fluid seem to be absent.[30].

Pathophysiology
TheTUR syndrome induced by an electrolyte-free irri-
gating fluid has a complex pathophysiology.[1] Key
elements comprise a two-stage cardiovascular distur-
bance, hyponatremia, and cerebral edema.

The cardiovascular response to fluid absorption
consists of transient hypervolemia with increased cen-
tral hemodynamic pressures, which level off within
15min. This phase might involve chest pain, dyspnea,
and acute pulmonary edema on the operating table.

Hypervolemia is followed by a hypokinetic phase
with low cardiac output, hypovolemia, and low arterial
pressure.[31] Disturbances of heart function include
bradycardia and depression of the ST segment and the
T wave. Cardiac function is also impaired by fluid-
induced damage to the myocardium.[32–34] Glycine
causes more damage to the myocardium than other
fluids.[32]

The existence of hypovolemia is the part of
the pathophysiology that has been most difficult to
explain. Causes include that rapidly absorbed fluid
that has distributed to the interstitial fluid space does
not return to the plasma,[31] which is probably due
to loss of stiffness of the interstitial gel when over-
whelmed by massive amounts of fluid. The absorbed
fluid then accumulates in lacunae in the tissues. There
is also an osmotic-driven uptake of fluid to the cells
because irrigating fluids are usually hypo-osmotic, and
both glycine and sorbitol are distributed intracellu-
larly. The intracellular uptake is aggravated by the
osmotic diuresis that is induced by all electrolyte-
free irrigating fluids because this diuresis causes a net
loss of sodium from the body. These factors, together
with transiently increased bleeding, make the TUR

syndrome a hypovolemic condition that promotes
low-flow circulation, arterial hypotension and possi-
bly cardiovascular shock 10–15min after the absorp-
tion has stopped.

Hyponatremia (<120mmol/l) is a feared but
invariable consequence of absorption of electrolyte-
free irrigating fluid.[14] Hyponatremia is aggravated
by osmotic diuresis, which attracts sodium ions despite
the presence of hyponatremia.

Hyponatremia is typically accompanied by hypo-
osmolality (reduction by 10–25mosmol/kg) since
most irrigating fluids are hypo-osmolar.These changes
promote brain edema, which lowers consciousness a
few hours after the surgery.

Serumpotassiumoften increases transiently by 15–
25% and amoderately severemetabolic acidosis devel-
ops. The risk of urosepsis is increased.[8]

The kidneys ultimately swell in response to large
amounts of irrigating fluid, which is followed by poor
urinary output and ultimately by renal damage and
anuria. Absorption of sterile water exerts amore direct
toxic effect on the kidneys which is due to the accom-
panying hemolysis.

Death from the TUR syndrome is caused by car-
diovascular collapse and shock during the hypokinetic
hemodynamic phase, or else by cerebral herniation
resulting from brain edema.[16]

Comparisons between the different irrigating flu-
ids show that mannitol solution is better than glycine
with respect to tissue damage [32] and mortality
[35] (animals) and symptoms (volunteers [36] and
patients [8]).

Isotonic saline does not cause brain edema, but the
experience of this fluid with regard to other symptoms
during endoscopic surgery is limited. Besides abdomi-
nal discomfort and nausea,[27] large amounts of saline
promote the development of pulmonary edema.

Animal experiments show that replacing
electrolyte-free irrigating fluids with normal saline
reduces, but does not eliminate, tissue damage [34]
and mortality.[37] In any event, symptoms of the TUR
syndrome are a smaller issuewhen using normal saline
as the irrigant instead of glycine 1.5%,[30] which rates
worst in comparison with other fluids.[25,32,35,36]

Measuring fluid absorption
Absorption of electrolyte-free irrigating fluid can be
estimated by measuring serum sodium at the very end
of surgery. The correlation between the decrease in
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serum sodium from the preoperative value and volume
of irrigant absorbed is somewhat dependent on the
period of time during which absorption has occurred.
However, a good estimate can be obtained by tak-
ing a decrease of 5–6mmol/l to represent absorp-
tion of 1 liter of fluid during TURP, and that 10–
12mmol/l corresponds to absorption of twice as much
volume.[36,38]

The hyponatremic response to fluid absorption
in females undergoing TCRE is stronger, and 1 liter
of fluid corresponds to a reduction of approximately
10mmol/l in serum sodium. In both groups of
patients, the drop in serum sodium is only 1/3 as large
at the end of surgery in response to fluid that has been
absorbed by extravasation.[38]

The possibility of assessing fluid absorption by
serum sodium does not exist when using isotonic
saline, although the addition of glucose up to a con-
centration of 0.5% in the saline solution can serve as
replacement.[39]

The volumetric fluid balance is based on a calcula-
tion of the difference between the amount of irrigating
fluid used and the volume recovered. Positive values
are regarded as absorption.The accuracy ismoderately
good, and errors up to 1 liter can be made due to vari-
ations in bag-to-bag content, spillage on the floor, and
the addition of blood and urine to the irrigating fluid
returns. The volumetric fluid balance is less prone to
error during TCRE.

Ethanol has been added to the irrigating fluid to
a concentration of 1% and the measured body con-
centration used an index of fluid absorption. Mea-
surements of the ethanol level in exhaled breath can
be made during surgery with relatively little effort.
The sensitivity is superior to the other two methods
(approximately 100ml is detected) and has the bene-
fit of being non-invasive. Ethanol monitoring has been
well evaluated worldwide and is an excellent educa-
tional tool for urologists-in-training.[38] The method
might also be used during TCRE.[9] An example of
how a pattern of ethanol changes look during an oper-
ation with fluid absorption is shown in Figure 33.1.

One important issue is that the anesthetist must
be aware of how the alcolmeter is calibrated (for
blood or breath) to consult the correct nomogram
when obtaining an estimate of how much fluid that
has been absorbed. A challenge is that intravascu-
lar and extravascular absorption give rise to differ-
ent patterns and levels of breath ethanol concentra-
tions. The extravascular type gives a slowly rising
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Figure 33.1 Blood ethanol concentration as indicated in the
breath (top); serum sodium (middle); and the fluid absorption rate
as obtained by careful measurements of the volumetric fluid
balance corrected from blood loss over 5- or 10-min periods
(bottom) in one patient undergoing transurethral resection of the
prostate. The route of fluid uptake is intravascular. From Ref. [48],
reproduced courtesy of Acta Anaesthesiologica Scandinavica.

ethanol concentration that remains high when irriga-
tion has stopped (Figure 33.2). With the more com-
mon intravascular type of fluid absorption, elevations
of the breath ethanol concentration can occur much
faster and a drop is seen within a fewminutes after the
irrigation has stopped.

Measuring serum sodium has the purpose of con-
firming that fluid absorption is the cause of the symp-
toms. On the other hand, non-invasive methods that
can be repeated perioperatively, such as volumetric
balance and the ethanol method, open up the possi-
bility of preventing large-scale fluid absorption from
occurring. Once data indicate that 1 liter of fluid has
been absorbed it is suggested that the operation should
be concluded earlier than planned, and after 2 liters
it becomes even more important to stop surgery. An
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Figure 33.2 Expected course of serum sodium (A) and blood
ethanol concentration (B) (the latter measured in the expired
breath) during and after TURP during which absorption of 2 liters of
irrigating fluid containing glycine 1.5% and ethanol 1% has
occurred over 30min, depending on the route of absorption.

early indication that irrigating fluid has been absorbed
allows the optimal level of postoperative care to be cho-
sen and also the initiation of the earliest possible treat-
ment.

Nomograms for how to estimate fluid absorption
are shown in Figures 33.3 and 33.4. Regression equa-
tions have also been developed for calculation of fluid
absorption in the scientific setting (see Box 33.1).

Prevention
Fluid absorption and blood loss is reduced, but
not eliminated, by vaporizing rather than resecting
tissue.

The irrigating fluid used during TURP might be
evacuated through a suprapubic trocar.This allows the
use of continuous irrigation at a low fluid pressure,
which speeds up the operation but increases the use of
irrigating fluid. Low-pressure irrigation limits or pre-
vents fluid absorption as long as the outflow is not
obstructed by debris and blood clots.

Figure 33.3 Nomogram for quick reference between the
volume of irrigant absorbed and the breath ethanol concentration
(calibrated to blood ethanol) and, if the fluid is electrolyte-free, the
corresponding decrease in serum sodium. The volume of irrigant
absorbed is given from the average absorption time during TURP,
which is 20min. The median absolute residual error is 146ml and R2

for the regression is 0.80. From Ref. [48], reproduced courtesy of
Acta Anaesthesiologica Scandinavica.

Figure 33.4 Nomogram for estimating the volume of irrigant
absorbed from the breath ethanol concentration (not calibrated to
blood ethanol) at any time during TURP. If the fluid is electrolyte-
free, the corresponding decrease in serum sodium is also predicted.
To estimate intravascular fluid absorption, first use the upper
nomogram and add the effect of distribution and elimination by
using the scale below. The median absolute residual error is 118ml
and R2 for the regression 0.90.The accompanying decrease in serum
sodium inflicted by the use of electrolyte-free irrigating fluid is
obtained directly from the upper nomogram. From Ref. [48],
reproduced courtesy of Acta Anaesthesiologica Scandinavica.

Fluid absorption varies between surgeons and
depends on their skill in avoiding prostatic capsule
perforations or the opening up of venous sinuses.
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Chapter 33: Absorption of irrigating fluid

Box 33.1 How to calculate fluid absorption from a
regression equation

An equation recommended for scientific reports is
one that is based on 10-min measurements
throughout 90 TURPs [49]. Here, the equation gives
the absorbed volume in 10-min increments that must
be summed to give the total absorption:

Absorption (ml) =
∑

(2,140 + 3,430 ethanoli)

×�ethanol + (44 + 806 ethanoli)

where ethanoli is the blood ethanol concentration as
indicated in the breath at the beginning of the
10-min period, and �ethanol is the change in
concentration during that 10-min period.

Assume that we have a TURP operation in which
one ethanol measurement is made at the end of
three successive 10-min periods. The readings are
0.15, 0.25, and 0.30 g/l. When the reading is zero, the
equation should not be applied. Inserting the data
series given above, this equation provides the
following output for the three 10-min periods
mentioned above:

Absorption = (2,140 + 3,430 × 0) × 0.15 +
(44 + 806 × 0) = 321 + 44 = 365ml

Absorption = (2,140 + 3,430 × 0.15) × 0.10 +
(44 + 806 × 0.15) = 265 + 165 = 430ml

Absorption = (2,140 + 3,430 × 0.25) × 0.05 +
(44 + 806 × 0.25) = 150 + 246 = 396ml

The total absorption during the 30-min surgical
procedure is the sum of these three 10-min
calculations, i.e. 365, (365 + 430) = 795, and finally
(365 + 430 + 396) = 1,191ml. The median absolute
residual error is approximately 100ml, and the
equation can also be applied for decreasing
concentrations, as some ongoing absorption is
needed to maintain an already elevated ethanol
level. Decreasing ethanol concentrations can be
handled by letting �ethanol attain negative values.
Continued absorption is needed to maintain a raised
ethanol level, and more is required to maintain a high
concentration than a low because most of the
decrease is due to distribution. Arrested absorption
typically results in a rapid fall in the ethanol level
provided that absorption has occurred by the
intravascular route.

From [48], reproduced courtesy of Acta
Anaesthesiologica Scandinavica.

There is a belief among urologists that dangerous
fluid absorption during TURP can be prevented by
limiting the operating time to 1 hour. However, the

odds for absorption involve a similar likelihood over
time, which accumulates to a gradually increased total
risk.[2].Hence,massive fluid absorptionmight already
be at hand after 20min of surgery.

Placing the irrigating fluid bag at low height above
the operating table is of little help because urologists
tend to operate at a much lower fluid pressure than
made possible by the bag height.[40,41]

The bipolar resection technique allows the use of
normal saline for irrigation, and is often claimed to
prevent the TUR syndrome. Experience with fluid
overload during bipolar resection is still limited.There
is no reason to believe that fluid absorption will be less
frequent, but the TUR syndrome is likely to have a dif-
ferent appearance.

Treatment
The TUR syndrome requires general supportive mea-
sures if breathing and/or consciousness are affected.
Severe hypotension should be treated promptly with
colloid volume loading, intravenous calcium, and
adrenergic drugs.

Hypertonic saline should be infused when the
hemodynamics is under control. The indication
requires either that symptoms have developed or
that the serum sodium concentration has fallen to
below 120mmol/l, which corresponds to absorption
of approximately 3.5 liters of fluid. Hypertonic saline
combats cerebral edema and expands the plasma vol-
ume, reduces cellular swelling, and increases urinary
excretion.

Both experimental [42] and clinical [43,44] studies
support the usefulness of treating the TUR syndrome
with hypertonic saline. Above all, raising the serum
sodium level is most essential in menstruating women
because they are more prone to develop brain damage
from hyponatremia than other patients.

Rapid correction of chronic hyponatremia might
induce pontine myelinolysis but this is not the experi-
ence with acute hyponatremia. An infusion of 250ml
of 7.5% NaCl can be started slowly and another bag
added later if necessary. Raising the serum sodium
level by 1mmol/l per hour has been suggested as a safe
rate,[44] but hypertonic saline has not been reported to
induce pontine myelinolysis when given faster. Treat-
ment should stop when serum sodium has reached
130mmol/l as there is a risk of over-correction.

Diuretic treatment is imperative in case pulmonary
edema or renal failure develops. However, such drugs
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Section 4: The clinical setting

aggravate hypotension and hyponatremia and should
therefore be withheld until the hemodynamic situa-
tion is under control and a drip of hypertonic saline is
ongoing.The value of diuretics has not been evaluated
in randomized clinical studies, but without diuretics
absorbed electrolyte-free irrigating fluid in excess of
1 liter is strongly associated with a positive fluid bal-
ance 24 hours after TURP.[45] Hypertonic mannitol
might be superior to furosemide if used early on after
the surgery.[46]

Massive extravasation to the periprostatic or
intraperitoneal spaces can be treated with surgical
drainage. Here, electrolytes from the ECF enter the
pool of irrigating fluid more quickly than the pool
is absorbed by the circulation.[47] Hence, surgical
drainage removes electrolytes from the body and they
need to be replaced. Special attention should be given
to the high risk of arterial hypotension and associated
oliguria.[15]

Large-scale fluid absorption with normal saline is a
possibility during bipolar resection. Treatment should
probably be limited to general supportive measures
and diuretics. Hypertonic saline is not indicated.
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Section 4 The clinical setting

Chapter

34
Adverse effects of infusion fluids

Robert G. Hahn

Summary

Adverse effects may arise if an infusion fluid
diverges from the body fluids with respect to
osmolality or temperature. Coagulation becomes
impaired when the fluid-induced hemodilution is
approximately 40%. Infusion of 2–3 liters of crys-
talloid fluid prolongs the gastrointestinal recov-
ery time, while 6–7 liters promotes poor wound
healing, pulmonary edema, and pneumonia. In
abdominal surgery, suture insufficiency and sep-
sis becomemore common.However, a liberal fluid
program in the postoperative period probably
does not increase the number of complications.

Isotonic saline probably shares these adverse
effects with the balanced crystalloid fluids, but
adds on a tendency to metabolic acidosis and
slight impairment of the kidney function (−10%).
Glucose solutions may induce hyperglycemia and
post-infusion rebound hypoglycemia. Glucose 5%
without electrolytes increases the risk of postoper-
ative subacute hyponatremia.

Adverse effects associated with colloid fluids
include anaphylactic reactions, which occur in
approximately 1 out of 500 infusions. To reduce
this problem when dextran is used, pretreatment
with a hapten inhibitor (dextran 1 kDa) should
be employed. Hyperoncotic colloid solutions may
cause pre-renal anuria in dehydrated patients.The
indications for hydroxyethyl starch have been lim-
ited, owing to impairment of kidney function in
severely ill patients.

Edema from a colloid is most clearly associ-
ated with inflammation-induced acceleration of
the capillary escape rate. A factor promoting

peripheral edema from crystalloid fluids is that
volume expansion negatively affects the viscoelas-
tic properties of the interstitial fluid gel. The slow
excretion of crystalloid fluid during anesthesia
and surgery also contributes to the development
of edema.

Fluids administered by intravenous infusion are asso-
ciated with adverse effects of different types. These
include problems arising from hypothermia, elec-
trolyte composition, infused volume or rate of infu-
sion, or anaphylactoid/toxic effects.

Many of these problems have already been
described in this book because they are important
guides when tailoring fluid therapies. This chapter
sums up the issues that the anesthetist should consider.

Osmolality and temperature
Isotonic and nearly isotonic crystalloid solutions are
non-toxic and do not cause immunological reactions.
Hypertonic fluids often cause pain at the site of
infusion and may induce local inflammation result-
ing in thrombophlebitis. Injection of a small amount
(1ml) of local anesthetic is usually sufficient to curtail
this pain. Infusion in a large vein is recommended if a
lengthy infusion is planned and the osmolality of the
fluid is >600mosmol/kg.

Infusion of fluid at room temperature may cause
shivering, which increases the oxygen consumption. In
volunteers, crystalloid fluid at 18 °C as compared with
36 °C stimulated release of atrial natriuretic peptides
and increased the urinary excretion.[1]

Clinical Fluid Therapy in the Perioperative Setting, Second Edition, ed. Robert G. Hahn. Published by Cambridge University
Press. C© Cambridge University Press 2016.
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Chapter 34: Adverse effects of infusion fluids

A reduction of the body temperature is very com-
mon during surgery, but the cause is then multifac-
torial. Normal thermoregulation is impaired by gen-
eral anesthesia and the almost naked patient is exposed
to cold air (radiant heat loss), air currents (convec-
tive heat loss), and cold instruments (conductive heat
loss).[2] The greatest heat loss occurs during the first
hour of surgery during surgery and is due to evapora-
tion from skin preparatory solutions and exposure of
viscera. A plateau in body temperature is commonly
seen after 2–4 hours of surgery.[3]

Infusion fluids contribute to the development of
hypothermia by increasing the conductive heat loss.
One liter of intravenous fluid at room temperature
increases the loss by 16 kcal, and one liter of blood at
4 °C is 30 kcal.[1] Irrigation of body cavities, such as
the bladder, may give rise to exceptional fluid-induced
heat losses due to the large fluid volumes used; in
transurethral prostate surgery it is not uncommon to
irrigate the bladder with 15–20 liters of fluid.

The use of blankets to cover the body and warming
of the infusion fluids prevent serious reductions of the
body temperature during surgery. Continuous warm-
ing of the fluid is recommended since the tempera-
ture drops fast after being taken out from a heater; in
one study of 3-liter bags the temperature decreased by
0.1 °C per minute.[4]

The problem arising in a patient who has become
hypothermic (35 °C and below) is a larger blood
loss due to coagulopathy. Plasma behaves “as if it
lacked clotting factors.”[3] In the postoperative care
unit, the patient will experience postoperative ther-
mal discomfort and feel cold. As normal thermoreg-
ulatory responses return, vasoconstriction and shiv-
ering may ensue, which is uncomfortable and delays
discharge.

Hemostatic effects
All infusion fluids impair coagulation by dilution of
the plasma proteins, of which some are important to
the coagulation cascade. However, crystalloids (and
possibly gelatin) actually strengthen the coagulation
until the blood has been diluted by 40%, whereafter
coagulopathy gradually develops. The reason is that
the effects of coagulation inhibitors (antithrombin,
protein C, and alpha-2-macroglobulin) decrease with
progressive dilution while the hemodilution must be
quite severe for the activity of the promotors of coagu-
lation, such as thrombin, to be reduced.

The first critical point is when the plasma concen-
tration of the precursor of thrombin, fibrinogen, drops
below 1 g/l from the normal range of 1.5–3.0 g/l (when
estimating this decrease, the anesthetist must consider
that the relative decrease in plasma protein concentra-
tion from an infusion fluid is almost twice as large as
the concomitant decrease in blood hemoglobin con-
centration). With further hemodilution, the concen-
trations of the other coagulation factors become crit-
ical, and finally the thrombocytes. Hemostatic prob-
lems get worse if excessive hemodilution is combined
with hypothermia.

To prevent coagulopathy, all colloid fluids have
a maximum recommended dose that can be infused
per 24 hours. This dose is 3.5 liters for hydroxyethyl
starch (HES) 130/0.4 and 1.5 liters for dextran 70.
Starch preparations with larger molecules have about
the same maximum dose as dextran. The maxi-
mum doses are not only explained by the long-
lasting dilution of the coagulation proteins, but also
by changes in plasma viscosity and microcircula-
tory flow. Toxic effects on certain coagulation fac-
tors have also been proposed. However, the evidence
for a clinical effect is scarce, except possibly for dex-
tran,which reduces platelet adhesiveness and increases
the lysability of blood clots.[5] On the other hand,
these effects contribute to the usefulness of dex-
tran in preventing venous thromboembolism during
surgery.

A more detailed account of the effects of infu-
sion fluids on the coagulation system can be found in
Chapter 9, “Fluids and coagulation.”

Crystalloid fluids
Small amounts of balanced crystalloid fluids are not
associated with adverse effects, but high infusion rates
and large volumes are.

In patients with heart failure, high infusion rates
may precipitate pulmonary edema owing to acute
expansion of the plasma volume. Distribution of fluid
to perivascular tissue might also explain the impair-
ment of pulmonary function (forced vital capacity)
occurring in healthy volunteers with a mean age
of 63 years after infusion of 40ml/kg of crystalloid
fluid.[6]

Adverse effects that develop also in the young
and healthy are related to the distribution of the
fluid. Crystalloid fluid distributes preferentially to
interstitial tissues with high compliance for volume
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expansion, such as the subcutis, the lungs, and the
gastrointestinal tract. Infusion of Ringer’s acetate at a
rate of 1.6ml/kg per minute (2 liters over 15min in an
adult) caused swelling sensations in the face and arms,
as well as slight dyspnea, in young women.[7]

Infusing 2 liters of Ringer’s acetate in laparoscopic
cancer patients delayed the gastrointestinal recovery
time by 2 days.[8] Ameta-analysis of restrictive/liberal
fluid studies of open abdominal surgery showed that
providing between 1.75 and 2.75 liters of crystalloid
fluid during the surgery reduced the number of sur-
gical complications.[9]

A study of cystectomy patients reported that the
gastrointestinal and cardiac complications were more
common, and the hospital time longer, when 8.8ml/kg
per hour instead of 3.5ml/kg per hour of crystalloid
fluid was infused. Here, the treatment program in the
low-volume group included a low-dose noradrenaline
infusion to maintain the arterial pressure.[10] A study
of major abdominal surgery showed that administer-
ing 4ml/kg per hour resulted in fewer postoperative
complications than 12ml/kg per hour.[11]

Increasing the crystalloid fluid load to 6–7 liters
opens a more severe scenario of adverse effects. Pul-
monary edema may develop that is occasionally fatal,
and can arise several days after any surgery.[12] In
colon surgery, wound infection, suture insufficiency,
bleeding, pulmonary edema, and pulmonary infec-
tions become more common for this load than for
the use of 3 liters of fluid.[13] Larger fluid volumes
are associated with a weight increase of several kilos,
which might persist for 4–5 days postoperatively.

In contrast to the intraoperative period, a restric-
tive crystalloid fluid program during the postoperative
period did not reduce the number of complications.
One study found just the opposite.[14] This might be
explained by the fact that fluid given after surgery
is readily excreted at this stage.[15] In contrast, the
crystalloid fluid infused during anesthesia and surgery
is eliminated very slowly, the half-life being at least
10 times longer than after surgery (300–400min ver-
sus 20–40min).

Isotonic saline is associated with specific adverse
effects due to the non-physiological electrolyte com-
position. These include metabolic acidosis, impair-
ment of kidney function, possibly abdominal pain,
and a higher incidence of postoperative complica-
tions.[16,17] These negative effects are hardly notice-
able after infusion of 1 liter of saline but clearly notice-
able after 2 liters, when blood pH can be expected to

have arrived at the lower end of the normal interval
and the renal blood flow and the glomerular filtra-
tion rates have been reduced by 10–15%. The cause of
the acidosis is that the surplus of chloride ions in iso-
tonic saline decreases the plasma strong ion difference
(SID = [Na+] + [K+] + [Ca2+] + [Mg2+] − [Cl−] −
[other strong anions]) by diluting the body fluids with
a solution having a SID of zero. Moreover, there is all
reason to believe that isotonic saline shares the more
general adverse effects of crystalloid fluids that are
associated with the rate of infusion and volume over-
load and have been described above.

Glucose solutions always carry a risk of inducing
hyperglycemia. The capacity to handle exogenous glu-
cose shows a four-fold reduction in the course of
surgery (see Chapter 4, “Glucose solutions”). Plasma
glucose >9–10mmol/l promotes infection, while >12
mmol/l results in osmotic diuresis and poorer neuro-
logical outcome in the case of cardiac arrest. Glucose
solutions should normally be half-isotonic with regard
to electrolytes, as glucose-free fluids may induce sub-
acute hyponatremia, which presents with neurological
disturbances (confusion, dizziness, balance problems)
2–3 days after the surgery.Thepathophysiology ismul-
tifactorial and typically includes at least two of the fol-
lowing factors: electrolyte-free fluids by intravenous
infusion and by mouth (soft drinks etc.), vasopressin
release after a marked intraoperative drop in arterial
pressure, medication with diuretics, and some impair-
ment of kidney function. The serum sodium concen-
tration is <130mmo/l when symptoms appear.

Treatment of subacute hyponatremia consists of
slow restoration of the serum sodium level (1–
2mmol/l per hour) with isotonic saline, occasionally
with hypertonic saline. Titration of the serum sodium
level during treatment is mandatory to prevent the
increase being too fast. All neurological symptoms
resolve if the diagnosis is made promptly and followed
by judicious restoration of the serum sodium level.

Glucose solutions that are given reasonably fast
should not be turned off abruptly, as the body
has difficulty in adapting to the new situation and
hypoglycemia easily develops 30–45min later (Figure
34.1A). If parturients are given glucose, the rate of
infusion should not exceed 1 liter per 6 hours, as hypo-
glycemia may otherwise develop in the baby soon
after delivery. This complication might occur dur-
ing minor surgery (Figure 34.1B) but becomes pro-
gressively more unlikely with more extensive surgery
(Figure 34.1C, D).
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Figure 34.1 A: Rebound hypoglycemia in a young male volunteer who received 14ml/kg of glucose 5% over 45min. B: Rebound
hypoglycemia in a 19-year-old male who received 3.3ml/kg of glucose 2.5% over 20min and then half that rate over 60min during
inguinal hernia surgery. C: Plasma glucose in a 31-year-old male who received 3.3ml/kg of glucose 2.5% over 80min during laparoscopic
cholecystectomy. D: Slow elimination of glucose in a 73-year-old male who received 3.3ml/kg of glucose 2.5% over 20min and then half
that rate over 60min during open colon surgery.

Bicarbonate is usually marketed in a hypertonic
solution (600–800mosmol/kg). Bicarbonate may be
use to combat life-threatening acidosis. The use of
bicarbonate solutions is quite limited because the
rational treatment of acidosis is to seek and treat the
underlying cause. The end product in the metabolism
is carbon dioxide and water, which means that admin-
istration of bicarbonate increases breathing, which is
an issue for patients with pulmonary disease.

Colloid fluids, general
All colloid fluids are associated with a risk of anaphy-
laxis. The risks, as quantified in a French multicen-
ter study of almost 20,000 patients, were 0.35% for
gelatin, 0.27% for dextran, 0.10% for albumin, and
0.06% for HES. The reactions were considered to be
severe in 20% of the patients.[18] Reactions weremore
common in males and tripled in patients with known
drug allergy.These reactions make it necessary to have
drugs for acute treatment of anaphylaxis at hand when
providing a colloid fluid. In many countries, a hapten
inhibitor in the form of a very small dextran molecule
(1 kDa) is available, which greatly reduces the num-
ber of allergic reactions to dextran and further makes
those that develop very mild.

Mild allergic reactions show as a feeling of warmth
in the skin, possibly together with erythema and itch-
ing. Nausea may develop. More severe reactions con-
sist of various degrees of arterial hypotension and
bronchospasm.

All colloid fluids, but particularly the hyper-
oncotic preparations such as 10% HES and dex-
tran 40, may induce pre-renal anuria in dehydrated
patients.[19,20] This problem might in part be due
to tissue deposition of the colloid molecules. A more

simplistic explanation is that the filtration pressure in
the glomeruli becomes insufficient when the colloid
osmotic pressure in the plasma is artificially increased
at the same time as the hydrostatic pressure is low.

Colloid fluids, specific
Large amounts of albumin place ametabolic burden on
the patient, as the protein is split into amino acids that
are incorporated into new proteins or used as energy.
The nitrogen content can be difficult to excrete for
patients with impaired kidney function.The long half-
life of exogenous albumin (2 weeks) can make periph-
eral edema particularly long-lasting. This is a concern
in diseases, such as sepsis, in which the increased cap-
illary leakage ratemight be greater than the capacity of
the lymphatic system to remove the colloid. Albumin
should be avoided in head injury, where normal saline
is a better choice for intravenous volume support.[21]

Hydroxyethyl starch undergoes a sequential
metabolism but a smaller fraction of the molecules
accumulates in the reticuloendothelial system, where
it can be found even after several years. Repeated
infusions of starch over several days can cause long-
standing (1–2 years) and troublesome itching that is
probably due to tissue deposition of starch.[22] Several
weeksmay elapse betweenHES exposure and the onset
of pruritus.There is some evidence thatHES (Voluven)
has a higher tendency than crystalloid fluid to cause
nausea and vomiting after laparoscopic surgery.[23]

HES is associated with a dose-dependent increased
likelihood of renal impairment and need for renal-
replacement therapy. This has been shown in sep-
tic patients [24–26] and in patients subjected to gen-
eral intensive care.[27] The same findings have not
been made when HES is used in the operating room.
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During aortic repair HES is even better than gelatin in
preserving the kidney function,[28] which is opposite
to the findings made in septic patients.[24]

Dextran does not leave any metabolic residues in
the body. The risk of severe anaphylactic reactions is a
concern, and infusing this colloid without first inject-
ing a hapten inhibitor must be questioned practice.
Dextran colloid improvesmicrocirculatory flowwhich
gives rise to “oozing,” i.e. that cut surfaces bleed from
a larger number of capillaries. Already by 1988 there
were 10 randomized controlled trials available of dex-
tran as a drug for the prevention of thromboembolism;
pooling of the data showed an incidence of 15.6%
among dextran-treated patients and 24.2% in the
controls.[29]

Gelatin has been claimed to reduce the func-
tion of fibronectin, a plasma factor of importance
to wound healing and phagocytosis.[30] The clini-
cal importance of this finding is unclear. Well-known
problems associated with gelatin mainly consist of
anaphylactic reactions, which often are histamine-
dependent.Most reactions present as urticaria or tran-
sient fever, but severe allergic edema may also occur.
There is cross-reactivity between different prepara-
tions of gelatin.[31]

Peripheral edema
All infusion fluids may cause postoperative weight
gain and peripheral edema. The mechanisms are par-
tially known but include the following:

Colloid fluids induce peripheral edema when
inflammation-induced shedding of the endothelial
glycocalyx increases the capillary leak of proteins. The
leakage, which also includes the macromolecules of
the colloid solution, must be transported back to the
plasma by the lymphatic system, which may be over-
whelmed by the increased burden. In septic shock, one
can reckon with a four-fold increase of the capillary
leakage rate. Hence, colloid-induced peripheral edema
develops because of a discrepancy between capillary
leakage rate and the capacity of the lymphatic system,
whereby a surplus of fluid is held in the interstitium
by oncotic forces (“queue theory”) instead of being
excreted.

There is experimental evidence to support that
peripheral edema can also develop without an increase
of the capillary escape rate. The cause is probably the
vastly different half-lives for the infused colloidmacro-
molecules than for their associated plasma volume
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Figure 34.2 Volume expansion of the interstitial fluid space when
20ml/kg of Ringer’s acetate is infused over 30min in 10 male
volunteers (mean body weight 79 kg) beginning at 105min,
preceded by an infusion of either no starch, or 10 or 20ml/kg of
hydroxyethyl starch 130/0.4, between 0 and 30min. The crystalloid
fluid has a preferential peripheral distribution when preceded by
starch. From Ref. [32].

expansion. The former half-life is much longer than
the latter, showing that the macromolecules reside
outside the bloodstream for a considerable time after
an infusion. Although the infusion may cause an
appropriate diuretic response during which the entire
infused volume is excreted, even slowly leakingmacro-
molecules increase the colloid osmotic pressure of the
interstitial fluid space, which is normally only half of
that measured in the plasma.[1] In the interstitium,
their oncotic strength binds fluid volume from sub-
sequently infused crystalloids. This phenomenon can
be regarded as an interaction effect between a col-
loid and a crystalloid; as an example, infusing Ringer’s
acetate almost 2 hours after Voluven was followed by
a much more peripheral accumulation of fluid and a
smaller urinary excretion than when Ringer’s acetate
was infused alone (Figure 34.2).[32]

Crystalloid fluid is often said to cause peripheral
edema because such fluid is distributed over the entire
extracellular fluid space. This view is simplistic since
large parts of the interstitial fluid space have very low
compliance to volume expansion, some low enough to
be virtually impossible to expandwith isotonic crystal-
loid fluids. These parts include bone tissue, the brain,
and organs surrounded by a tight capsule. Crystalloid
fluid accumulates preferentially in interstitial areas
with the highest compliance to volume expansion,
such as the skin and gastrointestinal tract. Volume
kinetic studies suggest that crystalloid fluid usually fills
2/3 of the expected size of the interstitial fluid space.
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Studies showing a 20%/80% distribution of crystalloid
fluid between the plasma and the interstitium never
take the urinary excretion into account. A more cor-
rect figure after a 30-min equilibration period would
be 20%/50%/30% (plasma/interstitium/urine) in a vol-
unteer and 30%/60%/10% during surgery. However,
the amount that resides in the interstitium is smaller
with slow infusions and higher with rapid infusions.

Edema is rarely an issue in volunteer experi-
ments because the urinary excretion is very prompt.
However, anesthesia and surgery are associated with
marked fluid retention. Here, the half-life of bal-
anced crystalloids increases from 20–50min to several
100min. This adds to the volume expansion of both
the plasma and the interstitial fluid space, and there-
fore promotes edema.

A second mechanism that promotes edema from
crystalloid fluid is that the fibers of the interstitial
fluid matrix lose elasticity when volume-expanded,
whereby fluid deposited in the interstitial fluid gel has
difficulty in returning to the plasma. The interstitium
behaves like a filled balloon that does not return to its
original size when deflated. If the fluid that remains
in the plasma is excreted, the altered elasticity of the
interstitial fibers gives rise to the paradoxical situation
in which peripheral edema is present alongside hypo-
volemia. The lost elasticity is dependent on the rate of
infusion and is quite apparent after infusion of crys-
talloid fluid at the rate of 50ml/min for 30min (about
2 liters). The anesthetist who wants to limit this prob-
lem should provide a continuous infusion at a rate
no faster than 10ml/min, where actually very little of
the infused fluid even enters the interstitial fluid space
because of the compliance issue.[33,34] Very large vol-
umes of crystalloid fluid even break up the interstitial
fluid matrix, and the fluid forms lacunae in the inter-
stitium, which makes it very difficult to recruit and
make available for excretion.[35,36] This break-up of
the interstitium is best studied in isolated lung prepa-
rations.[37,38] The situation might be expected to be
worsened by the fact that albumin, which is normally
excluded from parts of the interstitium, can penetrate
into opened parts of the interstital gel and bind fluid
by its oncotic strength.[39]

How much the complex neuroendocrine response
to trauma contributes to the development of periph-
eral edema is difficult to quantify. The response
includes a rise in plasma glucose, which recruits
fluid from the intra- to the extracellular fluid space,
and elevations of water-retaining hormones such as

(A) (B)

Figure 34.3 A: Normal cytoarchitecture of a pig’s heart after
receiving 150ml/kg of mannitol 3% over 90min. Lumina of the
vessels are preserved (×200; field of view 300�m). B: Destroyed
cytoarchitecture in the subendocardium in a mouse that died after
receiving 300ml/kg of isotonic saline over 60min. The reticular
fibers are fragmented and degenerated (×600; field of view
100�m). Light microscopy with Gordon and Sweet’s silver
impregnation for reticulum fibers. Photographs were taken in the
course of the studies reported in Refs. [43] and [42].

aldosterone, vasopressin, and cortisol. Beta-1-
adrenergic stimulation acts to retain fluid in the
extracellular fluid space. Alpha-1-adrenergic stim-
ulation increases the rate of elimination of infused
crystalloid fluid,[40,41] as does the rise in atrial
natriuretic peptide concentration occurring from
vigorous plasma volume expansion. None of these
hormones specifically changes the distribution of fluid
to the interstitium except for atrial natriuretic peptide,
which, together with activation of the inflammatory
cascade, increases the capillary leakage of macro-
molecules (e.g. proteins) from the plasma. At the same
time, the atrial natriuretic peptide and probably also
inflammation increase the urinary excretion, and thus
the total effect on the body may consist mainly of a
reduction of the plasma volume.

A special mechanism that promotes peripheral
edema is found in burns. Here, there is a marked drop
in the interstitial hydrostatic pressure, which more
or less suctions fluid from the intravascular space to
peripheral tissues.

Death from overhydration has been studied in ani-
mals. The hearts of mice receiving large amonts of
isotonic saline show changes similar to those occur-
ring from irrigating fluid, namely severe interstitial
dilatation with fluid lacunae that compress the capil-
lary lumina, making blood flow difficult.[42] Rupture
and fragmentation are common features of this process
(Figure 34.3).
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42. Hahn RG, Olsson J, Sótonyi P, Rajs J. Rupture of the
myocardial histoskeleton and its relation to sudden
death after infusion of glycine 1.5% in the mouse.
APMIS 2000; 108: 487–95.

43. Sandfeldt L, Riddez L, Rajs J, et al. High-dose
intravenous infusion of irrigating fluids containing
glycine and mannitol in the pig. J Surg Res 2001; 95:
114–25.

269
at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9781316401972.036
Downloaded from https://www.cambridge.org/core. The University of British Columbia Library, on 05 Feb 2018 at 09:19:24, subject to the Cambridge Core terms of use, available

https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781316401972.036
https://www.cambridge.org/core


Index

1:1:1 transfusion strategy, 248, 249

abdominal edema
and ventilatory support, 97

abdominal surgery
adverse effects of fluid overload,

157–8
basic fluid and electrolyte needs,

156
effects of different fluids, 156
evaporative loss, 157
fluid loss during laparoscopic

surgery, 157
fluid loss to the third space, 157–8
fluid therapy during preoperative

fasting, 156–7
functional loss of extracellular fluid,

157–8
goal-directed fluid therapy (GDT),

158
insensible perspiration losses, 156
normal fluid and electrolyte losses,

156
perioperative fluid therapy
goals of, 155–6
in major surgery, 157–8
in outpatient surgery, 158–63

perspiration loss from the open
abdomen, 157

postoperative edema formation,
156

postoperative fluid therapy, 163
restricted fluid therapy, 157
sensible perspiration losses, 156
urinary losses, 156
use of epidurals, 158
zero-balance fluid therapy, 157

absorption of irrigating fluid
clinical presentation, 254–5
electrocautery procedures, 253–4
glycine, 255
incidence, 254–5
irrigating solutions, 255–6
isotonic saline, 256
mannitol, 255
measuring fluid absorption, 256–8
mechanisms, 254
operating procedures with this risk,

253–4

pathophysiology of TUR syndrome,
256

prevention of TUR syndrome, 258–9
sorbitol, 255
sterile water, 255–6
transurethral resection (TUR)

syndrome, 253–4
treatment of, 259–60

acid–base assessment methods, 52–3
clinical relevance of balanced

solutions, 56–7
decision to use balanced solutions,

57
effects of colloid solutions, 54
impact of fluids on, 53–6
relevance of fluid bicarbonate

content, 56
relevance of fluid pH, 56
role of crystalloid [SID], 53–4
Stewart approach, 52–3
treatment of metabolic alkalosis,

56
acquired von Willebrand syndrome,

60–1
acute cardiogenic shock, 207
acute normovolemic hemodilution

(ANH), 127
and hemostasis, 130–1
and the cardiac patient, 130
effects of anesthesia, 128
efficacy, 131
increase in cardiac output, 127–8
increase in tissue oxygen extraction,

128
limits of hemodilution, 128–31
physiological compensation

mechanisms, 127–8
results from the literature, 131
role in surgical procedures, 131
theoretical aspects, 131

acute respiratory distress syndrome
(ARDS), 27

adrenaline, 220
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hemostatic effects, 263
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anesthesia induction
check for preoperative fluid deficit,

2
fluid therapy, 1
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anti-platelet effects of colloid fluids,
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loss, 34
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accounting for blood loss, 45–6
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central blood volume, 44
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volume regulation, 69
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Adult Surgical Patients
(GIFTASUP), 136, 138

bromide tracer, 41
burns
administration of colloids, 239
burns that need very large fluid

volumes, 241
determining fluid requirements,

236–7
developments in modern burn care,

237
early tangential excision of the burn

wound, 242
electrical injuries, 241
endpoints for fluid treatment, 240–1
fluid balance pathophysiology,

237–40

fluid loss over time, 239
fluid treatment practical guidelines,

240–1
future prospects for fluid treatment,

242
impact on body fluid balance, 236–7
in children, 242
incidence of burn injuries, 237
inhalation injuries, 241
mediators of fluid losses, 239–40
negative imbibition pressure, 237–8
Parkland crystalloid resuscitation

strategy, 240–1
permeability effects, 238–9
serum albumin level, 239
situations requiring modified

Parkland strategy, 241–2
timing of fluid resuscitation, 239
treatment outcome, 237
very extensive burns, 241, 242

capillaries
microvascular fluid exchange, 67

capillary membrane, 3
carbon monoxide tracer, 42
cardiac output (CO) monitoring

approach to use in the perioperative
period, 107

assessing a CO monitor, 101
evidence for perioperative benefits,

100–1
pulmonary artery catheter (PAC),

101–3
role in hemodynamic optimization,

100–1
role of echocardiography, 101
using indices in clinical practice, 107

cardiac surgery
choice of colloid or crystalloid fluid,

167
controversial RCTs comparing

colloids vs. crystalloids, 170–2
effects of fluid therapy on the

glycocalyx layer, 167
effects of fluid volume overload,

166
effects of perioperative fluid therapy,

166
glycocalyceal shedding, 166–7
implications of the glycocalyx

model, 167
implications of the revised Starling

equation, 167
intravascular colloid osmotic

pressure (COP), 167
no-reabsorption rule with colloid

resuscitation, 167
physiologically balanced and

unbalanced fluids, 170

resuscitation fluids
colloids, 167–9
crystalloids, 169–70
dextrans, 169
gelatins, 169
human albumin solutions (HAS),
167

hydroxyethyl starches (HES), 169
hypertonic saline, 169–70
normal saline, 169
semi-synthetic colloids, 169

review of outcome studies, 172–3
vascular endothelial alterations,

166–7
cardiac tamponade, 208
cardiogenic shock, 207
cell membrane
regulation of solute distribution,

3–4
central blood volume (CBV)
measurement, 44
See also hypovolemic shock

chromium radioactive tracer, 42
circulatory shock
pathophysiology, 207–8
resuscitative management, 206–7

ClearSight system, 115
clotting
effects of fluid therapy, 61

coagulation and fluids
anti-platelet effects, 61
clinical relevance of colloid-induced

coagulopathy, 63–4
decrease in fibrinogen levels, 61–2
different effects of crystalloids and

colloids, 60
dilutional coagulopathy, 60–3
effects of HES on blood coagulation,

60–2
effects of hyperchloremic metabolic

acidosis, 61
effects on acceleration of clotting,

61
effects on factor VIII and von

Willebrand factor, 60–1
effects on fibrinolysis, 61
FIBTEM decrease, 62
first signs of coagulopathy, 62
impaired fibrin polymerization,

61–2
perioperative acquired

coagulopathy, 59
reversal of colloid-induced

coagulopathy, 63
severe coagulopathy, 62
targeted bleeding control strategies,

60–2
coagulation management, 37–8
coagulopathic bleeding, 59
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colloid fluids, 10–11
adverse effects, 265–7
and metabolic acidosis, 61
anticoagulant side effects, 60
anti-platelet effects, 61
clinical relevance of colloid-induced

coagulopathy, 63–4
comparison with crystalloid fluids,

15–16
decrease in fibrinogen levels, 61–2
dilutional coagulopathy, 60–3
first signs of, 62

effects as plasma volume expanders,
70–1

effects on fibrinolysis, 61
FIBTEM decrease, 62
impaired fibrin polymerization,

61–2
influence on acid–base status, 54
miscellaneous effects, 15
net result of antithrombotic effects,

62–3
reversal of colloid-induced

coagulopathy, 63
severe coagulopathy, 62
therapeutic window, 16–17
volume equivalent of crystalloid

fluids, 17–18
See also specific fluids

colloid osmotic pressure (COP), 10,
167

complement cascade system, 239
complement factor C3, 239
complement factor H (CFH), 77
complement system
influence of the glycocalyx layer, 77

Co-ordination group for Mutual
recognition and Decentralized
Procedures – Human (CMDh)

statement on the use of HES, 60–2
critical DO2 (DO2crit) concept, 34–6
crystalloid fluids
adverse effects, 263–5, 266–7
anticoagulant side effects, 60
comparison with colloid fluids,

15–16
definition of, 3
distribution of, 3–4
distribution of solutes, 3–4
effects as plasma volume expanders,

69–70
effects on ECF volume, 3–4
effects on ICF volume, 3–4
hyperchloremic acidosis, 70
influence on acid–base status, 53–4
osmolality, 3
tissue edema caused by, 69–70
tonicity, 3
types of, 3

uses in the perioperative period, 4
volume equivalent of colloid fluids,

17–18
volume kinetics, 142
See also specific fluids

cytokines, 239

damage control resuscitation (DCR)
approach, 248

day surgery
adjunct medications with impact on

fluid balance, 151–2
anesthesia and analgesia protocols,

148–9
anesthesia and fluid therapy, 150
assessment and preparation, 148–9
features of, 152
increasing number of elderly

patients, 149
increasing proportion of, 148
outcome studies, 149, 152
pain management, 148–9, 151–2
perioperative cardiovascular events

in the elderly, 149
perioperative fluid therapy, 150
postoperative adverse events, 152
postoperative fatigue, 152
postoperative fluids, 150–1
postoperative nausea and vomiting

(PONV), 152
postoperative urinary retention, 152
preoperative carbohydrate loading,

150
preoperative correction of

nutritional deficits, 149–50
preoperative fasting routines, 149
preoperative nutritive fluid intake,

150
recovery from, 152
use of steroid medications, 151–2

desmopressin, 38
deuterium, 42
dexamethasone, 151
dextrans, 14–15
as plasma volume expander, 70
clinical use, 15

diabetes insipidus (DI)
complication of pituitary surgery,

203–4
diarrhea
preoperative fluid therapy, 2

dilutional anemia tolerance, 34
dilutional coagulopathy, 37, 60–3
and metabolic acidosis, 61
anti-platelet effects, 61
decrease in fibrinogen levels, 61–2
different effects of crystalloids and

colloids, 60
effect on acceleration of clotting, 61

effects on factor VIII and von
Willebrand factor, 60–1

effects on fibrinolysis, 61
first signs of, 62
impaired fibrin polymerization,

61–2
net result of antithrombotic effects,

62–3
distributive shock, 208
dobutamine, 220
dopamine, 220

early, aggressive goal-directed therapy
(EGDT), 216–17

echocardiography, 220
role in hemodynamic monitoring,

101
edema
abdominal, 97
caused by crystalloid fluids, 69–70
formation in surgical patients, 156
related to fluid therapy, 83–4
See also pulmonary edema

eicosanoids, 239
elderly patients
day surgery, 149
See also geriatric surgery

electrocautery procedures
absorption of irrigating fluid, 253–4

electrolytes, 23
Enhanced Recovery After Surgery

(ERAS) programs
aims, 138–9
choice of fluid, 137–8
guidelines, 134
incorporation of GDT, 115–16,

135–6
intraoperative fluid management,

135–6
optimizing perioperative fluid

management, 134
postoperative fluid management,

137
preoperative fluid management,

135
enteric lavage
preoperative fluid therapy, 2

epidurals, 158
esophageal Doppler monitor (EDM),

112–13
ethanol
as a tracer, 42
tonicity, 3

European Medicines Agency (EMA)
statement on the use of HES, 60

European Society of Anesthesiology
(ESA)

guidelines for control of severe
bleeding, 60
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European Surgical Outcomes Study
(EuSOS), 110

European Trauma guidelines, 60
Evans blue dye, 42
EXTEM test, 61
extracellular fluid (ECF)
functional loss of, 157–8

extracellular fluid (ECF) space
distribution of crystalloid fluids, 3

extracellular fluid (ECF) volume
effects of crystalloid fluids, 3–4

factor VIII
effects of hydroxyethyl starch (HES),

60–1
fasting. See perioperative fasting;

preoperative fasting
fast-track surgery, 185
fatigue
postoperative, 149, 152

fibrin polymerization
effects of colloid fluids, 61–2

fibrinogen levels
effects of colloid fluids, 61–2

fibrinolysis
effects of colloid fluids, 61

FIBTEM decrease, 62
FIBTEM test, 61
fluid therapy
back at the surgical ward, 2
enteric lavage, 2
fluid efficiency, 44–5
fluid requirement, 1
general guidelines, 2
hypertonic dehydration, 2
hypotonic dehydration, 2
ileus, 2
induction of anesthesia, 1
intraoperative blood loss

replacement, 1
intraoperative fluid, 1
maintenance therapy, 1
patient blood management (PBM),

33–4
patient with inability to drink, 2
patient with vomiting or diarrhea, 2
postoperative care unit, 1
preoperative fasting regime, 1
preoperative fluid deficit, 2

Frank–Starling fluid challenge, 112
Frank–Starling relationship, 122
functional hemodynamic monitoring
and clinical outcomes, 124
future developments, 124–5

functional hemodynamic parameters,
121, 122–3

pleth variability index (PVI), 123–4
using the pulse oximeter to optimize

fluid status, 123

functional microcirculatory
hemodynamics (FMH), 87

gelatin, 14
as plasma volume expander, 70, 71
concerns over virus disease risk, 14

Gelofusine, 14
geriatric surgery

controversial issues in fluid
management, 185

intraoperative fluid management,
185–6

issues in elderly surgical patient
care, 185

postoperative fluid management,
186

preoperative fluid management, 185
See also elderly patients

glucose intolerance
postoperative, 149

glucose solutions
avoiding hyperglycemia, 21
clinical use, 21–2
dosing, 22–3
electrolytes, 23
hyponatremia, 23
mannitol, 24
pharmacokinetics, 20–1
purpose of infusion, 20
rebound hypoglycemia, 23–4
volume kinetics, 49

glycine
absorption of irrigating fluid, 255

glycocalyx layer
alterations during cardiac surgery,

166–7
and inflammation, 76–8
as a storage system, 76
effects of disease, 80
effects of fluid therapy, 167
effects of sepsis, 80
effects of surgery, 80
how to assess in patients, 78–9
influence on the complement

system, 77
influence on vascular permeability,

75–6
location and description, 73–5
mechanotransduction function, 76
shedding of, 77–8
structure, 73–5

glycocalyx model
implications for cardiac surgery, 167

goal-directed fluid therapy (GDT)
abdominal surgery, 158
Aesculon system, 115
aims, 110
arterial pressure waveform analysis,

113–14

BioZ system, 115
choice of fluid, 116
ClearSight system, 115
esophageal Doppler monitor

(EDM), 112–13
implementation challenges, 116
incorporation into ERAS programs,

115–16, 135–6
individualized volume optimization,

111–12
monitor technologies, 112–15
NICOM system, 115
non-obstetric spinal anesthesia, 142
pleth variability index (PVI), 115
potential benefits for high-risk

surgical patients, 116
goal-directed therapy (GDT)
early approach, 111
early, aggressive goal-directed

therapy (EGDT), 216–17
for high-risk surgical patients, 110
optimization of DO2 or CO, 101
purpose of, 110
studies of perioperative outcomes,

100–1
studies of supranormal oxygen

delivery, 111
use in intensive care, 210–11

Haemaccel, 14
Hartmann’s solution, 5
hemodilution. See acute normovolemic

hemodilution (ANH)
hemodynamic monitoring. See

functional hemodynamic
monitoring; invasive
hemodyamic monitoring;
non-invasive hemodynamic
monitoring

hemorrhage. See blood loss; trauma;
uncontrolled hemorrhage

hemorrhagic shock
use of hypertonic fluids, 27–8

hemostatic strategies for severe
bleeding, 60–2

hetastarch, 12
histamine, 238, 239
human plasma, 15
hydroxyethyl starch (HES)
anticoagulant side effects, 60
anti-platelet effects, 61
as plasma volume expander, 70
clinical relevance of colloid-induced

coagulopathy, 63–4
clinical use, 13
contraindications in coagulopathy,

62
debate over use, 13–14
effects on acceleration of clotting, 61
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hydroxyethyl starch (HES) (cont.)
effects on blood coagulation, 60–2
effects on factor VIII, 60–1
effects on fibrinolysis, 61
effects on von Willebrand factor,

60–1
first signs of dilutional

coagulopathy, 62
hypercoagulability induced by, 61
impaired fibrin polymerization,

61–2
medico-legal considerations, 60–2
net result of antithrombotic effects,

62–3
pharmacokinetics, 13
preparations, 12–13
reversal of colloid-induced

coagulopathy, 63
hyperchloremia, 194
hyperchloremic acidosis, 70
hyperchloremic dilutional acidosis,

85–6
hyperchloremic metabolic acidosis, 61,

191–3
hyperdynamic shock, 220
hyperlactatemia, 193
hypertonic dehydration, 2
hypertonic fluids, 26
clinical trials experience, 27–30
intraoperative and postoperative

studies, 29–30
management of hemorrhagic shock,

27–8
mechanism of action, 26–7
use in traumatic brain injury, 28–9

hypertonic saline
volume kinetics, 49

hypoalbuminemia, 12
hypoglycemia
rebound hypoglycemia, 23–4

hyponatremia
related to glucose infusions, 23

hypotonic dehydration, 2
hypovolemic shock, 207–8
Bezold–Jarisch reflex, 225
bradycardic response to

hypovolemia, 224
cardiovascular response to reduced

CBV, 223
ceased sympathetic activity, 224–5
central vascular pressures during,

225–7
choice of volume treatment, 227
clinical outcome, 228
defining normovolemia, 225–6
pale skin, 224–5
pre-shock stage, 223
reduced central blood volume

(CBV), 222–3

stage II, 223–5
stage III, 225
surgical patients, 226
tachycardia in stage III, 225
tilt table experiments, 226
titration to establish normovolemia,

226–7

ileus
preoperative fluid deficit, 2

indocyanine green (ICG), 41, 42–3
inflammation
and the glycocalyx layer, 76–8

inotropic agents, 220
insensible fluid loss, 206
insensible perspiration losses, 156
INTEM test, 61
intensive care
choice of resuscitation fluids,

208–10
colloid fluids, 208–10
crystalloid fluids, 208–10
goal-directed therapy (GDT),

210–11
insensible fluid loss, 206
pathophysiology of cardiovascular

insufficiency, 207–8
pathophysiology of circulatory

shock, 207–8
resuscitative management of

circulatory shock, 206–7
role of fluid infusions, 206

interstitial fluid, 41
interstitial fluid volume, 3
intracellular fluid (ICF), 41
intracellular fluid (ICF) space
effects of tonicity of infusion fluid, 3

intracellular fluid (ICF) volume
effects of crystalloid fluids, 3–4

intraoperative blood loss replacement,
1

intraoperative fluid, 1
intrathoracic blood volume
measurement, 44

invasive hemodynamic monitoring
arterial waveform analysis, 103–7
evidence for patient care benefits,

100–1
pulmonary artery catheter (PAC),

101–3
use of cardiac output (CO)

monitoring, 100–1
iohexol tracer, 41
irrigating fluid. See absorption of

irrigating fluid
iso-osmotic infusion fluid, 3
isotonic infusion fluid, 3–4
isotonic saline, 4–5
absorption of irrigating fluid, 256

Jehovah’s Witness patients, 36, 128

ketorolac, 152

laparoscopic surgery
fluid loss, 157

LiDCOrapid systemTM, 105
LiDCOTM system, 104
liver transplantation, 188
approach to fluid prescription and

intervention, 198
biochemical derangements, 189
coagulopathy management, 189–91
effects of massive blood transfusion,

189
factors influencing volume and type

of fluid intervention, 189–91
fluid intervention at each surgical

stage, 188–9
goal of optimum fluid intervention,

188–9
hemodynamic changes, 189
hyperchloremia, 194
hyperlactatemia, 193
inorganic anions, 193–4
metabolic acidosis, 191–3
physicochemical considerations for

fluid choice, 191
plasma osmolality, 194
potential for massive bleeding, 189
renal dysfunction, 191
reperfusion syndrome, 189
use of colloids, 194–6
use of crystalloids, 196

lymphatic system
role in microvascular fluid

exchange, 67, 69

maintenance therapy, 1
mannitol, 24
absorption of irrigating fluid, 255

mass balance equation, 44
maximum clot firmness (MCF) test, 61
medications
adjuncts which affect fluid balance,

151–2
medico-legal considerations
use of hydroxyethyl starch (HES),

60–2
metabolic acidosis, 61, 191–3
metabolic alkalosis, 56
microcirculation monitoring
aim of fluid therapy, 82–3
choice between balanced and

unbalanced solutions, 86
choice of solution for fluid therapy,

85–6
comparision with systemic

hemodynamic measures, 82–3
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components of the microcirculation,
84

debate on perioperative fluid
management, 82

detrimental effects of fluid therapy,
83–4

effects of amount of fluid
administered, 86–7

functional microcirculatory
hemodynamics (FMH), 87

hyperchloremic dilutional acidosis,
85–6

methods, 84–5
microcirculatory fluid

responsiveness, 87–8
promoting tissue oxygen perfusion,

82–3
requirement for, 84
tissue edema related to fluid therapy,

83–4
to guide fluid resuscitation, 87

microvascular fluid exchange
advantages and disadvantages of

plasma volume expanders,
69–71

blood–brain barrier (BBB), 69
effects of colloid plasma volume

expanders, 70–1
effects of crystalloid plasma volume

expanders, 69–70
in the brain, 69
normal circulation, 67
outside the brain, 67–9
reducing the need for colloids, 71
regulatory mechanisms, 67
role of the lymphatic system, 67,

69
Starling fluid equation, 67–8
transcapillary escape rate (TER), 67
two-pore theory, 68–9

MostCare systemTM

pressure recording analytical
method (PRAM), 105

Multion Gastrique R©, 56

neuropeptides, 239
neurosurgery
approach to fluid management,

204–5
diabetes insipidus (DI)

complication, 203–4
fluid administration challenges, 202
general principles of fluid therapy,

202–3
pituitary surgery, 203–4
SIADH complication, 203–4
spine surgery, 204
subarachnoid hemorrhage (SAH),

203

supratentorial tumor surgery, 203
traumatic brain injury, 204

NICOM system, 115
nitric oxide (NO), 238, 239
no-reabsorption rule

colloid resuscitation in cardiac
surgery, 167

non-functional fluid spaces, 48–9
non-invasive hemodynamic

monitoring, 120–1
functional hemodynamic

parameters, 122–3
preload dependence, 121–2

non-steroidal anti-inflammatory drugs
(NSAIDs), 148, 151–2

noradrenaline, 220

obstetric spinal anesthesia, 142–3
colloids, 143–4
crystalloid coload, 143
fluid options, 145
fluids and vasopressors, 144–5

phenylephrine, 144–5
obstetric surgery

debate on fluid management,
186

obstetrics
controversial issues in fluid

management, 185
obstructive shock, 208
OPTIMISE trial, 101
osmolality

definition, 3
of body fluids, 3
of crystalloid fluids, 3

oxygen free radicals, 238, 239, 240

paracetamol, 148
Parkland crystalloid resuscitation

strategy, 240–1
modifications for special situations,

241–2
patient blood management (PBM),

33–4, 63
patient with inability to drink

hypertonic dehydration, 2
pediatrics

approach to fluid therapy, 177
blood pressure monitoring, 180–1
burns in children, 242
clinical recommendations for fluid

therapy, 181
effects of anesthesia, 180–1
fluid replacement therapy, 179
maintenance infusion, 178–9
monitoring, 180–1
perioperative fasting, 178
physiology, 177–8
volume replacement therapy, 179–80

volume status and tissue perfusion
monitoring, 180–1

pentastarch, 12
perioperative acquired coagulopathy,

59
perioperative fasting
pediatric patients, 178

perioperative fluid management
current controversial issues, 184–5
debate on, 82
fast-track surgery, 185

peripheral edema, 266–7
phenylephrine, 144–5
PICCOTM devices, 103, 104
pituitary surgery, 203–4
Plasma-Lyte, 7–8
plasma volume, 3, 41
platelet activating factor (PAF), 239
pleth variability index (PVI), 115,

123–4
postoperative fluid therapy
back at the surgical ward, 2
postoperative care unit, 1

postoperative nausea and vomiting
(PONV), 137, 149, 152, 158

postoperative urinary retention, 152
preload dependence, 121–2
preoperative carbohydrate loading, 22,

150
preoperative fasting, 1
fluid therapy, 156–7
for day surgery, 149

preoperative fluid deficit, 2
preoperative fluid management, 135
preoperative nutritional status,

149–50
propranolol, 22
prostaglandins, 238, 239
proteases, 239
pulmonary artery catheter (PAC),

101–3
complications, 102–3
conflicting outcome studies, 103
indications for use, 101–2
limitations, 103
validation, 103

pulmonary edema, 7
and ventilator-induced lung injury

(VILI), 95–7
clearance of, 95
clinical aspects, 92–3
contributory factors, 95
experimental studies, 94
high-permeability (non-cardiac)

pulmonary edema (HPPE), 92
hydrostatic (cardiac) pulmonary

edema (HPE), 92
increase in extravascular lung water

(EVLW), 92
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pulmonary edema (cont.)
maintenance of spontaneous

breathing, 93
theoretical aspects, 93–4
treatment of HPE, 92–3
treatment of HPPE, 93
types of, 92
unusual causes, 93

pulmonary embolism, 208
pulmonary surgery
complications related to fluid

management, 186
controversial issues in fluid

management, 185
pulse oximeter
use in optimizing fluid status, 123

PulsioflexTM system (PICCOTM

device), 104–5

radioactive iodated albumin, 42
radioactive tracers, 42
radioiodated albumin, 41
rapid thromboelastography (r-TEG),

249
rebound hypoglycemia, 23–4
renal injury
hyperchloremia, 194

renal transplantation, 188
approach to fluid prescription and

intervention, 198
use of colloids, 197
use of crystalloids, 196–7

restricted fluid therapy
abdominal surgery, 157

resuscitative endovascular balloon
occlusion of the aorta (REBOA),
249

Ringer’s solutions, 5
acetate, 5
clinical use, 6–7
distribution, 5–6
dosing, 7
elimination, 6
lactate, 5
pharmacokinetics, 5–6

rotational thromboelastometry
(ROTEM), 60, 248

Saline versus Albumin Fluid
Evaluation (SAFE), 204

sensible perspiration losses, 156
sepsis
definition, 215
effects on the glycocalyx layer, 80
later course of, 217–18

septic shock (severe sepsis), 208
anemia, 219
anesthesia, 216
blood transfusions, 219

characteristics of critically ill
patients, 215–16

crystalloids vs. colloids, 218–19
definition, 215
early, aggressive goal-directed

therapy (EGDT), 216–17
early fluid resuscitation, 216–17
early vs. late septic shock, 216
fluid responsiveness, 219–20
key messages, 220
mortality rate, 215
serotonin, 238, 239
treatment with inotropic agents, 220
treatment with vasopressors, 220

shock. See hypovolemic shock;
intensive care; septic shock

sodium method of volume
measurement, 44

solutes in crystalloid fluids
distribution of, 3–4

sorbitol
absorption of irrigating fluid, 255

spinal anesthesia
colloids, 143–4
crystalloid fluid volume kinetics,

142
crystalloid coload, 143
fluid options, 145

for different types of patient, 145
fluids and vasopressors, 144–5

phenylephrine, 144–5
goal-directed fluid therapy (GDT),

142
hypotensive response, 141–2
non-obstetric, 142
obstetric, 142–3

spine surgery, 204
starch
forms of, 12–13

Starling equation, 238–9
implications of the revised Starling

equation, 167
Starling formula for transcapillary

fluid exchange, 67–8
sterile water
absorption of irrigating fluid, 255–6

steroid medications
use in day surgery, 151–2

Stewart approach to acid–base
assessment, 52–3

strong ion difference [SID], 53
subarachnoid hemorrhage (SAH), 203
substance P, 239
supratentorial tumor surgery, 203
surgery
effects on the glycocalyx layer, 80

surgical bleeding, 59
Surviving Sepsis Campaign, 210,

218–19, 220

syndrome of inappropriate antidiuretic
hormone secretion (SIADH)

complication of pituitary surgery,
203–4

systemic inflammatory response
syndrome (SIRS), 215, 239

targeted bleeding control, 60–2
technetium radioactive tracer, 42
third space
concept, 49, 245
fluid loss to, 157–8

thoracic epidural analgesia (TEA), 137
thromboelastography (TEG), 60, 248
thrombomodulin (TM), 77
tonicity
definition, 3
of crystalloid fluids, 3

tranexamic acid, 38
transcapillary escape rate (TER), 67
transcervical resection of the

endometrium (TCRE)
absorption of irrigating fluid, 253–4

trans-esophageal echocardiography,
101

transfusion
anemia tolerance of the human

body, 34
limits of, 34–6
therapeutic increase of, 36–7

coagulation management, 37–8
critical DO2 (DO2crit) concept, 34–6
in critically ill patients, 219
management of intraoperative blood

losses, 34
risks associated with, 33–4
See also trauma

transfusion-related acute lung injury
(TRALI), 15

transfusion-related cardiac overload
(TACO), 37

transfusion-related
immunomodulation (TRIM),
33

transplantations. See liver
transplantation; renal
transplantation

trans-thoracic echocardiography, 101
transurethral resection (TUR)

syndrome, 253–4
measuring fluid absorption, 256–8
pathophysiology, 256
prevention, 258–9
treatment, 259–60

transurethral resection of the prostate
(TURP)

absorption of irrigating fluid, 253–4
trauma
1:1:1 transfusion strategy, 248, 249
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damage control resuscitation (DCR)
approach, 248

hemorrhage control, 249
history of resuscitation of massively

bleeding patients, 245–6
management of the massively

bleeding patient, 250
massive transfusion, 247–8
measuring coagulation, 248–9
prehospital transfusion, 249–50
triage and initial assessment, 246–7

trauma-induced coagulopathy (TIC),
247

traumatic brain injury, 204
use of hypertonic fluids, 28–9

tritium, 42
thromboxanes, 239

unbalanced solutions, 170
uncontrolled hemorrhage
anesthetist approach to, 231
controlled vs. uncontrolled

hemorrhage, 231–2
in the clinic, 233–4

lessons from animal studies, 233
management of trauma victims,

233–4
particular strategy for fluid therapy,

231
potential for fluid therapy to

exacerbate, 231–2
studies in pigs, 232
studies in small animals, 232–3
typical injuries associated with,

231
urinary losses, 156
urinary retention

postoperative, 152

vascular permeability
influence of the glycocalyx layer,

75–6
vasopressors, 220
ventilator-induced lung injury (VILI)

and pulmonary edema, 95–7
ventilatory support

and abdominal edema, 97
VigilanceTM system, 102

Vigileo/FloTrac SystemTM, 104, 105
viscoelastic hemostatic assays (VHAs),

248
vitamin C oxygen free radical

scavenger, 240
volume equivalents
crystalloid and colloid fluids, 17–18

volume kinetics, 46–7
effects of anesthesia and surgery, 48
glucose solutions, 49
hypertonic saline, 49
non-functional fluid spaces, 48–9
volunteer studies, 47–8

VolumeViewTM system, 103–4
vomiting
preoperative fluid therapy, 2

von Willebrand factor
effects of hydroxyethyl starch (HES),

60–1

water equilibrium equation, 53

zero-balance fluid therapy
abdominal surgery, 157
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