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Sepsis and the Immune Response



Check for
updates

The Role of Mitochondria in the Immune
Response in Critical lliness

Y.Wang and A. S. McLean

1.1 Introduction

Immune dysregulation, characterized by an imbalance between a systemic
inflammatory response syndrome and a compensatory anti-inflammatory
response syndrome, is often observed in critically ill patients [1, 2]. This imbal-
ance between the pro- and anti-inflammatory responses frequently leads to
immunoparalysis in critically ill patients, rendering them more susceptible to
further infections, and is associated with increased mortality [3]. Currently, no
effective treatments are available to restore immune homeostasis and reduce
mortality in these patients, largely due to the heterogeneity in patients’ immune
status and more importantly the lack of understanding of the underlying cause of
such immune dysfunction [2, 4]. Immune response is not a standalone process
but is interconnected with other cellular activities, a very important one of which
is cellular metabolism. Metabolic pathways and immune response are tightly
intertwined both in health and in disease [5]. The link between immune cell func-
tion and mitochondrial function is now well recognized and a field known as
“immunometabolism” is dedicated to understanding the relationship between
immune and metabolic pathways [6—8]. Mitochondria play a crucial role in regu-
lating not only the growth, but also the function, of immune cells. In addition to
providing energy to support the synthesis of the macromolecules essential for
immune cell proliferation, mitochondria also act as signaling organelles, driving
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activation of immune cells via metabolic intermediates, mitochondrial DNA
(mtDNA), and reactive oxygen species (ROS). In addition, mitochondrial dynam-
ics (fusion and fission), biogenesis (synthesis of new mitochondria), and mitoph-
agy (degradation of damaged mitochondria) also play important roles in
regulating immune cell functions. Knowledge in immunometabolism in critical
illness, in particularly sepsis, opens up a new paradigm in patient care. Potential
therapies targeting metabolic pathways, instead of solely immune-related path-
ways, might be the way to repair cellular function and restore immune homeosta-
sis [4]. The other aspect of immunometabolism—Ilooking at how immune
responses influence metabolic pathways—is equally important, but beyond the
scope of this review. Interaction between metabolism and immune response at
the organ level has been reviewed elsewhere [6].

1.2  Mitochondrial Machinery That Mediates and Regulates
Immune Responses in Critical lliness

Apart from being the powerhouse of the cell, the mitochondrion has emerged as a
signaling hub that shapes and modulates how the immune system responds to
infection or trauma. Mitochondrial dysfunction is evident in leukocytes from criti-
cally ill patients, and is believed to be the underlying cause of immunoparalysis
and may account for the development of organ dysfunction [7-9]. Early recovery
of mitochondrial function correlates with improved recovery in critically ill
patients [10].

1.2.1 Metabolic Reprogramming

The immune-regulating mitochondrial machinery is a complex network involving
many pathways and mechanisms that diverge and converge at various levels.
Metabolic reprogramming is one mechanism that has been well studied in both
innate and adaptive immune cells. Immune cells at different activation states (quies-
cent vs. activated), or with different functions (pro-inflammatory vs. anti-inflamma-
tory), and different cell types (granulocytes, macrophages, dendritic cells, T- and
B-lymphocytes), make use of different metabolic pathways (e.g., glycolysis, oxida-
tive phosphorylation, fatty acid metabolism) to produce ATP [11]. The choice of
different metabolic pathways, supports the energy demand of cells at different acti-
vation state. For example, upon infection or stimulation, immune cells become acti-
vated and produce cytokines and hence tend to favor glycolysis over oxidative
phosphorylation for fast turnaround of ATP. Although the same amount of starting
material, such as glucose, is used, oxidative phosphorylation generates 18 times
more ATP than glycolysis, although is a lot slower. On the other hand, the choice of
metabolic pathway determines the fate of the immune cells, i.e., naive or memory,
effector or regulatory, etc. However, the environment that the cells are in in the first
place, triggers the changes in the metabolic pathways. The overall trend is that
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neutrophils, inflammatory macrophages (M1 macrophages), activated effector T
cells, and dendritic cells rely more on aerobic glycolysis, whereas alternatively
polarized macrophages (M2 macrophages), regulatory T cells (Tregs), and memory
T cells prefer oxidative phosphorylation and fatty acid oxidation for energy produc-
tion [8, 11, 12]. Metabolic reprogramming serves an important role in catering for
the immune cells’ energy demand at different phases of their activation and prolif-
eration. However, imbalance across the metabolic pathways could have serious
pathological impact. One example may be the hyperlactatemia often seen in criti-
cally ill patients. Increased aerobic glycolysis in the activated immune cells during
the initial hyper-inflammatory response is believed to contribute to the increase in
blood lactate levels in sepsis [13, 14].

1.2.2 Mitochondrial ROS and mtDNA

Metabolic reprogramming sets the scene for the immune response, which is then
subjected to many more modifications and regulations by factors that are directly
or indirectly related to mitochondrial metabolism. Two important mitochondria-
related immune regulators that have been well studied are mitochondrial ROS and
mtDNA. Mitochondrial ROS are produced in healthy mitochondria, as a by-prod-
uct of oxidative phosphorylation. At low dose, mitochondrial ROS serve important
signaling functions, especially in the innate immune response. They are known to
mediate NLRP3 inflammasome activation, leading to production of the pro-
inflammatory cytokines, interleukin (IL)-1p and IL-18 [8, 15]. Mitochondrial ROS
also induce a type-I interferon (IFN) response via mitochondrial antiviral-signal-
ing (MAVS) and the IFN regulatory factor 3 (IRF3) pathway [16]. However, the
level of mitochondrial ROS needs to be tightly regulated by the antioxidant system.
Excessive mitochondrial ROS can cause oxidative damage to proteins/enzymes
involved in oxidative phosphorylation and create mutations in mtDNA, contribut-
ing to the immune dysregulations as seen in critical illness [17]. Like mitochon-
drial ROS, mtDNA also plays an important role in innate immunity [12]. In healthy
cells, mtDNA is located in the matrix of mitochondria, encoding 13 proteins, all of
which are components of oxidative phosphorylation. mtDNA is released to the
cytosol upon mitochondrial dysfunction which involves changes to the integrity or
permeability of the mitochondrial membrane. mtDNA, released into the cytosol,
can activate the NLRP3 inflammasome with release of IL-1p and IL-18. Due to its
bacterial origin, cytosolic mtDNA also serves as a damage-associated molecular
pattern (DAMP), which can be recognized by intracellular pattern recognition
receptors (PRRs), such as Toll-like receptor 9 (TLR9), and initiate the nuclear
factor-kappa B (NF-kB)-dependent pro-inflammatory signaling pathway. In addi-
tion, cytosolic mtDNA can also be sensed by cyclic GMP-AMP synthase (cGAS)
and activate the cGAS/stimulator of IFN genes (cGAS/STING) pathway and its
downstream IFN response [18]. mtDNA can also be released into the circulation
and cause systemic inflammation. Circulating mtDNA has been associated with
mortality in critically ill patients [19].
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1.2.3 Succinate and Itaconate

In addition to mitochondrial ROS and mtDNA, metabolites such as succinate and
itaconate have also emerged as part of immune-regulating mitochondrial machinery
[4, 20]. Both succinate and itaconate are intermediates from the tricarboxylic acid
(TCA) cycle with opposite effects on the immune response. The TCA cycle gener-
ates nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH,), providing electrons to fuel oxidative phosphorylation. Succinate accumu-
lation occurs under conditions such as hypoxia or inflammation. It can be released
from mitochondria into the cytosol and functions as a signal transducer promoting
pro-inflammatory gene expression via hypoxia-inducible factor 1o (HIF-1a) activa-
tion. Accumulation and oxidation of succinate by succinate dehydrogenase (SDH)
in the mitochondria also leads to increased production of mitochondrial ROS via a
process called reverse electron transport. This further enhances the pro-inflammatory
effect of succinate. Like ROS, the level of succinate needs to be carefully regulated
due to its inflammation aggravating effect. Plasma succinate has been proposed as a
predictor of mortality for critically ill patients who are severely injured [21].
Itaconate, which is derived from cis-aconitate of the TCA cycle, is a succinate-reg-
ulating factor. It is shown to counteract the pro-inflammatory effect of succinate by
inhibiting SDH. Itaconate can also be released into the cytosol and activate tran-
scription factor NF-E2 p45-related factor 2 (Nrf2), a master regulator of antioxidant
and anti-inflammatory responses [22]. Recently, itaconate has also been shown to
inhibit the inflammatory response in macrophages through activating transcription
factor 3 (ATF3).

1.2.4 Mitochondrial Dynamics

The above mentioned immune-regulating mitochondrial factors are centered around
the biochemical aspect of mitochondrial biology. Another important aspect of
immune-regulating mitochondrial machinery is mitochondrial dynamics, which is
to maintain and provide infrastructural support for the immune response. The size
and shape of mitochondria undergo constant change through fusion and fission,
which is important for maintaining the health and function of mitochondria. First,
fusion incorporates newly synthesized mitochondria (from mitochondrial biogene-
sis) into the current mitochondrial network. Second, fusion also allows for mixing
of proteins and/or mtDNA between the existing mitochondria, which on one hand
enhances the metabolic capacity of the mitochondria, and on the other enables the
damaged proteins and/or mutated mtDNA to be segregated from the healthy ones.
Finally, segregation is achieved via fission and the damaged mitochondria can be
destroyed through a process known as mitophagy. The proportion of mitochondria
with damaged proteins or mutated mtDNA is kept below a critical threshold level
through this process to maintain mitochondrial function [23, 24]. In addition to
quality control, mitochondrial fusion and fission also participate in immune regula-
tion. In activated T cells, there is an increase in fission, which creates round and
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fragmented mitochondria with loose cristae, favoring aerobic glycolysis. And in
memory T cells, increased fusion generates elongated mitochondria which favors

oxidative phosphorylation and fatty acid oxidation [8, 25].

1.3 Immunometabolism: The Perfect World Scenario vs.
the Critical lliness Scenario

So far, we have presented a list of mitochondrial components that are thought to
play important roles in regulating the immune response. Our list is far from com-
plete, but does highlight a few mechanisms that could relate to the development of
immune dysregulation in critical illness. Figure 1.1 illustrates what we think would

Perfect world scenario

Infection Pro-inflammatory Anti-inflammatory
g \ - cytokines cytokines
. 3 :
$e ’opoos, FAO® © o
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Fig. 1.1 Immunometabolism in the ‘perfect world scenario’ vs. the ‘critical illness scenario’.
OXPHOS oxidative phosphorylation, FAO fatty acid oxidation
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happen to the immune response when metabolism was in perfect control (the perfect
world scenario) and when it became inconsistent and changeable (the critical illness
scenario). In the perfect world scenario, the presence of an insult (e.g., infection or
a trauma-related stress signal), would trigger metabolic reprogramming, switching
from oxidative phosphorylation to glycolysis. This would enable activation of
immune cells and production of pro-inflammatory cytokines and other mediators.
At the same time, mitochondrial fission would increase to keep up with the meta-
bolic reprogramming. The slightly elevated mitochondrial ROS and succinate in
response to initial insult or cytokines would promote the pro-inflammatory response.
Once the insult was eliminated, mitochondrial fusion would increase to create fused
elongated mitochondria that favor oxidative phosphorylation and fatty acid oxida-
tion. This would allow activation of regulatory immune cells and production of
anti-inflammatory cytokines and other mediators. And itaconate would counteract
the effect of succinate, activate the Nrf2-mediated antioxidant pathway to dampen
down mitochondrial ROS, and activate ATF3 to inhibit the inflammatory response
in macrophages. Immune homeostasis would be achieved as a result.

In the critical illness scenario, initial metabolic reprogramming from oxidative
phosphorylation to glycolysis would go on for longer than necessary, generating
excessive lactate (hyperlactatemia) and pro-inflammatory cytokines and mediators. A
disrupted mitochondrial fusion/fission cycle could be to blame, one which could not
support the timely switch to oxidative phosphorylation and fatty acid oxidation. The
anti-inflammatory response would eventually kick in but by then damage would
already have occurred to mitochondria and mtDNA because of excessive production
of ROS in response to stress or cytokines. Excessive ROS and released mtDNA would
aggravate the pro-inflammatory response, which in turn would trigger a more aggres-
sive anti-inflammatory response to try and salvage the situation. The competition
between pro- and anti-inflammatory responses would exhaust the nutrients and lead to
shutdown of the whole metabolic system. Cells would either die or go into hibernation
to preserve energy [26]. This scenario is an over-simplified version of what might hap-
pen in the actual disease setting, without considering the crosstalk between cells and
organs and many other factors that are not included here. It is designed to shed light
on the interaction between the immune response and metabolism.

1.4  Potential of Mitochondria-Targeting Therapy
in Critical Care

Our understanding thus far leads us to think that targeting mitochondria could
perhaps correct the underlying cause of immune dysfunction in critical illness and
lead to better recovery of the patients. The central role of mitochondrial dynamics
in supporting and initiating metabolic reprogramming would make it the perfect
therapeutic target. To get the fusion/fission cycle going, the mitochondrial network
needs to be replenished by newly synthesized mitochondria via biogenesis.
Therapies that could potentially boost mitochondrial biogenesis are mitochondrial
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transplantation, metformin, nitric oxide (NO), and carbon monoxide. Mitochondrial
transplantation has been used successfully in pediatric patients with myocardial
ischemia-reperfusion injury [27]. Metformin can activate peroxisome proliferator-
activated receptor (PPAR)-gamma coactivator-la (PGC-1a), and Nrf2, the master
regulator of mitochondrial biogenesis and antioxidant systems [28]. Premorbid use
of metformin is associated with lower mortality in sepsis [29]. NO and carbon
monoxide can also enhance mitochondrial biogenesis [30-32]. Dietary nitrite has
been trialed in patients with coronary artery disease (ClinicalTrials.gov Identifier:
NCTO00069654). Other therapies, such as mitochondria-targeted antioxidant
(MitoQ) [33], could also be beneficial in protecting mtDNA and oxidative
phosphorylation from oxidative damage. MitoQ has been trialed in people with
Parkinson’s disease (ClinicalTrials.gov Identifier: NCT00329056).

1.5 Challenges of Applying Mitochondria-Targeting
Therapy in Critical Care

There are challenges to overcome before mitochondria-targeting therapy would be
possible. First, how do we assess mitochondrial dysfunction in the clinic and iden-
tify patients who would benefit from such therapy? A few possible ways could be
considered. Non-invasive assessment of mitochondrial oxygen metabolism using a
novel device called the COMET monitor was tested on 40 patients during the acute
phase of sepsis. This device is based on the protoporphyrin IX-triplet state lifetime
technique (PpIX-TSLT) and has been shown to be feasible [33]. This technology is
still in its early phase of clinical application but does offer some hope. Another pos-
sible biomarker that could potentially be used for assessing mitochondrial dysfunc-
tion is plasma mtDNA, but its sensitivity and specificity need further investigation
[19, 34, 35]. Furthermore, we could consider using immune response markers as a
surrogate markers, one such example could be IFNa inducible protein 27 (IFI27)
[36]. If we could overcome the first challenge, the second would be how to deliver
mitochondria-targeting therapies to the right organ at the right time.

1.6 Conclusion

In this chapter, we have demonstrated the important role of mitochondria in
regulating the immune response and proposed a scenario that explains immune—
metabolism crosstalk in the context of critical illness. We have highlighted the role
of mitochondrial dynamics in overseeing and supporting metabolic reprogramming
during immune cell activation. Mitochondrial ROS can be friend or foe when it
comes to immune regulation. Two TCA intermediates—succinate and itaconate—
with opposite effects have emerged as important players of the immune-regulating
mitochondrial machinery. Our understanding in immunometabolism could take us
to the next era of critical care: mitochondria-targeting therapy.
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2.1 Introduction

Sepsis and acute respiratory distress syndrome (ARDS) are still the most common
causes of death in critically ill patients. Although our knowledge of the underlying
immunopathogenesis has grown tremendously and we have made substantial
advances in supportive care, the overall mortality for sepsis and ARDS remains high
[1,2].In 2016, sepsis was redefined as life-threatening organ dysfunction caused by
a dysregulated host response to infection. Hyperinflammation occurring concur-
rently with immunosuppression puts patients at risk for developing fatal secondary
infections and chronic critical illness syndrome [1]. An extension of sepsis in terms
of pathogenesis has made ARDS similarly resistant to therapy and the prognosis for
patients with this syndrome remains equally dismal [2]. Despite over 30 years of
preclinical and clinical trials, no effective pharmacotherapies exist to improve out-
comes in patents with sepsis or ARDS [1, 2]. New therapeutic agents are desper-
ately needed, even more so in the light of the ongoing coronavirus disease 2019
(COVID-19) pandemic.

Tetracyclines are a family of bacteriostatic antibiotics that inhibit protein synthe-
sis by reversibly binding to the bacterial ribosome. Upon binding they allosterically
prevent the binding of the amino acyl-tRNA to the mRNA ribosome complex. They
exhibit broad-spectrum antibacterial activity against a wide-range of Gram-positive
and Gram-negative bacteria as well as atypical pathogens, such as chlamydiae, spi-
rochaetes, and rickettsiae [3]. Additionally, tetracyclines exert pleiotropic immuno-
modulatory effects that may be able to rebalance immune homeostasis in critically
ill patients. Their beneficial anti-inflammatory effects have been reported for chronic
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pulmonary diseases, chronic inflammatory skin diseases, autoimmune disorders, as
well as neurodegenerative diseases, and they have become a standard of care in the
treatment of periodontitis, acne, and rosacea [3, 4]. Recently, evidence has emerged
that tetracyclines could potentially be beneficial in ARDS and sepsis [5-7].

In this chapter, we provide an overview of the current preclinical and clinical
studies on the immunomodulatory effects of tetracyclines in the critical care setting
(Tables 2.1 and 2.2). We elucidate the underlying mechanisms of the immunomodu-
latory properties of tetracyclines that may have therapeutic effects in sepsis and
ARDS. Finally, we discuss future research perspectives including the role of non-
antibiotic tetracyclines.

2.2 Immunopathogenesis of Sepsis

Sepsis is a heterogenous syndrome characterized by an unbalanced hyperinflamma-
tory state and profound immunosuppression. Pathogen-associated molecular pat-
terns (PAMPs) released by sepsis-inducing microorganisms activate pattern
recognition receptors (PRRs) expressed by various immune cells and trigger a
strong innate immune response. The best known PAMPs include lipopolysaccharide
(LPS), lipoteichoic acid (LPA), and microbial DNA. PRRs can also sense cell
injury-associated endogenous molecules referred to as damage-associated molecu-
lar patterns (DAMPs), such as ATP, mitochondrial DNA, hyaluronan, heat shock
proteins, and fibrinogen [1, 8]. Upon ligand binding, activation of downstream sig-
nalling pathways (e.g., nuclear factor kappa-B [NF-kB] and mitogen-activated pro-
tein kinase [MAPK]) leads to the transcription of genes encoding pro-inflammatory
cytokines and chemokines such as tumor necrosis factor (TNF)-a, interleukin
(IL)-18, IL-8, IL-18 and interferons (IFN). The expression of IL-16 and IL-18 is
tightly regulated by inflammasomes, which execute a unique form of programmed
cell-death called pyroptosis. In most cases, these processes aid in neutralizing
invading pathogens and apoptotic cells. However, in sepsis they can lead to an
unbalanced host response that can potentially trigger a life-threatening “cytokine
storm” [1, 9]. Another hallmark of the innate immune response in sepsis is the acti-
vation of the complement system, which results in the recruitment of leukocytes,
endothelial cells, and platelets and ultimately in sepsis-induced endothelial barrier
dysfunction. Loss of vascular integrity leads to tissue edema and reduced microvas-
cular perfusion. Coagulation activation is tightly interconnected with complement
activation and predisposes patients to disseminated intravascular coagulation (DIC),
microvascular immunothrombosis, and hemorrhage.

The initial hyperinflammatory state is counterbalanced by immunosuppression
which involves both innate and adaptive immunity. One key phenomenon is the
apoptosis of B and CD4+ and CD8+ T cells and dendritic cells causing an acquired
immune deficiency syndrome linked to an unfavorable prognosis. Depletion of T
cells is further augmented by increased expression of programmed cell death 1
(PD1) and upregulation of its ligand (PDL1) on various immune and epithelial cells.
The reprogramming of antigen-presenting cells results in reduced human leukocyte
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Table 2.1 Immunomodulatory effects of tetracyclines in preclinical and clinical models of acute
respiratory distress syndrome (ARDS)

Author
Peukert
et al. [5]

Zhang

et al. [20]
Wang

et al. [24]
Zhang
etal. [17]
Roy et al.
[16]

Ng et al.
[27]

Moon
et al. [22]

Zhou et al.

[25]
Sochor
etal. [21]

Fujita

et al. [26]
Kim et al.
[14]
Fujita

et al. [28]
Steinberg
etal. [19]

Steinberg
etal. [15]
Carney
et al. [23]
McCann
et al. [29]
Carney
etal. [13]

Year
2021

2019

2014

2014

2012

2012

2012

2010

2009

2007

2006

2006

2005

2003

2001

1999

1999

Tetracycline
Tetracycline

Doxycycline
Doxycycline
Doxycycline

CMT-3

Doxycycline

Doxycycline

CMT-3

Doxycycline

Doxycycline
CMT-3
Doxycycline

CMT-3

CMT-3
CMT-3
CMT-3

CMT-3

Model
Mouse,

human
(ex vivo)
Mouse
Rat

Dog

Pig

Mouse

Mouse

Sheep

Rat

Mouse
Rat
Mouse

Pig

Rat
Pig
Pig

Pig

Stimulants or pathogens
LPS, HIN1 influenza
virus (mouse); viral,
bacterial, and non-
pulmonary ARDS
(human)

Paraquat

Cardiopulmonary bypass
Cardiopulmonary bypass

Ischemia by clamping of
SMA, placement of fecal
clot in peritoneum
H3N2 influenza virus

LPS

3rd degree burn, smoke
inhalation, barotrauma
Acute pancreatitis
(intraductal
glycodeoxycholic acid,
cerulein)

LPS or Streptococcus
pneumoniae
Ventilation

Bleomycin

Ischemia by clamping of
SMA, placement of fecal
clot in peritoneum

Cecal ligation and
puncture
LPS

Cardiopulmonary bypass,
LPS
Cardiopulmonary bypass,
LPS

Immune response
IL-16, IL-18, caspase-1
activation, neutrophil
influx |, survival 1

MMP-9, MPO,
neutrophil influx |
TNF-a, IL-18,

MMP-9 |

MMP-9, MPO,
neutrophil influx |
TNF-a, IL-18, I1-6,
1L-8, IL-10 |, MMP-2,
-9, NE, survival &
MMP-2, MMP-9,
T1-a, thrombomodulin,
neutrophil influx |
Syndecan-1 (MMP-7
substrate), neutrophil
influx |

MMP-2 |, MMP-9 <,
survival 1

MMP-9, neutrophil
influx |

MMP-2, -9, neutrophil
influx |, survival 1
MMP-9, MPO,
neutrophil influx |
MMP-2, -9, neutrophil
influx |

IL-6, IL-8, IL-10, NE
1, IL-1, MMP-2, -9,
neutrophil influx <,
survival 1

MMP-2, MMP-9 |,
survival 1

MMP-2, MMP-9,
neutrophil influx |
Neutrophil influx |

MMP-2, MMP-9, NE,
neutrophil influx |,
survival 1

1 significant increase, | significant decrease, < no significant difference, CM7-3 chemically modi-
fied tetracycline 3, IL interleukin, LPS lipopolysaccharide, MMP metalloproteinase, MPO myelo-
peroxidase, NE neutrophil elastase, SMA superior mesenteric artery, TNF-a tumor necrosis factor
alpha, T'/-a membrane protein of alveolar type I epithelium
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Table 2.2 Immunomodulatory effects of tetracyclines in preclinical and clinical models of sepsis

Author

Colago et al.
[6]

Patel et al.
[7]

Sun et al.
[35]

Sun et al.
[34]

Nukarinen
et al. [48]
Fredeking
et al. [47]
Bode et al.
[45]

Tai et al.
[41]

Pang et al.
(33]

Castro et al.
[46]
Maitra et al.
[40]

Maitra et al.

[38]

Maitra et al.
[39]

Year
2021

2020

2020

2015

2015

2015

2014

2013

2012

2011

2005

2004

2003

Tetracycline
Doxycyline

Doxycycline

Minocycline

Minocycline,
tigecycline,
doxycycline
Doxycycline

Doxycycline

Doxycycline

Minocycline

Minocycline

Tetracycline,
doxycycline
CMT-3

CMT-3

CMT-3

Model
Mouse

Mouse

Human THP-1
monocytes

Human THP-1
monocytes
RCT

RCT

Human THP-1
monocytes,
PBMCs (ex
Vivo)

Human THP-1
monocytes

Human
monocytes (ex
Vivo)

RCT

Rat

Rat

Rat

Stimulants or
pathogens

E. coli, HIN1
influenza virus,
C. albicans,
Plasmodium
berghei

Cecal ligation
and puncture
LPS

LPS

Severe sepsis or
septic shock
Dengue virus

LPS, E. coli

LPS

LPS

Dengue virus

Cecal ligation
and puncture

Cecal ligation

and puncture

Cecal ligation
and puncture

Immune response
Liver, lung, kidney
injury |, mitochondrial
protein synthesis |;
FAO, steroid
sensitivity, survival 1
TNF-a, IL-18, IL-6,
MPO |, survival 1
TNF-a, IL-8, MIP-1a,
MIP-18 |, modulated
NF-kB-, p38-,
ERK1/2-pathways
Autophagy 1 by
inhibiting mTOR;
TNF-a, IL-8 |
MMP-8, -9, TIMP-1
&

IL-6, TNF-a, mortality
U

Phagocytosis, IL-18,
IL-6 |, TLR-1, TLR-4,
TLR-6 |

TNF-a, IL-6, IFN-y,
IL-8, IP-10, MCP-1,
MIP-1a, MIP-18,
RANTES, eotaxin |,
IKKo/f
phosphorylation
inhibited

TNF-a, IL-18, IL-6,
COX-2, PGE, |,
LOX-1, NF-xB,
LITAF, Nur77, PI3K/
Akt-, p38-MAPK
pathway |

1L-6, 1I-18, TNF-a |,
IL-1ra 1, TNF-R1 &
Liver injury, MMP-9,
MMP-2, TGF-81,
caspase-3 |, survival 1
TNF-a |, p38-,
p42/44-MAPK
activation inhibited,
survival T

Liver injury, NO,
MMP-9 |, survival 1
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Table 2.2 (continued)

Stimulants or

Author Year Tetracycline  Model pathogens Immune response
D’Agostino 2001 CMTs, Murine J774  LPS TNF-a, IL-10 <,
et al. [44] macrophages iNOS, nitrite, NO,
1I-12 |, cytotoxity
Patel etal. 1999 CMTs, Murine RAW  LPS PGE,, nitrite |
[42] minocycline 264.7 cells, (CMT-3)
human A 549
cells
D’Agostino 1998 Doxycycline  Mouse, murine LPS NO |, survival 1
et al. [36] macrophages
Aminetal. 1997 CMTs, Murine LPS iNOS mRNA
[43] doxycycline macrophages accumulation and
protein expression |
Milano 1997 Tetracycline Mouse, murine LPS TNF-a, IL-1a, nitrate,
et al. [37] macrophages iNOS activity |,
macrophages: NO |,
TNF-a, IL-1a <,
survival T

1 significant increase, | significant decrease, < no significant difference, C. albicans Candida
albicans, CMT-3 chemically modified tetracycline 3, COX-2 cyclooxygenase 2, E. coli Escherichia
coli, ERK extracellular-signal regulated kinases, FAO fatty acid oxidation, IFN interferon, /KK
inhibitor of nuclear factor kappa B kinase, /L interleukin, /L-/ra interleukin-1 receptor antagonist,
iNOS inducible nitric oxide synthase, /P-10 interferon gamma induced protein 10, LITAF lipopoly-
saccharide induced TNF factor, LPS lipopolysaccharide, LOX-1 lectin-like oxidized low density
lipoprotein receptor-1, MMP metalloproteinase, MAPK mitogen-activated protein kinase, MCP
monocyte chemoattractant protein, M/P macrophage inflammatory protein, MPO myeloperoxi-
dase, mTOR mammalian target of rapamycin, NF-kB nuclear factor kappa-light-chain-enhancer of
activated B-cells, NO nitric oxide, PBMCs peripheral blood mononuclear cells, PGE, prostaglan-
din E,, PI3k phosphatidylinositol-3-kinase, RANTES regulated upon activation, normal T cell
expressed and presumably secreted, RCT randomized controlled trial, TGF-f3] transforming
growth factor beta 1, TIMP-1 tissue inhibitor of metalloproteinase-1, TLR toll-like receptor, TNF-a
tumor necrosis factor alpha, TNF-R1 tumor necrosis factor receptor 1

antigen-antigen D related (HLA-DR) expression on monocytes and impaired pro-
duction of pro-inflammatory mediators, including TNF-a, IL-6, 1I-18, and IFN-y
referred to as “immunoparalysis”. Although these compensatory mechanisms
attempt to restore immune homeostasis, a subtype of patients develops persistent
inflammation, immunosuppression, and catabolism syndrome (PICS), which is pre-
dictive of a poor outcome. It is most likely caused by persistent inflammation
through a constant release of DAMPs driving organ injury [1].

2.3  Immunopathogenesis of ARDS

Sepsis and ARDS have similar underlying mechanisms: ARDS, defined as a life-
threatening form of respiratory failure, is driven by an uncontrolled inflammatory
host response induced by direct (pulmonary) or indirect (extrapulmonary) insults.
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The most common causes include sepsis, viral and bacterial pneumonia, aspiration
of gastric contents, and major trauma [2].

Inflammasome activation plays a central role in the development of ARDS [5]. In
general, inflammasomes are multiprotein complexes that consist of a sensor NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3), an adaptor apoptosis-
associated speck-like protein containing a CARD (ASC), and an effector (caspase-
1) [10]. Inflammasome activation generates IL-18 and IL-18 which both drive the
inflammatory cascade forward and are linked to an unfavorable prognosis [5]. This
process involves two signals. Inflammasomes assemble downstream of PRRs in
response to PAMPs and DAMPs. For example, LPS binding to Toll-like receptor 4
(TLR4) leads to the translocation of NF-kB into the nucleus and the transcription of
pro-inflammatory mediators and inflammasome components including pro-
caspase-1, pro-IL-1f, and pro-IL-18 (signal 1). Various stimuli such as ATP, viral
RNA, and pore-forming toxins activate the sensor NLRP3, resulting in inflamma-
some assembly via ASC oligomerization (signal 2). Active capase-1 converts pro-
IL-1p and pro-IL-18 into their mature forms causing pyroptotic cell death [5, 10,
11]. Inflammation and pyroptosis mediate substantial epithelial and endothelial
injury with a subsequent loss of the alveolar-capillary barrier integrity, leading to
influx of protein-rich edema fluid and immune cells into the alveoli [2]. This exuda-
tive edema causes dysfunctional surfactant and atelectasis, which in turn can predis-
pose patients to biophysical injury of the lungs [2].

The influx of immune cells (especially neutrophils) triggered by the activation of
TLRs on alveolar type II cells and resident macrophages is a salient feature of
ARDS [12]. As neutrophils begin their transepithelial migration into the lungs, they
become primed to phagocytose invading microbes and release toxic mediators
including reactive oxygen species (ROS), neutrophil elastase, proteases, and nitric
oxide (NO). Proteases such as metalloproteinases (MMPs) contribute to the disrup-
tion of the barrier integrity and lung parenchyma by degrading collagen [12-15].
Both neutrophil elastase and MMPs are known to promote lung injury in patients
with ARDS [15]. Lastly, persistent inflammation and unbalanced immune homeo-
stasis can further intensify existing lung damage and cause lasting injury and
fibrosis [2].

24  Mechanisms of Action of Tetracyclines in ARDS

In vitro and in vivo studies have highlighted the wide-range of immunomodulatory
effects of tetracyclines in models of ARDS, pneumonia, and sepsis [7, 16, 17]. They
improve survival and organ injury by modulating a plethora of inflammatory pathways
that become dysregulated in critically ill patients [1, 5, 6, 18]. In ARDS, tetracyclines
decrease a variety of inflammatory mediators, including inflammasome-dependent
IL-18 and IL-18 secretion, which drives ARDS development [5, 16, 19]. Furthermore,
they impair the breakdown of extracellular matrix components and inhibit neutrophil
infiltration [14, 17, 20-23] (Fig. 2.1).
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Fig. 2.1 The immunomodulatory effects of tetracyclines in ARDS. @ By sensing pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), Toll-
like receptors (TLRs) become activated, thereby triggering the activation of the NLRP3
inflammasome. Tetracyclines inhibit the activation of nuclear factor-kappa B (NF-xB) and the
NLRP3 inflammasome and subsequent @ release of proinflammatory cytokines and chemokines
causes impaired ® chemotaxis of immune cells including neutrophils. Tetracyclines further block
@ neutrophil degranulation and ® extracellular matrix breakdown. L inhibition, AEC I type I alve-
olar epithelial cell, AEC II type II alveolar epithelial cell, BEC bronchial epithelial cell

2.4.1 InVivo Models

2.4.1.1 Effects on Inflammatory Cytokines and NLRP3
Inflammasome Caspase-1 Signaling
Tetracyclines significantly reduce the secretion of pro-inflammatory cytokines,
including TNF-a, IL-18, IL-6, and IL-8, thereby improving survival and lung injury
in indirect models of ARDS [16, 19, 24].
Current research suggests that a key mechanism underlying the immunomodula-
tory effects of tetracyclines is the inhibition of the secretion of the pro-inflammatory
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cytokines IL-16 and I1-18 via the NLRP3 inflammasome pathway. In a recent study,
tetracycline significantly reduced both LPS- and influenza-induced lung injury in
mice by inhibiting inflammasome-caspase-1 dependent IL-18 and IL-18 produc-
tion. This effect was mediated by direct inhibition of caspase-1 activation by tetra-
cycline [5].

2.4.1.2 Effects on MMPs

The best described property of tetracyclines is the inhibition of MMPs in
ARDS. MMPs are a family of zinc-dependent endopeptidases that degrade the base-
ment membrane as well as extracellular matrix components and are involved in
numerous pathological conditions including inflammation, tissue remodeling, and
tumorigenesis. They are produced by a variety of cells including stromal, epithelial,
and inflammatory cells. Tetracyclines directly inhibit MMP activity by chelating
Zn** ions from their active site and by inhibiting their transcription [3].

The potential role of tetracyclines as MMP inhibitors in the pathogenesis of
ARDS has been investigated in several animal studies. Carney et al. [23] showed
that pigs pretreated with chemically modified tetracycline 3 (CMT-3) 12 h prior to
intravenous LPS developed less lung injury, less edema and hypoxia by inhibiting
MMP-9 and MMP-2. Additionally, plateau airway pressure was decreased [23].
Similar results were achieved by the same group through the inhibition of gelatin-
ases and neutrophil elastase by CMT-3 in a porcine cardiopulmonary bypass and
LPS-induced lung injury model. The survival rate was increased from 60 to 100%
by CMT-3 treatment [13]. Steinberg et al. [15] demonstrated that blockage of
MMP-2 and MMP-9 by CMT-3 was associated with less edema and histological
lung injury as well as increased survival in an indirect model of ARDS in rats sub-
jected to cecal ligation and puncture. Of note, CMT-3 prevented all the histopatho-
logical changes seen in ARDS [15]. Although not statistically significant, the
authors observed a 64% reduction in MMP-2 activity and a 34% reduction in
MMP-9 activity in bronchoalveolar lavage (BAL) fluid in a porcine model of ARDS
[19]. Furthermore, administration of CMT-3 improved hemodynamics, gas
exchange, lung histology, and survival through the inhibition of MMP-2 in an ovine
ARDS model induced by third-degree burns, smoke inhalation and barotrauma inju-
ries [25]. MMP-9 levels were not affected by CMT-3 but levels were only measured
in plasma and not in BAL fluid as opposed to in the studies described earlier [25].
Levels of MMP-2, MMP-9, and neutrophil elastase measured in plasma were also
not affected by CMT-3 in a cecal ligation and puncture-induced ARDS model [16].
The authors concluded that this might be due to the use of ketamine, which has been
shown to weaken the effects of cecal ligation and puncture in rats via the inhibition
of NF-xB.

Doxycycline has also been described as another potent MMP inhibitor in various
animal models of primary and secondary ARDS [17, 20, 21, 24, 26, 27]. In a
pancreatitis-induced ARDS model, doxycycline reduced MMP-9 levels which cor-
related with decreased pulmonary edema and hemorrhage [21]. Similar results were
reproduced in cardiopulmonary bypass-induced ARDS models [20, 24]. The posi-
tive influence of doxycycline on endothelial barrier integrity was also demonstrated
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by decreased levels of endothelial protein. Not only were MMP-2 and MMP-9 lev-
els in BAL fluid reduced in a H3N2 influenza-induced ARDS model, so were con-
centrations of endothelial protein thrombomodulin and T1-a, a membrane protein
of alveolar type I epithelium, indicating less alveolar capillary membrane damage
[27]. Furthermore, doxycycline might attenuate the development of pulmonary
fibrosis in ARDS through the inhibition of gelatinases [28].

2.4.1.3 Effects on Neutrophil Transmigration

One of the hallmarks of ARDS is the influx of neutrophils into the lungs. Tetracyclines
attenuate neutrophil infiltration and thereby prevent ARDS, an effect possibly linked
to the concomitant decrease of MMP levels [13, 14, 23, 26]. In a ventilation-induced
lung injury (VILI) model, pretreatment with CMT-3 decreased neutrophil infiltra-
tion and myeloperoxidase levels, which correlated significantly with MMP-9 activ-
ity. The role of MMP-9 during neutrophil migration is, however, not well defined.
As a proteinase, MMP-9 could potentially degrade the basement membrane and
thereby facilitate migration [14]. In an in vitro experiment, neutrophil transmigra-
tion across Matrigel and MMP-9 levels in the Matrigel invasion chamber were
reduced by doxycycline [21].

Pretreatment with CMT-3 inhibited neutrophil influx in models of bacterial- and
cardiopulmonary bypass-induced ARDS [13, 23, 29]. Additionally, doxycycline
prevented neutrophil infiltration in models of viral-, bacterial-, cardiopulmonary
bypass- and pancreatitis-induced ARDS [17, 21, 22, 27, 30].

2.4.2 Human Data

Recently, Peukert et al. described the effect of tetracycline on the NLRP3 inflamma-
some pathway in patients with direct ARDS (Fig. 2.1). Human alveolar leukocytes
were isolated within 24 h of onset of direct ARDS. Cultured leukocytes continued
to produce IL-18 and IL-18 suggesting that the NLRP3 inflammasome pathway
remained intact. Tetracycline inhibited the production of IL-1 and IL-18 by alveo-
lar leukocytes in a dose-dependent manner. This study indicates that the inhibition
of caspase-1-dependent IL-18 and IL-18 by tetracyclines might be a new therapeu-
tic approach in patients with direct ARDS [5].

A randomized clinical trial is currently investigating whether doxycycline can
limit the NF-xB dependent release of pro-inflammatory cytokines and thereby
prevent evolution towards ARDS in patients with COVID-19 (ClinicalTrials.gov
Identifier: NCT04371952). In 89 high-risk COVID-19 patients living in long-
term care facilities, it was recently shown that the administration of doxycycline
within 12 h after symptom onset was associated with early clinical recovery,
decreased hospitalization and reduced mortality [31]. These findings contradict
the results of a randomized controlled trial which suggested doxycycline was not
effective for suspected COVID-19 [32]. In this study, 798 participants received
doxycycline compared to 994 participants randomized to standard care. However,
the trial had several limitations: first, the trial included participants recruited
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within 14 days after symptom onset. Second, almost half of the participants were
accrued without PCR-confirmed severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection [32]. Because the inflammasome-caspase-1 pathway
is activated early in ARDS [5, 8], this might explain why doxycycline was not
beneficial.

2.5 Maechanisms of Action of Tetracyclines in Sepsis

Tetracyclines exert their pleiotropic immunomodulatory effects via several inflam-
matory pathways such as NF-kB and MAPKs downstream of PRRs whereby they
inhibit the secretion of inflammatory mediators including cytokines, chemokines,
MMPs, prostaglandin E, (PGE,), and NO [7, 33-38]. They also ameliorate sepsis-
induced liver injury by inhibiting apoptotic pathways [39, 40]. Mild perturbation of
mitochondrial function by tetracyclines can install disease tolerance mechanisms
like tissue repair and metabolic reprogramming [6].

2.5.1 InVitro Models

2.5.1.1 Effects on Cytokine and Chemokine Production

An uncontrolled host response to infection can trigger a so-called cytokine storm
which is one of the main characteristics of sepsis [1]. Mounting evidence has identi-
fied autophagy as an important regulator of excessive inflammation. Sun et al. [35]
have shown that minocycline, which induces autophagy by inhibiting the mamma-
lian target of rapamycin (mTOR) signaling pathway, suppresses cytokine produc-
tion and cell proliferation, and protects human THP-1 cells from LPS-toxicity.
Additionally, the study suggests that the IKK/NF-«xB signal pathway was linked to
minocycline-induced autophagy [35]. A previous study also demonstrated that
minocycline decreased cytokine and chemokine production by inhibiting IKKa/f3
phosphorylation in LPS-stimulated THP-1 cells [41]. The influence of tetracyclines
on certain signaling pathways was further characterized by Sun et al. [34]. The
modulated phosphorylation of the NF-kB-, p38- and ERK1/2-pathways by doxycy-
cline, minocycline, and tigecycline significantly inhibited the expression of TNF-a,
IL-8, macrophage inflammatory protein 1o (MIP-1a) and MIP-18 by LPS-stimulated
THP-1 cells [34].

2.5.1.2 Effects on Arachidonic Acid Metabolites and NO Production
Metabolites of arachidonic acid, such as PGE, and NO, are inhibited by tetracy-
clines and play a role in inflammatory processes [42]. CMT-3 inhibited both nitrite
and the cyclooxygenase 2 (COX-2) mediated PGE, accumulation in murine macro-
phages stimulated with LPS [42]. Moreover, tetracyclines regulate inducible NO
synthase (iNOS) at the post-transcriptional level, thereby decreasing NO levels in
LPS-stimulated murine macrophages [36, 37, 43, 44].
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2.5.2 InVivo Models

2.5.2.1 Effects on MAPK Signaling Pathways
and Inflammatory Mediators

Doxycycline ameliorated systemic and pulmonary inflammation in a murine sepsis
model induced by cecal ligation and puncture [7]. By decreasing levels of IL-18,
IL-6, TNF-a, myeloperoxidase (MPO), and the antioxidant glutathione in plasma
and lung homogenates, doxycycline improved survival. The anti-inflammatory
effect of CMT-3 is possibly mediated through the inhibition of MAPKSs. In rats
subjected to cecal ligation and puncture, pretreatment with CMT-3 inhibited TNF-a
secretion and activation of p38 and p42/44-MAPK pathways, thereby preventing
the progression to septic shock [38].

Tetracyclines also act as inhibitors of NO synthesis. In mice injected intraperito-
neally with LPS, doxycycline prevented septic shock by inhibiting nitrate produc-
tion by an IL-10 independent mechanism [36]. Furthermore, tetracyclines caused a
decrease in iNOS activity in a similar sepsis model [37].

2.5.2.2 Effects on Organ Dysfunction

Maitra et al. [39] showed that CMT-3 improved survival and was hepatoprotective
in rats subjected to sepsis by cecal ligation and puncture. They demonstrated that
the underlying mechanisms by which CMT-3 improved survival and hepatic injury
were the CMT-3 induced reduction of MMP-9 and NO. The hepatoprotective effect
of CMT-3 was further characterized by the same group. Administration of CMT-3 in
septic rats caused decreased levels of MMP-9 and increased the expression of tissue
inhibitor of metalloproteinase-1 (TIMP-1), which is an in vivo inhibitor of MMP-9.
Furthermore, transforming growth factor beta-1 (TGF-81) and caspase-3 were
reduced, thereby preventing liver injury and increasing survival in septic rats [40].
Recently, Colaco et al. [6] demonstrated how doxycycline can protect against sepsis
by inducing disease tolerance without diminishing bacterial load in a mouse model
of bacterial sepsis. In this study, tissue damage of the liver, lungs, and kidneys on a
molecular and histopathological level was reduced by treatment with doxycycline.
Furthermore, the authors demonstrated similar protective effects in influenza-
induced sepsis in contrast to fungal- or cerebral malaria-induced infection models.
Bulk RNA sequencing showed that doxycycline altered the expression of genes
involved in epithelial cell differentiation suggesting more effective lung repair with-
out the development of lung fibrosis. Functional analysis found a cluster of down-
regulated genes related to decreased liver collagen production indicating that
doxycycline potentially plays a role in limiting liver fibrosis. During infection, liv-
ers of septic mice accumulated acylcarnitines and steroids. Administration of doxy-
cycline partially decreased this accumulation suggesting that it might reverse the
block in mitochondrial import of fatty acids during sepsis. It also increased the
activation of glucocorticoid receptors through serine phosphorylation. Furthermore,
it was shown that mild perturbation of mitochondrial function, like the electron
transport chain, by doxycycline can activate disease tolerance mechanisms, such as
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tissue repair and metabolic reprogramming in sepsis. One of the underlying mecha-
nisms could be the doxycycline-induced sensitization to adrenergic agonists that
reduces lipid accumulation in the liver. This elegant study demonstrates how doxy-
cycline may rebalance immune homeostasis in sepsis [6].

2.5.3 Human Data

Minocycline significantly ameliorated the LPS-induced inflammatory response in
human monocytes obtained from healthy volunteers by decreasing the production
of TNF-a, IL-18, IL-6, COX-2, and PGE,, as well as reducing activation of lectin-
like oxidized low density lipoprotein receptor-1 (LOX-1), TNF-a factor (LITAF),
and Nur77 nuclear receptor. The immunomodulatory effects of minocycline were
mediated through the blocked activation of NF-kB, p38 MAPK, and phos-
phoinositide 3-kinase (PI3K)/Akt pathways [33]. Consistent with this, another
study demonstrated that doxycycline reduced the LPS-induced gene expression of
IL-18 and IL-6 as well as phagocytosis of heat-inactivated Escherichia coli by
monocytes [45].

The Fredeking group investigated the impact of tetracyclines on the inflamma-
tory response in patients with dengue hemorrhagic fever in two randomized con-
trolled trials [46, 47]. In the first trial, hospitalized patients received usual care or
usual care combined with doxycycline or tetracycline. Serum cytokine and cytokine
receptor levels were determined on days 1, 3, and 7 of treatment. Doxycycline was
significantly more effective in modulating levels of IL-6, IL-16, TNF-a, IL-1 recep-
tor antagonist (IL-1ra) and TNF-R1 than tetracycline. In the second trial with 231
participants, doxycycline treatment was associated with lower mortality, which
positively correlated with reduced levels of pro-inflammatory cytokines. Patients in
the doxycycline arm had a 46% lower mortality than those in the usual care arm [47].

In a prospective randomized placebo-controlled pilot trial, intravenous doxycy-
cline did not have an impact on MMP-8, MMP-9, or TIMP-1 in patients with severe
sepsis or septic shock [48]. This finding might be explained by the small sample size
and large variance of disease severity that made it nearly impossible to detect a
statistical significance. Only 23 patients were included in the analysis of this pilot
trial. The studied population was also very heterogenous in terms of disease severity
and disease onset, which was reflected in the detected variation in baseline concen-
trations and activities of MMP-8, MMP-9, and TIMP-1 [48].

2.6  Future Research Perspectives

ARDS and sepsis are both heterogenous syndromes characterized by significant
variability in the degree of immune dysregulation, disease severity, and prognosis.
As described in this chapter, tetracyclines modulate immunity at multiple levels
involving the inhibition of concurrent pro- and anti-inflammatory pathways.
Although our knowledge of the underlying mechanisms has increased, we need
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more clinical trials before we can adopt tetracyclines as routine treatment in sepsis
and ARDS.

To prevent the development of antibiotic resistance, we need to further investi-
gate the use of non-antibacterial tetracycline derivatives such as CMT-3; their effec-
tiveness has already been observed in preclinical trials [5, 16, 25]. Furthermore,
research should focus on developing tetracyclines with minimal adverse effects and
on augmenting certain immunomodulatory effects.

Most clinical trials of novel sepsis and ARDS therapies have focused on large
patient cohorts without considering the heterogenous nature of both syndromes and
the varying immune responses of each patient. This has likely contributed to the fact
that immunomodulatory drugs have not been demonstrated to have a clinical benefit
in the past. Each patient needs to be longitudinally evaluated by using biomarkers
and establishing baseline immune cell responsiveness [1]. In other words, immune
profiling is necessary to stratify critical care patients in future trials and to identify
biological subphenotypes in ARDS and sepsis. Calfee et al. [49] have described dif-
ferential responses to treatment according to phenotype in ARDS. Predictive enrich-
ment strategies are recommended to promote the efficiency of clinical trials and to
enable precision medicine.

2.7 Conclusion

In summary, tetracyclines have been shown to be potent drugs with pleiotropic
immunomodulatory effects inhibiting multiple inflammatory pathways that trigger
an uncontrolled immune response in ARDS and sepsis. In preclinical studies, tetra-
cyclines have been described as promising immunomodulatory agents that seem to
have the potential to correct the unbalanced immune homeostasis present in criti-
cally ill individuals. Future trials need to further investigate tetracyclines in terms of
dosing and side effects as well as focus on preventing antibiotic resistance. Finally,
the extent of inflammation and immunosuppression varies between each patient
explaining why so many trials have failed to show a survival benefit for immuno-
modulatory drugs in the past. We need to identify subphenotypes of ARDS and
sepsis that will respond to adjunctive tetracycline treatment.
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3.1 Introduction

The rise of the pandemic by the novel severe acute respiratory syndrome coronavi-
rus-2 (SARS-CoV-2) generated concern in the medical community for patients who
are admitted to the intensive care unit (ICU) because of severe respiratory failure.
The majority of these patients have unfavorable outcomes and this led to the consid-
eration of how progression into severe respiratory failure and ICU admission may
be prevented. The current approach for bacterial sepsis advocates that early initia-
tion of treatment is a life-saving strategy [1]. This opinion was based on the obser-
vation that starting antimicrobials in the first hour from hypotension was associated
with 79.1% survival and that every hour of delay impacted by 7.6% the relative
increase in the odds for death [2]. What are the similarities between coronavirus
disease 2019 (COVID-19) and sepsis that could indicate that the principles of early
treatment may apply, and how feasible is this in COVID-19? One recent meta-anal-
ysis described that almost 80% of hospitalized patients with COVID-19 meet the
Sepsis-3 definition using the Sequential Organ Failure Assessment (SOFA) score
[3]. Despite the similarity in definition, the major obstacle for early treatment in
COVID-19 would be the lack of extremely potent antiviral drugs, even though a
recent retrospective analysis of 475 hospitalized patients showed that start of
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remdesivir in the first 3 days from positive testing for SARS-CoV-2 was associated
with lower odds for death [4].

Early treatment of COVID-19 thus needs to rely on the early recognition of the
activation of the pro-inflammatory cascade and of the immediate start of anti-
inflammatory treatment aiming to prevent progression into severe respiratory failure
and unfavorable outcome. The current chapter provides existing evidence about the
kinetics of cytokines for disease progression, to suggest novel biomarkers for prog-
nosis and to present clinical evidence on the strategy of early anti-inflammatory
treatment for COVID-19, with a focus on interleukin (IL)-1-dependent pathways.

3.2  Cytokines and Disease Progression in COVID-19

Early since the beginning of the SARS-CoV-2 pandemic, it was realized that the more
severe patients were suffering from hyperinflammation, which was associated with
unfavorable outcome [5]. Since then, several prospective studies have been conducted
to associate the concentrations of circulating cytokines with disease severity and dis-
ease prognosis. A PubMed search entering the keywords “plasma cytokines” and
“COVID-19” on 22 October 2021 retrieved 697 results. Pre-prints, reviews, and case
reports were excluded leaving 587 peer-reviewed articles. Following the reading of the
abstracts, only studies associating plasma cytokines with disease severity and progno-
sis were retained. Some of these studies, summarized in Table 3.1, compare the circu-
lating levels of cytokines with disease severity. It needs to be highlighted that not all
existing cytokines were measured in all studies; however, one common denominator of
the studies analyzed in Table 3.1 is that concentrations of IL-6 and IL-1 receptor antag-
onist (IL-1ra) increase with increasing disease severity [6—11].

Another set of studies tried to identify which of the circulating cytokines may be
a biomarker of prognosis in COVID-19. All these studies used 30-day mortality as
an endpoint and their results are summarized in Table 3.2. Most of the enrolled
patients were severe on enrolment and analyses indicated that circulating concentra-
tions of IL-6 and, to a lesser extent other cytokines, were increased from the day of

Table 3.1 Synopsis of studies measuring circulating cytokines in the plasma of patients with
coronavirus disease 2019 (COVID-19) on the day of hospital admission

Number of  Cytokines increased in

Ref. Design Study period Country patients severe/critical ICU patients
6 Single-center, NR USA 36 M-CSF, IL-1ra, IP-10,
biobank MCP-1, IL-2, TNFa, IL-6,
7 Single-center, March—-May Turkey 100 IL-1ra, IL-18
prospective 2020
8 Prospective NR USA 15 IL-1ra, IL-6, IL-19
Prospective NR USA 40 IL-1p, IL-6, IL-10, sSTNFR1
10 Prospective February— China 1472 1L-6
March 2020
11 Prospective February—May Italy 175 IL-2, IL-6, IL-8, IL-16,
2020 sTNFR1

IL interleukin, TNF tumor necrosis factor, /CU intensive care unit, NR not reported, M-CSF mac-
rophage colony-stimulating factor, /P interferon-inducible protein, MCP monocyte chemoattrac-
tant protein, /L-1ra IL-1 receptor antagonist
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Table 3.2 Synopsis of studies associating cytokine admission levels with unfavorable outcome in
coronavirus disease 2019 (COVID-19)

Suggested
Cytokine  prognostic
Number greater in  cut-off for
Study of Disease ~ non- unfavorable
Ref. Design period Country patients severity survivors  outcome
12 Single- April— Italy 46 Stage [to IL-6 NR
center, May 2020 11T
prospective
13 Single- January— China 31 Severe IL-6, IL-8, NR
center, June 2020 1L-10
prospective
14 Three February  Japan 102 Moderate 1L-6 49 pg/ml for
centers, 2020-July and severe IL-6
prospective 2021
15 Three March— France 150 Severe IL-6, CRP 212 pg/ml for
centers, April IL-6
prospective 2020
16  Single- March— USA 1484 Mild to IL-6, IL-8, 70 pg/ml for
center, April severe TNF-a IL-6, 50 pg/ml
prospective 2020 for IL-8; 35 pg/
ml for TNF-a
17  Multicenter, March— Greece 178 Severe IL-6 30 pg/ml for
prospective ~ May 2020 IL-6

IL interleukin, 7NF tumor necrosis factor, CRP C-reactive protein, NR not reported

admission among non-survivors [12—17]. However, the results of these studies need
to be interpreted under the notion that the research question was “which measured
cytokines predicted an unfavorable outcome among patients who were already
either severe or critical?”’. None of these studies searched for a biomarker that could
identify which patients with moderate illness will progress over time into severe or
critical illness.

3.3  Contribution of Monocytes and Macrophages in Early
Cytokine Response

The hyperinflammation of COVID-19 has features of cytokine storm syndrome
or macrophage activation syndrome. Macrophage activation syndrome is often
described as an auto-inflammatory entity due to sudden stimulation of tissue
macrophages with over-production of IL-1p and the generation of a vicious
cycle where IL-1p propagates further production of cytokines by macrophages
through its receptor [18]. Inflammasomes play a central role in the production
of IL-1p since they activate caspase-1, which cleaves inactive pro-IL-1f to
active IL-1f.

There is scarce evidence regarding the participation of the NACHT, LRR, and
PYD domains-containing protein (NLRP) inflammasome in the pathogenesis of
COVID-19. In one post-mortem study of only four patients, lung sections were
stained for components of the NLRP3 inflammasome mainly apoptosis-associated
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speck-like protein containing a caspase recruitment domain (ASC) and caspase-1;
lung deposition was significantly higher than in control subjects [19]. It has been
suggested that several particles of other coronaviruses may stimulate components of
the NLRP3 inflammasome. More precisely, ORF3a binds to ASC and ORF8b binds
to leucine-rich repeats and this stimulates the assembly of NLRP3 [20]. Although
activation of NLRP3 leads to activation of the proteolytic activity of caspase-1, the
excess production of IL-f is a dual process, because for caspase-1 to act, priming of
the cell cytoplasm with pro-IL-1f is needed. It has been suggested that alarmins or
damage-associated molecular patterns (DAMPs) that are released from the lung epi-
thelial cells during rapid viral replication act on Toll-like receptor-4 (TLR4) and
lead to intracellular accumulation of pro-IL-1f [21]. Indeed, increased levels of the
DAMP S100A9 (also known as calprotectin) circulate in the plasma of patients with
COVID-19 [11]. In parallel to the production of pro-IL-1f under the stimulation of
DAMPs, one more cytokine of the IL-1 family is produced, namely IL-1a. This is
already active and does not necessitate any further processing. Abundant release of
IL-1a is described in lung infections, including COVID-19 [22].

Both IL-1a and IL-1p act on the IL-1 receptor in tissue macrophages and per-
petuate the inflammatory process. In an attempt of the host to attenuate this phe-
nomenon, IL-1ra is produced to limit the binding of IL-1oc and IL-1 to their receptor
and to minimize biological function [23]. There are three main observations that
suggest that early production of IL-la and IL-1f drives progression into severe
respiratory failure:

e IL-Irais increased in many severe cases of COVID-19 (Table 3.1).

¢ Treatment with anakinra, a recombinant human IL-1ra, has been associated with
survival benefit in severe COVID-19 [24], suggesting that the IL-1 pathway is
already activated in severe disease and that IL-1 activation may start before signs
of severity appear.

e When severe disease develops, IL-1 is not detectable at high concentrations in
the circulation by contrast to the other cytokines [16]. Since IL-1f and IL-6 are
secreted in parallel from tissue macrophages, it may be hypothesized that the
peak of IL-1p precedes the peak of the other cytokines.

3.4 How Can Early Activation of IL-1 Be Identified?

Not all patients with moderate-to-severe COVID-19 are at risk for progression into
severe respiratory failure. This observation introduces the need for a biomarker that
can identify activation of the IL-1 pathway early and that can prognosticate early
which patients will deteriorate to develop severe respiratory failure. During March
2020, blood was drawn from 57 patients from three study sites in Greece on hospital
admission for pneumonia. The concentrations of the biomarker suPAR (soluble uro-
kinase plasminogen activator receptor) were measured. Despite the lack of signs of
severe respiratory failure or respiratory distress at the time of admission, patients
with concentrations of suPAR >6 ng/ml had 85.7% risk of progression into severe
respiratory failure or death in the first 14 days of follow-up. This value was only
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8.3% among patients with suPAR <6 ng/ml [25]. This finding was further validated
in two later studies. The first study enrolled 352 patients and was multicenter in the
United States, Denmark, Germany and Greece. Patients with suPAR >6.8 ng/ml on
admission had 44.9% risk of progression into severe respiratory failure [26]. Finally,
in the phase 2 study, SAVE (suPAR-guided anakinra treatment for validation of the
risk and early management of severe respiratory failure by COVID-19), 59.2% of
patients with suPAR >6 ng/ml receiving usual care progressed into severe respira-
tory failure or died the first 14 days contrary to only 3.7% of patients with suPAR
<6 ng/ml [27]. Unpublished data from our group show that suPAR >6 ng/ml indi-
cates increased circulating levels of the DAMP S100A8/A9 [28]. The above analy-
sis on the role of DAMPs in priming tissue macrophages for pro-IL-1f led us to
consider suPAR as an early biomarker of activation of the IL-1 pathway in patients
which generates the risk for progression into severe respiratory failure.

3.5 SAVE Strategy: Early Blockade of IL-1 Guided
by Biomarkers

The knowledge that suPAR may be an early biomarker for the risk of progression
into severe respiratory failure led us to study its use to guide treatment with anakinra
in one phase 2 and one phase 3 study. The therapeutic strategy targets hospitalized
patients with COVID-19 pneumonia with a PaO,:FiO, ratio >150 who do not need
ICU treatment. If these patients have a plasma suPAR >6 ng/ml, early treatment
with anakinra is started with one subcutaneous daily dose of 100 mg for 10 days.

The phase 2 study was given the acronym SAVE and was a single-arm,
open-label trial (EudraCT number: 2020-001466-11; ClinicalTrials.gov Identifier:
NCTO04357366). Parallel comparators treated using standard-of-care in other
departments of academic hospitals were recruited using the inclusion and exclusion
criteria of the SAVE trial and were propensity-score matched for age, comorbidi-
ties, admission severity scores (Acute physiology and chronic health evaluation
[APACHE] II, SOFA, pneumonia severity index, World Health Organization [WHO]
scale) and for treatment with azithromycin, hydroxychloroquine, and dexametha-
sone. The incidence of severe respiratory failure or death after 14 days was 22.3%
among anakinra-treated patients and 59.2% among comparators [27].

Following advice from the Emergency Task Force for COVID-19 of the European
Medicine Agency, the pivotal, multicenter confirmatory phase III randomized con-
trolled trial with the acronym SAVE-MORE was designed (EudraCT number:
2020-005828-11; ClinicalTrials.gov Identifier: NCT04680949). The study enrolled
594 patients who were subject to 1:2 stratified randomization into standard-of-care and
placebo or standard-of-care and anakinra [29]. Stratified randomization was done tak-
ing into consideration, apart from allocation into placebo or anakinra, severity as
defined by the need of oxygen therapy, intake of dexamethasone, body mass index, and
geographic origin. On the day the study medication was started, 91.6% of participants
were in need of supplemental oxygen. The primary study endpoint was comparison of
the distribution of the scores from the 11-point WHO Clinical Progression ordinal
Scale (CPS) on Day 28 as defined by ordinal multiple regression analysis. The adjusted
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proportional odds of having a worse score with anakinra than with placebo was 0.36
(95% confidence interval [CI] 0.26-0.50; p < 0.0001). Three supporting analyses of the
primary endpoint were done. These were: (a) the distribution of the 11-point WHO-
CPS on Day 14. The adjusted odds ratio was 0.58 (95% CI 0.42-0.79; p = 0.001); (b)
proportion of patients with persistent disease at day 28 and with severe disease or death
on day 28. Multivariate logistic regression analysis indicated that anakinra significantly
reduced the risk of persistence (odds ratio 0.36; 95% CI 0.25-0.53; p < 0.0001) and of
severe disease or death (odds ratio 0.46; 95% CI 0.26-0.83; p = 0.010); and (c) inci-
dence of severe respiratory failure or death by day 14. This was 31.2% in the placebo
arm and 20.7% in the anakinra arm (adjusted hazard ratio 0.67; p = 0.017). Secondary
endpoints also favored anakinra treatment. More precisely: (1) the median absolute
decrease in WHO-CPS by day 28 from baseline was 3 and 4 in the placebo and anakinra
groups, respectively (odds ratio 0.40; p < 0.0001); (2) median absolute decrease in
WHO-CPS by day 14 from baseline was 2 and 3 in the placebo and anakinra groups,
respectively (odds ratio 0.64; p = 0.007); (3) median absolute decrease in SOFA score
by day 7 from baseline was 0 and 1 in the placebo and anakinra groups, respectively
(odds ratio 0.63; p = 0.004); (4) median time to hospital discharge was 12 and 11 days
in the placebo and anakinra groups respectively (odds ratio 1.22; p = 0.033); and (5)
median time for discharge from the ICU in case of ICU admission was 14 and 10 days
in the placebo and anakinra groups, respectively (odds ratio 2.33; p = 0.026) [28]. It has
to be noted that 11.1% of participants in the SAVE-MORE trial were not in need of
supplemental oxygen at the time of screening for eligibility but had progressed into
need for supplemental oxygen by mask or nasal prongs before the start of the study
drug. As such, sudden need for oxygen may be considered a potential indication for
anakinra treatment. The SAVE-MORE investigators also developed a prognostic score
to help identify patients who may receive most benefit from anakinra treatment [29].
This score comprises aspartate aminotransferase >44 U/l; neutrophil to lymphocyte
ratio > 5.5; C-reactive protein (CRP) >50 mg/I; and ferritin >700 ng/ml. Patients scor-
ing positive for at least two of these elements had the greatest chance for improvement
with anakinra treatment [29].

The CORIMUNO-ANA-1 study, which preceded the SAVE-MORE trial, did not
give such favorable results. The patient population was similar to patients enrolled
in the SAVE and SAVE-MORE trials, i.e., they were hospitalized and receiving
nasal oxygen or oxygen by mask; 59 patients were randomized to treatment with
anakinra and usual care and 55 patients to treatment with usual care alone [30]. The
study was negative for the primary endpoint albeit showing a trend for anakinra
benefit; 36% and 38% of patients respectively had a WHO-CPS score > 5 on day 4;
and 47% and 51% respectively were receiving non-invasive ventilation or mechani-
cal ventilation or had died by day 14 [30]. There are several possible explanations
why the CORIMUNO-ANA-1 study was negative: (a) no biomarker was used for
the selection of patients, so it is possible that some of the enrolled patients were not
at a stage of early IL-1 activation; (b) no placebo was used; and (c) the duration of
anakinra treatment was just 5 days.

In the CAN-COVID trial, 454 patients with hypoxic COVID-19 not requiring
mechanical ventilation and with signs of hyperinflammation were randomized to a
single injection of placebo or the anti-IL-1p monoclonal antibody, canakinumab
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[31]. The primary endpoint was survival without need for non-invasive ventilation
or mechanical ventilation by day 29. This endpoint was met in 88.8% of patients in
the canakinumab arm and 85.7% of patients in the placebo arm. The superior effi-
cacy of anakinra over canakinumab in a similar patient population may be explained
by the activity of anakinra against IL- 1o, which is not inhibited by canakinumab. An
alternative explanation for this discrepancy is that suPAR was not used as a criterion
for enrichment of the patient population.

3.6 Conclusion

The above analysis suggests there is great heterogeneity of patients at the time of
hospital admission and that we need to understand early which patients are at risk
for progression into severe respiratory failure so as to initiate early treatment aimed
at preventing deterioration. This requires a personalized approach with the use of
appropriate biomarkers (Fig. 3.1). In the case of anakinra, we suggest that the drug
may be of benefit in patients admitted with COVID-19 pneumonia who do not

Stage Il
(Early Viral Phase) (Pulmonary Phase) ﬁ (Hyperinflammation Phase)
Suggested personalized
strategy for “Early Hit”

.
"Trace the patient AT RISK |
) for progression

! «suPAR > 6ng/ml .
1 * Sudden need for oxygen !
} * Increase of AST, NLR, CRP, ferritin :

Viral response phase
Hyper-inflammation

Severity

Clinical Constitutional symptoms ARDSNSPEERRCariRCIFaITS
Symptoms Fever, Cough Pa0,/Fio,<150-300mmHg _ 5

71T CRP, LDH, IL-6, D-dimers, ferritin

Laborat . 1
asgisory Lymphopenia Abnormal chest imaging Troponin, NT-proBNP

Potential
Therapies Dexamethasone Dexamethasone
ANAKINRA IL-6 receptor antagonists

Fig. 3.1 Suggestion for early treatment with anakinra during the disease course of COVID-19
pneumonia. The results of the SAVE and SAVE-MORE trials [27, 29] suggest that anakinra could
potentially be beneficial in patients who are at the pulmonary stage of the disease and at risk of
progression to the hyperinflammatory stage. The patient at risk could be identified by at least one
of following: soluble urokinase plasminogen activator receptor (suPAR) >6 ng/ml; sudden need
for oxygen; increased circulating concentrations of at least two of aspartate aminotransferase
(AST), neutrophil to lymphocyte ratio (NLR), C-reactive protein (CRP) and ferritin. ARDS acute
respiratory distress syndrome, BNP brain natriuretic peptide, FiO, fraction of inspired oxygen, IL
interleukin, LDH lactate dehydrogenase, PaO, partial oxygen pressure, 111 extremely elevated



36

E. J. Giamarellos-Bourboulis et al.

require ICU treatment. Existing evidence does not support the use of anakinra for
patients already in severe respiratory failure.
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Hemoadsorption Therapy During ECMO:
Emerging Evidence

A. Supady, T. Wengenmayer, and D. Brodie

4.1 Introduction

Over the past decade, venovenous extracorporeal membrane oxygenation (ECMO) has
evolved to become a cornerstone for the treatment of patients with severe respiratory
failure, and venoarterial ECMO has increasingly been used for cardiocirculatory sup-
port in patients with cardiogenic shock or cardiac arrest [1-3]. During the coronavirus
disease 2019 (COVID-19) pandemic, there appears to be a continued role for ECMO in
the treatment of patients with severe respiratory failure, although mortality remains high
and appears to be worsening over the course of the pandemic [4, 5]. Therefore, it will be
crucial to further refine the treatments and adjunctive therapies available to complement
ECMO, with the potential to improve both survival and quality of life [6-8].
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One adjunctive therapy that has received considerable attention is extracorporeal
hemoadsorption. Hemoadsorption has been recommended for patients in severe
inflammatory states [9]. The rationale for its use is the mitigation of a hyperacti-
vated inflammatory response to a biologic insult through the removal of pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) [10, 11]. ECMO support itself has been suggested to activate or amplify
host inflammation and may exacerbate the inflammatory milieu [12—14]. Current
evidence for the use of extracorporeal hemoadsorption either with or without ECMO
is limited and guidelines recommend its use only within clinical trials [15].
Nevertheless, hemoadsorption has been used and recommended frequently in this
setting [16, 17]. In this chapter, we evaluate the available evidence for the use of
hemoadsorption in combination with ECMO.

4.2 Devices and Implementation

There are several devices available with varying adsorption characteristics; how-
ever, the greatest clinical experience is with the CytoSorb adsorber, currently the
most widely used hemoadsorption device [9, 18]. According to the manufacturer,
the CytoSorb adsorber has been used for more than 140,000 treatments to date [19].
Some of the available devices, including the CytoSorb, may be incorporated as a
stand-alone therapy in any kind of extracorporeal blood circuit, such as ECMO or
continuous renal replacement therapy (CRRT), while others, such as the PentraSorb
or the Oxiris, may only be used in combination with plasmapheresis or with hemo-
filtration in a renal replacement circuit (Fig. 4.1.) [20]. Data from preclinical and
animal studies suggest that effective adsorption of various inflammatory mediators
may be achieved, leading to reduced concentrations in the blood [11, 21-23].

pump pump

adsorber 7476 adsorber ‘
oxygenator oxygenator
RS o = 4

-

Fig. 4.1. Schematic structure of two options for the incorporation of the hemoadsorption device
into an extracorporeal membrane oxygenation (ECMO) system. Blood flow is in the direction of
the arrows. The bypass draining the blood from the ECMO circuit through the adsorber may start
post-oxygenator (a) or pre-oxygenator (b) and then carry the blood to the adsorber that will be
perfused from bottom to top before the blood is returned to the ECMO circuit pre-pump. The
degree of oxygen content in the blood is represented by the color shown (blue = poorly oxygenated
blood; purple = poorly oxygenated blood mixed with oxygenated blood from the bypass through
the adsorber; red = oxygenated blood)
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4.3 Hemoadsorption in Combination with ECMO

There is a growing, but still limited body of evidence regarding the use of hemoad-
sorption in combination with ECMO (Table 4.1) [16, 24]. Initial case reports sug-
gested benefit from the use of hemoadsorption with ECMO in patients with the
acute respiratory distress syndrome (ARDS) and in sepsis [25, 26]. Subsequent
single-center case series also suggested that the use of hemoadsorption in severe
respiratory failure, sepsis, and cardiocirculatory failure supported with ECMO may
be beneficial [27, 28]. In these patients, following initiation of hemoadsorption,
clinical improvement was observed, the need for vasopressors decreased as did lac-
tate levels, the ratio of the partial pressure of arterial oxygen to the fraction of
inspired oxygen (P/F ratio) improved, and positive end-expiratory pressure (PEEP)
and peak pressure could be reduced. A reduction in inflammatory parameters and
interleukins was suggested, but could not be supported by the data presented [29].
In severe rhabdomyolysis, hemoadsorption was associated with decreasing serum
myoglobin concentrations and in liver failure it was associated with reduction of
bilirubin levels [30, 31]. However, without control groups, it is not possible to con-
firm that these effects were due to hemoadsorption instead of overall management
or tincture of time, as some cytokine levels would be expected to decay with time
[32]. Further studies have so far failed to demonstrate any relevant benefit of treat-
ment with hemoadsorption during ECMO compared to comparison groups without
hemoadsorption [33-35]. Finally, a small retrospective observational study even
suggested a negative effect of hemoadsorption on survival in patients after cardiac
arrest [36].

4.4 Hemoadsorption in Severe COVID-19 Supported
with ECMO

Early in the pandemic, severe presentations of COVID-19 were thought to be asso-
ciated with an overwhelming inflammatory response, in what was termed “cytokine
storm”; a contention that was later challenged [37, 38]. Based on these consider-
ations, a potential role for hemoadsorption as an adjunctive treatment option was
proposed and initial experience yielded promising results. In a single patient sup-
ported with ECMO, reported early during the pandemic, a significant reduction in
inflammatory parameters and norepinephrine support was observed following ini-
tiation of hemoadsorption [39]. Subsequently, a comparison of four patients treated
with ECMO and hemoadsorption with four patients treated with ECMO alone sug-
gested a more pronounced and more sustained reduction of interleukin (IL)-6 levels
in the patients treated with hemoadsorption [40]. Single-arm case series without
comparison groups described a reduction in inflammatory parameters, reduced
requirement for vasopressors, and improved ventilation parameters [41, 42].

In contrast to the initial hypothesis for the study, a randomized controlled trial
(cytokine adsorption in patients with severe COVID-19 pneumonia requiring
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extracorporeal membrane oxygenation, the CYCOV study), consisting of 17 patients
supported with ECMO in combination with hemoadsorption over 72 h compared to
17 patients treated with ECMO alone, could not replicate these findings [43]. In this
trial, IL-6 levels were not significantly affected by hemoadsorption and patients
treated with hemoadsorption had a significantly higher risk of death. Another study,
comparing COVID-19 patients receiving ECMO treated with hemoadsorption with
a cohort without hemoadsorption, also failed to demonstrate a substantial effect on
the concentrations of various cytokines [44]. Taken together, the available data do
not support the use of hemoadsorption in COVID-19 patients supported with ECMO.

4.5 Discussion and Outlook

Extracorporeal hemoadsorption has been used in various settings. However, reliable
proof of efficacy is lacking to date. Fundamental questions remain with regard to
patient selection, indication, and dosage. So far, a clinically relevant reduction in
pathophysiologically relevant inflammatory mediators as observed in in vitro set-
tings has not been reliably confirmed in rigorous clinical trials.

The rationale for the use of hemoadsorption in combination with ECMO in
severe inflammatory states, such as pneumonic sepsis, is clear, but available data are
not sufficient to recommend its use in routine clinical practice. Pathophysiologic
considerations and extrapolations from preclinical trials are likewise insufficient to
justify its use. In fact, a degree of caution is warranted. Clinical data suggesting a
potential benefit of extracorporeal hemoadsorption during ECMO come predomi-
nantly from case reports and small case series, mostly without comparison or con-
trol groups. The level of evidence for these recommendations is low, and they should
therefore be interpreted with caution. In addition, the results of the randomized
CYCOV trial and the results from retrospective analyses of patients after cardiopul-
monary resuscitation or in septic shock, suggest the potential for increased mortal-
ity in patients treated with hemoadsorption [36, 43, 45]. Taken together, the use of
hemoadsorption in the setting of ECMO should be confined to rigorous clini-
cal trials.

4.6 Conclusion

The combination of hemoadsorption with ECMO has a seemingly sound basis in
pathophysiology and is particularly appealing because the technical implementa-
tion of this dual-device strategy is not overly complex. However, the technical
feasibility should not obscure the fact that its use is associated with potential
risks. At this stage, further data from rigorously conducted clinical trials, includ-
ing randomized controlled trials, are required. Until then, the uncritical use of
extracorporeal hemoadsorption in patients receiving ECMO outside such trials
should be avoided.
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The Forgotten Circulation 5
and Transpulmonary Pressure Gradients

E. Bowcock, S. R. Orde, and A. S. McLean

5.1 Introduction

Pulmonary blood flow is as important as systemic flow yet is often forgotten,
ignored, or misunderstood. Pulmonary blood flow carries the same blood load as the
systemic circulation and can increase over five times during exercise without sig-
nificant changes in pressure. The driving force of pulmonary blood flow is the pres-
sure difference between the pulmonary artery and left atrium (known as the
transpulmonary pressure gradient). This is the essential pressure that overcomes
vascular resistance and is a cornerstone of hemodynamic resuscitation, enabling
oxygenation and cardiac output. In this chapter, pulmonary blood flow and factors
determining the transpulmonary pressure gradient will be considered with a focus
on their relevance in the critically ill patient.

5.2  Pulmonary Vessel Anatomy

The pulmonary circulation comprises a pulmonary arterial tree, an extensive cap-
illary bed, and a pulmonary venous tree (Fig. 5.1). These branching vessels cre-
ate a low pressure, high capacitance system that provides a large surface area for
gas exchange. Running alongside this are systemic bronchial arteries that are
branches of the aortic arch. While a significant proportion of the systemic bron-
chial circulation drains directly back into the superior vena cava, blood that is
distributed more peripherally passes through postcapillary anastomoses to join

E. Bowcock (P4) - S. R. Orde - A. S. McLean
Department of Intensive Care Medicine, Nepean Hospital, Kingswood, NSW, Australia
e-mail: Emma.Bowcock @health.nsw.gov.au

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 51
J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency Medicine

2022, Annual Update in Intensive Care and Emergency Medicine,
https://doi.org/10.1007/978-3-030-93433-0_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-93433-0_5&domain=pdf
https://doi.org/10.1007/978-3-030-93433-0_5#DOI
mailto:Emma.Bowcock@health.nsw.gov.au

52 E. Bowcock et al.

INTRAPULMONARY SHUNT

RV

i
]
1
1
1
]
1
1
1
]
]
]

PLEUROHILAR BRONCHIAL
& VEINS SYSTEMIC CIRCULATION CIRCULATION &

Fig. 5.1 Overview of the pulmonary circulation. LA left atrium, RA right atrium, LV left ventri-
cle, RV right ventricle

the pulmonary veins, constituting venous admixture into the left atrium. There
are also pre-capillary anastomoses from the bronchial arteries to the pulmonary
arteries that are thought to act as sluice gates. In various lung injurious states,
flow through these channels may be important but their precise function remains
largely unknown [1].
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5.3  Pulmonary Vascular Dysfunction

Unlike the systemic circulation where resistance is mainly determined by arterioles,
pulmonary resistance is contributed to by arteries, capillaries and veins [2].
Pulmonary vascular dysfunction can be thought of as a process that brings about
increases in the transpulmonary pressure gradient and pulmonary vascular resis-
tance (PVR) [3]. It is central to many disease processes in the critically ill and has
been investigated in acute respiratory distress syndrome (ARDS) and sepsis where
it is associated with worse outcomes [4, 5]. In brief, pulmonary vascular dysfunc-
tion includes pulmonary endothelial dysfunction, microthrombosis, altered vascular
permeability, vasoactive mediator imbalance, hypoxic pulmonary vasoconstriction,
and vascular remodeling [6-8]. In comparison to pulmonary arteries and capillary
endothelium, the pulmonary veins receive little attention and their exact role in dif-
ferent disease states is unknown, though studies have shown that they may contrib-
ute significantly to increased PVR [9, 10]. Studies evaluating kinetics of
endothelium-bound angiotensin converting enzymes (ACE) provide insights into
pulmonary capillary function [11]. The severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) pandemic has brought attention back to the pulmonary
microcirculation where ‘endotheliitis’ and microthrombosis are predominant fea-
tures [12]. Despite decades of interest in the pathobiology of pulmonary vascular
dysfunction in critical illness, much remains unproven with regards to specific tar-
geted treatment [8]. As we focus our attention at the bedside on the tenants of hemo-
dynamic resuscitation—pressure, flow and resistance—other important cellular
factors are likely to be at play within the ‘forgotten microcirculation’. Molecular
biology research brings the hope of therapies targeted at the molecular level that
will alter patient outcome or offer pathways to individualized resuscitation.

5.4  Pulmonary Circulation and Its Components

5.4.1 The Transpulmonary Driving Pressure: A Small Gradient
with Big Importance

Pulmonary blood flow is around 6 1/min at rest and approximates cardiac output. In
contrast to the systemic circulation, the pressure drop from pulmonary arterioles to
veins is very small and capillary flow remains highly pulsatile. The transpulmonary
driving pressure gradient equals MPAP (15 mmHg) — LAP (8§ mmHg) = 7 mmHg,
where MPAP is the mean pulmonary artery pressure and LAP the left atrial pressure
(Fig. 5.2). In comparison, the systemic driving pressure gradient equals MAP
(90 mmHg) — RAP (5 mm Hg) = 85 mmHg, where MAP is the mean arterial pres-
sure and RAP the right atrial pressure. If the transpulmonary pressure gradient is
elevated, it leads to right ventricular (RV) pressure overload. In the acute setting, the
right ventricle adapts poorly to increased pressure loading leading to RV dysfunc-
tion [13]. Careful attention to the transpulmonary pressure gradient is important if
we are to minimize insults to the pressure sensitive right ventricle.
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Fig. 5.2 Conceptual diagram of the transpulmonary driving pressure gradient (TPG).
TPG = MPAP (15 mmHg) — LAP (8 mmHg) = 7 mmHg, where MPAP = mean pulmonary artery
pressure, LAP = left atrial pressure. All values have mmHg as units. Note the pressures from apex
to base are to illustrate intravascular pressure gradients from apex to base and are not true values

5.4.2 Pulmonary Vascular Resistance and ‘Closing Pressures’

Simplifying the pulsatile cardiopulmonary unit to a model of static Newtonian flow,
the relationship between pulmonary pressure, resistance, and flow can be estimated
using Ohm’s law:

PVR =80 x MPAP — PAOP/CO 5.1)

where PAOP is the pulmonary artery occlusion pressure and CO the cardiac output.
The normal PVR range is 0.6—1.7 mmHg/l/min or 37-250 dynes/s/cm°.

However, unlike the systemic circulation for which Ohm’s law provides a rea-
sonable approximation of the linearity between flow and pressure, there are a num-
ber of complexities to consider in the pulmonary circulation. First, we must consider
the inherent flaw of Poiseuille’s resistance equation assuming blood behaves as a
Newtonian non-viscous fluid and that pulmonary vessels behave as circular, non-
branching, rigid pipes. Blood viscosity is not of purely academic interest. An
increased hematocrit is associated with increased pulmonary artery pressure for a
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Fig. 5.3 A plot of pulmonary arterial pressure (PAP) against flow or cardiac output (Q) is curvi-
linear with an intercept on the pressure axis that is equal to left atrial pressure or the closing pres-
sure (Pc). The green curve represents a normal pressure—flow curve while the pink curve represents
the pressure—flow curve in the presence of disease such as ARDS. The two circles show a normal
cardiac output and a reduced cardiac output. At each cardiac output the pulmonary vascular resis-
tance (PVR) is illustrated as the slope of the straight gray dashed line. Even though the two points
are each on the same pressure—flow curve, the calculated PVR is different at the different cardiac
outputs. PVR and cardiac output have an inverse relation that holds true in ARDS

given flow. This response is exaggerated in those with less distensible vessels, the
elderly for example [14].

Pulmonary vessels are highly distensible and pulmonary capillary flow is
dynamic, such that at low flows distension is dominant and at higher flows recruit-
ment is dominant [15]. With this in mind, a complex multipoint curvilinear fit of the
pressure—flow relationship may be more accurate [16], as depicted in Fig. 5.3. The
importance of distensibility of the pulmonary circulation is increasingly recognized
and there are mathematical models that take into account the distensibility co-
efficient () given by Eq. (5.2) [17]:

MPAP = ([(n o« LAP) +5 R, (co)}”5 - 1}/ o (5.2)

where Ry is the total PVR at rest. The notion that pulmonary blood flow is largely
governed by the pressure difference between MPAP and LAP is not the complete
picture. Seminal works by West et al. [18] using a Starling resistor analogy, Permutt
et al. [19] using a waterfall analogy, and insightful interpretation by others afford an
integrated understanding of the complexities [20].
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Central to these is the role of a ‘closing pressure’ (Pc), shown as the positive
intercept in Fig. 5.3 [20, 21]. Pc is greater than LAP in any disease state with high
alveolar pressure and /or increased pulmonary vessel tone. This scenario would be
fairly common in the critically ill patient with ARDS, sepsis, pulmonary hyperten-
sion, high positive end-expiratory pressure (PEEP), or West zone 1-2 conditions
with low cardiac output. LAP then becomes irrelevant to flow and is said to become
the ‘apparent outflow pressure’ and the Pc the ‘effective outflow pressure’. An ani-
mal model of ARDS can be used to demonstrate these concepts (Fig. 5.4) [21, 22].

The clinical implication is that in disease states like ARDS where Pc > LAP, the
downstream pressure may not be transmitted to the upstream pulmonary vascula-
ture and MPAP becomes less or insensitive to changes in flow or LAP [20]. In addi-
tion, the calculated PVR rapidly decreases with increased cardiac output [4]. PVR
calculations remain applicable to evaluate the functional state of the pulmonary
circulation, provided that the apparent downstream pressure (LAP) is replaced by
the effective one (Pc). Uncertainty exists however, because this effective pressure is
largely unknown in individual patients [20].

Relying solely on pulmonary pressures or uncorrected PVR measurement may
lead to erroneous conclusions. Overcoming these inherent challenges at the bedside
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Fig. 5.4 (a) Mean pulmonary artery pressure (MPAP) as a function of cardiac output (CO) at
constant left atrial pressure (LAP) and (b) MPAP as a function of LAP at constant CO in an animal
before (normal) and after (disease) induction of lung injury by the injection of oleic acid (OA).
Normal (green): (a) MPAP-CO plots presented with an extrapolated pressure intercept equal to
LAP and (b) any increase in LAP was transmitted upstream to MPAP. ARDS model (pink): (a)
MPAP-CO plots presented with an extrapolated pressure intercept higher than LAP and in (b)
LAP was not transmitted upstream to MPAP below a pressure equal to that value. These observa-
tions suggest that OA-induced pulmonary hypertension is caused by an increase in the closing
pressure of the pulmonary circulation. Data from [22]
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is not easy. The evolution of contemporary pulmonary artery catheters using
advanced thermodilution techniques with pulmonary vascular and RV measure-
ments alongside echocardiography may provide useful insight for further validation
studies.

5.5 Measuring the Transpulmonary Pressure Gradient

The transpulmonary pressure gradient is measured using a surrogate of LAP, the
PAOP, and is equal to MPAP-PAOP. It is an assumption that PAOP = LAP = effec-
tive closing pressure at zero flow state and though important it will not be further
discussed in this article. The transpulmonary pressure gradient had previously been
incorporated into pulmonary hypertension guidelines and a cut off value of
>12 mmHg was used to help differentiate ‘isolated’ post-capillary from ‘mixed’
pulmonary hypertension as discussed further later [23]. This value is now consid-
ered somewhat arbitrary given the transpulmonary pressure gradient is so sensitive
to all factors that alter MPAP: cardiac ouput, PVR, and left sided filling pressures.
In addition, the pulsatile nature of pulmonary blood flow and thus MPAP is affected
by arterial compliance [21]. To overcome these issues, various authors and most
recent pulmonary hypertension guidelines have suggested the integrated use of a
diastolic pulmonary gradient [21, 24]. The diastolic pulmonary gradient is calcu-
lated by subtracting the mean PAOP from the diastolic pulmonary artery pressure
(DPAP). A normal diastolic pulmonary gradient is between 1-3 mmHg owing to the
large capillary reserve, which offers such low resistance to run off during diastole.
A value of >7 mmHg is suggested as discriminating between whether pulmonary
pressures are elevated due to passive upstream transmission of LAP (isolated post-
capillary pulmonary hypertension) or from increased PVR due to pulmonary vaso-
constriction and/or pulmonary vascular remodeling (mixed pre- and post-capillary
pulmonary hypertension) [25].

The use of the diastolic pulmonary gradient has been scrutinized as studies have
found physiologically impossible negative values, mostly related to improper wedg-
ing of the catheter tip or due to the mean PAOP overestimating the LAP [26, 27].
Further work evaluating the impact of pressure pulsatility on diastolic pulmonary
gradient measurement in those with left heart-induced pulmonary hypertension, has
shown that using the ‘Y’ descent of the PAOP trace rather than the mean PAOP
might yield a more reliable assessment, possibly due to the reduced oscillatory
effect of V-waves [26].

In 1978, Sibbald et al. explored the diastolic pulmonary gradient in 37 patients
with sepsis and showed that a higher gradient was associated with increased mortal-
ity [5]. Similarly in 1988, measurement of the diastolic pulmonary gradient in 128
critically patients showed a higher mortality in those with a gradient >6 mmHg. Of
1922 measurements, 18.5% of readings were erroneous and were fixed by changing
catheter tip position [27]. In recent times, use of the diastolic pulmonary gradient in
critical illness has received relatively little attention, this possibly correlates to the
decreasing use of pulmonary artery catheters and possibly that it is a forgotten num-
ber in critical care.
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Fig. 5.5 ePLAR (echocardiographic pulmonary to left atrial pressure ratio). Post-capillary pul-
monary hypertension (PHT) is likely if E/e” is >15 and tricuspid regurgitant maximal velocity
(TRVmax) >2.8 m/s. LVEDP = left ventricular end-diastolic pressure in mmHg, LAP = left atrial
pressure in mmHg, mitral E velocity = early mitral inflow velocity in m/s, mitral e’ = mitral annu-
lar early diastolic velocity in m/s, measured with tissue Doppler imaging (TDI). Normal PAP,
LVEDP>LAP = left heart failure with normal pulmonary pressures

Non-invasively, an echo Doppler ratio known as ePLAR (echocardiographic pul-
monary to left atrial ratio) is calculated by the maximum tricuspid regurgitant veloc-
ity (TRVmax, m/s) divided by the E/e’ (Fig. 5.5). It has been used to help differentiate
pre-capillary and post-capillary pulmonary hypertension and has shown reasonable
performance in this population: sensitivity of 94% and specificity of 65% for a cut-
off ratio of <0.2 for post-capillary pulmonary hypertension with an area under the
receiver operating characteristic (ROC) curve of 0.87 [28].

If the diastolic pulmonary gradient or ePLAR is to be incorporated into bedside
assessment of pulmonary hypertension in critical illness, further prospective work
is needed to assess their feasibility and utility.

5.6 The Evolving Role of Pulmonary Arterial Compliance

The key elements of total pulmonary vascular load are the resistive and pulsatile
forces from PVR and pulmonary arterial compliance, respectively. PVR and pulmo-
nary arterial compliance are inversely related, and their product (arterial time con-
stant of the pulmonary circulation [RC]) is thought to be constant in health and
disease (RC = PVR x pulmonary arterial compliance) [29, 30].
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Fig. 5.6 Comparison of the right ventricle—pulmonary circulatory unit with a hydroelectric dam
demonstrating the key elements linked with the RC-time (arterial time constant of the pulmonary
circulation). RC time, seconds = compliance x resistance

The decrease of pressure in diastole depends on PVR and pulmonary arterial
compliance. A high PVR means a small run-off and a high pulmonary arterial com-
pliance implies a large storage volume, both of which result in a small pulmonary
pressure decrease in diastole. Practically we can characterize this decrease in pres-
sure in diastole by measuring the exponential decrease with RC time as illustrated
in Fig. 5.6 [31].

This mathematical assumption has practical benefit in that if their product is
constant, knowledge of one is sufficient to derive the value of the other. However,
recent works have shown that this may be inaccurate, with shorter RC-times found
in post-capillary than in pre-capillary pulmonary hypertension [32].
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Pulmonary arterial compliance accounts for one fourth of total RV afterload and
decreases early in disease when PVR and pulmonary pressures remain normal [29].
It has potential therefore to provide earlier diagnosis and also has utility in identify-
ing those at risk of RV dysfunction [9, 16, 29]. Pulmonary arterial compliance can
be measured using a simplified ‘pulse pressure’ method of stroke volume/pulse
pressure. However, this ratio assumes that the stroke volume is buffered in the large
elastic arteries in systole, without any peripheral outflow and can overestimate com-
pliance significantly [33]. Despite promise, use of pulmonary arterial compliance
has not yet translated into routine clinical practice.

The role of pulmonary arterial compliance has been explored in critical illness.
In a study of 91 patients with cardiogenic shock, a lower compliance measured
using the stroke volume/pulse pressure method was associated with severe RV dys-
function and was independently associated with mortality [34]. Given the potential
inaccuracies and the heterogeneity of critical illness, further prospective studies are
needed to explore its place in this patient group.

5.7 Relevant Clinical Scenarios in Critical lliness
5.7.1 Pulmonary Hypertension

In the critical care setting, pulmonary hypertension is either acute or acute-on-
chronic. Acute pulmonary hypertension is often seen in sepsis [5], pulmonary
embolism (PE), and ARDS [4, 6]. Acute-on-chronic pulmonary hypertension in
critical illness is usually due to elevated pulmonary venous pressure with either
decompensated left ventricular (LV) systolic or diastolic failure [8] or chronic lung
disease exacerbations. It is comparatively rare to encounter pure pre-capillary pul-
monary hypertension associated with connective tissue diseases, drugs, or idio-
pathic, for example. Although there is a lot of importance placed upon classifying
pulmonary hypertension in the non-critical care setting [24], pulmonary hyperten-
sion associated with critical illness is often placed under an ‘umbrella’ of pulmo-
nary vascular dysfunction. Rarely is there a quest to differentiate the dominant
factors at play; doing so may have benefit in guiding individualized treatments as
discussed below.

Patients are characterized as pre-capillary pulmonary hypertension when MPAP
>25 mm Hg, PAOP <15 mm Hg, and PVR >3 Wood units (WU). In contrast, post-
capillary pulmonary hypertension is diagnosed when PAOP is >15 mmHg. Post-
capillary cases are then divided into two groups. Isolated post-capillary pulmonary
hypertension, with no secondary reactive pulmonary arteriolar disease, has a low
diastolic pressure gradient (<7 mmHg) and PVR (<3 WU). However, many patients
with elevated LAP develop secondary perivascular pulmonary arteriolar sclerosis
resulting in increased diastolic pulmonary gradient (=7 mmHg) and/or PVR (>3
WU) [25].

Right heart catheterization using a pulmonary artery catheter is the gold standard
diagnostic tool to invasively measure the pulmonary arterial systolic (PASP), mean
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(MPAP), and diastolic (PADP) pressures and to calculate cardiac output and PVR
[24]. In critical care, non-invasive echocardiographic measurement of PASP is often
more practical. PASP is calculated by applying the simplified Bernoulli’s principle
to TRVmax where PASP = 4 x TRVmax? + RAP, assuming no RV outflow tract
(RVOT) obstruction. If present, the pulmonary regurgitant jet can be used to esti-
mate MPAP and PADP using the same Doppler principles by adding RAP to pulmo-
nary regurgitation peak velocity and pulmonary regurgitation end velocity,
respectively (Fig. 5.7). Although enticing, these measurements are technically chal-
lenging in the critically ill population [35]. Non-invasive assessment of PVR is
made using the pulmonary arterial acceleration time with values less than 90 ms
correlating with raised PVR >3 WU [36]. The pulmonary arterial acceleration time
can be often used to suggest pulmonary hypertension in those where estimates of
PASP cannot be made or is underestimated, with lack of a tricuspid regurgitation jet,
acute RV dysfunction or free flowing tricuspid regurgitation, for example. Interesting
work in the pulmonary hypertension population interrogating the RVOT pulsed
wave Doppler trace, found that the presence of notching and mid-systolic decelera-
tion times of <120 ms was associated with reduced survival [37]. Investigation into
the feasibility and utility of such detailed analysis in the critically ill is needed. The
severity of pulmonary hypertension will also depend on chronicity given that a
‘trained’, hypertrophied right ventricle can generate much higher pressures. The

R

Fig. 5.7 Upper left—pulsed wave Doppler (PWD) of right ventricular outflow tract (RVOT) and
measurement of pulmonary valve acceleration time (PAT); upper right—notching of the RVOT
PWD trace signifying significantly raised PVR; lower left—continuous wave Doppler (CWD) of
tricuspid regurgitation jet maximum velocity (TRVmax) and pressure gradient (TRmaxPG) calcu-
lated from modified Bernoulli using 4V?2 Adding RAP to the TRmaxPG gives pulmonary artery
systolic pressure (PASP); lower right—CWD of pulmonary regurgitant jet and measurement of
end-diastolic velocity and pressure gradient (PRendPG) calculated from modified Bernoulli using
4V2, Adding RAP to the PRendPG gives pulmonary artery diastolic pressure (PADP)
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presence of RV dysfunction in pulmonary hypertension is a poor prognostic marker
[38] and this serves to highlight the important role of echocardiography in this cohort.

Differentiating types of pulmonary hypertension in critical illness seems impor-
tant as treatment strategies for one can be at the cost of the other. For example, the
use of pulmonary vasodilators, such as nitric oxide (NO), in patients with pure post-
capillary pulmonary hypertension may cause harm with worsening pulmonary
edema [39]. Yet in RV dysfunction secondary to ARDS with pulmonary hyperten-
sion, for example, the use of a pulmonary vasodilator would have physiological
plausibility and may have beneficial effect [40].

Incorporating clinical, pulmonary artery catheter, and echocardiographic assess-
ment may be helpful in differentiating pre- from post-capillary pulmonary hyper-
tension and may help guide hemodynamic resuscitation, particularly in those with
concomitant RV dysfunction. As always, acute changes to loading conditions and
measurement pitfalls must be remembered [35]. In addition, identifying and charac-
terizing the ‘RV—pulmonary circuit phenotype’ may have longer term benefit. For
example, discerning the higher risk phenotypes and organizing post-ICU follow up
in specialized pulmonary hypertension clinics could potentially lead to improve-
ments in long-term patient outcomes. Prospective longitudinal studies are desper-
ately needed in this critical care cohort.

5.7.2 Right Ventricular Dysfunction

RV dysfunction, admittedly a loose term, is well recognized in the critically ill,
manifesting as acute or acute-on-chronic phenotypes. Echocardiography is the ref-
erence standard for analysis of RV size and function in the critically ill. It has an
important role in acute hemodynamic resuscitation and in determining chronicity
through assessment of features including RV wall thickness, chamber size, pulmo-
nary artery dimensions, and evaluation of contributing left heart pathology. As the
RV begins to fail from increased afterload, decreases in stroke volume will manifest
as decreases in pulmonary arterial pressures, although PVR is likely to remain ele-
vated. Therefore, contextualization of pressure and resistance measures with con-
comitant echocardiographic assessment of RV and LV systolic, diastolic, and
valvular function is crucial to guide treatment decisions. Frequent studies have indi-
cated the prognostic significance of RV dysfunction, particularly when severe [41].
However, from a clinical perspective it is often more relevant to recognize the ‘at
risk’ right ventricle in order to hone therapeutic methods. Perhaps this is where
more sensitive echocardiographic assessment methods, such as speckle tracking
echocardiography, may be helpful. This relatively novel echocardiographic tech-
nique has been found to be feasible in the critically ill and has been used in studies
assessing optimal PEEP assessment for example [42].

There is emerging interest in the pathobiology of RV dysfunction. Very briefly,
there are a number of ex vivo models (pulmonary artery banding, chronic hypoxia,
Sugen-hypoxia, monocrotaline) that are leading to a number of discoveries: the role
of estrogen and sex, cytoskeleton and myocardial fibrosis, sarcomere dysfunction in
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scleroderma induced pulmonary hypertension, BMPR2 gene dysfunction in heredi-
tary pulmonary hypertension as well as downregulation of micro-RNAs, among
others [16, 43]. Where this lies in the critical care landscape remains uncertain.

We are increasingly aware that RV dysfunction is not a single physiological
entity, but rather part of a broader ‘RV—pulmonary circuit’ dysfunction. RV dys-
function requires correction of the underlying pathology and careful assessment of
loading factors. RV dysfunction from PE, myocardial infarction, septic cardiomy-
opathy or raised RV afterload from ARDS or sepsis all require a different approach,
particularly from a fluid management perspective. For example, if RV dysfunction
occurs in the setting of increased RV afterload, as occurs in a patient with ARDS,
volume loading can result in displacement of the septum toward the left ventricle
impairing LV diastolic filling [44]. Precisely how early RV remodeling in response
to the complex microcirculation alterations in various disease states impacts acute
critical care management remains unanswered for now.

5.8 Can Right Ventricular-Pulmonary Arterial (RV-PA)
Coupling Shed more Light on the RV-Pulmonary Circuit
in Critical lliness?

Put simply, RV-PA coupling is the linking of RV contractility to RV afterload to
maintain an adequate cardiac output at the lowest possible energy cost. If the RV
contractile load cannot match the pulmonary afterload it is said to be ‘uncoupled’
[45]. There is emerging interest in regard to uncoupling of the right ventricle and its
role in therapeutics and prognostication in critical illness. The gold standard ratio in
assessing RV—PA coupling is ventricular end-systolic (Ees) to arterial elastance (Ea)
and a Ees/Ea ratio between 1-2 is considered normal [16]. In the chronic pulmonary
hypertension cohort, Es/Ea ratios of <0.8 were associated with RV dysfunction,
defined as a RV ejection fraction of <35% in one study of 42 patients [46]. This
approach however requires invasive and impractical measurement of pressure vol-
ume loops and pragmatic surrogates have been explored. Studies using surrogates in
critical illness have included: RV fractional area change (FAC)/PASP, tricuspid
annular plane systolic excursion (TAPSE)/PASP and tricuspid annular systolic
velocity (TASV)/PASP ratios [47—49]. In these studies, the indices have been shown
to have prognostic utility in critical illness. Further prospective work on RV-PA
coupling is needed, not only to assess its prognostic benefit, but also its utility as a
novel hemodynamic tool, possibly as part of an elastance-based resuscitation
strategy.

5.9 Conclusion

It is reasonable to conclude that pulmonary pressures and PVR cannot be used inter-
changeably when considering pulmonary hemodynamics in critically ill patients.
Consideration of the whole ‘RV—pulmonary circulatory unit’ is key. Understanding
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the driving processes of acute or acute-on-chronic pulmonary hypertension and/or
RV dysfunction may enable targeted hemodynamic resuscitation strategies. Future
work exploring the feasibility and utility of bedside measures of PVR, total arterial
compliance, and transpulmonary pressure gradients in disease states such as ARDS
and sepsis is needed. With an increasing skill set in advanced echocardiography and
possible resurgence in the use of the contemporary pulmonary artery catheter, inten-
sivists can lead the way in bedside research. This may parallel bench side investiga-
tion into the anatomical and molecular basis of RV—pulmonary vascular dysfunction.
Arguably then, the most important pathway for the intensive care physician at the
bedside is the route linking the right and left atria across the pulmonary circulation
and perhaps this ‘forgotten circulation’ is where we should focus our attention if we
are to make headway with individualized, targeted resuscitation.
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6.1 Introduction

Oxygen is crucial for the critically ill. These patients have a high risk of hypoxemic
harm, which can lead to compensatory hyperoxemia by superfluous oxygen admin-
istration. Hyperoxia can cause direct toxic effects on the lungs, whereas hyperoxe-
mia can exert vasoconstrictive effects on the circulation, and lead to cellular and
organ injury by increased production of reactive oxygen species (ROS). In the last
5 years, an increasing number of large randomized, controlled trials (RCTs) have
been performed to determine optimal oxygenation targets, but the discussion is
ongoing. In this chapter, we will elaborate on the physiological and pathophysiolog-
ical background of oxygen, and subsequently discuss the current status of clinical
evidence.

6.2  Origin of Oxygen in the Earth’s Atmosphere

Over a period of approximately 4.5 billion years, the oxygen fraction (FO,) of the
atmosphere of the earth changed from 0 to 0.21. A complex interaction between
biological evolution and geology led to the present FO, and the diversity of life
forms on earth [1, 2]. Based on the distance to the sun and the position in the solar
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system, the earth is within the ‘habitable zone’. Oxygen is an extremely reactive
element produced by photosynthesis in cyanobacteria or plants’ chloroplasts.
Contemporary plants still use symbiosis with cyanobacteria for photosynthesis.
Before the appearance of cyanobacteria, anaerobic microbes used sulfate instead of
oxygen for their energetic needs. Approximately 2.45 billion years ago, cyanobac-
teria took over from anaerobes, producing the extremely reactive element oxygen in
the period known as the Great Oxidation Event. After another billion years, during
which there were very few new developments (the boring billion), the O, concentra-
tion became high enough for the development and further evolution of animal life.
During the history of the earth’s atmosphere, a maximum FO, of approximately
0.30 has been reached, now stabilizing at 0.21. Its high electronegativity and abun-
dance made oxygen uniquely suitable as the final electron acceptor in a series of
transfers from high-energy to low-energy molecular states: the electron transport
chain. In this way, the increasing oxygen levels were a prerequisite for the develop-
ment of many new organisms, including human beings. However, the same levels
were toxic for others. Oxygen’s propensity to acquire electrons meant that organ-
isms had to develop antioxidant defenses to prevent inadvertent molecular oxidation
and dysfunction. As Paracelsus stated “the dose makes the poison”.

6.3  Measurements and Estimations of Oxygenation

To estimate the oxygenation status of critically ill patients, several different meth-
ods and parameters can be used: oxygen saturation of the blood (SO,) by pulse
oximetry (SpO,) or by arterial blood gas analysis (Sa0,), oxygen pressure (PO,) by
arterial blood gas analysis, oxygen extraction by adding central or mixed venous
blood gas analysis (ScvO, or SvO,), lactate concentration and oxygen delivery
(DO,). A pulse oximeter measures SpO, with use of two near infrared wavelengths
combined with the circulatory pulsations. The two wavelengths are differently
absorbed by oxygenated (O,-Hb) versus de-oxygenated (H-Hb) hemoglobin.
Carbon monoxide bonded to hemoglobin (CO-Hb) is not differentiated from O,-Hb
by the two wavelength pulse oximeter and will thus cause a falsely high SpO, read-
ing. The main advantages of SpO, measurement are that it can be measured easily,
continuously, and non-invasively. Disadvantages are the relative unreliable results
in patients with dark skin color [3] and the impossibility to detect hyperoxemia. The
method using near infrared wavelengths can also be used directly on blood and with
up to four different wavelengths instead of the two used in pulse oximetry, enabling
determination of concentrations of methemoglobin and CO-Hb [4]. PO, can be
measured in blood samples with a polarographic electrode that has an electrical
resistance varying with PO,, and tissue PO, can be measured by small polarographic
electrodes on the skin or on organs. The major limitation of this application is the
restricted depth of the measurements. The advantage of PO, measurements in arte-
rial blood (Pa0,) is its accuracy. In addition, pressure is the driving force of O, dif-
fusion, making pressure a more relevant parameter than saturation, which is not
directly related to O, diffusion. Disadvantages are the discontinuous and invasive
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nature of this method. There are equations to calculate PO, from SO,, and vice
versa, for oxygen levels within normal ranges [5, 6]. However, these equations do
not completely take into account the effects of temperature, 2,3-diphosphoglycerate,
pH and PCO, (the Bohr effect) on the lateral position (right or left shift) of the oxy-
hemoglobin dissociation curve and are thus only of limited clinical value.
Furthermore, in the high oxygen range with high arterial O, saturations (SaO, >
97%) large changes of PO, are related to extremely small changes of SO, that can-
not be accurately measured. Thus in the SpO, range > 97% hyperoxemia can go
undetected unless PO, is simultaneously measured. Adequate oxygenation can be
estimated by calculating oxygen extraction between arterial and venous blood or by
measuring lactate production [7]. Extraction of oxygen and production of lactate
depends on severity of hypoxemia, but also on the conservation of tissue perfusion
and adequate supply of glucose or other metabolic substrates. Calculating oxygen
extraction of the whole body can be done by simultaneous sampling of arterial and
central or preferably mixed venous blood. ScvO, can be sampled relative easily and
is a well-documented parameter for assessing the circulation of patients in shock.
The problem of SvO, measurement is the requirement of a pulmonary artery cath-
eter. Lactate is a simple measurement, but its level can be affected by many other
variables [8]. Tissue DO, can be calculated using Hb, SaO,, and PaO, [(1.34 x Hb x
SpO, x 0.01) + (0.023 x Pa0,)] and cardiac output and is about 1000 ml of O, per
minute under normal conditions. DO, is related to oxygen extraction and to oxygen
uptake (VO,), but dependent on many circulatory and metabolic variables.

6.4 Definition of Hypoxemia, Normoxemia,
and Hyperoxemia

Administration of extra oxygen can lead to hyperoxia, which is generally defined
as any FO, >0.21. Supranormal FO, in normal physiological conditions will lead
to hyperoxemia or higher than normal PaO,. The normal range of PaO, is
10-13.3 kPa. Thus any PaO, >13.3 kPa can be considered as hyperoxemia and any
PaO, value <10 kPa as hypoxemia. Many different definitions and cut-off values
for hypoxemia, normoxemia, and (mild, moderate, or severe) hyperoxemia are
used in the O,-literature, which makes comparison of study results very difficult.
Due to the shape of the oxyhemoglobin dissociation curve and the weak correla-
tion, especially at the high extreme of the SO, range, between PaO, and SO,, the
measurement of SO, is an unreliable method to distinguish mild, moderate, and
severe hyperoxemia.

6.5 Physiology of Oxygen in Humans

The transport and the levels of oxygen (expressed as PO,) from the inspired gas (air
and/or O,) to the mitochondria are described in the oxygen cascade (Fig. 6.1). Oxygen
transport along the cascade is facilitated by ventilation and circulation on the one hand
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Fig. 6.1 The oxygen cascade: steps from dry ambient air to the mitochondria

and by diffusion on the other. The PO, of dry atmospheric air is 21.1 kPa. In the air-
ways, the air is saturated with H,O at 37 ° C and the inspiratory PO, (PIO,) drops from
21.1 kPa to 19.9 kPa. The next decrease is caused by the exhalation of carbon dioxide
(COy) in the alveoli. The alveolar carbon dioxide pressure (PACO,) is determined by
the alveolar ventilation. Using a simplified alveolar air equation and the respiratory
exchange ratio (RQ), the alveolar PAO, can be calculated to be approximately 13 kPa
under normal conditions and when breathing air. Hypoventilation when breathing air
may cause a significant decrease in PAO,; hyperventilation on the contrary causes only
arelatively small increase of PAO,. This can also be explained by using the alveolar air
equation and the PIO, (19.9 kPa) in H,O saturated air in the airways. The highest PAO,
will be (19.9-PACO,) kPa when breathing air.

Before the circulation takes over the oxygen transport, diffusion of oxygen from
the alveoli to the arterial blood is necessary. In normal subjects the alveolar/arterial
PO, gradient (APA-a0,) is limited to less than 2 kPa and is mainly caused by resis-
tance to diffusion. Venous admixture, decreased ventilation/perfusion ratios within
the lung, and decreased PAQO, are the most common causes of an increased APA-a0,.
The normal arterial O, pressure (Pa0,) is therefore slightly higher than 11 kPa. This
is the pressure available for diffusion and is directly related to the small amount of
oxygen dissolved in blood (0.0232 ml O, per 100 ml blood per kPa PO,).

Most oxygen carried by the blood is bound to hemoglobin (maximum 1.39 ml
oxygen per gram of hemoglobin at an SO, of 100%). There is a direct equilibrium
between dissolved oxygen in blood and oxygen bound to hemoglobin, determined
by the oxyhemoglobin dissociation curve and its lateral position. The next stop in
the oxygen cascade is the capillary. Over its length in the tissues, more and more O,
is extracted from the blood by diffusion along a pressure gradient to the tissues. The
mean value of PO, in capillary blood is slightly >5 kPa. Further steps in the cascade
are from capillary to tissue and within the cell. Finally, oxygen reaches the mito-
chondria. Physiological mitochondrial PO, is estimated to be between 3 and 0.5 kPa.
In the cells and the mitochondria, O, is used by enzymes (oxidases), such as the
cytochrome c oxidase system and cytochrome P450. In the mitochondria, O, is uti-
lized for aerobic metabolism by oxidation of mainly carbohydrates (glucose). The
first step of this process is anaerobic glycolysis taking place in the cells and
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converting glucose into pyruvate while producing only two ATP per glucose mole-
cule. In anaerobic conditions, the next step will be the conversion of pyruvate to
lactate. Lactate levels in metabolic acidosis can be used to estimate the severity of
disease and to a lesser extent of hypoxia [8, 9]. In aerobic circumstances, pyruvate
will enter the tricarboxylic acid (TCA) cycle in the mitochondria allowing oxidative
phosphorylation, thus producing as much as 36 ATP for each glucose molecule.
Further products of this metabolic pathway are CO,, NADH, FADH, and H,0.

6.6 Pathophysiology of Oxygen in Humans: Hypoxemia
and Effects of Lack of O,

When critically ill patients become hypoxemic, aerobic glycolysis will be ham-
pered, causing energy depletion, cellular dysfunction, and progressive metabolic
lactic acidosis. Longer lasting (chronic) hypoxemia activates intracellular hypoxia-
inducible factor, which can activate gene transcription leading to pathophysiologi-
cal effects opposing hypoxia. These effects include: increased production of
hemoglobin through erythropoietin, an increase in vascular growth factors improv-
ing tissue perfusion, and sympathetic activation.

6.7 Pathophysiology of Oxygen in Humans: Hyperoxia,
Hyperoxemia, and O, Toxicity

At a normal atmospheric pressure of 101 kPa, changing FO, from 0.21 to 1.0 has
negligible effects on SaO, and thus on O, content (C-O,) of the blood. However, PaO,
will largely increase with an increase in FO,. Hyperoxia therefore will increase the
risks of O, toxicity without significantly increasing tissue DO,. Increasing FO, is used
in clinical medicine to improve oxygenation in cases of hypoventilation, venous
admixture or pulmonary pathology with a diffusion disorder. In anemic patients, the
factor limiting C-O, is hemoglobin and administration of red blood cells (RBCs) is far
more efficient than an increase in FO,; in patients in shock, tissue DO, can best be
improved by optimizing the circulation. The increase in FO, results in hyperoxia,
which has a direct effect on the airways and lungs [10]. Signs and symptoms of toxic-
ity are tracheobronchial inflammation, retrosternal pain, cough, resorption atelectasis,
and finally hyperoxic acute lung injury (HALI) at the alveolar level. Alveolar damage
is related to nitric oxide (NO) production increased by inflammation.

Hyperoxemia leads to higher than normal levels of O, in the cells and mitochon-
dria. At these high levels, mitochondrial O, can be transformed to ROS, which have
unpaired electrons in the outer shell. In vitro experiments showed a strong, expo-
nential correlation between increasing oxygen levels and ROS production in por-
cine lung mitochondria [11] and capillary endothelial cells from rat lungs [12]. In a
reperfusion/re-oxygenation model of cultured hepatocytes, increasing oxygen from
0 to 2% led to a sharp increase in ROS production, whereas further increase in the
oxygen content up to 95% induced a steady rise in the formation of ROS [13].
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ROS are highly reactive and harmful because they react with intracellular mole-
cules damaging proteins and DNA [14-16]. Thus, unopposed ROS react with fatty
acids of lipid membranes causing damage to these membranes and lipid peroxidase
reactions leading to further cell damage. The effects of ROS may be increased by
systemic inflammation, frequently present in critically ill patients. ROS are physi-
ologically inactivated by superoxide dismutase and catalase, enzymes which sup-
port the conversion of ROS into H,O and normal O,. ROS can also be inactivated by
for example vitamin C, vitamin E, and glutathione in the cells. Antioxidant drugs
are pharmacological options to influence ROS formation and deformation.
Hyperoxemia not only increases serum ROS but also inflammatory cytokines and is
linked to progressive inflammation and organ dysfunction. Oxidative stress in
hyperoxemia lowers NO levels and causes vasoconstriction in the microcirculation.
Depending on circulatory pathology (the type of shock), vasoconstriction may have
different effects on the circulation.

6.8 Effects of Normoxia, Hypoxia and Hyperoxia in Critically
Ill Patients

Based on the effects of hypoxemia and hyperoxemia described above, large num-
bers of observational and interventional studies have been performed over the last
decade in critically ill patients. In 2008, a retrospective observational landmark
study described the oxygenation targets in 36,307 ICU patients in 50 ICUs in the
Netherlands and the relationships between used FiO, or achieved PaO, and clinical
outcome [17]. A U-shaped relationship between PaO, and mortality (corrected for
several variables) was found, with the lowest mortality in the PaO, range from 8.9
to 10.6 kPa. Recently [18], a higher nadir for the relationship between PaO, and
hospital mortality (13.2 kPa) and ICU mortality (13.5 kPa) was reported in ARDS
patients. Since 2008, several RCTs have studied the effects of lower versus higher
FiO,, Pa0,, Sa0, and/or SpO, in critically ill patients [19-25]. These RCTs differed
in patient selection, target oxygenation in the low and high oxygen groups, and in
primary and secondary endpoints. Table 6.1 gives an overview of the characteristics
of the RCTs and of two ongoing RCTs.

The first study [19] was a small feasibility study with 103 participants. There
were significant differences between PaO,, Sa0,, and SpO, in the experimental and
control groups. The authors concluded that conservative oxygenation targets were
feasible even though there were significantly more hypoxemic (SpO, < 88%) and
hyperoxemic (SpO, > 98%) saturations found in the conservative versus the liberal
oxygenation groups, respectively. The secondary endpoints (new organ dysfunc-
tion, mortality in the ICU and at 90 days) were not significantly different in the two
groups in this small study.

The Oxygen-ICU study [20] planned to include 660 patients randomized to nor-
moxic PaO, and SpO, targets versus ‘standard practice’ of allowing hyperoxic PaO,
and SpO, values. The study was stopped prematurely after inclusion of 480 patients
of whom 434 were analyzed. The primary endpoint (ICU mortality) was
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significantly lower in the conservative group (12% vs. 20%). Among the secondary
endpoints, new shock, new liver failure, and bloodstream infections occurred less
frequently in the conservative group. The authors considered their conclusions to be
preliminary due to the smaller than planned size of the analyzed groups.

The HYPERS2S study [21] combined a study of oxygenation targets (hyperoxia
at FiO, of 1.00 compared to SO, of 88 to 95%) with a study of isotonic versus
hypertonic saline infusion in a two-by-two factorial, multicenter RCT in mechani-
cally ventilated patients with septic shock. The primary endpoint of 28-day mortal-
ity was not significantly different in the two oxygenation groups. However, the trial
was stopped prematurely due to a high number of serious adverse events (SAEs) in
the hyperoxia group. Atelectasis occurred significantly more frequent with an FiO,
of 1.00 and there was a potentially important but statistically not significant differ-
ence in the incidence of ICU-acquired weakness. The authors concluded that in
patients with septic shock an FiO, of 1.00 might increase the risk of mortality,
although at the moment of discontinuation, mortality was not significantly higher in
the hyperoxic group.

The ICU-ROX trial [22] included 1000 patients with at least 1 day of mechanical
ventilation. Hypoxemia was prevented by setting the lower limit of SpO, to 90%. In
the conservative group, the upper limit of SpO, was 97% and the FiO, was lowered
to a minimal value of 0.21 as long as SpO, was >90%. In the usual (conventional)
oxygen group, there were no limits to FiO, or SpO,. The primary endpoint
(ventilator-free days at day 28) was not different between the usual and experimen-
tal oxygenation groups. Mortality up to 180 days after inclusion was also not
different.

In the LOCO, trial [23], patients with acute respiratory distress syndrome
(ARDS) were exposed to either conservative oxygenation targets (PaO, 55-80 mmHg
and SpO, 88-92%) or liberal oxygenation targets (PaO, 90 to 105 mmHg and
SpO, >96%) for 7 days. Mechanical ventilation strategies were identical in both
groups. The primary endpoint of mortality at 28 days was not significantly different
between the groups. However, the trial was stopped prematurely because five cases
of mesenteric ischemia occurred in the conservative oxygenation group versus none
in the liberal oxygenation group and because the mortality at 90 days was higher (44
vs. 30%) in the conservative oxygenation group.

The HOT-ICU [24] is the largest RCT of lower-oxygenation versus higher-
oxygenation in critically ill patients up to now, in which 2888 patients admitted to
the ICU for hypoxemic respiratory failure were randomized for target PaO, of either
60 mmHg or 90 mmHg. The primary outcome of mortality after 90 days was not
significantly different, at 42.9% and 42.2% in the lower-oxygenation and the higher
oxygenation groups, respectively. Secondary endpoints were similar in the
two groups.

Recently we published results from an RCT in 400 patients with at least two
positive systemic inflammatory response syndrome (SIRS) criteria [25]. Target
oxygenation was chosen within the range of clinical practice for both the control
and the experimental groups. The control group (high-normal) was targeted for a
PaO, of 14 to 18 kPa and the risk of hyperoxic pulmonary damage was limited
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by restricting the FiO, to a maximum of 0.60 in this group as much as clinically
possible. The experimental group (low-normal) had a target PaO, of 8 to 12 kPa.
A novel substitute endpoint for organ failure (ranked sequential organ failure
assessment [SOFAgank]) was developed based on a previous study [26].
SOFARgank is a ranked outcome of SOFA scores over the first 14 days after ran-
domization and excluding the respiratory component of the SOFA score since
that is being influenced by the targeted oxygenation. Organ failure ranking in the
two groups was not significantly different (p = 0.06), but tended to favor the
high-normal oxygenation target (i.e., the confidence interval was not consistent
with clinically important harm from high-normal oxygen target). Mild hypox-
emia occurred more often in the low-normal oxygenation group, but severe
hypoxemia (PaO, <5 kPa) was similar in both the oxygenation groups. Other
secondary endpoints (duration of mechanical ventilation and mortality) were
similar in the two groups.

In a post hoc subgroup analysis of ventilated patients with sepsis from the ICU-
ROX study [27], no differences were found between conservative and usual oxygen
therapy for the primary endpoint (mortality at day 90) or for any of the secondary
endpoints. Point estimates of treatment effects favored usual (conventional) oxygen
therapy, in line with our recent results [25].

Since 2014, a number of systematic reviews and meta-analyses [28-31] includ-
ing the above mentioned RCTs and other studies in critically ill patients have been
published.

In 2014, a meta-analysis was published [28] including 17 observational stud-
ies and 1 prospective before-after study. Only four of the included studies spe-
cifically addressed critical care patients. Due to the heterogeneity of these four
studies, data could not be pooled. Mortality was increased in the hyperoxic
groups in the pooled studies of post-cardiac arrest, stroke, and traumatic brain
injury patients.

In the IOTA systematic review and meta-analysis [29], 27 RCTs with 16,037
acutely ill patients from several subgroups were included. In-hospital, 30 day, and
longest follow-up mortality were significantly increased in the overall liberal oxy-
gen versus the overall conservative oxygenation groups.

In 2021, a meta-analysis including seven RCTs with 5265 patients was published
[30]. Longest follow-up mortality was identical in the conservative and conven-
tional oxygenation groups overall. However, in a subgroup analysis of three studies
that only included patients with mild to moderate hypoxemia (PaO,/
FiO, >100 mmHg), mortality was significantly lower when using conservative oxy-
gen therapy.

Also in 2021, a network meta-analysis of eight RCTs in mechanically ventilated
critically ill patients was performed [31]. Surface under the cumulative ranking
(SUCRA) scores and survival curves suggested superiority of the moderate
(90-150 mmHg) PaO, target in the trinary and quadruple classification and also the
conservative (70-90 mmHg) PaO, in the quadruple classification when compared to
liberal (>150 mmHg) and far-conservative targets (55-70 mmHg).
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6.9 Future Studies

Two large ongoing RCTs comparing conservative versus conventional oxygenation
targets in ICU patients have been registered and are currently recruiting [32, 33].
The Mega-ROX trial [32] aims to include 40,000 adults admitted to the ICU for
invasive mechanical ventilation or starting invasive mechanical ventilation after
admission. For the control group (liberal oxygen or usual care) the only condition is
FiO, >0.30. In the treatment group (conservative oxygen therapy), FiO, will be
decreased to 0.21 if possible, but limited to a minimum acceptable SpO, of 90% and
aiming for a maximum SpO, of 94 or 95%. The primary endpoint is in-hospital
mortality up to 90 days after randomization. Using a response-adaptive randomiza-
tion procedure, more subjects will be assigned to the group with the lowest mortal-
ity during the ongoing period of recruitment, stratified by subgroup. Power
calculations were made based on data from the IOTA systematic review and meta-
analysis [29] and from the ICU-ROX trial [22]. Heterogeneity of treatment effect in
diagnostic subgroups (hypoxic ischemic encephalopathy, acute brain injury, and
sepsis) of critically ill patients will be explored.

The UK-ROX trial [33] aims to include 16,500 adult patients admitted to the
critical care unit for mechanical ventilation or receiving mechanical ventilation after
being admitted for another reason. For the control group (usual oxygen therapy),
there are no conditions other than usual care as per local practice. For the interven-
tion group (conservative oxygen therapy), SpO, values of 88 to 92% are the target.
The primary endpoints are mortality at day 90 and economic outcome (incremental
costs, quality-adjusted life year (QALY) and net monetary benefit at 90 days).
Economic outcome has not been studied previously in this setting.

6.10 Conclusion

In heterogeneous critically ill patients, the potentially deleterious effects of hyper-
oxemia found in preclinical research and large observational studies have not been
confirmed in well-sized RCTs. In view of the current body of literature, it seems
reasonable and prudent to avoid far-conservative and far-liberal oxygenation values.
It is presently unknown whether there are specific subgroups or conditions within
the critically ill population that might benefit from oxygenation targets outside the
normoxemia range. As far as oxygen is concerned half a millennium after the
Paracelsus statement *‘the dose makes the poison”, it is still not completely clear at
what dose the transition from useful drug to dangerous poison takes place.
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Nebulized Therapeutics for COVID-19 7
Pneumonia in Critical Care

J. Dhanani and M. C. Reade

7.1 Introduction

Coronavirus disease 2019 (COVID-19) pneumonia is caused by infection with
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). The infection is
transmissible by aerosol and causes various clinical phenotypes of pneumonia
including the acute respiratory distress syndrome (ARDS). This infection has
resulted in a worldwide pandemic affecting the majority of the human population.
Severe disease is characterized by pneumonia and respiratory failure, resulting in
death in about 0.5% of confirmed cases [1].

The various phenotypes of COVID-19 represent different phases of the infection
from viral replication to the hyperimmune response (inflammatory cytokines inter-
leukin [IL]-2, IL-6, IL-8, IL-10, and tumor necrosis factor [TNF]-a). Therapeutic
options should therefore be selected based on the pathogenetic mechanism that is
predominant at the time of need. Early stages of illness are the time of viral replica-
tion and shedding in the upper respiratory tract, making antiviral agents the logical
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choice, whereas the cytokine mediated hyperinflammation in later stage disease
suggests anti-inflammatory agents or immunomodulators would then be the most
effective agents.

Many medications have demonstrated effective in vitro activity against the
SARS-CoV-2 virus. Other potential COVID-19 pneumonia therapies, including
anticoagulants, anti-inflammatory drugs, immunomodulators, and mucokinetics,
have been assessed. Antibiotic use is also common due to the high prevalence of
opportunistic lung infections. However, very few of these approaches have demon-
strated sufficient effectiveness in large-scale trials. Consequently, COVID-19-
associated mortality and morbidity remain high.

There are several possible causes for the failure of therapeutic agents that showed
promise in vitro or by extrapolation of effectiveness in other lung conditions. Failure
of systemic therapies could be due to their poor lung penetration, as seen with anti-
biotics such as aminoglycosides. Concerns regarding systemic toxicity could limit
adequate drug dosing, as might be true of hydroxychloroquine. Systemic immuno-
modulation, especially if applied at a suboptimal time in the disease course, could
lead to secondary infections.

Despite the recent development of effective vaccines, viral mutations and possi-
ble vaccine distribution and implementation issues may influence vaccine effective-
ness. Hence, there is an urgent ongoing need to investigate effective therapy for
COVID-19 pneumonia. Development of entirely novel therapeutics for COVID-19
takes a long time, hence the attraction of repurposing existing drugs, ideally specifi-
cally optimized for COVID-19.

7.2 Nebulized Therapeutics for COVID-19 Pneumonia

By delivering drugs directly to the lungs, it is possible to achieve high local concen-
trations whilst limiting systemic toxicity. Nebulized therapy offers the potential to
repurpose existing drugs while avoiding many of their adverse effects. Nebulized
drug therapy is commonly used for asthma, chronic obstructive lung disease, cystic
fibrosis, and pneumonia. During the course of the COVID-19 pandemic, various
research groups have investigated pulmonary drug administration. However, this
remains a relatively under-explored field. Of 5641 trials related to COVID-19 regis-
tered on https://trialsearch.who.int/ (as of October 2021), only 126 (2.2%) were
investigating nebulized therapy. Very few have yet reported their results. Nonetheless,
this is a promising mode of drug administration that warrants greater attention.

7.3  Technical Aspects of Nebulized Drug Therapy

For effective drug therapy it is necessary to achieve optimal drug concentrations
at sites of action. In COVID-19 pneumonia, the distal lung is the site of infection
and associated disease. Several factors affect distal lung drug delivery. Of these,
achieving a nebulized particle size of 1-5 pm (respirable fraction) is the major
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factor. This is primarily influenced by the physicochemical properties of the drug
formulation, the type of nebulizer device, and humidification. Currently, there are
no data specific to nebulized therapeutics in COVID-19 pneumonia, but extrapo-
lation from other conditions such as asthma and distal lung infections is likely to
be relevant.

Due to the inability of patients with severe disease to co-ordinate with device
actuation and their limited inhalation capacity, metered dose inhalers (MDI) and dry
powder inhalers (DPI) are unlikely to be appropriate. Hence, nebulizers are the most
practical alternative. Nebulizers fall into three classes: those which use a gas jet to
generate an aerosol, those which use ultrasonic vibration, and those which pass the
liquid through a very fine vibrating mesh. Of these, the vibrating mesh nebulizer is
deemed most efficient for generating particles of 1-5 pm and is recommended for
nebulized therapy using antibiotics or bronchodilators [2].

Mechanical ventilatory support introduces additional complexity to nebulizer
therapy. Published guidelines suggest placing the nebulizer in the inspiratory limb
of the circuit, 15 cm from the Y-piece, turning off humidification, using a square
flow waveform, prolonging the inspiratory time, and changing expiratory filters
after nebulization [2]. Some ventilators incorporate specific devices and software
algorithms to facilitate nebulization, as has been reviewed comprehensively else-
where [3].

7.4 Current Clinical Trials on Nebulized COVID-19
Therapeutics in Critical Care

Nebulized pharmacological agents for the therapeutic use in COVID-19 pneumonia
patients can be classified based on clinical effects, with some agents having more
than one class of effect (Fig. 7.1). Many of these drugs are in clinical trials
(Table 7.1). Those which have excited the greatest interest are discussed in
detail below.

7.4.1 Antivirals

7.4.1.1 Chloroquine/Hydroxychloroquine

Rationale Chloroquine and hydroxychloroquine block proteolytic processing and
endosomal acidification, inhibit autophagosome-lysosome fusion, inactivate
enzymes required for viral replication, inhibit viral protein formation, and block
viral entry into host cells through impairment of terminal glycosylation of the
angiotensin-converting enzyme 2 (ACE2) enzyme receptor [4]. They may also
reduce cytokine production.

Trials of chloroquine and hydroxychloroquine suggested higher mortality com-
pared to placebo, possibly due to cardiac toxicity, and regulatory agencies have
either revoked authorizations or recommended against its use [5]. Moreover, due to
the complex pharmacokinetic (PK) mechanisms, including large volume of
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Fig. 7.1 Nebulized pharmacological agents as per their drug class used in the treatment of
COVID-19 patients

distribution (~44,257 liters), orally administered hydroxychloroquine may not
achieve adequate intracellular concentrations [6]. As its antiviral effect is achieved
by blocking viral entry into the epithelial cells, direct delivery by inhalation is likely
to be ideal. Given that the ECs, (half maximal effective concentration) for hydroxy-
chloroquine against SARS CoV-2 is 6.14 pM, it is estimated that nebulized hydroxy-
chloroquine doses as low as 10-20 mg/day would achieve the required drug
concentrations in the lung [7]. In addition, ionization of hydroxychloroquine in the
acidic pH of lysosomes in the lungs will reduce systemic exposure and hence toxic-
ity of nebulized hydroxychloroquine. Thus, nebulized liposomal hydroxychloro-
quine can potentially achieve higher lung concentrations of hydroxychloroquine at
small doses with limited adverse effects.
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Table7.1 Summary of currently registered clinical trials on nebulized therapeutics for COVID-19
(from https://trialsearch.who.int/ and www.clinicaltrials.gov as accessed on 05 October 2021)

Number of registered

Total number of clinical trials with Number of
registered patient-centered registered studies

Drug class studies endpoints completed

Antiviral

Hydroxychloroquine 5 1

Remdesivir 2 1 1

Niclosamide or levamisole or 3 1

ivermectin (anti-helminthic)

Neutralizing antibody 1 1

Testosterone 1

Modified ACE2 1

4.2% sodium bicarbonate 2 2

Monoclonal antibody 1

Danoprevir + ritonavir 1 1

Novaferon 1 1

DAS 181 1 1

Immunomodulator

GM-CSF 2 1

Dalargin (leu-enkephalin) 1 1

Itraconazole 1 1

Platelet lysate 1 1

TLR agonist PUL-042 2 2

JAK inhibitor TD-0903 1

Anticoagulant

Heparin 10 10 2

Enoxaparin 1

Fibrinolytic

Rt-PA 1 1

Anti-inflammatory

Interferon 6 5

Steroid 9 9

Retinoic acid 8 7

Melphalan 1 1

Furosemide 1

Exosome 4 1

Lidocaine 1 1

Hyaluronan 1

Magnesium 1 1

Vasoactive intestinal 3 2

polypeptide (VIP)

Ibuprofen 1 1

Acetylsalicylic acid 1 1

Adenosine 1 1

Alpha-1 antitrypsin 1 1

AP-014 (Ampion; albumin) 2

Azithromycin 1 1

Ensifentrine 1 1

Mucolytic

N-acetylcysteine 2 2

DNAase 6 6 1

(continued)
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Table 7.1 (continued)

Number of registered

Total number of clinical trials with Number of
registered patient-centered registered studies
Drug class studies endpoints completed
Pulmonary vasodilator
Iloprostenol/epoprostenol 2
Glyceryl trinitrate 1 1
Vaccine
Vaccine or vaccine adjuvant 6 1
Miscellaneous
Surfactant
Bacteriophage 1 1

ACE angiotensin-converting enzyme, GM-CSF granulocyte-monocyte colony-stimulating factor,
JAK janus kinase, Rt-PA recombinant tissue plasminogen activator, 7LR toll-like receptor

Evidence Nebulized hydroxychloroquine has been used safely in asthmatic patients
[8] and is well tolerated with limited cardiotoxicity and QTc prolongation, while
increasing the therapeutic efficacy of the drug. A phase 1 trial of nebulized liposo-
mal hydroxychloroquine for COVID-19 has been approved (ClinicalTrials.gov
Identifier: NCT04697654). A pilot, randomized open label study of nebulized
hydroxychloroquine for COVID-19 therapy (ClinicalTrials.gov Identifier:
NCTO04731051) is underway.

Recommendation Nebulized chloroquine and hydroxychloroquine should only be
used as part of a clinical trial.

7.4.1.2 Remdesivir

Rationale Remdesivir is a prodrug metabolized to the active antiviral nucleoside
triphosphate (Nuc-TP). It has broad spectrum antiviral activity through inhibition of
viral RNA synthesis, with in vitro efficacy against other coronaviruses, such as
Middle East Respiratory Syndrome coronavirus (MERS-CoV) in mice and mon-
keys. It has in vitro antiviral activity (ICsy 0.77 pM) against SARS-CoV-2. Oral
administration is associated with high first pass metabolism and poor bioavailabil-
ity, necessitating intravenous infusion. It is distributed into tissues and cells via
passive diffusion where it is converted to nucleoside monophosphate (Nuc-MP) by
intracellular hydrolases, ultimately forming the active Nuc-TP. Intravenous remde-
sivir is poorly distributed in tissues and in lungs as seen in monkey lungs [9]. Plasma
PK studies of intravenous remdesivir 75 mg (over 30 min) in patients with Ebola
demonstrated a short half-life (t;,), with an even lower area under the curve (AUC)
of Nuc-TP in peripheral blood mononuclear cells. Therefore, remdesivir is unlikely
to achieve a therapeutic concentration in the lungs [10]. Intravenous remdesivir is
formulated with sulfobutylether-beta-cyclodextrin (SBECD) as a solubility
enhancer, which is cleared by the kidneys and hence contraindicated in renal failure.
Concern of hepatotoxicity also limits the dosing of remdesivir to 200 mg/day. Thus,
currently, remdesivir is only administered to hospitalized patients. This is not ideal,
as its antiviral effect is most likely to be effective very early in the disease course
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before patients otherwise require hospitalization. Nebulized remdesivir could be
used early in patients with mild disease, or with contraindications for intravenous
therapy. Early administration of nebulized remdesivir 50 mg for 30 min is likely
optimal for antiviral activity [11].

Evidence A phase 1b/2A study (ClinicalTrials.gov Identifier: NCT04539262) in
early stage COVID-19 to evaluate safety, efficacy, and PK of nebulized remdesivir
is underway. Another placebo-controlled, randomized controlled trial (RCT)
(ClinicalTrials.gov Identifier: NCT04480333) evaluating safety and PK of a nebu-
lized nanoparticle formulation of remdesivir in healthy volunteers is ongoing.

Recommendation Nebulized remdesivir should only be used as part of a clini-
cal trial.

7.4.1.3 Ivermectin

Rationale Ivermectin is an approved anthelminthic agent with antiviral properties.
It is lipophilic and highly protein bound (~93%). It inhibits the formation of the
importin-o (IMPa) and IMP1 subunit, which is used by the SARS-CoV-2 nucleo-
protein to infiltrate the nucleus and establish optimal environment for viral replica-
tion and proliferation [12].

Evidence Ivermectin has demonstrated in vitro activity against SARS-CoV-2 with
ICsp of 1750 ng/ml [13]. Oral ivermectin at prescribed safe doses did not achieve
lung concentrations above this ICs, concentration [14]. Pulmonary bioavailability is
likely to be low due to high protein binding, supporting the theoretical superiority
of inhalation administration. A clinical trial (ClinicalTrials.gov Identifier:
NCT04681053) is underway in COVID-19 patients.

Recommendation Should only be used as part of a clinical trial.

7.4.2 Immunomodulators

7.4.2.1 Granulocyte-Monocyte Colony-Stimulating Factor (GM-CSF)
Rationale: GM-CSF, a member of the colony stimulating superfamily, is a complex
cytokine considered central to an integrated immune response. In healthy lungs,
GM-CSF helps with maturation and function of alveolar macrophages and surfac-
tant metabolism required to maintain lung function and cell mediated immunity in
the lung. It also choreographs local and systemic inflammation.

Evidence A single-center cohort study of an anti GM-CSF receptor antibody in 13
COVID-19 patients suggested efficacy compared to standard care [15]. Conversely,
nebulized sargramostim, a recombinant GM-CSF, is currently the subject of a
RCT in comparison to standard care in patients (n = 80) with COVID-19 infec-
tion and severe respiratory failure (ClinicalTrials.gov Identifier: NCT04326920).
Phase 2 studies to prevent ARDS in COVID-19 pneumonia (EUdraCT number:
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2020-001654-21-DE, ClinicalTrials.gov Identifier: NCT04569877) are also under-
way. Timing of administration during the disease course is likely to be critical in
understanding whether augmenting or inhibiting GM-CSF has any benefit.

Recommendation Should only be used as part of a clinical trial.

7.4.3 Anticoagulants

7.4.3.1 Heparin

Rationale SARS-Cov-2 binds to ACE2, which is widely expressed in the lungs on
alveolar type 2 epithelial cells, bronchial epithelial cells, and arterial/venous endo-
thelial cells, to gain cellular entry. ACE2 hijacking prevents angiotensin 2 degrada-
tion and the resulting high angiotensin 2 leads to vasoconstriction, endothelial
injury, and coagulation cascade activation. COVID-19 infection is also associated
with thromboembolic complications, often a cause of mortality in critically ill
patients. Throughout the pandemic, systemic heparin for anticoagulation has been
used effectively in the treatment of hospitalized COVID-19 patients. Although low
molecular weight heparins (LMWHs) are seen to bind to SARS-CoV-2, in vitro
studies suggest markedly lower potency compared to unfractionated heparin (UFH)
[16] perhaps suggesting that higher molecular weight fractions (UFH
15650-19,100 Da vs LMWH 4200-6650 Da) are more effective due to the ability
to bind to more receptor binding domain (RBD) and ACE2 sites of the virus.

e Antiviral effect

UFH binds to RBD sites of SARS-CoV-2 spike proteins leading to conforma-
tional change, inhibiting binding of the spike protein to cells [17]. With an ICs, of
0.6 pg/ml, in vitro studies with live SARS-CoV-2 and Vero E6 cells demonstrated
up to 80% viral inhibition at 6.25-200 pg/ml [17]. However, the inhibitory concen-
tration of heparin for wild type authentic live SARS-CoV-2 virus attenuation is
unknown.

¢ Anti-inflammatory effect

Heparin exhibits a wide range of anti-inflammatory properties [18]. It neutralizes
the cationic immune mediators IL-6, IL-8, and chemotaxins [19], which is thought
to underly its mucolytic activity in cystic fibrosis. Nebulized heparin reduces pro-
inflammatory cytokines in lung and nuclear factor-kappa B (NF-kB) and transform-
ing growth factor (TGF)-p effectors in alveolar macrophages [20].

e Anti-coagulant effect

ARDS is marked by fibrin deposition in the alveolar space leading to hyaline
membranes, along with pulmonary coagulopathy, which can be responsive to
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nebulized anticoagulants [21]. Heparin inhibits coagulation activation through sev-
eral mechanisms: catalyzing antithrombin, promoting tissue factor pathway inhibi-
tor (TFPI), and releasing plasminogen activator. Nebulized heparin has no systemic
anticoagulation effect.

e Mucolytic effect

Neutrophil extracellular traps (NETSs) in sputum contribute to sputum elasticity.
Heparin de-aggregates DNA/actin bundles and activates endogenous DNAse to
reduce sputum elasticity. Heparin also neutralizes the basic proteins (cytotoxic his-
tones, neutrophil elastase, and IL-8) [22].

Evidence The United Kingdom ACCORD trial is investigating the effects of nebu-
lized heparin 25,000 U g6h in hospitalized COVID-19 patients (EudraCT number:
2020-001736-95).

Recommendation Current evidence indicates that heparin is safe to use in mechan-
ically ventilated patients with severe COVID-19. Where possible, participation in a
clinical trial is desirable.

7.4.4 Fibrinolytics

7.4.4.1 Tissue Plasminogen Activator (t-PA)

Rationale Procoagulation is a feature of severe COVID-19 infection.
Thromboembolism and pulmonary vascular thrombosis are common. Whilst sys-
temic anticoagulation with heparin is commonly used in the prevention of these
conditions, thrombolytic/fibrinolytic therapy has been recommended for treatment.
t-PA is used for its fibrinolytic effect as well as anti-inflammatory action. However,
the pathophysiology of COVID-19 also involves alveolar deposition of fibrin with
hyaline membrane formation affecting gas exchange [23]. In addition, there is evi-
dence that fibrinolysis may be hyperactivated in the advanced phase of COVID-19.
Thus, systemic fibrinolytic therapy could cause significant bleeding [24]. Nebulized
t-PA can be administered at any stage of COVID-19 without concerns about sys-
temic bleeding [25]. Nebulized t-PA can dissolve fibrin thrombi in the microcircula-
tion as well as alveolar exudates, thereby improving alveolar ventilation. Nebulized
streptokinase demonstrated improved P/F ratios without increased bleeding in
ARDS patients [26].

Evidence A pilot, open label, phase 2 clinical trial for nebulized recombinant t-PA
(rt-PA) in COVID-19 ARDS patients (PACA trial) is underway (EudraCT number:
2020-001640-26-GB).

Recommendation Nebulized fibrinolytics should only be used as part of a clini-
cal trial.
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7.4.5 Anti-Inflammatory Agents

7.4.5.1 Interferon

Rationale Interferon (IFN) is an immune active protein with broad spectrum anti-
viral activity in vivo. IFNa is an antiviral agent effective against MERS-CoV
in vitro. In vitro studies show that it inhibits severe cytopathology induced by
MERS-coronavirus replication. MERS-CoV was 50-100 times more sensitive to
recombinant IFNa (a2a, a2b, fla and f1b) than SARS-CoV in vitro. IFNa binds
receptors 1 and 2, followed by activation of Janus kinase/signal transducers and
activators of the transcription (JAK/STAT) pathway and IFN-response genes. As
SARS-CoV-2 causes inactivation of IFN regulatory factor 3 (IRF3), severe disease
results in a significant decrease in IFN activity, especially in at-risk groups (elderly,
immunosuppressive medications, comorbidities) [27]. IFN therapy could restore
this dysregulated antiviral status. However, systemic IFN therapy can cause “inter-
feronopathies™: severe autoimmune disease exacerbations and other complications
[28]. Nebulized IFN therapy could potentially achieve high lung concentrations
without systemic adverse effects.

Evidence Zhou et al., in an observational study in patients with moderate
COVID-19, used nebulized IFNa2b 5 mU twice a day for 10—14 days [29], find-
ing that IFN was associated with reduced duration of detectable virus in the upper
respiratory tract and reduced duration of elevated inflammatory biomarkers.
SNGOO01 is a recombinant IFNf for nebulized delivery that is well tolerated in
patients with asthma and chronic obstructive pulmonary disease (COPD). A phase
2 RCT in hospitalized adult COVID-19 patients given SNG001 6 MIU for 14 days
demonstrated that, compared to placebo, the drug was well tolerated and con-
ferred greater odds of clinical improvement [30]. Multiple clinical trials using
different forms of nebulized IFN in various stages of COVID-19 are underway
(IFNalb - ChiCTR number: 2000030480; recombinant supercompound IFN
(rSIFN-co) - ChiCTR number: 2000029638; IFNPBla - IRCT number:
2020-0511047396 N1, EudraCT number: 2020-001023-14-GB, EudraCT num-
ber: 2020-004743-83-GB; IFNB1b - Clinical Trials.gov Identifier: NCT04469491).

Recommendation Nebulized interferon should only be used as part of a clini-
cal trial.

7.4.5.2 Steroids

Rationale Steroids could reduce coronavirus replication by affecting ACE2 expres-
sion on infected epithelial cells, in addition to their well-known anti-inflammatory
effect. The results of the RECOVERY trial showed that oral or intravenous dexa-
methasone reduced 28-day mortality in mechanically ventilated COVID-19 patients
[31]. However, systemic therapy is associated with significant adverse effects.
Bloom et al. [32] showed that asthmatic patients on nebulized steroids had a reduced
risk of death from COVID-19 compared to those not on nebulized steroids.


http://clinicaltrials.gov

7 Nebulized Therapeutics for COVID-19 Pneumonia in Critical Care 91

Evidence In vitro studies suggest that nebulized corticosteroids (ciclesonide,
budesonide) downregulate the SARS-CoV-2 receptor ACE2 through suppression of
type 1 IFN. Several RCTs are investigating the effect of nebulized steroids in
COVID-19 patients (Clinical Trials.gov Identifiers: NCT04355637, NCT04331470,
NCT04377711, NCT04330586, and NCT04416399).

Recommendation Where possible consider enrolling in a clinical trial.

7.4.5.3 Retinoic Acid

Rationale Retinoids are biologically similar to all-trans retinol (vitamin A) and
retinoic acid is the active retinoid metabolite that acts through retinoic acid recep-
tors (RAR «, B, y) to regulate gene expression involved in immune responses [33].
They also act as effectors of T-cell-mediated and innate immunity. Systemic therapy
is associated with significant adverse effects [33].

Evidence Clinical data suggests that retinoids stimulate secretion and effects of
IFN type 1. Currently there are clinical trials using 13-cis retinoic acid alone or in
combination with testosterone (ClinicalTrials.gov Identifier: NCT04623385), cap-
topril (ClinicalTrials.gov Identifier: NCT04578236), itraconazole (ClinicalTrials.
gov Identifier: NCT04577378), all trans retinoic acid with tamoxifen (Clinical Trials.
gov Identifier: NCT04568096), isotretinoin (ClinicalTrials.gov Identifier:
NCT04396067), and isotretinoin with recombinant ACE2 receptor-like enzyme
(ClinicalTrials.gov Identifier: NCT04382950).

Recommendation Nebulized retinoic acid (13-cis retinoic acid, all-trans retinol)
should only be used as part of a clinical trial.

7.4.6 Mucokinetics/Mucolytics

7.4.6.1 Dornase Alfa

Rationale Dornase alfa is a nebulized recombinant human DNase 1 and a safe
mucolytic [34]. Approved for use in cystic fibrosis patients [34], it is also used in
ARDS [35]. It improves ventilation by reducing DNA-mediated viscosity of
neutrophil-rich secretions. NETs are a source of DNA in the sputum, which are
increased in COVID-19 [36].

Evidence Targeting NETs is seen to reduce acute lung injury-related mortality in ani-
mal studies [37] and mucolytic treatment is also effective in COVID-19 patients [38].
It is seen to reduce the systemic inflammatory markers in patients with cystic fibro-
sis. In a five patient case series of mechanically ventilated COVID-19 patients, there
was reduction in oxygen requirements, improvement in lung mechanics and 100%
survival in patients treated with dornase alfa 2.5 mg BD [39]. Multiple studies are
investigating the effect of dornase alfa in the management of COVID-19 pneumonia
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(EudraCT number: 2020-001492-33-FR, EudraCT number: 2020-001849-39-SE,
ClinicalTrials.gov Identifier: NCT04359654, EudraCT number: 2020-001937-11-
GB, ClinicalTrials.gov Identifier: NCT04355364).

Recommendation Considering its safety profile and established role in clinical
management of similar conditions, dornase alfa can be used in COVID-19. Where
possible, consider as part of clinical trial.

7.4.7 Pulmonary Vasodilators

7.4.7.1 Epoprostenol, lloprost

Rationale Nebulized pulmonary vasodilators (epoprostenol, iloprost) are used for
refractory hypoxemia or ARDS with the rationale of improving the shunt fraction
[40]. Although there is no evidence of mortality benefit, this improves oxygenation.
Nebulized epoprostenol is equally effective but less expensive than nitric oxide
(NO) [41]. A subset of COVID-19 patients has disproportionate hypoxemia relative
to the abnormalities in imaging or lung mechanics, perhaps due to the vasculotropic
component of the SARS-CoV-2. Nebulized pulmonary vasodilators might be par-
ticularly effective in such patients.

Evidence In COVID-19 patients, one study (n = 80) reported improved P/F ratio in
50% of mechanically ventilated patients treated with nebulized epoprostenol [42],
while another study (n = 38) showed an effect of nebulized epoprostenol in only
41% patients but a trend toward benefit in hypoxemic patients with normal lung
compliance compared to those with low compliance, reflecting a phenotypic subset
that may respond to nebulized epoprostenol [43]. Iloprost is a safe and effective
pulmonary vasodilator with a higher potency compared to epoprostenol (5:1).

Recommendation Considering established safety and efficacy in ARDS due to
other causes, nebulized epoprostenol and iloprost could be used in the treatment of
COVID-19 patients.

7.4.8 Miscellaneous

7.4.8.1 Surfactant

Rationale High viral tropism for type 2 alveolar cells that produce surfactant
results in atelectasis and atelectotrauma in COVID-19, exacerbating
ARDS. Exogenous surfactant therapy via intra-tracheal, bronchoscopic or nebu-
lized routes improves oxygenation but not mortality in other forms of adult
ARDS [44].

Evidence A retrospective study in seven patients showed the safety and efficacy of
surfactant in patients with ARDS due to COVID-19 [45]. Phase 2 studies investigat-
ing the role of nebulized surfactant for the treatment of moderate to severe COVID-19
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adult patients (EudraCT number: 2020-001886-35-GB, ClinicalTrials.gov Identifier:
NCT04362059) and assessing the efficacy and tolerability of porcine surfactant
(EudraCT number: 2020-002632-75-GB) and surfactant-BL (ClinicalTrials.gov
Identifier: NCT04568018) in COVID-19 ARDS patients are underway.

Recommendation Considering the established safety of nebulized surfactant in
ARDS due to other causes, this strategy could be used in COVID-19 patients.
However, where possible consider enrolling as part of clinical trial.

7.5  Barriers to Safe and Effective Nebulized Therapy
in COVID-19 Pneumonia in Critical Care

As the primary mode of transmission for SARS-CoV-2 is via the aerosol route, there
is a concern that nebulization therapy in COVID-19 patients could result in trans-
mission of infection. However, no definitive data guides practice. Consequently,
regulatory authorities have taken varied approaches with some agencies in support
[46] and others against [47] use of nebulizers in COVID-19 patients. Studies during
the 2002-2003 SARS-CoV outbreaks showed no risk to healthcare workers from
nebulizer therapy [48]. International experts have recommended mitigating strate-
gies toreduce fugitive emissions and disease transmission risk [49]. The International
Society of Aerosol Medicine (ISAM) provides guidance for safe nebulization ther-
apy in COVID-19 patients [50] summarized in Table 7.2 and Figs. 7.2 (using nebu-
lizers with mouthpiece and exhalation filter) and 7.3 (nebulization with high flow
nasal prongs is safer and effective than using mask nebulization).

Table 7.2 Considerations for safe and effective nebulization in COVID-19 patients

Either nasal oxygen or High flow nasal = Non-invasive

no oxygen support prongs ventilator Mechanical ventilator
1. Negative pressure 1. Negative 1. Negative pressure 1. Full PPE including N95
room pressure room  room masks
2. Full PPE including 2. Full PPE 2. Full PPE including 2. Place nebulizer either
NO95 masks including N95 NO95 masks 15 cm from Y-piece in
3. Avoid using masks 3. Placing nebulizer inspiratory limb of the
facemasks to 3. Surgical mask either after the circuit or dry side of
prevent fugitive over the high exhalation port or heated humidifier
emissions flow nasal on the dry side of 3. Change expiratory filter
4. Use mouthpiece prongs humidifier post nebulization therapy
with expiratory 4. Placing
HEPA filter to nebulizer at
capture fugitive the dry side of
emissions humidifier
5. Lowering gas
flows to
prevent
fugitive
emissions

PPE personal protective equipment, HEPA high-efficiency particulate absorbing
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While clinical trials are underway to investigate clinical effectiveness, it is also
necessary to explore the PK and pharmacodynamic aspects of nebulized therapy to
provide optimal dosing guidelines. Notwithstanding the attraction of the nebulized
route, potential adverse effects, such as mucocutaneous irritation, cough and bron-
choconstriction, must be sought in adequately powered trials before widespread
adoption can be recommended.

Fig.7.2 A vibrating mesh
nebulizer with mouthpiece
and exhalation filter

Fig.7.3 High flow nasal
prongs with surgical mask.
The vibrating mesh
nebulizer (not shown) is
inserted at the dry end of
the humidifier
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7.6 Conclusion

Pending the results of ongoing RCTs, most nebulized therapies from drug classes
such as antiviral, anti-inflammatory, immunomodulators, and thrombolytic agents
should only be used in the context of participating in a clinical trial. Nebulized
mucokinetics, anticoagulants, and pulmonary vasodilators can be safely used in the
treatment of select COVID-19 patients, but effectiveness is still not clear. It is
important to prioritize research in this promising field.
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8.1 Introduction

Coronavirus disease 2019 (COVID-19) pneumonia has many clinical characteris-
tics compatible with the definition of acute respiratory distress syndrome (ARDS),
with bilateral lung infiltrates on chest radiology, an oxygenation defect with PaO,/
FiO, ratio <300 mmHg, and increased dead space ventilation. Positive end-
expiratory pressure (PEEP) is routinely used as part of lung protective ventilation
strategies in the management of ARDS [1, 2]. In the case of ARDS arising due to
COVID-19 (CARDS), there is some debate as to whether atypical pathophysiologi-
cal characteristics of the disease (i.e., moderate-severe hypoxemia despite preserved
lung volumes at presentation, and minimal parenchymal consolidation) could war-
rant a different approach to ventilator management, particularly with regards to
PEEP settings [3, 4]. Here we review the available evidence for the existence of a
unique underlying lung pathophysiology in CARDS, and discuss the implications
for standard approaches to setting PEEP, in both the invasive and non-invasive ven-
tilation settings. We show how detailed computational models informed by this evi-
dence can shed light on the available data, and help to explain recent results in the
literature.
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8.2  Evidence for a Unique CARDS Pathophysiology

There is by now abundant evidence to suggest that several of the clinical features of
CARDS, particularly in its early stages, are unique, or at the very least atypical,
when compared to ARDS of standard etiologies. Early stage CARDS patients typi-
cally present with focal subpleural and peri-bronchovascular ground glass opacities,
very limited amounts of alveolar collapse and atelectasis, low extravascular lung
water (EVLW) accumulation, and relatively well preserved compliance, features
which cannot fully explain the associated large shunt fraction and severe hypoxemia
[5, 6]. Typically, in patients with ARDS, hypoxemia is proportional to the quantity
of anatomical shunt (i.e., the fraction of non-aerated lung tissue mass in relation to
the total tissue mass). The small proportion of consolidated lung tissue seems to
distinguish patients with early CARDS from those with ARDS exhibiting similar
PaO,/FiO, ratios. A complete understanding of the pathophysiological mechanisms
underlying CARDS is still to emerge; however, the etiology of the associated early
respiratory failure and disproportionate hypoxemia is likely to be due to multiple
factors affecting the distribution of pulmonary perfusion in relation to areas of the
lung that are more or less aerated. These factors include:

e Pulmonary vasculopathy with loss of adaptive hypoxic pulmonary vasoconstric-
tion and dysregulated pulmonary perfusion [7, 8]. Although the pivotal role
angiotensin converting enzyme (ACE)2 receptors play in severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) transmission is well defined, their
expression within the pulmonary endothelium and role in dysregulated pulmo-
nary perfusion is now becoming apparent [7]. The carboxypeptidase ACE2 coun-
teracts the renin-angiotensin-aldosterone system through conversion of
angiotensin I and II to angiotensin-(1-9) and -(1-7), respectively; these then pro-
mote localized vasodilation and attenuation of the immune response [9]. The
initial downregulation of ACE2 results in angiotensin II accumulation with
resulting chemotactic effects and accelerated lymphocyte recruitment [7, 10].
The resulting pulmonary vascular inflammation results in an ACE1 ‘shedding’
phenomenon where endothelial surface-bound ACE1 is released into the intersti-
tium and ultimately results in sub-physiologic angiotensin II concentrations [10].
Low angiotensin II concentrations in this phase lead to vasodilation and wors-
ened capillary leak. The alterations in pulmonary perfusion determine large ven-
tilation/perfusion inequalities with greater presence of lung compartments with
low ventilation/perfusion ratio. Some of the perfusion abnormalities are ‘func-
tional’ consequent to a loss in hypoxic vasocontriction and inflammatory vaso-
plegia leading to hyper-perfusion of poorly ventilated lung tissue (increase in
venous admixture); while others are more ‘structural’ anatomical changes caused
by vascular enlargement or neovascularization within the poorly ventilated lung
parenchyma. These regions with very low ventilation/perfusion ratio can become
more numerous in the presence of high cardiac output (e.g., fever and hyperin-
flammation) leading to hyperperfusion of poorly ventilated alveolar units.

e The high incidence of pulmonary microvascular and macrovascular thrombosis
offers insight into the high compliance, increased dead space, D-dimer elevation, and
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right ventricular dysfunction frequently observed in COVID-19 and documented in
post-mortem findings and histology [7, 11-14].

e The neurotropic potential of SARS-CoV-2 with altered central control of breath-
ing mediated by pontine pneumotaxic center dysfunction and the relatively nor-
mal lung volume, which results in increased tidal volumes relative to ventilatory
frequency. Although low pulmonary elastance partially explains the deceptively
effortless work of breathing [15], infiltration of SARS-CoV-2 into the cerebro-
spinal fluid (CSF), carotid body sensing, and impaired brainstem autoregulation
may also contribute [16, 17].

¢ Increased basal metabolic rate resulting in higher tissue oxygen extraction, lower
mixed venous oxygen content, and increased venous admixture [18].

* Increased intrapulmonary shunt fraction with cardiac output elevation [19, 20].
Although high peripheral oxygen extraction partially explains the increased
venous admixture observed in catabolic states, there may also be alterations in
regional pulmonary blood flow distinct from this, related to increased cardiac
output [18-20].

Despite the well documented pathophysiological features described above, many
of which are unique to CARDS, there has been much controversy surrounding (a)
the extent to which CARDS differs from standard ARDS, and (b) the resulting
implications (if any) for clinical management. Case series and small observational
studies early in the pandemic highlighted various atypical features of the disease [5,
21-24], focusing in particular on the higher than usual compliance (and lower than
usual amount of gasless tissue) for the same PaO,/FiO, in early-stage CARDS
patients. However, subsequent studies that compared larger cohorts of CARDS
patients with ‘matched’ cohorts of ARDS patients from previous studies failed to
find significant differences [25, 26]. A possible explanation for these discrepancies
is that CARDS exhibits a dynamic time-dependent disease profile, encompassing
several stages (or phenotypes), which starts with the highly atypical presentation
described above and culminates in a more standard ARDS presentation as the dis-
ease progresses [27]. Thus, data from CARDS patients that was collected over dif-
ferent (or later, i.e., post-intubation) stages in the disease course could mask the
particular characteristics of the early-stage presentation [28]. This argument is sup-
ported by a recent study of 114 exclusively early-stage (pre-intubation) CARDS
patients that clearly showed the posited unique pathophysiological features of this
disease [29].

8.3 A Computational Simulator to Compare CARDS Versus
ARDS Pathophysiology

Computer simulation offers a fresh approach to traditional medical research that is
particularly well suited to investigating treatment of critical illness. Critically ill
patients are routinely monitored in great detail, providing extensive high quality
data-streams for model design and configuration and patient-matching. Models
based on such data can incorporate very complex system dynamics that can be
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validated against patient responses for use as investigational surrogates. Crucially,
simulation offers the potential to ‘look inside’ the patient, allowing unimpeded
access to all variables of interest. In contrast to trials on both animal models and
human patients, in silico models are completely configurable and reproducible; for
example, different ventilator settings can be applied to an identical virtual patient,
or the same settings applied to different patients, in order to understand their mode
of action and quantitatively compare their effectiveness.

We have developed a multicompartmental computational model that simulates
highly integrated pulmonary and cardiovascular physiologies together with a
detailed representation of the effects of mechanical ventilation. The simulator offers
several advantages, including the ability to define hundreds of alveolar compart-
ments (each with its own individual mechanical characteristics), with configurable
alveolar collapse, alveolar stiffening, disruption of alveolar gas exchange, pulmo-
nary vasoconstriction and vasodilation, and airway obstruction. As a result, several
defining clinical features of acute lung injury can be represented in the model,
including varying degrees of ventilation-perfusion mismatch, physiological shunt
and deadspace, alveolar gas trapping with intrinsic PEEP, collapse-reopening of
alveoli, etc. The model has been successfully deployed in several previous studies
investigating the pathophysiology and ventilatory management of conventional
ARDS [30-35].

This model has recently been adapted to represent early-stage CARDS patients
[36]. Based on data suggesting that early-stage COVID-19 patients have relatively
well preserved lung gas volume and compliance [29], the model was set to have 8%
of its alveolar compartments collapsed, i.e., non-aerated, by increasing the values of
parameters representing alveolar extrinsic pressure and threshold opening pressure.
To simulate the hyperperfusion of gasless tissue reported in [8, 37, 38], vasodilation
was implemented in the collapsed units by decreasing their vascular resistance by
80%. Hypoxic pulmonary vasoconstriction (HPV) is normally incorporated in the
simulator via a mathematical function—to simulate the hypothesized disruption of
HPV in COVID-19, this function was disabled. Poor alveolar ventilation due to the
effects of pneumonitis was modeled by disrupting alveolar—capillary gas equilibra-
tion in 20% of the alveolar compartments. As thrombotic complications have been
reported to be a characteristic feature of COVID-19 [7, 11-14], the presence of
microthrombi was simulated by increasing vascular resistance by a factor of 5 in
10% of the compartments.

The cardiopulmonary simulator can be configured to represent either mechani-
cally ventilated [36] or spontaneously breathing [39] CARDS patients.

8.4  Setting PEEP in Invasive Mechanical Ventilation
of CARDS Patients

Several studies have examined lung recruitability and the effects of PEEP in CARDS
patients. In a study of 12 patients with severe CARDS who had received various
days of non-invasive or invasive ventilatory support before the first day of
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observation [40], predominantly (83%) poor recruitability was observed, as mea-
sured at the bedside using the recruitment to inflation ratio (R/I ratio) [41], and
poorly recruitable patients were ventilated with PEEP values between 5 and 10
cmH,0. In a crossover physiologic study [42], multiple refined physiological mea-
surements were performed to evaluate recruitability in 10 CARDS patients at differ-
ent time points along their clinical course. Changing PEEP between 5 cmH,O and
15 cmH,0 again revealed high inter-individual variability, with the increase in the
lung volume due to a PEEP increase of 10 cmH,O varying from 16% to 140%.
Despite this variability, driving pressure increased, and respiratory system compli-
ance decreased, on average across the cohort in response to higher PEEP, indicat-
ing the potential for significant PEEP-induced overdistension in those patients with
poorly recruitable lungs.

Beloncle et al. [43] assessed gas exchange, compliance, and hemodynamics at
two levels of PEEP (15 cmH,O and 5 cmH,0) within 36 h (dayl) and from 4 to
6 days (day 5) after intubation in a cohort of 26 CARDS patients. These authors also
found wide variation in recruitability, with PaO,/FiO, ratio significantly increased at
PEEP 15 cmH,O compared to 5 cmH,O only in the highly recruitable patients.
Conversely, poorly recruitable patients exhibited a trend toward higher compliance
at low PEEP compared to highly recruitable patients, again suggesting a risk of
overinflation associated with high PEEP in these patients. The authors speculated
that the small increase in PaO./FiO, ratio with PEEP observed in the poorly recruit-
able patients could be explained, at least in part, by a potential reduction in cardiac
output induced by PEEP that may have contributed to decrease the shunt fraction.

Tsolaki et al., in a study of 17 patients with COVID-19 pneumonia fulfilling the
Berlin criteria for severe ARDS on the second or third day of invasive mechanical
ventilation [44], evaluated respiratory mechanics, arterial blood gases, and hemody-
namics before and after PEEP was reduced from settings based on standard
ARDSnet criteria by an average of 29%. Reducing PEEP resulted in significantly
increased respiratory system compliance and reduced hypercapnia. PEEP reduction
was not accompanied by lung derecruitment, and oxygenation did not deteriorate.
The authors concluded that PEEP reduction decreased lung overdistension as inter-
preted by the increase in respiratory system compliance and decrease in dead space
ventilation (reduced PaCQO,). The authors noted that, although a conservative or
de-resuscitative fluid strategy is recommended in the management of patients with
ARDS, in their CARDS patients application of PEEP levels based on the ARDSnet
protocol was accompanied by substantial vasopressor dosage and 12-h fluid bal-
ance. PEEP de-escalation led to significant reduction in cumulative fluid balance
during the subsequent 12 h and a three-fold decrease in vasopressor dosage.
Decreased need for vasopressors and better fluid management translates into
increased cardiac output and organ perfusion, accompanied by less fluid accumula-
tion in the lungs.

Roesthuis et al. [3] assessed respiratory mechanics in 14 CARDS patients, all of
whom had higher than expected lung compliance compared to standard
ARDS. Reducing PEEP increased lung compliance in all but one of the patients,
and reduced dead space ventilation in all patients. Finally, Ball et al. [45] analyzed
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the effects of varying PEEP in 44 mechanically ventilated patients with severe
COVID-19 pneumonia using computed tomography (CT) scans. Minimal alveolar
recruitment was induced by changes in PEEP from 8 cmH,O to 16 cmH,0. Higher
PEEP improved oxygenation at FiO, of 0.5 but not 1.0, and decreased respiratory
system compliance.

Although the above studies provide much compelling evidence, the interactions
between hemodynamics (cardiac output and distribution of pulmonary blood flow)
and alveolar recruitment with higher PEEP is difficult to establish at the bedside and
can confound the discrepancy between changes seen in the oxygenation (improve-
ment or deterioration) and the alteration in lung mechanics (either concordant or
discordant). To shed further light on these issues, we configured our cardiopulmo-
nary simulator to represent both the standard ARDS and hypothesized CARDS dis-
ease pathophysiology, as described in the previous section, and then compared its
outputs, for the same ventilator settings, when PEEP was set at 5, 10 and 15
cmH,0. As shown in Fig. 8.1, higher PEEP in the standard ARDS model leads to
the typical benefits associated with recruitment of alveolar units in a lung suffering
from significant levels of alveolar collapse: improved oxygenation, increased
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Fig. 8.1 Simulated responses of COVID-19 acute respiratory distress syndrome (CARDS) and
standard ARDS models to different levels of positive end-expiratory pressure (PEEP). Other
mechanical ventilator settings were fixed at tidal volume (V) = 470 ml (6.75 ml/kg), ventilation
rate = 20 breaths/min, duty cycle = 0.33, FiO, = 100%. MAP mean arterial pressure, CO cardiac
output, DO, oxygen delivery, MPAP mean pulmonary artery pressure
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compliance, and reduced driving pressure. In the CARDS model, however, no
oxygenation benefits are observable above a PEEP of 10 cmH,0, whereas compli-
ance decreases and driving pressure increases as PEEP is increased. The change in
lung volume AV (calculated as the end inspiratory lung volume - lung volume at
FRCQ) is also significantly higher at each value of PEEP in the CARDS model com-
pared to the standard ARDS model, indicating the potential for damaging levels of
strain at higher PEEP.

8.5 Setting PEEP in Non-invasive Pressure Support
Ventilation of CARDS Patients

The use of PEEP during non-invasive ventilation (NIV) of CARDS patients has
been less well studied than in the case of invasive ventilation. Tonelli et al. com-
pared inspiratory effort and respiratory mechanics in 30 spontaneously breathing
patients receiving NIV for acute respiratory failure due to COVID-19 and a
‘matched’ cohort of standard ARDS patients [46]. In both cohorts, mean pressure
support and PEEP values of 12 and 10 cmH,O, respectively, were reported.
Application of NIV allowed CARDS patients to reduce their respiratory effort —
measured as esophageal pressure swings (APes) from 12.4 to 7.6 cm H,0, and
respiratory rate reduced from 28 to 24 breaths/min, after 2 h of ventilatory
support.

In a recent study of 114 early-stage CARDS patients treated with NIV, a
recruitment maneuver involving increasing PEEP from 0 to 10 produced no
improvement in oxygenation, but significantly increased an estimated value for
total lung stress [29]. Tonelli et al. [27] reported waveform traces from an esopha-
geal balloon catheter measuring Pes as a surrogate of pleural pressure (Ppl) in two
spontaneously breathing patients with SARS-CoV-2 pneumonia undergoing NIV
with helmet. CT scans of both patients confirmed the proposed CARDS pheno-
type, i.e., ground glass opacities with limited amounts of alveolar collapse and
atelectasis. Patient 1 presented with modest respiratory effort (APes of 11 cm
H,0, respiratory rate of 16 breaths/min) and subsequently exhibited progressive
clinical and radiological improvement with ground glass resolutions, while Patient
2 had a significant respiratory effort (APes of 32 cm H,O, respiratory rate of 35
breaths/min) and subsequently required intubation and invasive mechanical
ventilation.

To further investigate the effect of PEEP in NIV, we configured the simulator
to match the APes waveforms from the two CARDS patients reported in [27],
under spontaneous breathing with a standard NIV pressure support value of 12
cmH,0 (Fig. 8.2 panels A and C). We then examined the effect of applying PEEP
levels of 0, 2, 4, 6, 8, and 10 cmH,O to both patients while maintaining their
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Fig. 8.2 (a) Simulated pleural pressure swings (APpl) from the CARDS model compared with
esophageal pressure waveforms (APes) reported in [27], modest respiratory effort patient (Patient
1). (b) Simulated transpulmonary pressure (Ptp) swings for different levels of positive end-expira-
tory pressure (PEEP). (¢) Simulated pleural pressure swings from the CARDS model compared
with APes waveforms reported in [27], high respiratory effort patient (Patient 2). (d) Simulated
transpulmonary pressure swings for different levels of PEEP

spontaneous respiratory effort constant. As shown in Table 8.1, PEEP levels >2
cmH,0 produced no benefit in terms of oxygenation in either patient. The com-
pliance of the lung and the respiratory system decreased markedly with increas-
ing PEEP, while pleural and transpulmonary pressure swings (Fig. 8.2 panels B
and D), total stress and total strain all increased (Table 8.1). Interestingly, in a
study by Coppola et al. [29], increasing PEEP from 0 to 10 also produced no
improvement in oxygenation; total lung stress was the only variable indepen-
dently associated with negative outcome (intubation). In our simulations, an
increase in PEEP from 0 to 10 produced large increases in total lung stress—from
6.5 to 29.8 cmH,0 in the patient experiencing modest respiratory effort, and
from 40.0 to 92.6 cmH,0 in the patient experiencing significant respiratory effort
(Table 8.1).
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8.6 Conclusion

The clinical studies performed to date, further confirmed by our simulations, indi-
cate that use of standard protocols employing high PEEP in early-stage CARDS
patients (whether invasively or non-invasively ventilated) is unlikely to lead to alve-
olar recruitment, and may be injurious in some patients due to the risk of signifi-
cantly increasing transpulmonary pressure swings and total lung stress and strain.
The limited improvement in oxygenation that can be observed in these circum-
stances can be conceptualized as the consequence of changes in hemodynamic (car-
diac output) rather than alveolar recruitment per se.

In the context of CARDS patients undergoing NIV, the argument that high PEEP
is necessary to allow patients to reduce their respiratory effort is not supported by
the available data.

The emphasis on the atypical features of COVID-19 has been questioned by
some authors, who point out that ARDS is by definition heterogeneous. It has also
been shown that some of the alterations seen in CARDS are features that have
already been encountered in ARDS from mixed etiologies [47]. Although these gen-
eral premises are certainly true and reasonable, the fact that the prevalence of these
atypical features is much higher in COVID-19 than in ARDS should raise questions
about the way that mechanical ventilation should be personalized, and what effects —
beyond oxygenation— should be monitored. Specific pathophysiological consider-
ations related to CARDS should also invite further clinical and physiological studies
that evaluate the effects of PEEP on cardiopulmonary interactions, recruitability,
and inspiratory effort, as well as on how PEEP (or NIV) can alter the disease’s
physiological trajectory over time. Ultimately, as we have learnt in the last 20 years
of ARDS research, a strategy that leads to higher oxygenation may not be the most
appropriate or safest strategy for every patient with ARDS, regardless of its etiology.

References

1. Fan E, Del Sorbo L, Goligher EC, et al. An official American Thoracic Society/European
Society of Intensive Care Medicine/Society of Critical Care Medicine clinical practice guide-
line: mechanical ventilation in adult patients with acute respiratory distress syndrome. Am J
Respir Crit Care Med. 2017;195:1253-63.

2. Papazian L, Aubron C, Brochard L, et al. Formal guidelines: management of acute respiratory
distress syndrome. Ann Intensive Care. 2019;9:69.

3. Roesthuis L, van den Berg M, van der Hoeven H. Advanced respiratory monitoring in
COVID-19 patients: use less PEEP! Crit Care. 2020;24:230.

4. Tsolaki V, Zakynthinos GE, Makris D. The ARDSnet protocol may be detrimental in
COVID-19. Crit Care. 2020;24:351.

5. Gattinoni L, Coppola S, Cressoni M, Busana M, Rossi S, Chiumello D. COVID-19 does
not lead to a “typical” acute respiratory distress syndrome. Am J Respir Crit Care Med.
2020;201:1299-300.

6. Sherren PB, Ostermann M, Agarwal S, Meadows CIS, Ioannou N, Camporota L. COVID-19-
related organ dysfunction and management strategies on the intensive care unit: a narrative
review. Br J Anaesth. 2020;125:912-25.



Positive End-Expiratory Pressure in Invasive and Non-invasive Ventilation... 1

10.

11.

12.

13.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Ackermann M, Verleden SE, Kuehnel M. Pulmonary vascular endothelialitis, thrombosis, and

angiogenesis in Covid-19. N Engl J Med. 2020;383:120-8.

. Gattinoni L, Chiumello D, Caironi P. COVID-19 pneumonia: different respiratory treatments

for different phenotypes? Intensive Care Med. 2020;46:1099-102.

. Kuba K, Imai Y, Rao S. A crucial role of angiotensin converting enzyme 2 (ACE2) in SARS

coronavirus-induced lung injury. Nat Med. 2005;11:875-9.

Leisman DE, Deutschman CS, Legrand M. COVID-19 in the ICU: vascular dysfunction,
thrombosis, and dysregulated inflammation. Intensive Care Med. 2020;46:1105-8.

Copin MC, Parmentier E, Duburcq T, Poissy J, Mathieu D. The Lille COVID-19 ICU and
Anatomopathology group. Time to consider histologic pattern of lung injury to treat critically
ill patients with COVID-19 infection. Intensive Care Med. 2020;46:1124-6.

Cui S, Chen S, Li X, Liu S, Wang F. Prevalence of venous thromboembolism in patients with
severe novel coronavirus pneumonia. J Thromb Haemost. 2020;18:1421-4.

Klok FA, Kruip MJHA, van der Meer NJM. Incidence of thrombotic complications in criti-
cally ill ICU patients with COVID-19. Thromb Res. 2020;191:145-7.

. Zhang T, Sun LX, Feng RE. Comparison of clinical and pathological features between severe

acute respiratory syndrome and coronavirus disease 2019. Zhonghua Jie He He Hu Xi Za Zhi.
2020;43:496-502.

. Vaporidi K, Akoumianaki E, Telias I, Goligher EC, Brochard L, Georgopoulos D. Respiratory

drive in critically ill patients: pathophysiology and clinical implications. Am J Respir Crit Care
Med. 2020;201:20-32.

. Li YC, Bai WZ, Hashikawa T. The neuroinvasive potential of SARS-CoV2 may play a role in

the respiratory failure of COVID-19 patients. J Med Virol. 2020;92:552-5.

Montalvan V, Lee J, Bueso T, De Toledo J, Rivas K. Neurological manifestations of
COVID-19 and other coronavirus infections: a systematic review. Clin Neurol Neurosurg.
2020;194:105921.

Takala J. Hypoxemia due to increased venous admixture: influence of cardiac output on oxy-
genation. Intensive Care Med. 2007;33:908-11.

Lynch JP, Mhyre JG, Dantzker DR. Influence of cardiac output on intrapulmonary shunt. J
Appl Physiol Respir Environ Exerc Physiol. 1979;46:315-21.

Dantzker DR, Lynch JP, Weg JG. Depression of cardiac output is a mechanism of shunt reduc-
tion in the therapy of acute respiratory failure. Chest. 1980;77:636—42.

Gattinoni L, Chiumello D, Rossi S. COVID-19 pneumonia: ARDS or not? Crit Care.
2020;24:154.

Gattinoni L, Meissner K, Marini JJ. The baby lung and the COVID-19 era. Intensive Care
Med. 2020;46:1438-40.

Marini  JJ, Gattinoni L. Management of COVID-19 respiratory  distress.
JAMA. 2020;323:2329-30.

Marini JJ. Dealing with the CARDS of COVID-19. Crit Care Med. 2020;48:1239-41.

Ziehr DR, Alladina J, Petri CR, et al. Respiratory pathophysiology of mechanically ventilated
patients with covid-19: a cohort study. Am J Respir Crit Care Med. 2020;201:1560—4.
Grasselli G, Tonetti T, Protti A, et al. Pathophysiology of COVID-19-associated acute respira-
tory distress syndrome: a multicentre prospective observational study. Lancet Respir Med.
2021;9:e5-6.

Tonelli R, Marchioni A, Tabbi L, et al. Spontaneous breathing and evolving phenotypes of lung
damage in patients with COVID-19: review of current evidence and forecast of a new scenario.
J Clin Med. 2021;10:975.

Chiumello D, Busana M, Coppola S, et al. Physiological and quantitative CT-scan charac-
terization of COVID-19 and typical ARDS: a matched cohort study. Intensive Care Med.
2020;46:2187-96.

Coppola S, Chiumello D, Busana M, et al. Role of total lung stress on the progression of early
COVID-19 pneumonia. Intensive Care Med. 2021;47:1130-9.

Das A, Cole O, Chikhani M, et al. Evaluation of lung recruitment maneuvers in acute respira-
tory distress syndrome using computer simulation. Crit Care. 2015;19:8.



112 L. Weaver et al.

31. Chikhani M, Das A, Haque M, et al. High PEEP in acute respiratory distress syndrome:
quantitative evaluation between improved arterial oxygenation and decreased oxygen delivery.
Br J Anaesth. 2016;117:650-8.

32. Das A, Haque M, Chikhani M, et al. Hemodynamic effects of lung recruitment maneuvers in
acute respiratory distress syndrome. BMC Pulm Med. 2017;17:34.

33. Das A, Camporota L, Hardman JG, et al. What links ventilator driving pressure with survival
in the acute respiratory distress syndrome? A computational study. Respir Res. 2019;20:29.

34. Saffaran S, Das A, Hardman JG, et al. High-fidelity computational simulation to refine strate-
gies for lung-protective ventilation in paediatric acute respiratory distress syndrome. Intensive
Care Med. 2019;45:1055-7.

35. Saffaran S, Das A, Laffey JG, et al. Utility of driving pressure and mechanical power to guide
protective ventilator settings in two cohorts of adult and pediatric patients with acute respira-
tory distress syndrome: a computational investigation. Crit Care Med. 2020;48:1001-8.

36. Das A, Saffaran S, Chikhani M, et al. In silico modeling of coronavirus disease 2019 acute
respiratory distress syndrome: pathophysiologic insights and potential management implica-
tions. Crit Care Expl. 2020;2:pe0202.

37. Lang M, Som A, Mendoza DP, et al. Hypoxaemia related to COVID-19: vascular and perfu-
sion abnormalities on dual-energy CT. Lancet Infect Dis. 2020;20:1365-6.

38. Albarello F, Pianura E, Di Stefano F, et al. 2019-novel coronavirus severe adult respiratory
distress syndrome in two cases in Italy: an uncommon radiological presentation. Int J Infect
Dis. 2020;93:192-7.

39. Weaver L, Das A, Saffaran S, et al. High risk of patient self-inflicted lung injury in COVID-19
with frequently encountered spontaneous breathing patterns: a computational modelling study.
Ann Intensive Care. 2021;11:109.

40. Pan C, Chen L, Lu C, et al. Lung recruitability in SARS-CoV-2 associated acute respira-
tory distress syndrome: a single-center, observational study. Am J Respir Crit Care Med.
2020;201:1294-7.

41. Chen L, Del Sorbo L, Grieco DL, et al. Potential for lung recruitment estimated by the
recruitment-to-inflation ratio in acute respiratory distress syndrome. A clinical trial. Am J
Respir Crit Care Med. 2020;201:178-87.

42. Mauri T, Spinelli E, Scotti E, et al. Potential for lung recruitment and ventilation-perfusion
mismatch in patients with the acute respiratory distress syndrome from coronavirus disease
2019. Crit Care Med. 2020;48:1129-34.

43. Beloncle FM, Pavlovsky B, Desprez C, et al. Recruitability and effect of PEEP in SARS-
Cov-2-associated acute respiratory distress syndrome. Ann Intensive Care. 2020;10:55.

44. Tsolaki V, Siempos I, Magira E, Kokkoris S, Zakynthinos GE, Zakynthinos S. PEEP levels in
COVID-19 pneumonia. Crit Care. 2020;24:303.

45. Ball L, Robba C, Maiello L, et al. Computed tomography assessment of PEEP-induced alveo-
lar recruitment in patients with severe COVID-19 pneumonia. Crit Care. 2021;25:81.

46. Tonelli R, Busani S, Tabbi L, et al. Inspiratory effort and lung mechanics in spontaneously
breathing patients with acute respiratory failure due to COVID-19: a matched control study.
Am J Respir Crit Care Med. 2021;204:725-8.

47. Panwar R, Madotto F, Laffey JG, van Haren FMP. Compliance phenotypes in early acute
respiratory distress syndrome before the COVID-19 pandemic. Am J Respir Crit Care Med.
2020;202:1244-52.



Check for
updates

Personalized Mechanical Ventilation
Settings: Slower Is Better!

P. L. Silva, P. R. M. Rocco, and P. Pelosi

9.1 Introduction

Under controlled mechanical ventilation, the ventilator must overcome elastic and
resistive forces, which are represented by the classic equation of motion
[P(t) = V/C(t) + RV’(t) + PO] (where at any time, t, P is applied pressure, V is vol-
ume, C is compliance, R is resistance, V is flow, and Py is the pressure correspond-
ing to transpulmonary pressure at end expiration), to provide respiratory movement.
The model is characterized by a dashpot and a spring, representing resistive and
elastic properties, respectively [1]. The resistive-elastic model does not explain the
slow airway pressure decay after sudden interruption in airflow due to lung defor-
mation (stress relaxation) or the slow increase in lung deformation after continuous
stress application (creep). To explain such phenomena, the viscoelastic model
should be used because it better represents the behavior of the lung structure. The
viscoelastic model adds a third component to the resistive-elastic model, the
Maxwell body, in which a dashpot (viscous element) lies in series with a spring
(elastic element) [2]. Superior models have been considered, such as the constant-
phase model by Hantos et al. [3], describing the viscoelastic properties of lung tis-
sue. Nevertheless, whichever model is used, time should be taken into account in a
way that can explain why the alveoli do not immediately close or instantaneously
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become full of air after deformation. Changes in time, that is, how fast the clinician
changes the ventilator variables on the mechanical ventilator, can have profound
biological effects. In this chapter, we discuss the experimental and clinical evidence
showing that slowing the changes in tidal volume, respiratory rate (RR), airway
pressure when increasing or decreasing positive end-expiratory pressure (PEEP),
and flow-controlled ventilation may minimize ventilator-induced lung injury (VILI)
and improve respiratory function.

9.2 Strain, Stress, and Strain Rate: Insights
from Polymeric Material

In physics, stress is the force acting on the unit area of a material, and strain is
defined as the difference between the initial and the final distance for two points
divided by the initial distance. In other words, the relationship between stress and
strain can be described according to the following equation: stress = K[In (strain)]"
where K is the strength coefficient and »n is the index of material behavior, that is,
the power dissipation. In terms of respiratory physiology, stress is the transpulmo-
nary pressure, and strain is the variation in tidal volume according to the resting
position, end-expiratory lung volume (EELV). The strain rate is the rate at which the
material is expanding or shrinking (expansion rate). Translating to the respiratory
system, the strain rate is the rate at which strain occurs. Strain and strain rate are
mathematically expressed according to tidal volume (Vr):

Strain = AV, —EELV /EELV ©.1H

Strain rate = strain / dt
=[AV, —EELV/EELV]/dt
= AV, —EELV /dt | EELV
=dv(t)/EELV

9.2)

where v is the speed at which the tidal volume is moving away from the resting
position (EELV) and dt is the change in time. If different ventilatory parameters,
either static or dynamic, can change the strain, the strain rate can expand to
changes over time of tidal volume, PEEP, and inspiratory and expiratory flows.
The strain rate is inversely correlated with time. For the same stress, longer times
(slow changes in mechanical ventilator variables) are related to lower strain rates,
and shorter times (fast changes in mechanical ventilator variables) are related to
higher strain rates (Fig. 9.1). Assuming the strain rate reacts to temperature like
for polymeric material, lower strain rates mimic the behavior observed at higher
temperatures, and higher strain rates reflect the behavior at lower temperatures.
As the speed increases, the yield strength and modulus also increase. The material
appears to be stronger and stiffer simply due to the increase in the strain rate
(Fig. 9.2).
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Fig. 9.1 Representative schema showing the alveolar capillary membrane subjected to fast and
slow changes during mechanical ventilation. At fast changes, the baseline displacement is given as
dl. At T1, d2 > dl1, the fracture of interstitial alveolar structures can be seen due to fast displace-
ment, mainly in the central area with little accommodation of strain, static or dynamic. At T2,
further fractures of alveolar structures occur. At slow changes, the baseline displacement is also
given as d1. At T1, d3 < d2, the interstitial alveolar structures are preserved due to better accom-
modation of strain, with a low strain rate, static or dynamic. At T2, although the alveoli are hetero-
geneous, fractures of alveolar structures are less likely
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Fig. 9.2 Relationship between lung strain (tidal volume/ functional residual capacity [V/FRC]
and stress. If slow changes in ventilatory parameters are made, meaning a low strain rate, the dan-
gerous range of stress is achieved only at higher overall strain. On the other hand, if fast changes
in ventilatory parameters are made, meaning a high strain rate, a dangerous range of stress is
achieved even at lower overall strain. The resulting manageable area for changes is reduced and
there is a high risk of fracture. Thus, the strain rate determines the threshold for stress injury
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9.3  Origins of the Mechanical Power Formula:
The Components Must Respect Time

In addition to measurements of respiratory mechanics, ventilatory variables have
been pooled toward the concept of generation of mechanical power. This concept
relies on the delivery of mechanical energy within each respiratory cycle, by multi-
plying by the number of respiratory cycles per minute (RR), in a way that mechani-
cal power can be reached. The most simplified version of the mechanical power
formula [4], which has been generated based on the classic equation of motion [5],
is as follows:
Volume-controlled ventilation:

Mechanical power = 0.098 x V, x RR x (Ppeak — AP, /2) 9.3)

RS
Pressure-controlled ventilation:

Mechanical power =0.098 x V,. x RR x (AP, ,; + PEEP) 9.4)

In the ARDS Network trial [6], the low tidal volume group (6 ml/kg predicted
body weight [PBW]) showed a mean RR of 29 bpm on day 1 and 30 bpm on day 7
compared with 16 bpm on day 1 and 20 bpm on day 7 in the high tidal volume group
(12 ml/kg PBW). On day 1, the mechanical power was 30.6 J/min in the low tidal
volume group and 33.1 J/min in the high tidal volume group. No difference in
PaCO, was observed between the groups over time. With a reduction in tidal volume
toward the protective range, an increase in RR is expected to maintain minute ven-
tilation at safe levels to avoid acidosis. In terms of mechanical power, no major
differences were observed between the low and high tidal volume groups: both are
in the injurious range [7]. When patients were recruited (1996-1999) for the ARDS
Network trial, there was no discussion about mechanical power, and the contribu-
tion of such an increased RR to cause harm to the respiratory system of critically ill
patients was unknown. Recently, it has been acknowledged that RR is an indepen-
dent predictor of mortality in patients with acute respiratory distress syndrome
(ARDS) [8]. Nevertheless, one additional point of interest is how fast the changes
occur in ventilator settings. For example, as previously mentioned, the mechanical
power formula is based on the classic equation of motion, which may not account
for different time constants at both inspiration and expiration, as well as inhomoge-
neity and heterogeneous ventilation of several different alveolar units. Even in
healthy lungs, alveolar units do not inflate or deflate at equivalent periods in a way
that ‘fast alveoli’ (low inspiratory time constant) easily become full, and ‘slow alve-
oli’ (high inspiratory time constant) demand more time to fill. For example, as RR
increases, slow alveoli with relatively high time constants will have less time to
undergo volume changes. Like RR changes, stepwise increases in tidal volume
according to EELV may induce lung injury when the strain exceeds a critical level,
and this is intensified when transpulmonary pressure, or stress, is repeated exces-
sively [9, 10]. In relation to PEEP and recruitment maneuvers, it has been shown
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that stepwise increases in airway pressure, allowing slow alveolar units with differ-
ent opening pressures to become fully expanded, may protect lungs from additional
injury inherent to mechanical ventilation. More recently, flow-controlled ventila-
tion, which represents a new form of ventilation, avoids zero-flow conditions, which
means that airflows at inspiration and expiration phases are both constant. The
resulting constant flow coupled with direct intratracheal pressure measurements
allows a much more precise analysis of individual lung mechanics than is possible
in conventional ventilation modes. Here, we enumerate how changes in ventilatory
settings could be smoothed to protect the lungs from further damage. Table 9.1 sum-
marizes the preclinical studies on different ventilatory variables.

9.4 Slow the Changes in Tidal Volume during
Mechanical Ventilation

Different from the resistive and elastic unicompartmental model, lungs are more
likely to behave as a viscoelastic system: for example, when they are deformed and
held constant, the lungs relieve tension, so-called “stress relaxation” [1]. Due to
their mechanical nature, it is conceivable that different parenchymal distortions may
occur depending on how fast tidal volume or strain is modified for a period of time.
By comparing low (1.8/s) and high (4.6/s) strain rates at similar overall strain (2.1),
Protti et al. [10] showed that high strain rates may increase the risk of pulmonary
edema possibly because they augment lung viscoelastic behavior (parenchymal
energy dissipation) [10]. In the high strain rate group, inspiratory flow was also
higher because of the ventilatory settings used in the two study groups. Inspiratory
flow has been independently associated with lung injury [11, 12]. In heterogeneous
alveolar units with varying regional aeration, tidal energy can concentrate on a
small mass of pulmonary tissue, spreading lung damage with successive cycles. In
the clinical setting, changes in tidal volume are usually applied abruptly. The extra-
cellular matrix requires an adaptive “stress relaxation” time to mitigate the damag-
ing strain associated with large tidal excursions. These internal adjustments occur
over both short (over a respiratory cycle) and extended time scales [1], depending
on the degree of lung injury. Felix et al. [13] showed that increasing strain gradually
(shorter adaptation time) rather than abruptly (no adaptation time) attenuated lung
injury, likely by preemptive adaptation of the epithelial cells and extracellular
matrix. However, a more gradual increase in tidal strain (longer adaptation time)
compared with the shorter adaptation time led to more cumulative transfer of
mechanical power and did not prevent lung damage, suggesting that the longer
adaptation time strategy initiated injurious strain at an earlier timepoint. This pre-
clinical study shed light on mechanical power calculation. At the end of 2 h of
mechanical ventilation, total mechanical power was similar among the groups that
had their tidal strains changed. On the other hand, early exposure to tidal volume
increments, which in turn increased the cumulative mechanical power, was the main
factor associated with lung damage. Therefore, should mechanical power be calcu-
lated as a snapshot at a specific moment, or should mechanical power be calculated



118

P.L.Silvaetal.

Table 9.1 Effects of changes in different ventilatory variables at slow and high rates on lung
injury: preclinical studies

Study

Tidal volume
Protti et al.,
2016 [10]

Piglets

Felix et al., Rats

2019 [13]

Inspiratory flow

Richetal,, Sheep
2000 [11]

Maeda Rabbit
et al., 2004

[12]

Expiratory flow
Schmidt Pigs
etal., 2018

[45]

Borgmann
et al., 2018
[46]

Pigs

Spraider
etal., 2020
[44]

Pigs

Animals Interventions

(1) Low (1.8/s) and (2) high (4.6/s) strain
rate. At high strain rate, inspiratory flow
was threefold higher than low strain rate
(1) Vy = 6 ml/kg for 2 h (control); (2)

V1 =6 ml/kg during hour 1 followed by
an abrupt increase to V = 22 ml/kg
during hour 2; (3) V1 = 6 ml/kg during
the first 30 min followed by a gradual
increase in Vr up to 22 ml/kg for 30 min,
then constant Vi = 22 ml/kg during hour
2; (4) more gradual increase in Vr, from
6 to 22 ml/kg during hour 1 followed by
V=22 ml/kg during hour 2

(1) PCV, RR = 15 breaths/min, PIP = 25
cmH,0; (2) PCV, RR = 15 breaths/min,
PIP = 50 cmH,0; (3) PCV,RR =5
breaths/min, PIP = 50 cmH,0, IT =6 s;
(4) PCV, RR = 5 breaths/min, PIP = 50
cmH,0, IT = 2 s; and (5) limited
inspiratory flow VCV, RR =5 breaths/
min, pressure-limit = 50 cmH,0,

flow = 15 1/min

(1) PRVC with IT set at 20% of total
cycle time; (2) VCV with 20% IT of total
cycle time; and (3) VCV with 50% IT of
total cycle time. Vy was 30 ml/kg, RR
was 20 breaths/min, and PEEP was 0
cmH,O

(1) Expiratory ventilation assistance
mode; and (2) VCV for 5 h with

PEEP =5 cmH,0 and V= 8 ml/kg. RR
adjusted for a target end-tidal CO, of 4.7
to 6 kPa

(1) 2 min of conventional VCV; (2)

2 min of VCV with FLEX; (3) 1 min
again of conventional VCV

(1) FCV settings were individualized by
compliance-guided PEEP and PIP
titration; (2) PCV was performed with a
PEEP of 5 cmH,0 and PIP was set to
achieve a Vy = 7 ml/kg

Outcomes

High strain rates increased
the risk of pulmonary
edema

Lung damage was lower in
the shorter adaptation time
compared with the no
adaptation time group.
Extending the adaptation
period increased cumulative
mechanical power and did
not prevent lung damage

Reduction of inspiratory
flow at similar PIP provides
pulmonary protection

At an injurious Vr, the lung
damage appeared to be
marked at a high peak
inspiratory flow

Expiratory ventilation
assistance mode improved
lung aeration and arterial
oxygenation at similar
PEEP and PIP

FLEX shifts regional
ventilation toward
dependent lung areas in
healthy and injured pig
lungs

Individualized FCV
improved gas exchange and
lung tissue aeration without
signs of overinflation
compared with PCV
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Table 9.1 (continued)

Study Animals Interventions

Schmidt Pigs
et al., 2020
[47]

Wittenstein ~ Pigs

etal., 2020

[48]

PEEP increment
Lim et al., Pigs
2004 [35]

Silvaetal., Rats
2011 [34]

Silvaet al., Rats
2013 [36]

Santos Rats
etal., 2016
[37]

(1) FCV; and (2) VCV (control group)
with identical V; = 7 ml/kg and

PEEP = 9 cmH,0

(1) Intravascular normovolemia; and (2)
intravascular hypovolemia, combined
with VCV-FCV or FCV-VCV (60 min

per mode)

(1) Sustained inflation; (2) extended
sigh; (3) incremental PEEP and PCV

(1) Non-recruited; (2) RMs with CPAP
for 15 s; (3) RMs with CPAP for 30 s;
(4) RMs with STEP to targeted
maximum within 15 s; and (5) RMs with

STEP within 30 s

(1) CPAP for 30 s; (2) STEP (5 cm H,O/
step, 8.5 s at each step) over 51 s
(STEP-51) to achieve a pressure—time
product similar to that of CPAP-30; and
(3) STEP (5 cm H,O/step, 5 s at each
step) over 30 s with maximum pressure

sustained for a further 30 s
(STEP-30/30)

(1) Non-recruited; (2) RM with CPAP
(30 cm H,O for 30 s; CPAPgy or fast
RM); and (3) RM with STEP (5 cm H,0/
step, 8.5 s/step, 6 steps, 51 s; STEPgy; or
slow RM), with a maximum pressure

hold for 10 s

Outcomes

FCV enhanced lung
aeration in the dependent
lung region and
consequently improved gas
exchange and attenuated
lung injury

Mechanical power was
lower during FCV
compared with VCV. The
efficacy of ventilation was
higher during FCV
compared with VCV during
normovolemia

Recruitment by PCV is
equivalent or superior to
sustained inflation, with the
same PIP, despite its lower
mean airway pressure and
reduced risk for
hemodynamic compromise
Longer-duration RMs with
slower airway pressure
increase efficiently
improved lung function,
while minimizing the
biological impact on lungs
RMs improved respiratory
mechanics, but stepwise
RM without sustained
airway pressure appeared to
have less biological impact
on lungs

Compared with CPAPgy,,
STEPgy reduced biological
markers associated with
endothelial cell damage and
ultrastructural endothelial
cell injury in both moderate
and severe sepsis-induced
acute lung inflammation

(continued)
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Table 9.1 (continued)

Study Animals Interventions Outcomes

Wittenstein ~ Pigs (1) PROVHILO strategy, V1 was iPROVE strategy compared
et al., 2021 increased stepwise by 4 ml/kg at a fixed  with the PROVHILO

[38] PEEP of 12 cmH,0 until a plateau strategy increased dorsal

pressure of 30-35 cmH,O was reached;  Ptrans at the cost of lower
(2) iPROVE strategy, at fixed driving MAP during RMs, and
pressure of 20 cmH,0, PEEP was decreased Egg

increased up to 20 cmH,O followed by

PEEP titration according to the lowest

Egs

PEEP decrement

Katira, 2018 Rats Low V=6 ml/kg and randomized to (1) Abrupt deflation after

[41] control, PEEP = 3 cmH,0; (2) PEEP =3 sustained inflation can cause
toward 11 cmH,O over 70 min, followed acute lung injury. Injury did
by abrupt deflation to zero PEEP not occur with gradual

deflation

Rocha et al., Rats (1) Standard (10 ml/kg/h) or (2) high Decreasing PEEP abruptly

2021 [42] (30 ml/kg/h) fluid infusion regimen increased pulmonary
followed by abrupt or gradual (0.2 arterial hypertension. The
cmH,0/min for 30 min) PEEP decrease  combination of abrupt
from 9 to 3 cmH,O PEEP decrease and high

fluid administration led to
greater lung and kidney
damage

CPAP continuous positive airway pressure, FCV flow-controlled ventilation, FLEX flow-controlled
expiration, /7 inspiration time, MAP mean arterial pressure, PCV pressure-controlled ventilation,
PEEP positive end-expiratory pressure, PIP peak inspiratory pressure, PRVC pressure-regulated
volume control, RM recruitment maneuver, RR respiratory rate, STEP stepwise increase in airway
pressure, VCV volume-controlled ventilation

over the period of early connection to the mechanical ventilator, with mechanical
power exposure the cornerstone factor? Similar approaches associated with expo-
sure have been taken with other ventilator variables, such as inspired fraction of
oxygen (FiO,) [14].

9.5 Slow the Changes in Respiratory Rate during
Mechanical Ventilation

Little attention has been paid to RR, but experimental evidence [11, 15-18] sug-
gests it has a significant role in the generation of VILI. Theoretically, if a certain
safe level of strain is passed, it is expected that lung damage will be greater as the
number of injurious respiratory cycles is higher. Recently, it was shown in 4549
patients with ARDS that RR was an independent predictor of mortality [8]. The
average RR was 25.7 + 7.4 breaths/min, which is a common value observed in the
intensive care unit (ICU). The authors showed that the impact of AP on mortality
was four times greater than that of the RR, but the RR was still independently asso-
ciated with mortality. They suggested, according to theoretical and practical issues
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at the bedside, the concept of using 4 x AP + 1 x RR (4APRR) to quantify the
impact of changes in ventilatory strategy on VILI [8]. On the other hand, it has been
argued that the simplicity of 4APRR is not superior to the simplicity of the bedside
calculation of mechanical power through simplified formulas [19]. In addition to the
best way to estimate lung damage, one important point is the recognition that RR
has finally been considered to be an essential determinant of VILI. In clinical prac-
tice, if RR needs to be adjusted to higher levels for adequate minute ventilation due
to low tidal volume, the adjustments are usually done abruptly. By doing so, several
other ventilator parameters are abruptly dragged to new levels, such as inspiratory
time and airflow.

9.5.1 Prolonged Versus Short Inspiratory Time?

In a model of mild acute lung inflammation, it was shown that prolonging the inspi-
ratory time to the detriment of reducing expiratory time increased the gene expres-
sion of biological markers associated with inflammation and alveolar epithelial cell
injury, and reducing the inspiratory time to the detriment of prolonging expiratory
time increased markers of endothelial cell damage [20]. Similar results have been
observed in other preclinical studies using high tidal volume and prolonged inspira-
tory time [21].

9.5.2 High Versus Low Inspiratory Flow?

Inspiratory airflow is closely associated with shear stress at the top of the cells
within the respiratory bronchi. In situ experiments have shown that healthy lungs
support magnitudes of shear stress (15 dyn/cm?) at all alveolar opening velocities in
the physiologic range. However, for a lung with increased viscosity of intra-alveoli
fluid, shear stress may increase by several orders of magnitude, enough to induce
epithelial cell injury [22]. In addition to the shear stress, the pressure gradient is an
important factor acting toward development of hydraulic airway epithelial cell frac-
ture or denudation. Some reports have associated high inspiratory flow profiles with
gas exchange, the work of breathing, cardiovascular function, and lung damage
[23-25]. For example, when inspiratory airflow was increased by 20%, mechanical
power increased by 37% in experimental settings [4]. Due to its importance in the
development of VILI, inspiratory flow has been incorporated in a new proposed
formula to estimate mechanical power under volume-controlled ventilation:

Mechanical power = V'E x(Ppeak, ; + PEEP + F /6)/20 9.5)

SRS
where V'E is minute ventilation. In a preclinical study, the relationship between the
unadjusted proposed mechanical power (Eq. 9.5) and the reference formula (Eq. 9.3)
showed linear regression (R? = 0.98), with a bias of -2.45 J/min [26]. Besides the
adjustments in inspiratory time and airflow that happen after an abrupt increase in
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RR, the biological impact of abrupt increases in RR is unknown. An increment from
15 to 26 breaths/min is not unusual in the ICU and represents an increment of 73%
in RR. However, should this increase be slow to better accommodate tidal strain and
not increase cyclic stress for different time constants of alveolar units? Some clini-
cal trials comparing high and low tidal volume have used higher RRs in the low tidal
volume group. For example, in the ARDS Network trial [6], the RR in the low tidal
volume group was 81% higher than in the high tidal volume group. Villar et al. [27]
showed that when the PEEP level was set above Pflex at low tidal volume, RR was
increased 37% compared with a high tidal volume strategy. These changes are
required to keep similar levels of PaCO,. If permissive hypercapnia is established in
the protocol, the difference in RR will be smoothed, as shown by other trials com-
paring low and high tidal volumes [28]. We believe that how RR is adjusted over
time in heterogeneous lungs deserves attention because alveolar units have different
time constants.

9.6 Stepwise Increase in Airway Pressure during
Recruitment Maneuvers

Recruitment maneuvers (RMs) have been associated with improvement in oxygen-
ation and lung mechanics during mechanical ventilation [29]. However, RMs are
effective only if the airway pressure exceeds the critical opening pressure of the
small airways [30]. Alveoli recruit with differing time constants in injured lungs,
therefore some time is required for the critical opening pressure to open each alveo-
lar unit [30]. This was observed when application of 30 cmH,O to a lung inflated at
5 cmH,O for 2s opened approximately 75% of alveoli and continuation of 30
cmH,0 for 40s gradually increased the proportion of open alveoli to 85% [31].
Time is an important variable in both alveolar recruitment and stabilization; there-
fore, the pattern of increase in airway pressure (rapid versus slow increase) must
also be considered [32]. Theoretically, sudden changes in airway pressure and inspi-
ratory flow cause transient higher stress, worsening lung damage [33]. It was shown
in a sepsis-induced model of acute lung injury that RMs with gradual (rather than
abrupt) increases in airway pressure to the same target airway pressure improved
lung function and minimized the biological impact on lungs [33]. This finding has
been corroborated by other preclinical studies [35-37]. One recent translational
preclinical study compared the RMs performed with the PROVHILO strategy with
those of the iPROVE strategy in a random sequence [38]. In the PROVHILO strat-
egy, tidal volume was increased stepwise by 4 ml/kg at a fixed PEEP of 12 cmH,0O
until a plateau pressure of 30-35 cmH,O was reached, whereas with the iPROVE
strategy, at a fixed driving pressure of 20 cmH,0, PEEP was increased up to 20
cmH,0 followed by PEEP titration according to the lowest elastance of the respira-
tory system. The authors showed that, compared with the PROVHILO strategy, the
iPROVE strategy increased dorsal transpulmonary pressure at the cost of lower
mean arterial pressure during RMs, and decreased the elastance of the respiratory
system thereafter, without consistent improvement in oxygenation. In clinical
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settings in patients without ARDS, Ferrando et al. [39] investigated the preventive
role of intraoperative ventilation with stepwise RMs plus an open lung approach on
postoperative pulmonary complications. The authors showed that 55% patients sub-
jected to an open lung approach were more likely to achieve an open lung condition
than those receiving standard ventilation using low PEEP (33%). In addition, Ball
et al. [40] performed a meta-analysis of unselected patients with ARDS who were
mechanically ventilated with protective low tidal volume. The use of stepwise incre-
ments in PEEP and/or RMs did not result in a reduction in mortality or in the inci-
dence of barotrauma compared with a strategy using a PEEP level aimed at achieving
minimal acceptable oxygenation goals. Although stepwise RMs have been used in
many preclinical and clinical studies, to date, their efficacy in terms of robust clini-
cal outcomes has not been confirmed.

9.7  Slow Decreases in PEEP Levels and Lung Damage

Beyond the inspiratory phase of the pressure-volume curve, less attention has been
given to the expiratory phase either in one respiratory cycle or during the overall expi-
ratory phase of the pressure-volume curve. This aspect was highlighted by Katira
et al. [41] in an elegant experimental study, which showed that lung damage can occur
after sustained inflation followed by abrupt deflation. The mechanism may rely on
increased left ventricular preload and afterload, which increases pulmonary microvas-
cular pressure; this directly injures the endothelium and causes edema, which is
potentiated by the surge in pulmonary perfusion. Furthermore, the authors showed
that a gradual decrease, notwithstanding the same exposure to increased airway pres-
sure during sustained inflation, was not associated with lung injury, in contrast to
rapid deflation. The mechanism may be explained by no surge in cardiac output (and
any increase in cardiac output would have been gradual). Rocha et al. [42] evaluated
the effects of abrupt versus gradual PEEP release combined with standard or high
fluid volumes. The authors showed that animals treated with high levels of fluid and
abrupt decrease in PEEP exhibited greater diffuse alveolar damage and higher expres-
sion of genes associated with lung inflammation and endothelial cell damage com-
pared with other groups. Abrupt reduction in PEEP, regardless of fluid status, led to
greater epithelial cell damage and pulmonary arterial pressure (as indicated by the
ratio of pulmonary acceleration time to pulmonary ejection time). Kidney injury mol-
ecule-1 (KIM-1) also increased in those animals with high versus standard fluid
administration, during both abrupt and gradual decrease in PEEP. There are different
clinical situations in which abrupt deflation from high airway pressure can occur, such
as ventilator disconnection, patient transport, sustained high pressure RMs, and even
airway pressure release ventilation [43]. These situations can be extreme when respi-
ratory muscle tonus is absent, such as during paralysis. Elegant editorials have high-
lighted the additional mechanisms by which sudden airway pressure decay may
contribute to lung damage [9]. One potential contribution of previous preclinical stud-
ies has been to shed light on expiratory events that may elicit lung damage through
mechanisms related to hemodynamic changes.
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9.8 Smooth the Expiration Phase: Does It Matter?

Less attention is given to the expiration phase than to inspiration during controlled
mechanical ventilation. Nevertheless, de-pressurization of the respiratory system
predisposes closure of the distal airway and generation of atelectasis areas. Flow-
controlled ventilation avoids zero-flow conditions. During this form of ventila-
tion, airflows at the inspiration and expiration phases are both constant. The
resulting constant flow coupled with direct intratracheal pressure measurements
allows much more precise analysis of individual lung mechanics than is possible
in conventional ventilation modes, where flow varies over a wide range and intra-
tracheal pressure is not directly accessible [44]. Preclinical studies have been con-
ducted on healthy pigs on short-term ventilation [45] and on long-term ventilation
[44], lung-injured pigs [46, 47], as well as during one lung ventilation under nor-
movolemia and hypovolemia [48]. In addition, Wittenstein et al. [48] showed that
regardless of fluid status, flow-controlled ventilation, compared with volume-con-
trolled ventilation, reduced the mechanical power mainly due to the resistive com-
ponent. By actively controlling the expiratory phase, the appearance of intrinsic
PEEP may be avoided, which in turn promotes better air exhalation among alveoli
with different time constants. Passive expiratory flow combined with reduced
mean airway pressure may predispose to airway narrowing and limitation of expi-
ratory flow. This phenomenon may have a negative impact on subsequent ventila-
torcycles. Itisdifficultto precisely measure airway closure in a large cross-sectional
area, but, intuitively, flow-controlled ventilation may stay longer above the airway
closure level compared with passive expiration as observed in volume-controlled
ventilation. One of the fundamentals of flow-controlled ventilation is to physi-
cally reduce dissipated energy applied to lung tissue as much as possible [49]. By
keeping the gas flow constant and active during the entire respiratory cycle,
whether at inspiration or expiration, the dissipated energy is minimized to the
lowest possible level [49]. Therefore, tidal volume may increase within lung
mechanical limits to reduce dead space ventilation but simultaneously decrease
the risk of atelectasis and/or overdistension. The increase in tidal volume is
explained by the viscoelastic properties of lung tissue, because keeping a constant
flow, lung tissue has more time to deform and increase the tidal volume (“creep”)
while relieving stress during flow-controlled ventilation. In a study by Spraider
et al. [44], a further refinement was done, so-called “individualized flow-con-
trolled ventilation”. This approach combines the measurement of direct intratra-
cheal pressure and a constant flow, which allows dynamic compliance to be
measured during ventilation and pressure settings to be adjusted accordingly. The
novelty in individualized flow-controlled ventilation is that tidal volume is natu-
rally strongly related to individual lung compliance as a result of the individual-
ization process, thereby representing the ventilation of the available aerated lung
tissue. This can lead to a higher tidal volume in lung healthy individuals (as shown
in this study) but would also result in decreased tidal volume if the compliance of
an injured lung is reduced. However, a recent case report from the same group has
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shown that individualized flow-controlled ventilation may not work properly in
patients with severely impaired lung function, such as the most severe coronavirus
disease 2019 (COVID-19) phenotypes [50].

9.9 Conclusion

Slowing changes in ventilator parameters may prevent further lung damage in
ARDS lungs, mainly because of the viscoelastic nature of pulmonary tissue in
which elements of the extracellular matrix as well as epithelial/endothelial cells
require an adaptive “stress relaxation” time to mitigate the damaging strain/stress.
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Spontaneous Breathing in Acute 1 0
Respiratory Failure

E. Chiodaroli and D. Chiumello

10.1 Introduction

Physiology must provide understanding of emergent phenomena and explore deeper
levels of natural organization. In terms of respiratory physiology and mechanical
ventilation of heterogeneously injured lungs, only a deeper knowledge of the com-
plex regional behaviors regulating unstable airways and lung units —not merely an
investigation of length of stay and mortality [1]- can lead to significant improve-
ments in therapeutic strategies and individualized respiratory care [2]. The last
decades have brought important insights into the mechanisms of lung injury.
Substantial progress has been made in the ventilator management of severely lung-
injured patients [3]. However, the recognition that further injury can result from
incongruous ventilatory settings leading to ventilator-induced lung injury (VILI)
has opened a vast area of research, which still encompasses many unexplored and
controversial issues [4]. Randomized controlled trials (RCTs) have confirmed that
large tidal volumes and high driving pressures are among the main determinants of
VILI [5, 6]. Moreover, assisted ventilation is one of the more complex and unpre-
dictable ventilator conditions. In this case, VILI is called patient self-inflicted lung
injury (P-SILI) [7]. Studying the interaction between lung mechanics and dia-
phragm function during assisted ventilation is extremely important for understand-
ing mechanical ventilation in patients who preserve their own respiratory drive.
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Unfortunately, complex patient-ventilator interactions during assisted ventilation
are still largely unexplored.

Despite a clear improvement in ventilatory strategies brought about through
large randomized trials, we still lack knowledge that could make mechanical venti-
lation fully protective. Insufficient information regarding regional lung mechanics
and deformation at the acinar level is likely the main determinant of these unre-
solved issues [8].

10.2 Acute Respiratory Distress Syndrome

The acute respiratory distress syndrome (ARDS) is an acute, diffuse, edematous
inflammation of lung tissue induced by increased permeability of the alveolar-
capillary membrane. Clinically, ARDS is characterized by impaired oxygenation
due to increased venous admixture, decreased lung compliance, increased physio-
logical dead space, and bilateral radiographic opacities [9, 10]. The underlying
cause of the syndrome is a reaction by the pulmonary parenchyma to a variety of
serious conditions, the most frequent of which are sepsis, severe pneumonia, perito-
nitis, and multiple trauma [11]. According to the Berlin definition, ARDS can be
divided into mild, moderate, and severe, depending on the PaO,/FiO, values [10].

Before the Berlin definition, population-based estimates of the yearly incidence
of moderate and severe ARDS ranged from 3 to 88 per 100,000 people. In critically
ill patients hospitalized in intensive care units (ICUs), the prevalence of ARDS has
been estimated to be about 5-15% [12]. The overall mortality is 15-50% in all major
series, although several RCTs, some including mild cases, have reported a better
survival in selected ARDS patients [13, 14]. On gross pathological examination, the
lungs of patients who have not survived ARDS are heavy because of atelectasis,
interstitial and alveolar edema, and hyaline membranes [14]. On examination with
laser confocal imaging, ARDS lungs have both collapsed and over-distended alveoli
with a range of air pockets of various sizes surrounded by fluid and foam [15].

Tissue damage during ARDS involves disruption of endothelial and epithelial
surfaces, flooding of alveolar spaces, inactivated surfactant, and an inflammatory
reaction. The lung inflammation in ARDS is initiated, amplified, and modulated by
a complex network of cytokines and other pro-inflammatory mediators produced by
a variety of cell types in the lungs, including fibroblasts, epithelial cells, and inflam-
matory cells [16].

With regard to lung function in ARDS, hypoxemia is the most prominent feature
and is the result of extensive collapsed and poorly ventilated lung areas with shunt
and ventilation-perfusion (V/Q) mismatch [17]. In addition, dead space is markedly
increased, which increases ventilatory demand [18]. Alterations in lung mechanics
include decreased compliance due to the significantly large proportion of the lungs
that is functionally lost because of collapse, consolidation, and flooding [19]. Thus,
ventilation takes place in functionally small lungs (a condition termed “baby lung™)
[20]. In addition, there is marked heterogeneity in regional aeration. However,
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bronchoalveolar lavage (BAL) studies indicate that even normally aerated areas are
substantially inflamed [21].

10.3 Mechanical Ventilation and VILI

Mechanical ventilation is intended as supportive treatment of respiratory function,
ensuring gas exchange while allowing the respiratory muscles to rest. Ventilatory
support was first introduced during the polio epidemic in Copenhagen in 1952,
decreasing mortality from over 80% to 40% [22]. Despite the clear benefits and a
normalized gas exchange, many patients still died. Among all the possible causal
factors, direct complications of mechanical ventilation, such as barotrauma due to
structural damage of the lung, could be observed [23]. Lung damage as a conse-
quence of mechanical ventilation is now referred to as VILI [20]. Recognition of the
importance of VILI has led to considerable changes in ventilatory strategy. The
main target was initially related to gas exchange optimization, but now a new target
has been introduced: minimizing VILI, even if this means accepting a higher partial
pressure of arterial carbon dioxide (PaCO,). RCTs have clearly shown that large
tidal volumes and/or high driving pressures are among the main determinants of
VILI [5, 6, 24, 25]. Thus, a ventilation strategy characterized by low tidal volume,
high positive end-expiratory pressure (PEEP) and low driving pressure is now con-
sidered state of the art in terms of protective ventilation. However, fully protective
mechanical ventilation is still far from being reality.

10.4 Stress, Strain, and Stress Raisers

The structure responsible for bearing the mechanical stress of respiration and giving
support to the endothelial and epithelial cells is a skeleton made up of elastin and
fibrillary collagen [26]. Secondary to non-physiological deformation, cells can react
by secreting cytokines and pro-inflammatory molecules that can initiate an inflam-
matory reaction. These cells can be activated through direct damage or by mechano-
transduction signaling [27]. In addition, the fibroelastic skeleton can be disrupted
and these fragments can work as damage-associated molecular patterns (DAMPs)
and activate an inflammatory response via Toll-like receptors [26-28]. Lung disten-
tion is commonly inferred from tidal volume (ml/kg of ideal body weight) and end-
inspiratory (plateau) airway pressure [25]. However, neither of these two variables
reliably reflects tissue deformation, especially during acute lung injury when rela-
tionships between body weight and functional residual capacity (FRC) and between
airway and transpulmonary pressure become unpredictable [29, 30]. A practical
way of approaching the real tissue deformation is by assessing the volumetric strain,
understood as the ratio of change of volume and the resting lung volume (AV/VO0).
In this ratio, AV corresponds to tidal volume, and VO corresponds to the resting
volume, usually estimated as the FRC volume [26, 30, 31].
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Protti and coworkers showed that high strain levels were associated with VILI
when they exceeded a threshold of 1.5-2.5. In addition, the same group showed that
dynamic strain was the main determinant of VILI [30, 31]. This approach to the
volumetric strain is global, summarizing the mechanical behavior of whole lungs.
However, at the regional level, the situation is probably different, with multiple
regional strains of different magnitudes. When an alveolus collapses, the traction
forces exerted on its walls by adjacent expanded units increase and become concen-
trated. These forces may promote re-expansion of the alveolus at the expense of
potentially harmful stresses at the interface between the collapsed and the expanded
units. These inhomogeneities are also known as pressure multipliers or stress raisers
[26, 29]. This conceptual framework was described by Mead and coworkers in 1970
and is essentially related to alveolar interdependence phenomena [29]. In their theo-
retical analysis, Mead et al. estimated that the alveolar pressure at the junction of the
fully collapsed and expanded alveoli could be as high as 4-5 times the applied pres-
sure. This landmark estimation of approximately four times local amplification was
recently confirmed using synchrotron-based X-ray tomographic microscopy in a rat
lung preparation. There is also clinical information that supports this theoretical
model. Cressoni and coworkers showed that inhomogeneities assessed by computed
tomography (CT) image analysis were associated with overall disease severity and
mortality. In addition, ventilatory techniques like higher PEEP or the prone posi-
tion, decrease lung inhomogeneity and, consequently, reduce the extent of stress
rise by keeping open previously collapsed regions. This in turn reduces the risk of
VILI and may potentially improve survival of ARDS patients [32].

10.5 P-SILI and Assisted Ventilation

Assisted ventilatory modalities have been developed with the purpose of optimizing
the interface between mechanical ventilation and a patient’s pattern of spontaneous
breathing, thus enhancing the comfort of the patient during the weaning phase.
Spontaneous breathing during mechanical ventilation has been shown to be benefi-
cial in those subjects who have a partially preserved respiratory capacity [33-35].
Theoretically, optimally ventilated healthy lungs would expand isotropically, hav-
ing nearly homogenous time constants and being exposed only to equally distrib-
uted distending pressures [36, 37]. However, unpredictable phenomena of local
overstretch have been demonstrated to characterize some spontaneous breathing
settings under mechanical ventilation [38—40], mainly in injured lungs [7, 41-43],
but also in healthy ones [44]. To this day, very little is known about regional mechan-
ics in spontaneously breathing patients.

In recent years, experts in the field of lung injury and mechanical ventilation
have expressed their concerns regarding spontaneous breathing, discouraging it in
patients with ARDS because of the risk of P-SILI [7, 43]. Controlled mechanical
ventilation under deep sedation and muscle paralysis is encouraged instead. The
main reason behind concerns regarding spontaneous breathing is the unpredictabil-
ity of injurious events due to a lack of monitoring to ensure safe spontaneous
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Fig. 10.1 Principles of lung and diaphragm-protective ventilation. AP change in airway pressure
during inspiration, PEEP positive end-expiratory pressure, P-SILI patient self-inflicted lung injury,
VILI ventilator-induced lung injury, V; tidal volume (reproduced from [44] with permission)

breathing ventilation. By introducing monitoring tools based on a deeper physio-
pathological understanding of patient-ventilator interaction, safe control of sponta-
neous breathing may be reached. Spontaneous breathing could, if optimized, be a
viable and safe alternative to passive mechanical ventilation.

While the importance of lung-protective ventilation is now well-established, the
concept of diaphragm-protective ventilation has recently been introduced (Fig. 10.1)
and scientific evidence related thereto is currently being gathered. The diaphragm
plays a crucial role during the weaning phase, enabling patients to gradually take
full control of ventilation. Controlled ventilation, as well as over-assistance during
spontaneous breathing, combined with critical illness such as poly-neuromyopathy
and/or systemic inflammatory cascades, can lead to diaphragmatic weakness and,
consequently, to substantial morbidity and mortality in ventilated patients [44].
Several pathophysiological mechanisms have been indicated as possible causes
leading to four different forms of ventilator-induced diaphragm dysfunction
(VIDD): (1) cross-sectional atrophy from excessive support and over-assistance; (2)
longitudinal atrophy from excessive PEEP; (3) concentric loading, which occurs
when the muscle contracts against an excessive load during the contraction phase,
e.g., in case of insufficient support; and (4) eccentric loading, which occurs when
the muscle contracts against an excessive load during the relaxation phase.

10.6 Lung Mechanics and Pulmonary Heterogeneity

Respiratory mechanics measured at the airway opening constitutes a simplified
parameter that does not necessarily reflect regional lung properties. A simplistic
visualization of acute lung injury, at least its early phases, could be based on an
elastic sponge: following injury, an excessive tissue mass, equally distributed in all
lung regions, is exposed to the combined action of a gravitational field and to
increased superimposed hydrostatic pressure due to lung edema [45, 46]. Intrinsic
proprieties of the pulmonary structures, such as gravitational forces [47, 48], as well



134 E. Chiodaroli and D. Chiumello

as the structural heterogeneity characterizing a lung injury, contribute to uneven
regional distribution of gas and pressures [49]. Excessive heterogeneity of regional
lung properties is one of the factors seen as a potential source of P-SILI [50].

Recently, local force gradients, resulting from vigorous inspiratory efforts and/or
unsuitable ventilator settings [42], have been shown to generate large gas displace-
ment among lung regions, independent of the flow at the airway opening. This
dynamic gas redistribution has been named pendelluft, even if it does not occur
under static conditions. Dynamic pendelluft could be a cause of unpredictable over-
stretch in mechanically ventilated heterogeneous lungs, activating an inflammatory
cascade [43].

The prevalence and impact of dynamic pendelluft in clinical settings remain
uncertain. Furthermore, the regional lung mechanics behind regional gas redistribu-
tion have neither been investigated nor quantified before.

10.7 Conclusion

A better understanding of pathophysiological mechanisms is fundamental to
improving therapeutic strategies and patient outcomes in ARDS. The key to fully
protective assisted ventilation of lung-injured critically ill patients is a deeper inves-
tigation of respiratory physiology. At the moment, we still lack full monitoring and
understanding of potentially injurious regional events. Further research studies are
necessary for deeper investigation of the complex regional behaviors regulating
unstable airways and lung units in order to make spontaneous breathing fully pro-
tective in patients with ARDS.
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Laryngeal Injury: Impact on Patients 1 1
in the Acute and Chronic Phases

E. Kelly, S. Wallace, and Z. Puthucheary

11.1 Introduction

The endotracheal tube (ETT) passes through a vulnerable anatomical region for
laryngeal function. latrogenic effects of intubation may result in injury to these
structures, resulting in an altered upper airway or compromised communication and
swallow function. These injuries have a negative impact on the patient both in the
acute and chronic phase. This narrative review addresses the key concerns for clini-
cians working in this setting, delineating current practices in assessment and man-
agement, and future directions.

11.2 Laryngeal Injury
11.2.1 Endotracheal Intubation
Intubation is an essential intervention in the critical care unit, though its impact on

the larynx is known to be associated with laryngeal injury [1]. Laryngeal injury in
the acute phase may result in significant consequences for the patient, such as the
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need for re-intubation, nosocomial pneumonia and prolonged length of intensive
care unit (ICU) stay [1, 2]. More than twice as many patients who undergo endo-
tracheal intubation will sustain moderate or severe injury, manifesting as airway,
voice or swallowing impairment, than will have no injury [1]. Delayed assessment
of these injuries and their severity may result in a protracted ICU and hospital
stay [1].

Laryngeal trauma may occur at the time the ETT is placed or later during the
period of intubation. Passing orally through the larynx and eventually to the trachea,
the ETT contacts the base of the tongue, epiglottis, cricoarytenoid joints, posterior
glottis, arytenoid cartilages, vocal folds, and subglottis [3, 4]. Additionally, it is
recognized that urgent or emergency intubation increases the risk of laryngeal
injury. Many who are admitted to the ICU present with known airway obstruction
or difficult airway, reported in up to 6% of ICU patients, which may pose further
risk of laryngeal trauma during the intubation phase [4, 5].

Depending on the reason for intubation, mechanical ventilation via the ETT may
be transient or prolonged. Although duration of intubation has been shown to be
associated with laryngeal injury, with increased severity of injury noted in those
intubated for >5 days, even transient intubation can result in laryngeal injury [1, 4,
6]. Complications increase with the size of the tracheal tube used and vary with the
design of the tube and cuff [4]. For those who require prolonged mechanical ventila-
tion, complications increase with the duration of intubation [1]. The risk of vocal
fold paralysis increases two-fold in patients intubated for longer than 6 h, and the
risk of laryngeal stenosis increases to 5% for those intubated for up to 10 days [4].
Prolonged intubation via an ETT may damage the laryngeal structures through the
impact of the pressure of the tube itself or the cuff on the submucosa, perichondrium
and cartilage [4]. Due to the configuration of the glottis and the path of the ETT,
main injuries tend to occur in the posterior portion of the larynx and vocal processes
[4]. If the ETT cuff sits too high or the cuff pressure exceeds capillary perfusion
pressure, the recurrent laryngeal nerve responsible for innervating laryngeal muscu-
lature may be compressed [4]. Patient movement, coughing, or patient-attempted
extubation may further compound the risk of laryngeal injury.

11.2.2 Identification and Management of Laryngeal Injury
in the Acute Phase

Identification of laryngeal injury and its associated symptoms typically occurs after
extubation. In the majority of settings, laryngeal function is not directly evaluated
prior to extubation. The presence of the ETT precludes direct visualization of the
upper airway; however, the cuff leak test has been used to predict the presence of
laryngeal edema or airway obstruction with excellent specificity [7]. The role of
laryngeal ultrasound in predicting extubation success has been explored, however
its sensitivity for detecting upper airway obstruction falls below that of the cuff leak
test and caution is advised in applying this diagnostic tool without further
research [8].
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Laryngeal injury therefore may only be detected following extubation. Laryngeal
edema, airway obstruction, post-extubation stridor, arytenoid dislocation, vocal fold
injury (palsy or paresis) or laryngeal stenosis have all been reported as consequences
of injury in the acute phase [1, 4, 7]. These injuries may result in the need for re-
intubation, which is associated with an increase in morbidity, duration of mechani-
cal ventilation, and ICU stay [9]. Laryngeal injury may also manifest as
post-extubation dysphagia, a significant complication which is associated with
poorer patient outcomes, such as pneumonia, in-hospital mortality, and requirement
for feeding tubes [10].

Despite the high incidence rates of laryngeal injury reported post-extubation and
its negative consequences, there is no international consensus on the most appropri-
ate timing or method of assessment of laryngeal function [1]. Identifying the nature
and severity of laryngeal injury is imperative to establishing appropriate manage-
ment. Timely assessment can be coordinated by the ICU multidisciplinary team and
involve a variety of other disciplines [1]. Direct visualization of the larynx enables
definitive appreciation of its structures and their function. Fiberoptic endoscopic
evaluation of swallowing (FEES) can evaluate secretion management, vocal fold
mobility, detect aspiration, and provide detailed assessment of the function of the
pharynx and larynx [4]. FEES is a portable, sensitive diagnostic tool that can be
carried out at the bedside by speech and language therapists. The ICU medical team,
affiliated medical or surgical teams, nursing staff, physiotherapists, dietitians, and
the patient can view FEES images at the bedside, promoting multidisciplinary team
discussion and decision making. Findings can be discussed immediately, resulting
in timely interventions and onward referrals to specialist teams, such as ear nose and
throat (ENT) surgeons. Individualized management can be initiated at this point,
and may include prescription of glucocorticoids, anti-reflux medications, surgical
intervention by ENT surgeons and therapy by speech and language therapists for
dysphagia and voice, improving management of laryngeal injury within the acute
ICU phase [1]. Figure 11.1 illustrates some common laryngeal injuries visualized
on FEES.

Intubation granuloma on left
posterior glottis and narrow posterior
web. Bilateral edema and erythema

of vocal folds

Granulation tissue on posterior vocal Retained secretions, penetration of
folds following ETT intubation liquid bolus to the laryngeal vestibule

Fig.11.1 Laryngeal injury as seen on fiberoptic endoscopic evaluation of swallowing. ETT endo-
tracheal tube
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11.3 Impact of Laryngeal Injury on the Patient
in the Acute Phase

11.3.1 Swallowing and Return to Oral Intake

Laryngeal injury may manifest as post-extubation dysphagia. The reported inci-
dence rates of dysphagia following mechanical ventilation are highly variable, with
a range of 3-62% [1, 11, 12]. For those requiring ICU admission for acute respira-
tory failure, conservative estimates put the incidence of post-extubation dysphagia
in the range of 20% [13]. The etiology of the dysphagia is the strongest determinant
of the duration of dysfunction [13, 14]. Factors associated with dysphagia immedi-
ately post-extubation have been reported as prolonged intubation via ETT, repeated
intubations, age, female sex, obesity, diabetes mellitus, hypertension, laryngopha-
ryngeal reflux and malnutrition [4, 13, 15].

Post-extubation dysphagia is characterized by impaired secretion management,
airway penetration/aspiration, delayed swallow onset, and post-swallow residue
[16]. Post-extubation dysphagia may be compounded by ICU-acquired weakness,
which can affect peripheral and respiratory muscles [17]. The incidence of ICU-
acquired weakness may be as high as 46% in the septic or prolonged mechanical
ventilation cohort, with up to 30% muscle mass loss reported to occur within the
first 10 days [18]. Additionally, a combination of these factors may contribute to
sarcopenia-related dysphagia, which has been demonstrated in elderly patients,
highlighting the association between polyneuropathy and dysphagia in the ICU
[19, 20].

Up to 36% of critically ill patients with post-extubation dysphagia present with
silent aspiration [13]. Silent aspiration, alongside dependence for oral hygiene, poor
mobility and respiratory compromise, may result in aspiration pneumonia.
Aspiration pneumonia leads to negative health outcomes, such as mortality and
increased length of hospital stay [2]. Early referral for comprehensive evaluation
allows for identification of post-extubation dysphagia and selection of the most
accurate assessment method. Diagnosis of dysphagia may be reached by clinical
bedside evaluation or through the use of instrumental evaluation of swallow, such as
FEES. Identification of silent aspiration using instrumental assessment early in the
patient’s journey can minimize setbacks and conversely reduce patients being
placed ‘nil by mouth’ unnecessarily, reducing the need for tube feeding [4].

11.3.2 Communication in the ICU

Inability to vocalize during critical illness can be a significant contributing factor to
delirium, anxiety and psychological distress. Research evaluating patient experi-
ence during ICU admission reports this as one of the most frustrating and anxious
experiences for mechanically ventilated patients [21]. Patients who have experi-
enced loss of communication have reported feeling trapped, caged, and with a loss
of personhood and control [21]. Facilitating communication is a responsibility for
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all the multidisciplinary team and is vital for the patient’s engagement in rehabilita-
tion on the ward.

Change in vocal function following endotracheal intubation may result in diffi-
culty communicating. Symptoms of post-extubation dysphonia may include hoarse-
ness, reduced volume, or a complete absence of voice in those with severe injuries.
Dysphonia incidence rates in the post-extubation population are reported to be as
high as 76% [1]. Compromised respiratory function may also contribute to vocal
quality, with the impact of breathlessness or vocal fatigue a potential exacerbating
factor for vocal fold pathology [22]. While alternative communication devices such
as picture boards, whiteboards or technology may assist with basic commands, they
cannot replace restoration of voice and should only be used if natural communica-
tion is not possible [23].

Loss of voice may contribute to delirium in the ICU. Delirium is characterized
by impaired cognitive function, resulting in reduced ability to receive, process,
and store information. Delirium impacts negatively on the acute phase of illness,
and is associated with poor outcomes including increased length of hospital stay
and higher mortality rates [24]. Delirium can occur in up to 83% in those who are
mechanically ventilated [24]. Reduced ability to communicate in this setting
results in poorer pain management, lack of engagement in treatment and rehabili-
tation strategies, and the inability to communicate basic needs [25]. Early identi-
fication of communication impairment, especially prior to extubation, aims to
identify and support those with language or voice impairments in this early stage
of care [26].

11.4 Impact of Laryngeal Injury on the Patient
in the Chronic Phase

The long-term consequences of critical illness have gained traction in recent years,
as the short-term mortality after critical illness decreases [27]. The majority of ICU
patients have expectations beyond survival [28]. Patients have reported reduced
ability to undertake activities of daily living, which may include social interactions
or gainful employment [29]. Airway, swallow, and voice impairment are known to
impact on quality of life; however, laryngeal injury is not routinely screened for in
ICU follow-up clinics. Previous research identifying the incidence of laryngeal
injury following extubation has focused on the acute phase, and data pertaining to
persistent features is lacking [1, 2, 12, 30].

Dysphagia has been shown to persist beyond hospital discharge in those with
severe sepsis, with almost 21% requiring restricted oral intake and partial tube-
assisted nutrition [31]. Laryngotracheal stenosis can occur in up to 5% of patients
following prolonged intubation, and may result in compromised airway, dyspnea,
stridor, or even respiratory failure [4]. This serious complication often requires mul-
tiple surgical procedures. The breathlessness experienced by patients also impacts
on swallowing and can result in dysphagia [32]. Post-ICU follow up clinics and
those working in primary care should screen for airway and laryngeal problems
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when breathlessness, dysphonia, or dysphagia are reported in those who have under-
gone ETT intubation and/or tracheostomy [4].

Despite widely acknowledged recognition of the need for post-ICU follow up
services, there remains a lack of standardization of service delivery, clinical mea-
surement of patient outcomes, and identification of tools for rehabilitation needs in
this cohort [33]. In the United Kingdom, the post-ICU presentation screen (PICUPS)
has been developed to address this need [33]. The PICUPS tool aims to identify the
needs of patients stepping down from the ICU to acute wards, and to signpost refer-
rals to areas of ongoing need. Laryngeal injury is a key component of the PICUPS
tool, with clinicians asked to consider its function across a range of domains includ-
ing tracheostomy, communication, breathing, voice, and swallowing. Beyond the
acute phase, vocal changes, which may manifest as hoarseness, vocal fatigue,
breathlessness, or resonance changes, may impact on an individual’s return to work
and daily interactions. Specialist follow-up clinics may be required to manage dys-
phonia and its impact on return to work and quality of life [34]. However, the role
of laryngeal function assessments in follow-up clinics is ill-defined. There are
opportunities to re-design care pathways for this cohort, as the most effective
method of delivering follow up ICU services has not been established [17]. There is
a paucity of research pertaining to the longer-term consequences of laryngeal injury
beyond ICU, with an absence of patient-reported outcomes and quality of life mea-
sures discussed in the available research. Determining the impact of laryngeal injury
on the ability to return to work, participate in social engagements and daily activi-
ties will greater support the rationale for screening in ICU clinics. It is unlikely that
persistent features of laryngeal injury exist in isolation from other post-intensive
care symptoms, given that more than half of all ICU patients present with a new
disability at 6 months post-hospital discharge [35]. Understanding the trajectory of
recovery and the follow-up services required may further guide discussions regard-
ing post-intensive care follow-up and aid prognostication for this complex
patient cohort.

11.5 Laryngeal Injury in the ICU and beyond
11.5.1 Clinical Assessment: Future Directions

Given the large numbers of critically ill patients requiring ETT intubation, it is not
feasible to complete an instrumental assessment such as FEES for all patients [2].
Specialist diagnostic swallow assessments such as FEES are typically delivered by
speech and language therapists, who may not be present in all ICUs or, if present,
have restricted availability. In the United Kingdom, the Guidelines for Provision of
Intensive Care Services (GPICS) provide minimum staffing recommendations for
speech and language therapist input in critical care and advocate for timely assess-
ment [36].

In the absence of assessment by speech and language therapists, bedside
screening tools exist to detect dysphagia. However, all bedside screening tools
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have issues with sensitivity and specificity and there is no universally accepted
screening tool for dysphagia in the ICU population [12, 37]. A systematic review
in this area supported the use of the Water Swallow Test (WST), which may be a
starting point for identifying patients at risk of dysphagia in the ICU cohort [38].
Implementation of an appropriate screening tool in the ICU may reduce time to
return to oral intake for patients when speech and language therapist services are
not available in a timely manner. However, patients silently aspirating remain
difficult to detect at the bedside and pose a greater medical risk for aspiration
pneumonia, and these patients require specialist assessment. The clinician should
also remain cognizant that around one-third of tracheostomized patients who
‘pass’ a bedside swallow assessment are at risk of aspiration or failed decannula-
tion [4].

Laryngeal ultrasound has been discussed as an exploratory non-invasive clini-
cal tool for identifying laryngeal and supra-stomal abnormalities and could be
explored in the process of tracheostomy decannulation or swallow evaluations.
There is increasing interest in ultrasound development for diagnostic and moni-
toring purposes, due to its safety, lack of radiation, rapid application, and real-
time dynamic feedback [39]. The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) global pandemic has challenged clinicians’ abilities to complete
instrumental assessments such as endoscopy, secondary to the risk of completing
aerosol generating procedures affecting transmissibility of the disease. This chal-
lenge has encouraged clinicians to explore alternative approaches to clinical
care, including developments in laryngeal ultrasound. However, a recent rapid
review by an international expert panel recommended caution for its use as a
comprehensive swallow assessment [40]. An emerging role in assessment of
laryngeal structures associated with swallow function has been identified; how-
ever in the absence of a standardized, evidence-based protocol the current litera-
ture does not support its use as a tool in isolation [40].

Screening for other features of laryngeal injury, such as dysphonia or laryngotra-
cheal stenosis remains less defined. Typically, dysphonia will present as loss of
voice, hoarseness, reduced volume, or impaired cough [4]. Use of a post-ICU
screening tool, such as the PICUPS tool, can support identification of complications
associated with the upper airway. In the follow up setting, patient-reported outcome
questionnaires, such as the Voice Handicap Index-10 [41], may guide clinicians to
the most appropriate specialist onward referral.

11.5.2 Laryngeal Rehabilitation

Promotion and restoration of laryngeal function to enable swallowing and commu-
nication is a key principle of management [4]. Rehabilitation may take the form of
tailored voice and swallowing exercises, targeting vocal fold closure, increased
breath support for speech, secretion clearance and management and biomechanical
swallow exercises. These may include established rehabilitation exercises or newer
equipment-based therapies such as pharyngeal electrical stimulation and expiratory
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muscle strength training. Pharyngeal electrical stimulation is indicated for patients
with sensory dysphagia, which is frequently the main component in laryngeal dys-
function in critical illness. Research in this population is in its early stages but indi-
cations are that it may be beneficial for return to oral intake [42]. A prospective
study examining the implementation of pharyngeal electrical stimulation in stroke
patients with tracheostomy demonstrated expedited decannulation times in those
who received the treatment within 1 month of their stroke [43]. The use of compen-
satory strategies as directed by speech and language therapists can also support
return to safe oral intake, including altering bolus size and delivery, and diet and
fluid modification.

Dysphagia and dysphonia in critical care may be the result of direct laryngeal
trauma, ICU-acquired weakness, and altered sensation in the upper airway [44].
Identification of the most appropriate interventions to target the impaired swallow
mechanism remains an area of ongoing development. According to a recent system-
atic review evaluating interventions for oropharyngeal dysphagia in the ICU, there
is a wide variability in the methods of intervention, reported outcomes, and duration
of rehabilitation provided [44].

11.5.3 Community Follow Up of Critical lliness Survivors

The optimal provision of laryngeal assessment in ICU follow-up clinics remains
unclear. For those already working with ICU patients in follow-up clinics, assess-
ment should be guided by a biopsychosocial model of care that evaluates struc-
ture and function, limitations in activities, and restrictions as a result of airway,
voice, and swallow impairment. While it is unlikely given the abundance of
screening tools available that a newly designed tool is needed, consideration for
the validity and reliability of the tool selected is pertinent [38]. For the cogni-
tively intact patient, use of validated patient-reported outcomes, such as the
Voice Handicap IndexVHI-10 [41] and the Eating Assessment Tool (EAT-10)
[45], may be useful tools to identify those needing onward referrals to specialist
services.

In the context of coronavirus disease 2019 (COVID-19), there have been
increased calls for symptoms of laryngeal injury to be considered in follow-up
clinics. A global collaboration of experts concluded the need for well-resourced
rehabilitation within and beyond the ICU [46]. Prior to the pandemic, an inter-
national stakeholders task force focusing on respiratory cohorts identified prob-
lems relating to the larynx, voice, and swallowing after extubation and their
connection to long term impairments as another research gap [27]. Clarity is
needed as to the best method of implementing services in this population, and
remains an area for future research. Comprehensive multidisciplinary team fol-
low up, using frameworks to identify areas of ongoing patient need, may allow
for referral to specialist services.
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11.6 Conclusion

Laryngeal injury following endotracheal intubation is associated with negative
health consequences for patients in the ICU, such as mortality, aspiration pneumo-
nia, delayed resumption of oral intake, and malnutrition. As well as the associated
healthcare costs, these complications have a negative impact on patient quality of
life and result in prolonged ICU and hospital lengths of stay. Early consideration,
identification, and management of laryngeal injury in the acute and chronic phases
is the first step towards improving patient outcomes in this cohort.
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Fluid Responsiveness as a Physiologic 1 2
Endpoint to Improve Successful Weaning

R. Castro, P. Born, and J. Bakker

12.1 Introduction

The recommended therapeutic strategy for hypotensive patients with poor tissue
perfusion is rapid fluid resuscitation, usually performed with goal-directed end-
points [1, 2]. However, current fluid administration practice in critically ill patients
is highly variable, not just aiming at restoring oxygen delivery or correcting hypo-
volemia, but also pursuing a variety of other objectives that are not always physio-
logically supported [3]. After resuscitation, it is frequent to find that patients
received more fluid than required. In patients with septic shock, Rivers et al. showed
that 4.9 1 of crystalloids were given in the first 6 h and 13.4 I in the first 72 h [1]. In
our study on organ dysfunction and septic shock, the fluid balance reached up to
1.6 +£3.01 at 72 h [4]. Fluid overload, which has been defined as a fluid accumula-
tion greater than 10% of the patient’s baseline body weight [5, 6], is usually associ-
ated with some degree of pulmonary and peripheral edema, together with preload
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unresponsiveness [7]. Fluid balance, which is the arithmetic difference between
input (resuscitation and non-resuscitation fluids) and output (diuresis, bleeding, sur-
gical drains, etc.), is routinely computed in the intensive care unit (ICU). A positive
fluid balance is associated with increased morbidity and mortality in critically ill
patients [6, 8] and in patients with acute kidney injury [9], among other deleterious
effects [10, 11]. Conversely, achieving a negative fluid balance may increase sur-
vival in patients with septic shock [12] and decrease the duration of the weaning
process [13].

Critically ill patients, by definition, exhibit an evolving life-threatening multisys-
temic process usually characterized by severe respiratory, cardiovascular, or neuro-
logical derangement, often in combination leading to significant morbidity and
mortality. In this scenario, mechanical ventilation may be a life-saving intervention
but its application is also associated with serious complications and costs, often
linked to its duration [14, 15].

Weaning from mechanical ventilation is the process of gradually withdrawing
ventilatory support that is normally started once the original cause of cardio/respira-
tory failure has improved. Extubation failure is an important contributor to adverse
outcomes in critically ill patients, such as longer time on mechanical ventilation,
longer ICU and hospital stays, and higher mortality [16, 17]. Therefore, shortening
the mechanical ventilation period and successful extubation are crucial steps for
every ICU patient [18-23]. Patients benefit from a reduction in ventilator- and ICU-
related complications, as well as contributing to a reduction in healthcare costs
accruing from a reduction in duration of ICU stay [24].

12.2 Weaning from Mechanical Ventilation

As mentioned, as soon as the underlying cause that led to mechanical ventilation has
improved sufficiently, the clinician should start evaluating the potential for weaning
and assess the probability of weaning success (Fig. 12.1). This is a process of itera-
tive evaluations in order to build assurance around a safe and timely extubation [18].
In this sequence, the spontaneous breathing trial (SBT) is a simple, efficient, safe,
and effective strategy [18] and there are standardized guidelines to perform it [25].
The aim of the SBT is to challenge the cardiovascular and respiratory systems,
determining whether the patient is ready to be separated from the ventilator.
Importantly, the patient’s response to the SBT determines subsequent steps. If the
patient is able to sustain spontaneous breathing and proper gas exchange, then extu-
bation follows [26]. Careful clinical monitoring during the SBT is mandatory to
desist from the trial when the patient does not tolerate it. Furthermore, monitoring
may assist in the identification of the mechanisms leading to the SBT failure (e.g.,
increased systolic blood pressure, tachyarrhythmias, clinical signs of diaphragmatic
dysfunction).

Despite its importance, the weaning process has not been rigorously defined,
especially for those patients who exhibit fluid overload after several days in the
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( Clinical status ] ( Mental status ]
Ideal condition Ideal condition
Critical illness Controlled Consc. state Awake
Temperature <37.5°C Response  Obeys simple orders
Hemoglobin >8 g/dl Delirium No or controlled
Fluid balance Negative Potential for
Causal disease Solved weaning ( Respiratory ]
Ideal condition
( Cardiovascular j Spont. ventilation Yes, triggers
Coughing Present
Ideal condition Secretions Few
Heart rate 50-120 bpm Oxygen saturation ~ >90%
Systolic pressure 90-160 mmHg Pa0,/FiO, >150
Vasopressors No or low-dose PEEP <8 mmHg

Fig. 12.1 To assess the potential for weaning or readiness to wean on a daily basis, at least four
systems must be evaluated: clinical, respiratory, mental, and cardiovascular. Each of them can
potentially determine weaning failure and must be properly addressed [27, 28]. PEEP positive
end-expiratory pressure

ICU. In general, weaning definitions and practices are variable with only limited
consensus on the topic [26]. From a hemodynamic perspective, weaning from
mechanical ventilation could be seen as a cardiovascular stress test, equivalent
to significant exercise [29]. The cardiac stress induced by the abrupt transition
from mechanical ventilation to spontaneous breathing can induce both left and
right ventricular dysfunction due to change in loading conditions, myocardial
ischemia and, ultimately, cardiogenic pulmonary edema [30]. In fact, switching
from mechanical ventilation to spontaneous breathing, causes intrathoracic
pressure to go from uniformly positive across the ventilatory cycle to markedly
negative, promoting both an increase in venous return and possibly impeding
left ventricular (LV) ejection secondary to increased transmural pressure [31].
All these events are significantly aggravated when fluid overload is present, as a
preload-independent heart will not be able to handle the increased venous
return [32].

12.3 Weaning Failure

About 20% to 30% of mechanically ventilated patients are difficult to wean [26].
Weaning failure has been classically defined as the failure to pass an SBT or the
need for reintubation within 48 h [53]. Failure of an SBT is often related to cardio-
vascular dysfunction or inability of the respiratory pump to support the load of
breathing [18]. Extubation failure may be related to the same causes [18] with the
addition of upper airway obstruction and excessive secretions [33].
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12.4 Weaning-Induced Pulmonary Edema

Weaning-induced pulmonary edema, which was first described in 1988 [34], is
nowadays considered a common cause of weaning failure [35] and can usually be
diagnosed during a SBT [36]. Previously mentioned effects of intrathoracic pres-
sure swings impose an unfavorable burden on both the right and left ventricle.
Preload and afterload both increase, leading to greater LV filling pressure, greater
pulmonary artery occlusion pressure (PAOP), and greater transcapillary pressure.
The progressively more edematous lungs lead to a greater work of breathing and
subsequently greater myocardial oxygen consumption. Patients with previous
chronic heart or lung conditions represent a group particularly sensitive to this phe-
nomenon [35].

A pragmatic and sequential approach has been proposed by Vignon [37], based
on ultrasound as a diagnostic tool and a means to titrate therapy. Absence of
increased filling pressure and volume overload surrogates as determined by echo-
cardiography are potential endpoints of depletive therapy, but no threshold values
have yet been properly validated.

The above discussed mechanisms are summarized in Fig. 12.2.

Intrathoracic positive
pressure withdrawal

Spontaneous
breathing

T venous return ———~ T RV preload —__

T LV preload
! \
Fluid responsiveness
T inspiratory pressure
swings "™ Fluid unresponsiveness \
7T cardiac output

N ‘
\
l \ 1 LV compliance Y

Lintrathoracic pressure T transcapillary pressure myocardial ischemia Adequate cardiovascular
biventricular response and WOB
l interdependence N\

\
\
\

T LV afterload Pulmonary edema; T LVEDP

TTWOB-------- Weaning failure

Fig. 12.2 Pathophysiology of weaning induced pulmonary edema and a probable role of fluid
unresponsiveness as a determinant. RV right ventricular, LV left ventricular, LVEDP LV
end-diastolic pressure, WOB work of breathing
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12.5 De-Resuscitation

Although there is wide consensus on the need to deplete critically ill patients once
the resuscitation phase has been completed [6, 38], there are no guidelines on how
to de-resuscitate fluid overloaded patients [39]. Because fluid overload has been
usually defined based on body weight increase [5], de-resuscitation is frequently
intuitively driven by weight loss endpoints. An arbitrary negative fluid balance
within a predefined time is pursued, usually by means of diuretics. However, overly
enthusiastic fluid removal and resulting hypovolemia may give rise to convective
problems causing regional hypoperfusion, tissue hypoxia, metabolic and acid-base
alterations [6]. This may induce a new hit on a previously injured and dysfunctional
organ, namely the “D” hit of the fluid stewardship model [40].

A restrictive fluid regimen with negative fluid balance combining high levels of
positive end-expiratory pressure (PEEP), albumin administration, and furosemide
or ultrafiltration was tested in patients receiving mechanical ventilation because of
respiratory insufficiency. These patients had high extravascular lung water index
(EVLWI) and intraabdominal pressure (IAP) values [41]. After 1 week of treatment,
this approach showed beneficial effects on EVLWI, IAP, and organ function, result-
ing in a shorter duration of mechanical ventilation and lower 28-day mortality. No
assessment of hypoperfusion, fluid responsiveness, cardiac function, or other
dynamic parameters was performed. In addition, the authors recognized the pres-
ence of many selection biases. Notably, renal function deteriorated using this
approach. Another study tested different depletive approaches in patients with acute
decompensated heart failure [42]. Again, the endpoint was focused on fluid balance
and treatment efficacy on weight loss achieved at 48 h. Authors reported that diuretic
infusion resulted in comparable depletion to ultrafiltration in net fluid balance and
weight loss. However, important cardiovascular and neurological adverse events
were reported. Another study [43] evaluated the use of furosemide for fluid deple-
tion in patients with early acute kidney injury. In this study, electrolyte abnormali-
ties were frequent and important (hypokalemia, hypomagnesemia, hypernatremia),
as well as pH alterations (metabolic alkalosis) that were relevant enough to discon-
tinue the intervention.

These studies were intended to evaluate the efficacy and safety of different strate-
gies on fluid depletion, and not to assess potential physiologic determinants of
weaning failure. There is a lack of prospective studies looking for optimal clinical,
physiological, biochemical, or organ-specific endpoints to guide the initiation and
discontinuation of fluid removal strategies where an operational endpoint such as
fluid balance seems unsuited given the complexity of heart-lung interactions.

In another approach, Dessap et al., in a randomized clinical trial, showed a sig-
nificantly shorter time to successful extubation using a brain natriuretic peptide
(BNP)-driven fluid depletion strategy when compared to a physician-driven usual
care approach [13]. Patients with LV systolic dysfunction showed the greater
benefit.

Regarding resuscitation, dynamic assessment of fluid responsiveness has been
shown to improve patient-related outcomes. In the recent FRESH randomized
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clinical trial [44], patients whose fluid therapy was guided by passive leg raise
(PLR, a diagnostic tool for prediction of fluid responsiveness) showed less fluid
accumulation, less renal replacement therapy requirement, and shorter duration
on mechanical ventilation. This study estimated fluid responsiveness by a non-
invasive bioreactance monitor, which can estimate fluid responsiveness by means
of a PLR or a fluid challenge, both of which can be used during spontaneous
breathing.

These two studies show the potential benefits of what would be a physiology-
based strategy, addressing the importance of fluid responsiveness using both ultra-
sound and bioreactance.

12.6 Physiology-Based Fluid Depletion

Having recognized the importance and impact of weaning-induced pulmonary
edema on weaning failure, we hypothesize that, in mechanically ventilated patients,
reaching a state of fluid responsiveness before starting a SBT will result in better
outcomes when compared to the standard fluid balance approach. This hypothesis is
supported by a study assessing preload dependence and risk of weaning-induced
cardiovascular dysfunction. In this report, preload unresponsiveness prior to SBT
predicted weaning failure due to cardiovascular dysfunction (97% sensitivity, 81%
specificity) [28]. Hence, clinicians have been encouraged to test preload responsive-
ness to guide fluid removal before starting an SBT, to avoid weaning failure [45].
Furthermore, this physiologically-driven strategy may be less aggressive than the
purely arithmetic negative fluid balance strategy. In practical terms, this strategy
could be accomplished by two means: first, by optimizing the capacity of the fluid
overloaded patient to handle the rise in venous return after cessation of positive
pressure. We think that this optimal condition is a state of preload-responsiveness
regardless of the fluid balance or weight change. Second, by assuring that the other
organ systems are in the best possible condition after the primary injury and resus-
citative therapies. This implies lowering the risk of hypoperfusion, regional isch-
emia, and new-onset organ dysfunction.

Studies designed to demonstrate that this approach is not just physiologically
plausible but clinically relevant are needed. Less weaning-induced heart failure
should result in earlier weaning, and less aggressive fluid depletion might pre-
serve organs from iatrogenic secondary injury. Moreover, shorter weaning time
will benefit many patients by a shorter duration of mechanical ventilation and,
consequently, less exposure to the risks of a longer ventilation time (infections,
delirium), metabolic alterations, needless sedation, etc. From a broader stand-
point, the prevention of serious complications and rationalization in general
healthcare costs is a mandate for the future provision of care in the ICU [46].
Hopefully, the ongoing FLOW trial (ClinicalTrials.gov Identifier: NCT04496583)
will be able to answer some of these questions. Putting this all together we pro-
pose a general flowchart for optimal fluid unloading to facilitate weaning from
mechanical ventilation (Fig. 12.3).
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Assess basal US hemodynamic conditions
E/AE/E’
IVC and VExUS
RV/LV ratio
SPAP estimation
Mitral regurgitation

High-risk population
identification

* Previous systolic or
diastolic dysfunction

*COPD

* Fluid overload

* Previously failed SBT

Assess fluid responsiveness (e.g. PLR) | Determine depletion
strategy and endpoint

Brain natriuretic peptide * Furosemide stress test

* Loop duretic infusion or bolus

| « Ultrafiltration

Physiologic endpoint reached
(fluid responsiveness)

{

Potential for weaning?

\

Proceed with SBT

Thoracic fluid content**

| EVLWI*

Fig. 12.3 A physiologic approach proposed to assess fluid depletion prior to a spontaneous
breathing test (SBT) based on physiologic endpoints. Current evidence does not support one
approach over another. Choosing more than one will likely reduce the risk of developing weaning-
induced pulmonary edema, although aiming to reach more endpoints might unnecessarily delay
SBT. US ultrasound, EVLWI extravascular water index, PLR passive leg raise, RV right ventricle,
LV left ventricle, IVC inferior vena cava, SPAP systolic pulmonary artery pressure, VExUS Venous
Excess Ultrasonography Score, * available with transpulmonary thermodilution, ** available with
bioreactance monitor

12.7 Monitoring Fluid Responsiveness Prior to SBT

A major challenge in predicting fluid responsiveness in patients close to SBT is the
spontaneous breathing itself. Validated tests include PLR, the fluid challenge, and
the end-expiratory occlusion test [47]. A diagnostic fluid load is far from ideal, and
an occlusion test might not be well tolerated in an awake patient. PLR must be
tested against a significant variation in stroke volume, typically 10%. Doppler ultra-
sound allows estimation of stroke volume by measuring the velocity time integral,
LV diastolic properties and filling pressures (E/A and E/E’ indexes) [37]. Ultrasound
has emerged as a valuable tool which might help in all steps of the proposed algo-
rithm: high risk population screening, determining fluid responsiveness, estimating
baseline cardiopulmonary profile, and monitoring the development of lung conges-
tion itself [37].

12.8 Conclusion

Difficulties in weaning a patient from mechanical ventilation are often related to the
patient’s fluid status at the start of the weaning procedure. Although fluid balances
and weight gain are widely used to identify patients at risk, we propose a different,
more physiological approach. In this approach, a state of fluid unresponsiveness is
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seen as a major risk factor for weaning failure. Different techniques exist to assess
fluid unresponsiveness in awake patients and diuretic strategies can be used to
regain a physiologic state of fluid responsiveness instead of trying to reach an intui-
tive negative fluid balance or weight loss.
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Tidal Volume Challenge Test: Expanding 1 3
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S. N. Myatra, N. Prabu, and J.-L. Teboul

13.1 Introduction

The physiological rationale for the administration of fluids in patients with acute
circulatory failure is to improve tissue oxygenation by increasing stroke volume and
mean arterial pressure. However, giving fluids arbitrarily is not helpful, since only
half of the patients with acute circulatory failure respond positively to fluid admin-
istration by increasing their stroke volume [1]. Fluid administration is not beneficial
if the cardiac output does not increase. Uncorrected hypovolemia may affect tissue
oxygenation, leading to organ dysfunction and death [2]. On the other hand, exces-
sive fluid loading is associated with increased complications, duration of intensive
care unit (ICU) stay, and mortality, especially in patients with acute respiratory
distress syndrome (ARDS) [3, 4]. Therefore it is important to identify which patients
will respond positively to fluid loading by increasing their cardiac output (fluid
responsiveness) before fluid administration.

Various tests and indices have been proposed to predict fluid responsiveness.
Commonly used dynamic indices, such as stroke volume variation (SVV), pulse
pressure variation (PVV), respiratory variations in inferior vena cava diameter
(AIVC), end-expiratory occlusion test, tidal volume challenge, and passive leg
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raising (PLR), have proven to be superior and are recommended over the tradition-
ally used static indices, such as central venous pressure (CVP) and pulmonary artery
occlusion pressure (PAOP), to predict fluid responsiveness [5-9]. These dynamic
tests, other than PLR, depend on heart-lung interactions which have some limita-
tions when used to predict fluid responsiveness. These limitations include mechani-
cal ventilation using low tidal volumes, spontaneous breathing activity, cardiac
arrhythmias, low lung compliance, open thorax, increased intraabdominal pressure,
or a heart rate to respiratory rate ratio < 3.6; ventilation using low tidal volumes is
the most common limiting factor [10].

Among these dynamic tests, the tidal volume challenge is a relatively new test,
performed in patients ventilated using low tidal volumes [7]. It is reliable, simple to
perform, and can overcome the limitation with the use of low tidal volume ventila-
tion and improve the reliability of other tests using heart-lung interactions to predict
fluid responsiveness. In this chapter, we will discuss the current evidence for the use
of the tidal volume challenge, its applications, limitations, and prospects.

13.2 Rationale for Developing the Tidal Volume
Challenge Test

Of the dynamic indices that depend on heart-lung interactions, PPV and SVV are
commonly used in clinical practice and have consistently been shown to be reliable
predictors of fluid responsiveness, with PPV having the highest level of evidence [5,
11-13]. Intermittent positive pressure ventilation produces cyclic changes in left
ventricular (LV) stroke volume, which is highest during inspiration and lowest dur-
ing expiration. The magnitude of change in LV stroke volume, or its surrogates,
such as pulse pressure, are enhanced when a patient is preload dependent. Therefore,
high PPV and SVV values are associated with preload responsiveness and low val-
ues with preload unresponsiveness. Values >12-13% for PPV and 10% for SVV
have been reported to be highly predictive of volume responsiveness [11-13].

These indices have their advantages and limitations. The major limitations for
the use of PPV and SVV are mechanical ventilation using low tidal volume, i.e.
<6 ml/kg predicted body weight (PBW) [14, 15] and poor lung compliance (Crs
<30 ml/ecmH,0) [16]. In clinical practice, mechanical ventilation using low tidal
volume is widely used, not only in patients with ARDS but also in patients at risk of
ARDS, with septic shock, potential organ donors, and patients undergoing high risk
intraabdominal and thoracic surgeries [17, 18].

During ventilation using low tidal volume, the magnitude of change in airway
driving pressure may not be sufficient to produce an adequate change in intra-
cardiac pressure. Therefore PPV and SVV may be low even in fluid responders,
leading to false negative results [14, 15]. The present wide usage of low tidal vol-
ume ventilation, limits the reliability of PPV and SVV and other tests depending on
heart-lung interactions to predict fluid responsiveness [10]. To overcome this limita-
tion with the use of PPV and SVV during ventilation using low tidal volume, a new
test, the tidal volume challenge, was developed [7].
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13.3 Reliability of the Tidal Volume Challenge
Test to Predict Fluid Responsiveness

Myatra et al. conducted a prospective study to test the predictive value of the tidal
volume challenge to help unmask fluid responders in patients receiving low tidal
volume ventilation using volume assist-control mechanical ventilation without
spontaneous breathing activity [7]. The tidal volume was transiently increased
from 6 ml/kg PBW to 8 ml/kg PBW for 1 min and thereafter reduced back to 6 ml/
kg PBW. Fluid responsiveness was defined as an increase in cardiac output >15%
to a fluid bolus given after reducing the tidal volume back to 6 ml/kg PBW. As
expected, the PPV at 6 ml/kg PBW (PPVy) could not predict fluid responsiveness,
with an area under the receiver operating characteristic curve (AUROC) of 0.69.
There was a significant increase in PPV (APPV¢), following the tidal volume
challenge only in fluid responders. The APPV ¢ discriminated responders from
non-responders with an AUROC of 0.99 (sensitivity 94% and specificity 100%)
with a cut-off value of 3.5%. Similar results were also seen using SVV (ASV V)
with an AUROC of 0.97 (sensitivity 88% and specificity 100%) with a cut-off
value of 2.5%. Therefore the changes in PPV and SVV following the tidal volume
challenge were found to reliably predict fluid responsiveness in patients ventilated
with low tidal volumes [7]. The tidal volume challenge has been subsequently
tested in various settings and has become one of the standard tests to predict fluid
responsiveness (Table 13.1).

13.4 How to Perform and Interpret the Tidal Volume
Challenge Test

The patient should be well sedated and receiving invasive mechanical ventilation
using a volume-controlled mode. A hemodynamic monitor that automatically calcu-
lates and tracks the dynamic changes of PPV or a monitor that automatically calcu-
lates SVV (calibrated or uncalibrated cardiac output monitor) is required to interpret
the tidal volume challenge. Assess the patient for the presence of any confounding
factor for the use of PPV or SVV. The tidal volume is set at 6 ml/kg PBW. Watch for
any fluctuations in hemodynamic parameters; once there is stability, transiently
increase the tidal volume from 6 ml/kg PBW to 8 ml/kg PBW for 1 min. Thereafter,
reduce the tidal volume back to 6 ml/kg PBW. Note the PPV and SVV values at
baseline and after giving the tidal volume challenge. The APPV g is then calculated
(PPV at tidal volume 8 ml/kg PBW minus PPV at tidal volume 6 ml/kg PBW). The
ASVV¢ ¢ can also be calculated in the same way. A value of APPV4 ¢ > 3.5% or
ASV V¢ >2.5% predicts fluid responsiveness with high accuracy (Fig. 13.1).

For example, in a patient with a PBW of 60 kgs, the tidal volume at 6 ml/kg PBW
will be 360 ml and at 8 ml/kg PBW it will be 480 ml. Set the tidal volume at 360 ml
initially and then increase it to 480 ml, thus performing a tidal volume challenge for
1 min. After 1 min reduce the tidal volume back to 360 ml. Note the PPV at baseline
(PPVg, and after performing the tidal volume challenge (PPVy). If, for example, the
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Reading 2

Tidal Volume Challenge PPV,

Swy,

Reading 1
PPV,

SUA +——— 1 minute —

V.6 mi/kg V.8 mi/kg V. 6 mi/kg
PBW PBW PBW

APPV 6-8> 3.5% .

ASVV 6-8> 2.5 % Fluid responder
Fig. 13.1 How to perform and interpret the tidal volume challenge test. Vy = tidal volume,
PBW = predcted body weight, PPV = pulse pressure variation, SVV = systolic pressure variation,
PPV = PPV at V1 6 ml/kg PBW, SVV¢ = SVV at V; 6 ml/kg PBW, PPV = PPV at V; 8 ml/kg

PBW, SVVg=SVV at V; 8 ml/kg PBW, APPV 5 = change in PVV after increasing Vy from 6 to
8 ml/kg PBW, ASVV, ¢ = change in SV'V after increasing V from 6 to 8 ml/kg PBW

PPV = 8% and the PPV = 14%, then the APPV 3 = 14%-8% = 6%. Since APPV g
is >3.5%, the patient is a fluid-responder.

13.5 Applications of the Tidal Volume Challenge Test

13.5.1 InICU Patients Mechanically Ventilated Using Low
Tidal Volumes

Elsayed et al. compared the ability of the tidal volume challenge using PPV and the
PLR test to predict fluid responsiveness in 46 patients with acute circulatory failure
ventilated using low tidal volume [19]. Patients were considered as fluid responders
if the cardiac output measured by velocity-time integral (VTI) assessment using
echocardiography increased >15% after volume expansion. Both tidal volume chal-
lenge and PLR reliably predicted fluid responsiveness in patients ventilated using
low tidal volume. A PPV increase >3.5% with a tidal volume challenge predicted
fluid responsiveness with an AUROC of 0.96 (sensitivity 93.8% and specificity
93.9%). The cut-off values for PPV obtained in this study were the same as in the
original study by Myatra et al. [7].

Taccheri et al. tested whether changes in PPV, SVV, and respiratory variation of
the IVC diameter during a tidal volume challenge and a PLR test could predict fluid
responsiveness in 30 critically ill patients receiving low tidal volume ventilation
[20]. Changes in PPV > 2 points (absolute change) after a tidal volume challenge
reliably predicted fluid responsiveness with an AUROC of 0.98 (sensitivity 93% and
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specificity 100%). Similarly, changes in SVV > 2 (absolute change) predicted fluid
responsiveness with an AUROC of 0.82 (sensitivity 100% and specificity 67%). The
cut-off values were lower than those described by Myatra et al. [7]. The effects of
the PLR test could be assessed both by changes in PPV and IVC diameter expressed
as a percentage.

In the same study, the authors showed that the changes in IVC diameter after
tidal volume challenge predicted fluid responsiveness with moderate discrimination
(AUROC 0.88). However, the diagnostic cut-off value was 4%, lower than the least
significant change in IVC diameter, making the clinical usefulness questionable
[20]. The use of tidal volume challenge to improve the reliability of IVC diameter
variation to predict fluid responsiveness needs further evaluation.

13.5.2 In Mechanically Ventilated Patients with Spontaneous
Breathing Activity

Patients receiving low tidal volume ventilation are not always deeply sedated or
receiving neuromuscular blockade; they usually have some spontaneous breathing
activity.

Hamzaoui et al. performed a study in 44 critically ill patients receiving con-
trolled mechanical ventilation with persistent spontaneous breathing activity, to
evaluate the reliability of PPV after performing a tidal volume challenge and PLR
test [21]. All patients had normal respiratory system compliance and were on vaso-
pressor infusions. Transthoracic echocardiography was used to measure the VTT of
the LV outflow tract. Patients exhibiting an increase in VTT >12% during PLR were
defined as preload responders.

As expected, PPV was not reliable in predicting fluid responsiveness in venti-
lated patients with spontaneous breathing activity. However, an increase in PPV
following a tidal volume challenge and the decrease in PPV during PLR helped
discriminate preload responders from non-responders with moderate accuracy.
The tidal volume challenge predicted fluid responsiveness with an AUROC of
0.73 with a cut-off value of 2% (sensitivity 69% and specificity 76%) [21]. The
lower reliability may be because all patients had persistent spontaneous breath-
ing activity compared to the study by Myatra et al. where all patients were deeply
sedated and well adapted to the mechanical ventilator [7]. Moreover, the tidal
volume may be different for each spontaneous breath, which may affect the reli-
ability of PPV both at baseline and after performing a tidal volume challenge.
Nevertheless, these results show that a tidal volume challenge can be used to
discriminate preload responders from non-responders with moderate accuracy
and better than PPV alone. Although the accuracy is not high, it is acceptable and
gives some confidence for using a tidal volume challenge to improve the reliabil-
ity of PPV to predict fluid responsiveness in patients receiving controlled
mechanical ventilation with persistent spontaneous breathing activity, a known
limitation for the use of PPV.
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13.5.3 In Patients with Normal Lungs Ventilated Using Low Tidal
Volumes in the Operating Room

13.5.3.1 In the Supine Position

Patients undergoing surgery are increasingly ventilated using lung protective venti-
lation [18]. PPV and SVV are unreliable for predicting fluid responsiveness during
low tidal volume ventilation [14, 15]. Messina et al. conducted a study in 40 patients
undergoing neurosurgery in the supine position in the operating room (OR) to test
the ability of a tidal volume challenge and an end-expiratory occlusion test (EEOT)
to improve the reliability of PPV and SVV to predict fluid responsiveness in these
patients [22]. After induction of anesthesia, patients were recruited if they showed
more than 20% reduction in systolic arterial pressure with respect to the values
observed before induction of anesthesia. All patients were ventilated with 6 ml/
PBW tidal volume. A 250 ml fluid bolus was administered over 10 min to identify
fluid responders (increase in stroke volume index >10%).

The PPV, SVV, and EEOT performed at 6 ml/kg PBW did not predict fluid
responsiveness. An increase in PPV and SVV after a tidal volume challenge pre-
dicted fluid responsiveness with an AUROC 0.94 (sensitivity 94.7% and specificity
76.1%) and 0.93 (sensitivity 78.9% and specificity 95.2%), respectively. The cut-off
value for PPV and SVV was an increase by 13.3% and 12.1% in the values respec-
tively [22]. Therefore, the changes in PPV and SVV obtained after a tidal volume
challenge reliably predict fluid responsiveness in patients with normal lungs venti-
lated using low tidal volumes in the supine position.

13.5.3.2 In the Prone Position

The reliability of PPV and SVV to predict fluid responsiveness in patients with
normal lungs ventilated using low tidal volume in the prone position has not been
established. Messina et al. assessed the reliability of PPV, SV, tidal volume chal-
lenge, and EEOT to predict fluid responsiveness during elective spinal surgery in
the prone position [23]. PPV, SVV, and EEOT recorded during ventilation using
6 ml/kg PBW and EEOT measured in patients ventilated at 8 ml/kg PBW did not
predict fluid responsiveness. The change in PPV after tidal volume challenge pre-
dicted fluid responsiveness with an AUROC of 0.96 (95% confidence interval,
0.87-1.00), showing a sensitivity of 95.2% and a specificity of 94.7%. The change
in SVV after tidal volume challenge predicted fluid responsiveness with an AUROC
of 0.96 (95% confidence interval [CI], 0.89-1.00) with a sensitivity of 95.2% and a
specificity of 94.7%. The cut-off value for PPV and SVV was an increase by 12.2%
and 8.0% in these indices, respectively [23]. The cut-off values for PPV and SVV
were expressed as a percentage increase and these values were lower compared to
the study by Myatra et al. [7]. This may be because the patients studied in the OR
had normal lungs and were receiving neuromuscular blockade. Nevertheless, both
studies have shown that the tidal volume challenge improves the reliability of PPV
and SVV in predicting fluid responsiveness in patients with normal lungs, ventilated
using low tidal volume both in supine and prone positions during neurosurgery.
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Another study in the prone position was conducted by Yonis et al. in 33 ARDS
patients with acute circulatory failure, to assess the reliability of the tidal volume
challenge used with PPV, EEOT, and the Trendelenburg maneuver to predict fluid
responsiveness [24]. Fluid responsiveness was present if cardiac index assessed by
transpulmonary thermodilution was >15% after fluid administration. Both tidal vol-
ume challenge and EEOT predicted fluid responsiveness poorly, but changes in car-
diac index during a Trendelenburg maneuver did reliably predict fluid responsiveness
in these patients. The median compliance of the respiratory system was 30 (23-39)
ml/emH,0 in these patients. It is worth noting that 42% of the patients had cardiac
arrhythmias at baseline, which may explain this poor performance [24]. Further
studies in patients with ARDS in the prone position will throw more light on
this topic.

13.5.4 During Laparoscopic Surgery Using Pneumoperitoneum
in the Trendelenburg Position

The reliability of PPV and SVV to predict fluid responsiveness is questionable while
using pneumoperitoneum during laparoscopic surgery in the Trendelenburg position.
In addition, these indices are unreliable with the use of low tidal volume ventilation,
which is being increasingly used in surgical patients [18]. Jun et al. performed a
prospective study in 38 patients undergoing robot-assisted laparoscopic surgery with
pneumoperitoneum in the Trendelenburg position using low tidal volume ventilation
[25]. The PPV, SVYV, and stroke volume index (SVI) were measured at a tidal volume
of 6 ml/kg PBW and after performing a tidal volume challenge (increasing the tidal
volume to 8 ml/kg PBW). The intraabdominal pressure (IAP) was kept at 15 mmHg.
The study was performed when there was no surgical handling or hemodynamic
instability. Fluid responsiveness was defined as an increase in SVI >15%.

The tidal volume challenge showed excellent predictive capability for fluid
responsiveness with PPV >2%, with an AUC of 0.95 [95% CI 0.83-0.99,
p < 0.0001; sensitivity 92%, specificity 86%] [25]. Previous studies have shown
that PPV and SVV values increase with an increase in IAP, especially when the
IAP is >20-25 mmHg [26, 27]. However, when the IAP is less than 15 mmHg, PPV
values are less affected [26, 28, 29]. The change in SVV after tidal volume chal-
lenge showed only a fair ability to predict fluid responsiveness in this study [25].
This discrepancy may be attributed to the fact that pneumoperitoneum can induce
significant increases in systemic vascular resistance that affect the trending ability
of pressure waveform devices to accurately monitor changes in SVI. Renner et al.
reported that increasing IAP to 25 mmHg abolished the ability of SVV, but not PPV,
to predict fluid responsiveness [26].

To date there is no easy and reliable way to predict fluid responsiveness in
patients with elevated IAP during laparoscopic surgery in the OR. The use of tidal
volume challenge has been shown to improve the reliability of PPV in this setting;
however, this needs to be further investigated.
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13.6 Comparison of Tidal Volume Challenge with Other Tests
Used to Predict Fluid Responsiveness

Alvarado Séanchez et al. conducted a systematic review and meta-analysis to evalu-
ate the operative performance of several predictors of fluid responsiveness in criti-
cally ill patients mechanically ventilated at low tidal volume (<8 ml/kg) [30]. A
total of 33 studies involving 1352 patients were included in the analysis. The
AUROC for predictors of fluid responsiveness were: for tidal volume chal-
lenge = 0.92, EEOT =0.92, SVV =0.90, PPV =0.82, AIVC = 0.86, and PLR = 0.84.
Among all the tests, the tidal volume challenge had excellent performance, with an
AUROC of 0.92 with the threshold value of 3% and pooled sensitivity and specific-
ity of 90% and 87%, respectively. Although few studies using tidal volume chal-
lenge were included in the meta-analysis, these findings and the positive results seen
with the use of tidal volume challenge in subsequent studies, highlight the excellent
reliability of this test in predicting fluid responsiveness in patients ventilated using
low tidal volume.

13.7 Advantages of the Tidal Volume Challenge

The tidal volume challenge is a simple test that can be easily performed at the bed-
side without any change in the position of the patient. Since the test is performed by
making adjustments on the ventilator and observing hemodynamic changes on the
monitor, no patient contact is required, making it applicable for use when minimal
patient contact is desirable, as in patients with coronavirus disease 2019 (COVID-19).
The test is reliable, accurate, cost-effective, safe to use, not operator dependent, and
not requiring any learning curve. The test can be reliably used both in the ICU and
in the OR in patients in the supine and prone position. In this regard, it may be help-
ful in COVID-19 patients with ARDS. When used with PPV it does not require a
cardiac output monitor, making it very useful in resource-limited settings.

13.8 Limitations of the Tidal Volume Challenge

The tidal volume challenge may not be able to overcome the other limitations asso-
ciated with the use of PPV and SVV to predict fluid responsiveness, such as cardiac
arrhythmias, open chest, spontaneous breathing, and raised IAP, and needs to be
evaluated in these settings. Alternative tests, such as PLR, which do not depend on
heart-lung interactions, may be used when applicable.

13.9 Future Directions

The tidal volume challenge is already well established to improve the reliability of
PPV and SVV in patients ventilated using low tidal volumes, in various positions,
and when there are spontaneous breathing efforts. The reliability of this test in
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predicting fluid responsiveness in patients with low compliance, as in ARDS, needs
to be evaluated. Whether use of a tidal volume challenge will improve the reliability
of other tests that work on heart-lung interactions, such as echocardiography-
derived parameters (inferior and superior vena cava variability, aortic root velocity
variation), ultrasound-derived parameters (carotid peak systolic velocity, internal
jugular vein distensibility index, etc.) and plethysmography-derived indices, which
have similar limitations for use as PPV and SVV, needs to be studied. The use of
tidal volume challenge with PPV and SVV as part of a perioperative goal-directed
therapy, across different types of surgery also needs further evaluation.

13.10 Conclusion

The tidal volume challenge is a simple bedside test that can improve the reliability
of PPV and SVV to predict fluid responsiveness in patients ventilated using low
tidal volume in both in the ICU and OR in various patient positions. The test is use-
ful in resource-limited settings when used with PPV, as it does not require a cardiac
output monitor. Whether the tidal volume challenge can improve the reliability of
other indices based on heart-lung interactions to predict fluid responsiveness during
low tidal volume ventilation needs further investigation.
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14.1 Introduction

The global pandemic caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) led to a worldwide medical emergency [1]. Patients with coronavi-
rus disease 2019 (COVID-19) due to infection by SARS-CoV-2 can have a large
spectrum of clinical presentations from asymptomatic manifestation to multiple
organ failure [1, 2]. In critically ill patients, the respiratory system is often primarily
affected [1, 2]. About 30% of patients hospitalized for COVID-19 may develop
acute respiratory distress syndrome (ARDS) [3], while other extrapulmonary organs
or systems may also be involved during the course of the disease [2]. During the first
wave of the pandemic, the prevalence of shock in hospitalized COVID-19 patients
was variable. A pooled analysis of five studies from China until March 2020 showed
that the incidence of shock was about 6% [4] and it was higher in critically ill
patients (up to 35%) [5].

The mechanisms of shock during COVID-19 may be hypovolemic, obstructive,
cardiogenic, or distributive [6]. Although these mechanisms are variable, fluid
administration remains one of the most important therapies. However, fluid admin-
istration is tricky in critically ill patients with COVID-19 and shock. On the one
hand, fluid administration should provide adequate tissue perfusion; on the other
hand, it might worsen lung edema, especially when vascular permeability is
increased, which is the general rule in ARDS [7]. Given the lack of studies on fluid
strategy specific to COVID-19, the recommendation of the Surviving Sepsis
Campaign (SSC) dedicated to the disease is based on the existing evidence in non-
COVID-19 populations with ARDS. The current recommendation is to use a
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conservative over a liberal fluid strategy in COVID-19 with shock [5]. Nevertheless,
we do have concerns about this recommendation. In this chapter, we will develop
the idea that assessing the benefit/risk ratio of volume expansion is essential in
patients with COVID-19 and shock, and that fluid administration should be
personalized.

14.2 Why Patients with COVID-19 Can Develop Acute
Circulatory Failure?

All the classical shock mechanisms can result in acute circulatory failure during
COVID-19, namely hypovolemia, vasoplegia, left or right ventricular failure.

14.2.1 Hypovolemia

A recent international survey (1000 respondents) showed that about 22% of
COVID-19 patients hospitalized in the intensive care unit (ICU) were hypovole-
mic according to echocardiography findings [8]. Hypovolemia during COVID-19
can be secondary to several mechanisms. First, patients may be dehydrated, espe-
cially at the time of admission, because of fever, reduced water intake in the
previous days, and fluid losses (diarrhea, nausea, etc.) [9], or sometimes due to
long-time use of high-flow nasal oxygen therapy. Second, a systemic inflamma-
tory state can occur in COVID-19 patients either due to the response to viral
attack or to a secondary bacterial infection. It can result in endothelial dysfunc-
tion which, in turn, results in tissue capillary leakage and eventually in absolute
hypovolemia [10]. It can also result in increased venous capacitance, which in
turn results in relative hypovolemia due to blood volume redistribution toward
the unstressed blood volume.

14.2.2 Vasoplegia

In the above-mentioned survey, 56% of the 1000 respondents used vasopressors
frequently or very frequently [8]. Vasoplegia can be due to a systemic pro-
inflammatory state, occurring either early or more often later if septic shock has
developed following nosocomial infection. Secondary nosocomial infections, in
particular ventilator-acquired pneumonia (VAP) [11, 12], are frequent in
COVID-19 patients and may be more common than in patients with non-COVID
pneumonia [13]. Whether dexamethasone and other immunomodulating agents
are facilitating factors remains to be proven [13]. Endothelial dysfunction second-
ary to sepsis could then trigger widespread peripheral vasodilation and lead to
hypotension [10]. In addition, systemic vasodilation and hypotension can result
from the use of high doses of sedative drugs, which are often required to adapt the
patient to the ventilator.
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14.2.3 Impaired Left Heart Function

Myocardial injury related to COVID-19 can be generated by multiple mechanisms:
direct viral injury through different pathways, such as the downregulation of
angiotensin-converting enzyme (ACE)2, cytokine release, microvascular throm-
botic injury, etc. [14]. The clinical manifestations may be severe arrhythmia, severe
heart failure, and sometimes cardiogenic shock [14]. According to an echocardiog-
raphy study conducted in 100 hospitalized patients with COVID-19 within 24 h of
admission, 10% had left ventricular (LV) systolic dysfunction and 16% LV diastolic
dysfunction [15]. Obviously, LV dysfunction may contribute to the severity of shock
in addition to other mechanisms, such as hypovolemia and vasoplegia, as in non-
COVID-19 septic shock.

14.2.4 Right Ventricular (RV) Dysfunction or Failure

According to a study that systematically assessed left and right cardiac function
using echocardiography, the right ventricle is even more often impaired than the left
ventricle during COVID-19 [15]. RV dysfunction with or without dilation was
found in up to 39% of cases [15]. In COVID-19 ARDS patients, a retrospective
study showed that, on day 6 of the ICU stay, RV systolic dysfunction was present in
51% of cases [16]. Impairment of RV function is multifactorial and can be due to
increased pulmonary vascular resistance secondary to ARDS (vasoconstrictive
inflammatory mediators, hypoxic vasoconstriction, etc.), or to positive pressure
ventilation-related pulmonary hypertension (high levels of positive end-expiratory
pressure [PEEP] are often required), or to pulmonary embolism. Pulmonary embo-
lism is frequent in COVID-19 patients [17] and in particular in those with ARDS,
where its incidence is higher than in patients with non-COVID-19 ARDS [18].

14.3 Consequences of Fluid Therapy in COVID-19 Patients
with Shock

Fluid therapy should be considered only in the case of shock and if hypovolemia
(absolute or relative) is suspected to be a major contributor to acute circulatory
failure.

As in other clinical contexts, the presence of hypovolemia during COVID-19
may lead to low systemic blood flow, which may increase the risk of organ hypoper-
fusion, and hence of acute kidney injury [19] and other organ failures. Hypovolemia
also favors the risk of thrombosis, which is already high in COVID-19 [20]. Indeed,
coagulopathy is common and related to the direct effect of SARS-CoV-2 on the
endothelial cells resulting in the release of plasminogen activators [20]. Lung micro-
thrombi may contribute to ventilation/perfusion (V/Q) mismatch and subsequent
hypoxemia. Microthrombi formation in other organs may also contribute to multi-
ple organ dysfunction or failure. Finally, hypovolemia-induced low cardiac output



176 R.Shietal.

may worsen hypoxemia through a low mixed venous blood oxygen pressure (PvO,)
effect, in the presence of high pulmonary shunt [21]. If hypovolemia really results
in low or inadequate blood flow, all the above-mentioned effects can be pronounced
and clinicians should consider their correction by fluid administration. The expected
benefits of fluid therapy are thus to prevent or correct the development of multiple
organ failure and to decrease the risk of microthrombosis in the lung and in other
organs. Moreover, increasing cardiac output may improve arterial oxygenation as a
consequence of the increase in PvO,. Nevertheless, this beneficial effect is uncertain
since, at the same time, increasing PvO, might also increase the lung venous admix-
ture (or the shunt) [22]. If hypoxic pulmonary vasoconstriction is attenuated as it
should be in ARDS [23], the latter effect (increased venous admixture/shunt related
to increased PvO,) would also be attenuated and a substantial improvement in arte-
rial oxygenation can follow a substantial increase in PvO, (related to a substantial
increase in cardiac output) in the presence of large pulmonary venous admixture
or shunt.

On the other hand, COVID-19 is frequently associated with ARDS, which is
characterized by alveolar epithelial and endothelial injuries. This results in lung
capillary leakage with lung edema, atelectasis and, eventually, in severe V/Q mis-
match when hypoxic pulmonary vasoconstriction is markedly attenuated. As a con-
sequence, COVID-19 patients with ARDS often have severe hypoxemia [24]. In
such a context, fluid therapy may increase lung edema formation due to capillary
leakage and sometimes may also increase the V/Q mismatch due to the increase in
cardiac output [22].

14.4 How to Assess the Benefits and the Risks of Fluid
Administration in COVID-19 Patients with Shock?

In our point of view, the benefit/risk ratio of fluid therapy should be carefully
assessed before any fluid administration in the context of COVID-19 and shock due
to the frequent presence of severe ARDS. Such an assessment should be personal-
ized since the benefits as well as the risks may differ among patients and in the same
patient at different periods of resuscitation. In this regard, the recommendation of
the SSC is questionable as using a conservative over a liberal fluid strategy is sug-
gested [5]. First, “conservative” and “liberal” are unclear words and may mislead
therapeutic decisions. Second, this recommendation does not take into consider-
ation individualization of assessment and decisions, which is the key principle of
any resuscitation strategy in ICU patients.

To adequately assess the benefit/risk ratio of fluid therapy, one should assess the
benefit and the risk and put both in the overall context before deciding. The benefit
should be evaluated not only by the presence but also importantly by the degree of
fluid responsiveness. There is a lot of evidence that ICU patients can be fluid unre-
sponsive in spite of persisting shock, probably because they have already received
fluids and/or they have cardiac dysfunction [25]. There is also a lot of evidence that
a positive cumulative fluid balance is associated with poor outcomes in ICU patients,
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especially in the case of sepsis [26] and ARDS [27]. It is clear that if shock persists
in spite of initial resuscitation, prediction of fluid responsiveness makes sense to
identify patients who will not benefit from further fluid administration but will
rather experience harmful effects. Importantly, the presence of fluid responsiveness
is a dynamic phenomenon that can vary over time in the same patient [28]. This
suggests that prediction of fluid responsiveness should be tested as often as a thera-
peutic decision is required. Results from a large multicenter cohort of septic patients
showed that the use of fluid responsiveness tests was associated with an improved
survival rate [29]. Several tests and indices have been developed during the last
decades. International guidelines recommend the use of dynamic over static vari-
ables in the general population of critically ill patients as well as in patients with
COVID-19 and shock [30].

Most of the dynamic indices or tests of fluid responsiveness are based on the
heart-lung interactions in mechanically ventilated patients (Table 14.1) [31]. Pulse
pressure variation (PPV) is one of the most investigated variables though it suffers
from many limitations in practice [32]. One of them is low tidal volume ventilation
[32], which is commonly used in COVID-19 ARDS patients. To overcome this limi-
tation, the tidal volume challenge was proposed in the case of low tidal volume
(6 ml/kg) ventilation [33]. Myatra et al. showed that, by transiently increasing tidal
volume from 6 to 8 ml/kg for 1 min, an increase in the absolute value of PPV
(APPV) >3.5% could reliably predict fluid responsiveness [33]. This result was
confirmed in a recent study, which showed that an increase in PPV during tidal vol-
ume challenge was reliable to predict fluid responsiveness in patients ventilated
with low tidal volume for septic shock or ARDS [34]. The tidal volume challenge is
particularly helpful in COVID-19 patients with ARDS, who are usually profoundly
sedated and well adapted to the ventilator. Importantly, no cardiac output monitor-
ing device is required for performing tidal volume challenge and a simple arterial
line is sufficient.

Table 14.1 Summary of tests predicting fluid responsiveness with available monitoring tech-
niques in patients with coronavirus disease 2019 (COIVD-19)

Available hemodynamic

Tests Main advantages in COVID-19 techniques
Passive leg Reversible and no fluid infused Real-time cardiac output
raising Usable in non-intubated patients, in patients monitor, echocardiography

with mechanical ventilation regardless of
tidal volume, and in patients with or without

arrhythmia
Trendelenburg Useful in prone position Real-time and precise cardiac
maneuver output monitor
Tidal volume Useful in case of low tidal volume Arterial catheter to follow the
challenge No requirement for cardiac output changes in pulse pressure
monitoring variation
End-expiratory Easy to perform in ventilated patients. Real-time and precise cardiac
occlusion test Useful in case of low tidal volume and low  output monitor

respiratory system compliance
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The end-expiratory occlusion test (EEOT) is another useful and easy-to-perform
fluid responsiveness test. It has been validated even in patients with arrhythmias or
low respiratory system compliance [35] and independent of the PEEP levels [36].
By briefly interrupting the ventilator at end-expiration for 15 seconds, an increase in
cardiac output >5% from baseline allows one to identify fluid responders [37]. A
recent meta-analysis including 13 studies showed that the EEOT can predict fluid
responsiveness with a summary area under the receiver operating characteristic
curve (AUROC) of 0.91 (0.86-0.94) with good sensitivity and specificity and a
threshold value of 5% [36]. However, since the EEOT is brief and the threshold
value relatively small, a real-time and precise cardiac output monitoring device is
required [37].

Passive leg raising (PLR) is another well-established option with a wide range of
applications since it can be performed in almost all patients, including those with
spontaneous breathing, atrial fibrillation, low lung compliance, or ventilated with a
low tidal volume [35, 38]. It mimics a fluid challenge without requiring any fluid. It
does not increase the risk of pulmonary edema as the effects on cardiac filling pres-
sure are rapidly reversible [39]. Numerous studies have consistently shown that
PLR is a reliable test to predict fluid responsiveness in critically ill patients [38]. Of
note, since the effect of PLR on cardiac output is transient, real-time measurement
of cardiac output is required [39]. The PLR test was shown to have false negatives
in patients with intraabdominal hypertension [40]. In the absence of cardiac output
assessment, the decrease in PPV during PLR is helpful as it was shown to be reliable
to predict fluid responsiveness [34]. In less sedated mechanically ventilated patients
with some spontaneous breathing activity, our group also showed that the decrease
in PPV during PLR could be a valuable option as it can predict fluid responsiveness
better than PPV alone [41].

Prone position is frequently applied in COVID-19 ARDS patients. In such a con-
dition, a Trendelenburg maneuver, which mobilizes venous blood through a pos-
tural maneuver, has been proposed as a reliable fluid responsiveness test [42].
Whether other dynamic parameters or tests (Table 14.1) remain valid during prone
position in ARDS requires further research.

The risk of fluid therapy in COVID-19 patients with ARDS is worsening lung
edema and hypoxemia. It is important to evaluate this risk before giving fluids in
patients with shock even in cases of a positive fluid responsiveness test. The
European consensus on management of shock has suggested the use of transpulmo-
nary thermodilution or a pulmonary artery catheter in patients with shock, espe-
cially in the case of associated ARDS [43]. In this context, transpulmonary
thermodilution systems could be helpful as they provide values of extravascular
lung water (EVLW) and pulmonary vascular permeability index (PVPI). The
EVLW, which is the amount of fluid accumulated in the alveolar and interstitial lung
compartments, is a quantitative measure of lung edema [44]. The PVPI is calculated
as the EVLW/pulmonary blood volume ratio [44]. In non-COVID-19 patients with
ARDS, the maximal value of EVLW obtained during the patient’s stay was shown
to be an independent factor associated with mortality [45]. Similar results were
found for PVPI [45]. In a recent study, we showed that EVLW and PVPI were also
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independent predictors of mortality in patients with COVID-19 ARDS [46]. In addi-
tion, we showed that compared to patients without COVID-19, ARDS patients with
COVID-19 had similar lung mechanics, but higher EVLW and PVPI values from
the beginning of the disease [46]. This was associated with worse arterial oxygen-
ation and with more requirement for prone positioning and extracorporeal mem-
brane oxygenation (ECMO) [46]. These findings suggest that COVID-19 ARDS
can be associated with severe diffuse alveolar damage and increased permeability
pulmonary edema [46]. Importantly, we found a large heterogeneity of EVLW and
PVPI values among patients with similar degrees of hypoxemia. For example, in
patients with severe ARDS according to the Berlin definition, extremely high values
of EVLW and PVPI were measured in some patients and mildly elevated values in
others. In the former cases, fluid administration would be very risky even in cases of
shock with fluid responsiveness, whereas in the latter cases, careful fluid adminis-
tration can be attempted [46]. Such heterogeneity confirms that the degree of hypox-
emia poorly reflects the severity of lung edema and thus can hardly help in
individualizing therapeutic decisions in COVID-19 ARDS.

The pulmonary artery catheter can also be used in patients with shock and ARDS
[47]. One of the most valuable variables in this context is the pulmonary artery
occlusion pressure (PAOP), a marker of the LV filling pressure. If the PAOP is low,
clinicians may be less reluctant to infuse fluids in case of shock, although PAOP as
a vascular pressure cannot provide a direct estimation of pulmonary edema. In this
regard, no correlation was found between PAOP and EVLW in critically ill patients
[48]. Lung ultrasound, a non-invasive method, enables assessment of lung edema
using a B-line score, which correlates with EVLW [49]. However, such a score only
provides a semi-quantitative assessment of lung edema and no valuable information
about capillary permeability can be obtained.

14.5 Summary

Although a conservative fluid strategy is recommended in COVID-19 patients with
shock [5] because of the frequently associated ARDS, administration of fluid cannot
be totally discarded. The therapeutic decision should be made after a personalized
assessment of the benefit/risk ratio of fluid infusion (Fig. 14.1). The benefit can be
evaluated using dynamic measures of fluid responsiveness. Not only the presence
but mostly the degree of fluid responsiveness is important to consider. For example,
an increase in cardiac output by 25% during PLR raises the expectation of an
increase in cardiac output after fluid infusion more than double compared to that
expected from a PLR-induced increase in cardiac output by 12%, even if fluid
responsiveness is present in both cases. The risks of fluid infusion should also be
individually evaluated. Indices predicting lung tolerance to fluid infusion such as
EVLW and PVPI can be relevant for that purpose.

In addition to the careful assessment of the benefit/risk ratio of fluid infusion, the
clinical context is important to consider. For example, for a given favorable benefit/
risk ratio, severe circulatory failure in terms of renal dysfunction or hyperlactatemia,
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Fig. 14.1 Potential mechanisms of acute circulatory failure in coronavirus disease 2019
(COVID-19) and personalized assessment of benefit and risk for fluid administration. ARDS acute
respiratory distress syndrome, EEOT end-expiratory occlusion test, EVLW extravascular lung
water, LV left ventricular, PAOP pulmonary artery occlusion pressure, PLR passive leg raising,
PVPI pulmonary vascular permeability index, RV right ventricular, TVC tidal volume challenge

would encourage clinicians to consider fluid therapy. Presence of LV systolic or
diastolic dysfunction is also an important factor that could refrain or limit adminis-
tration of fluids even in the case of a favorable benefit/risk ratio. Performance of
echocardiography is of utmost importance to evaluate the cardiac function in this
context as well as in all other shock states [43].

14.6 Conclusion

No general recommendation on fluid therapy can be made in COVID-19 patients
with shock. An individual and careful assessment of the benefit/risk ratio of fluid
infusion is necessary.
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Electrolytes in the ICU 1 5

A. Reintam Blaser, A. R. H. van Zanten, and A. M. E. de Man

15.1 Introduction

Electrolytes are chemical compounds in solutions that are ionizable, forming either
positively (cations) or negatively (anions) charged ions. Electrolytes are of para-
mount importance for maintaining homeostasis, including acid-base balance and
osmolality. Interplay of different electrolytes is important, but has been studied
scarcely in critically ill. Yet, electrolyte abnormalities are common in patients
admitted to the intensive care unit (ICU) due to severe illness, major fluid shifts, and
treatments causing rapid and relevant changes in electrolytes. However, clear
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cut-offs for electrolyte levels that lead to adverse outcome are largely lacking.
Accordingly, clear guidance for management of electrolyte abnormalities in criti-
cally ill is not available for most electrolytes. Therefore, knowledge of physiology
and pathophysiology is essential to understand and manage electrolyte disturbances
in critical illness.

In the current chapter, we summarize the physiology and pathophysiology of
electrolyte changes, with the focus of interplay between different electrolytes. Acid-
base balance is beyond the focus of this review. However, bicarbonate will be
addressed from the aspect of the interplay with other electrolytes. Additionally, we
review the evidence on the management of electrolyte disturbances in patients
admitted to the ICU.

15.2 Physiology and Pathophysiology

Intra- and extracellular levels, common reference values for serum measurements,
and main role in homeostasis for each electrolyte are presented in Table 15.1.

Table 15.1 Electrolyte composition of body fluids and role in homeostasis [1]

Average
Average Average reference value
intracellular extracellular for serum
concentration concentration measurement Main role in
(mmol/I) (mmol/l) (mmol/l)? homeostasis
Cations
Sodium [3] 10 140 135-145 Serum osmolality
Potassium 155 4 3.5-5.0 Intracellular osmolality,
[3] action potential of cell
membranes
Magnesium 10 1 0.63-1.02 Transmembrane
[2] electrolyte flux,
co-factor for phosphate
in energy metabolism,
calcium antagonist
Calcium <0.01 1 1.12-1.30 Cell-to-cell
(ionized) [2] communication and
adhesion, contractility,
and conduction
Anions
Bicarbonate 10 28 22-28 Acid-base balance
[5]
Chloride 3 102 98-107 Serum osmolality,
[21] acid-base balance
Phosphate 105 1 0.87-1.45 ATP-synthesis, energy
2] metabolism

“Reference values may differ slightly between laboratories
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15.2.1 Sodium: Regulator of Osmolality

15.2.1.1 Physiology

The most important role for sodium is as the major osmotically active substance of
the extracellular fluid. Serum sodium concentration is maintained within the normal
range by water intake, antidiuretic hormone excretion, renal sodium excretion and
adrenal aldosterone excretion [1].

15.2.1.2 Pathophysiology

Hyponatremia may occur in patients with decreased, normal, or increased total
body sodium concentrations. Assessment of serum osmolality and fluid volume is
necessary to elucidate the underlying causes, which can be numerous (such as
gastrointestinal or renal losses, syndrome of inappropriate antidiuretic hormone
secretion [SIADH], liver cirrhosis, heart failure, hypercortisolism) [2]. Symptoms
of hyponatremia are related to the rate and severity of decline in sodium concentra-
tions, and mostly start to occur below 125 mmol/l. Typical symptoms are headache,
lethargy, disorientation, nausea, confusion, seizures, and coma [1, 2].

Hypernatremia is always associated with hyperosmolality. The main reasons for
ICU-acquired hypernatremia are superfluous administration of saline solutions
(e.g., NaCl 0.9% = Na 154 mmol/l), gastrointestinal fluid loss, and concomitant
renal dysfunction with reduced urinary concentration capability (9). In addition,
aggressive deresuscitation with loop-diuretics frequently leads to hypernatremia.
Symptoms mostly arise from sodium levels >155 mmol/l and include irritability,
drowsiness, confusion, and coma [1]. Rapid changes in sodium levels may lead to
symptoms more frequently and at lower absolute levels. Conversely, chronic hyper-
natremia is often well tolerated.

Sodium levels are the main regulator of serum osmolality, with sodium levels
decreasing in response to increased osmolality from other osmotically active sub-
stances (e.g., glucose). Sodium abnormalities are often accompanied by chloride
abnormalities.

15.2.2 Potassium: Determinant of Excitability

15.2.2.1 Physiology

Potassium is the main intracellular osmotic provider. Other important physiological
functions are: regulation of the electrical action potential across the cell membranes,
cellular metabolism, glycogen and protein synthesis [2]. High intracellular potas-
sium levels are maintained by the Na*/K*/ATPase pump, affected by insulin, gluca-
gon, catecholamines, aldosterone, acid-base status, plasma osmolality, and
intracellular potassium levels [2].

15.2.2.2 Pathophysiology
Hypokalemia in critically ill patients commonly occurs due to potassium shifting to
the intracellular compartment induced by correction of acidosis or as a refeeding
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mechanism. As the normal range is very narrow, and potassium levels are highly
dependent on acid-base balance and glucose metabolism and control, life-threatening
hypokalemia may rapidly occur. Other common causes are decreased intake or
increased losses by the kidney and gastrointestinal tract [1]. Typical symptoms asso-
ciated with hypokalemia are vomiting, muscle weakness, rhabdomyolysis, and
cardiac arrhythmias, such as ventricular tachycardia/fibrillation or forsade de pointes.

Hyperkalemia in the ICU is most commonly caused by renal insufficiency,
extensive cell destruction, and/or transcellular shift from intra- to extracellular. In
addition, pseudohyperkalemia may arise from sampling errors. Clinical manifesta-
tions include paresthesias, weakness, paralysis, bradycardia, electrocardiogram
(EKG)-alterations (elevated T wave, prolonged PR interval, widened QRS complex,
idioventricular rhythms, and eventually even asystole).

15.2.3 Magnesium: Membrane Stabilizer

15.2.3.1 Physiology

Magnesium is, second to potassium, the most important intracellular cation. Since
most magnesium is present intracellularly, plasma magnesium concentrations do
not reflect the total magnesium pool well. The key role of magnesium is to serve as
cofactor for phosphate transfer reactions in cell replication and energy metabolism.
Moreover, it is crucial for muscle contractility and neuronal transmission [1, 3].
Magnesium levels are mostly kept within normal ranges by absorption in the gastro-
intestinal tract (inhibited by high protein, phosphate, and fat intake) and renal elimi-
nation (regulated by parathyroid hormone [PTH], calcitonin, glucagon, vasopressin,
acid-base status, potassium, and magnesium concentrations).

15.2.3.2 Pathophysiology

Hypomagnesemia is commonly caused by diuretics, refeeding syndrome, diarrhea,
and/or vomiting. Symptoms mostly do not correlate with magnesium plasma con-
centrations, but are rare with levels >0.5 mmol/l. Clinical signs are weakness, mus-
cle cramps, tachyarrhythmias, EKG-alterations, tremors, confusion, and
convulsions.

Hypermagnesemia is usually iatrogenic by excessive administration of magne-
sium salts, especially with concomitant renal insufficiency. Clinical features are
hypotension, respiratory depression, hyporeflexia, confusion, and cardiac arrhyth-
mias (bradycardia, total AV-block, asystole).

15.2.4 Calcium: Conduction and Contraction

15.2.4.1 Physiology

Calcium is essential for clotting, cell membrane permeability, contractility, and
neuromuscular conduction. Calcium levels are primarily kept within normal ranges
by PTH, calcitonin, and vitamin D [1, 3].
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15.2.4.2 Pathophysiology

Hypocalcemia may be caused by vitamin D deficiency, renal insufficiency, hyper-
phosphatemia, and massive blood transfusions (citrate effect) [3]. The hallmark sign
of hypocalcemia is tetany. Other symptoms are cramps, convulsions, mental altera-
tions, hypotension, and cardiac arrhythmias.

Hypercalcemia is linked to specific underlying conditions such as malignancy or
hyperparathyroidism, but drugs and immobilization can also contribute [3]. Clinical
features are nausea, vomiting, pancreatitis, lethargy, obstipation, mental alterations,
polyuria, polydipsia, metastatic calcifications, renal failure, cardiac arrhythmias,
and coma [3].

15.2.5 Phosphate: Cellular Energy

15.2.5.1 Physiology

Phosphate is the principal intracellular anion, being important for cell membrane
and bone composition, nerve conduction, muscle function, ATP-synthesis, glucose
utilization, glycolysis, and 2,3-diphosphoglycerate (2,3-DPG) synthesis and numer-
ous biochemical reactions [2]. Phosphate is kept within the normal range predomi-
nantly by the kidneys and to a lesser extent by gastrointestinal absorption and bone
resorption/deposition under the influence of calcitriol, vitamin D, and PTH.

15.2.5.2 Pathophysiology

Hypophosphatemia may be caused by increased cellular uptake (refeeding, insulin,
alkalosis), malnutrition, or renal replacement therapy (RRT). Clinical features are
paresthesias, seizures, muscle weakness, acute respiratory failure, and arrhyth-
mias [1, 2].

Hyperphosphatemia is most commonly caused by renal insufficiency. Other
causes can be excessive oral or intravenous administration of phosphate or
phosphate-containing laxative, especially in combination with impaired renal func-
tion or rthabdomyolysis [2]. Clinically, hyperphosphatemia can lead to calcium-
phosphate precipitation, resulting in hypocalcemia (manifesting as tetany) and
nephrocalcinosis (due to deposits of calcium-phosphate crystals) [2, 4].

15.2.6 Bicarbonate: A Buffer

15.2.6.1 Physiology

Bicarbonate (HCO;™) is the second most abundant extracellular anion. Its most
essential function is as a buffer. It is generated out of the end products of aerobic
metabolism (CO, and H,O < HCO;~ and H*). Bicarbonate is transported in the
blood and in the lungs converted to and exhaled as CO..
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15.2.6.2 Pathophysiology

In metabolic acidosis, pH is <7.35, HCO5™ is <22 mmol/l, while total venous CO, is
<30 mmol/l [5]. Metabolic acidosis can be caused by exogenous acids (salicylate,
methanol, and ethylene glycol) or endogenous acids (ketoacids and lactic acid),
decreased renal acid excretion, gastrointestinal (diarrhea) or renal losses. Symptoms
are highly dependent on the underlying cause. Mild acidemia is asymptomatic,
more severe can lead to hyperventilation, cardiac dysfunction with hypotension and
shock, ventricular arrhythmias, and coma.

In metabolic alkalosis pH is >7.45, HCO;™ is >28 mmol/l and total venous
CO, is >30 mmol/l (in simple acid-base disorders; in mixed this can be different)
[5]. Administration of sodium bicarbonate, gastrointestinal (gastric fluid by vom-
iting or nasogastric suction) or renal losses, renal production of new HCO;~ (pri-
mary hyperaldosteronism, loop or thiazide diuretics), all can lead to metabolic
alkalosis [5]. Symptoms are mostly caused by concomitant hypokalemia, hypo-
phosphatemia, hypocalcemia, hypovolemia, and hypoventilation. Mild to moder-
ate metabolic alkalosis (HCO;~ up to 40 mmol/l) is usually well tolerated.
HCO;~ >45 mmol/l can result in tetany, seizures, cardiac arrhythmias, and
delirium [5].

15.2.7 Chloride: A Strong lon

15.2.7.1 Physiology

Chloride is the principal extracellular anion. Its key functions are maintaining
osmolarity, acid-base balance, electro-neutrality of body fluids, and muscular activ-
ity [6]. Chloride concentrations are kept within the normal range by the gastrointes-
tinal tract and kidney (99% is reabsorbed) [6].

15.2.7.2 Pathophysiology
Hypochloremia may occur due to gastrointestinal losses of chloride (vomiting,
nasogastric drainage) and renal (chloruretic drugs,), water gain (congestive heart
failure, STADH, hypotonic solutions) or sodium exceeding chloride gain (e.g.,
administration of sodium bicarbonate). Clinical signs are mostly those of the con-
comitant metabolic alkalosis: cardiac arrhythmias, confusion, and neuromuscular
irritability [6].

Hyperchloremia in the ICU is often caused by administration of chloride-
rich fluids.

Symptoms are difficult to specify since it is difficult to attribute these solely to
increased chloride concentrations [6].

15.3 Interplay between Electrolytes

Homeostasis of different electrolytes is closely related (Table 15.2). Although too
complex to fully describe, several relevant interactions will be discussed.
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Table 15.2 Interplay of electrolyte abnormalities

Sodium | Potassium | Magnesium | Calcium | Bicarbonate | Chloride | Phosphate

Sodium A
Potassium A A v
Magnesium A A r V¥
Calcium A Vv v v K 2 K 2
Bicarbonate A v 2 v v
Chloride A Vv
Phosphate ¥

Sodium | Potassium | Magnesium | Calcium | Bicarbonate | Chloride | Phosphate
Sodium ¥
Potassium ¥ ¥ Vv )
Magnesium W v v v
Calcium ¥
Bicarbonate ¥ A v A A A
Chloride ¥ )
Phosphate ¥ Vv

Interplay between electrolytes is very complex and a change in one electrolyte can lead to different changes in another depending on the mechanism
of the initial change, concomitant conditions and other dyselectrolytemias. Uncertain areas are marked in gray. If a field is blank, no data are
available.

15.3.1 Sodium and Potassium

Sodium and potassium concentrations are strongly interrelated. The Na*/K* ATPase
membrane pump, ubiquitously present in all cells, plays an essential role in sodium
and potassium homeostasis by active transport of potassium from the extracellular
to the intracellular fluid and sodium in the opposite direction. This generates a con-
centration gradient across the cell membrane, maintaining the potential of the cell
membrane. Insulin, adrenergic catecholamines, and aldosterone can all stimulate
Na*/K* ATPase pumps. Aldosterone secretion is stimulated by hyponatremia and
hyperkalemia [3].

Serum sodium concentration is directly proportional to the total amount of
exchangeable Na* and K*. Administration of potassium can therefore increase
serum sodium concentration by three different mechanisms. First, intracellular K*
uptake leads to equivalent extracellular sodium movement. Second, parallel K*-Cl~
intracellular uptake increases intracellular osmolality, subsequently reducing extra-
cellular free water. Third, intracellular K*-uptake can lead to an equivalent
extracellular H-movement. H* will be buffered, but intracellular K* increase will
raise intracellular osmolality and, due to free water shift, increase extracellular
serum Na* [7].

15.3.2 Magnesium and Potassium

It is hard to treat hypokalemia with coexisting hypomagnesemia. Magnesium defi-
ciency probably decreases Na-K-ATPase activity, reducing cellular uptake of K*.
Moreover, release of the magnesium-mediated inhibition of renal outer medullary
potassium channel (ROMK) increases potassium secretion in the distal nephron [8].
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Therefore, correction of magnesium deficiency is essential to enable correction of
hypokalemia [2].

Conversely, hypokalemia may lead to hypomagnesemia by reduction of magne-
sium reabsorption in the thick ascending loop of Henle and the distal convoluted
tubule [9].

15.3.3 Calcium and Potassium

Hypercalcemia can lead to hypokalemia. Hypercalcemia can increase urinary
sodium excretion, increasing sodium delivery to the distal tubule and augmenting
sodium-potassium exchange with subsequent potassium loss. In patients with
hypercalcemia, the increase of filtered calcium in the loop of Henle can decrease
magnesium reabsorption and thus serum magnesium concentrations [10].

15.3.4 Calcium, Phosphate, and Magnesium

Calcium, phosphate, and magnesium homeostasis are closely related.
Hyperphosphatemia can lead to hypocalcemia by precipitating calcium-phosphate
crystals in bone and extraskeletal tissue (leading to organ damage), reducing vita-
min D production, and interfering with PTH-mediated bone resorption [11].

Hypomagnesemia can also induce hypocalcemia. Magnesium deficiency proba-
bly leads to hypocalcemia due to reduced PTH secretion and refractoriness of bone
and renal tubules to PTH [12]. Remarkably, severe hypermagnesemia can also occa-
sionally lead to hypocalcemia by suppressing PTH secretion due to impaired sensi-
tivity of calcium-sensing receptors.

Furthermore, phosphate depletion can decrease magnesium uptake and thus
result in hypomagnesemia, as was suggested in animal studies. The underlying
mechanism remains to be elucidated [9].

15.3.5 Acid-Base and Potassium

Acidosis promotes hyperkalemia, whereas alkalosis promotes hypokalemia.
Mineral (hyperchloremic normal gap) metabolic acidosis causes more severe hyper-
kalemia than organic (high anion gap) metabolic acidosis. An increase in extracel-
lular hydrogen ion (H*) with mineral acidosis will decrease the rate of Na*/H*
exchange by the Na*/H* exchanger and the cotransport of Na* and HCO;™ into the
cell. The intracellular Na* concentration will decline and reduce Na*/K* ATPase
activity, decreasing intracellular K*. The lower extracellular HCO;™~ concentration
will increase movement of C1~ into the cell by CI7/HCO;~ exchange, stimulating K*
efflux by K*/Cl~ cotransport. In organic acidosis, movement of organic anions and
H* into the cell reduces intracellular pH, promoting inward Na* movement through
Na*/H* exchange and cotransport of Na* and HCO;™. The increase in intracellular
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Na* preserves Na*-K* ATPase activity, so the extracellular K* concentration remains
unchanged [13]. In metabolic alkalosis, extracellular potassium will decrease
because of increased Na*/K* ATPase activity and stimulated renal K* secretion.
Hypokalemia directly induces metabolic alkalosis. It stimulates intracellular move-
ment of hydrogen ions into the cell, leading to bicarbonate reabsorption.
Hypokalemia also activates the H*-K* ATPase exchanger in the collecting duct,
which enhances distal H* secretion [14].

15.3.6 Acid-Base and Magnesium

Metabolic acidosis can promote magnesium deficiency. It can increase the serum
ionized magnesium concentration and therefore the magnesium load for renal
excretion. Furthermore, metabolic acidosis may impair cellular magnesium
uptake [9].

15.3.7 Acid-Base and Calcium

The acid-base status of patients affects serum ionized calcium concentrations, as it
influences the binding between calcium and serum proteins. Alkalemia increases
calcium binding to albumin, decreasing serum ionized calcium concentration,
whereas acidemia increases ionized calcium [3].

15.3.8 Acid-Base and Phosphate

Both acute respiratory alkalosis and metabolic alkalosis can induce hypophosphate-
mia, with respiratory alkalosis resulting in a more substantial decrease in serum
phosphate. Respiratory alkalosis stimulates the glycolytic pathway, which activates
intracellular phosphate entry, thus leading to hypophosphatemia. Respiratory alka-
losis increases muscular phosphate uptake and makes the kidney refractory to the
phosphaturic effect of PTH [15]. In chronic respiratory alkalosis, this resistance of
the kidney to PTH can lead to hyperphosphatemia and hypocalcemia [16]. Metabolic
acidosis decreases glycolysis rate and cellular uptake of phosphate, leading to
hyperphosphatemia [11].

15.3.9 Acid-Base and Chloride

Hypochloremia can lead to metabolic alkalosis. When serum chloride concentration
decreases, due to gastrointestinal or renal loss, reabsorption of bicarbonate is stimu-
lated proportionally, and results in metabolic alkalosis. Acidosis due to renal or
gastrointestinal loss is often associated with hyperchloremia [6], whereas hyper-
chloremia itself leads to hyperchloremic acidosis.
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15.4 Evidence of Electrolyte Abnormalities in ICU Patients

Electrolyte levels outside of the reference ranges are often seen in ICU patients [17]
(Table 15.3). Nevertheless, data on their prevalence, effect on outcome, and guidance
on management is scarce. International guidelines for management are only available
for hyponatremia [18]. Diverse electrolyte disorders occur for various reasons and at
different time points during the patient’s ICU stay. Not rarely, patients experience both
‘hypo’ and ‘hyper’ situations concerning the same electrolyte during the same admis-
sion. Some electrolyte abnormalities may be a cause for ICU admission (e.g., hypona-
tremia), whereas some manifest later during the patient’s ICU stay (e.g., hypernatremia,
hyperchloremia, hypophosphatemia), often in response to treatments applied (diuret-
ics, feeding, correction of acidosis or levels of other electrolytes).

To study the impact of electrolyte abnormalities on outcome is difficult as an
individual patient often may switch between two distinct abnormalities during the
ICU stay. Prevalence of concomitant electrolyte disorders in the ICU has not been
specifically addressed in the literature.

15.4.1 Sodium

Hyponatremia (mostly mild) is a common feature at ICU admission present in
11-33% of patients [2, 17, 19]. Fewer, but still a considerable proportion of patients
(11-16%), develop hyponatremia during their ICU stay [17, 19].

By contrast, hypernatremia is less prevalent on ICU admission (<10%) and
becomes more frequent during the ICU stay (up to 30% of patients) [17, 19, 20].

Both hypo- and hypernatremia have been independently associated with
increased hospital mortality [17]. Additionally, sodium fluctuations were associated
with increased risk of death in surgical ICU patients [20].

15.4.2 Chloride

Hypochloremia is less common than hyponatremia, occurring in less than 10% of
ICU patients, whereas hyperchloremia is very common (up to 45%) [17, 21].

Hyperchloremia appears to be associated with adverse outcome, but the mecha-
nisms are not completely clear [21]. Chloride is important in homeostasis as a strong
ion involved in acid-base balance. Hyperchloremia-associated metabolic acidosis
may impair outcome via hemodynamic instability or coagulopathy.

15.4.3 Potassium

Abnormal serum potassium levels occur in around half of the patients admitted to
the ICU [22, 23]. On ICU admission, hypokalemia has been reported in 17% and
hyperkalemia in 12% of mixed ICU patients [17], whereas as many as two thirds of
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Table 15.3 Prevalence and management of dyselectrolytemias in the ICU

Condition and
range (mmol/l)
[ref]

Hypo-Na [3]
Mild 130-134
Moderate
125-129
Severe <125
Hyper-Na [17]
Mild 146-150
Moderate
151-155
Severe >155
Hypo-K [3]
Mild 3.0-3.4
Moderate
2.5-2.9
Severe <2.5

Hyper-K [3]
Mild 5.1-6.0
Moderate
6.1-7.0
Severe >7.0
Hypo-Mg [2]
Mild to
Moderate
0.41-0.62
Severe <0.41
Hyper-Mg [2]
Mild
1.03-1.65
Moderate
1.65-5.14
Severe >5.14
Hypo-Ca [2]
Mild-moderate
0.9-1.1
Severe <0.9
Hyper-Ca [4]
Mild 1.4-2.0
Moderate
2.0-2.5
Severe >2.5
Hypo-Pi [2]
Mild
0.74-0.87
Moderate
0.48-0.73
Severe <0.48

Prevalence
11-33% at
admission, up
to 16% during
stay

<10% at
admission, up
to 30% during
stay

17% at
admission

24% during
ICU stay

12% at
admission
21% during
ICU stay

20-50%

7-12%

>50%

2-15%

10-30%

Management

3% NaCl if severe or
moderate symptoms.
Otherwise, based on the
mechanism

Hypotonic fluids if severe
symptoms, isotonic fluids
if hypotension

Correct to normal
(needed daily dosage
may in some cases be
several hundreds of
mmol)

(1) i.v. calcium; (2)
shifting with i.v. glucose
+ insulin + salbutamol
inhalation; (3) potassium
binders; (4) hemodialysis
Correct to normal (target
not clear), up to 6 g
within 8-12 h is
considered safe

(1) Ca-gluconate, (2)
furosemide, (3) dialysis if
very severe

No specific guidance for
supplementation

If severe: (1) restoration
of extracellular volume,
(2) furosemide; (3)
calcitonin

Correct to normal (no
evidence on targets), i.v.
phosphate up to

45 mmol/24 h is
considered safe

Pitfalls and consequences of
correction

Correction max. 10 mmol/24 h
and 1-2 mmol/h. Overcorrection
may lead to demyelination (not
clear whether re-lowering after
overcorrection is helpful)
Overcorrection may lead to
cerebral edema. Chronic
conditions should be corrected,
especially slowly

Overcorrection in case of
concomitant worsening of renal
function and/or development of
acidosis. Correction with
potassium phosphate may lead to
hyper-Pi

Overcorrection may occur with
concomitant treatment/resolving
of acidosis

Prediction of change with
replacement is not easily
predictable

Prediction of change with
replacement is not easily
predictable

Phosphate lowers calcium but may
increase the risk of renal damage.
Bisphosphonates may be used if
the cause is excessive bone
resorption

Prediction of change with
replacement is not easily
predictable. Overcorrection may
quickly occur, especially with
concomitant impairment of renal
function

(continued)
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Table 15.3 (continued)

Condition and

range (mmol/l) Pitfalls and consequences of
[ref] Prevalence Management correction

Hyper-Pi [2, 20-45% Dialysis if very severe Treatment of concomitant
49] (cut-off unclear) hypocalcemia may aggravate
Mild-moderate building of calcium phosphate
1.45-2.10 depositions in the kidneys
Severe >2.10

Hypo-C1<98  7-9% No specific guidance Changes usually occur

[21] available concomitantly with sodium
Hyper-CI [21] 17-45% correction

Moderate

107-110

Severe >110

Classification of mild/moderate/severe is based on provided references. Uniform specific classifi-
cations for severity and management recommendations for ICU patients are not available. Na
sodium, K potassium, Mg magnesium, Ca calcium, Pi phosphate, CI chloride, i.v. intravenous

patients with severe trauma were reported to present with hypokalemia at admis-
sion [24].

A U-shaped relationship between serum potassium levels and in-hospital mortal-
ity as well as an independent association between individual potassium variability
and outcome has been reported [22, 25].

With correction of acidosis or manifestation of refeeding syndrome, the levels
of magnesium and phosphate commonly decrease concomitantly with potas-
sium levels.

15.4.4 Magnesium

Hypomagnesemia is present in 20-50% of patients on ICU admission, and hyperma-
gnesemia in 7-12% [17, 26].

Two meta-analyses have shown associations between hypomagnesemia with
higher mortality, need for mechanical ventilation, and length of ICU stay [27, 28],
and hypermagnesemia was reported to impact mortality in a large cohort study
[29]. However, a recent large study showed that neither hypo- nor
hypermagnesemia on ICU admission was associated with mortality, but
ICU-acquired hypermagnesemia was [26]. Hypomagnesemia may cause second-
ary hypokalemia and hypocalcemia.

15.4.5 Phosphate

The prevalence of hypophosphatemia in ICU patients has been reported as
10-30% [17, 30], and of hyperphosphatemia 20-45% [17, 30], but most of the
studies had retrospective designs and did not measure phosphate in all
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concomitant patients. Moreover, as clinical features are variable (e.g., arrhyth-
mias, neurological disturbances, muscle weakness) and may be attributed to dif-
ferent conditions present in critically ill patients, it is difficult to draw firm
conclusions on the importance of phosphate disturbances. A recent meta-analysis
demonstrated an association of hypophosphatemia with ICU length of stay [31].
The causality of this relationship remains unclear; in our opinion, it should rather
to be interpreted that hypophosphatemia occurs more often in patients staying
longer in the ICU. This hypothesis is further supported by a study reporting the
prevalence of hypophosphatemia as >50% in patients with aneurysmal subarach-
noid hemorrhage [32]. A meta-analysis did not confirm associations of hypophos-
phatemia with increased mortality [31]. Accordingly, the conviction that
hypophosphatemia impairs outcome originates mainly from case series and the
personal clinical experience of the authors of this manuscript. Additionally, a ran-
domized controlled trial on refeeding syndrome demonstrated that nutrient reduc-
tion was able to improve outcomes despite serum electrolyte levels being
successfully corrected in both groups, supporting the hypothesis that refeeding
syndrome (diagnosed based on development of hypophosphatemia) itself affects
outcome [33]. Possibly, the magnitude of change in phosphate level reflecting the
magnitude of the refeeding mechanism may be more important than the absolute
value of measured phosphate.

Hypophosphatemia often occurs along with hypokalemia, whereas hyperphos-
phatemia itself causes hypocalcemia that can lead to hypotension.

15.4.6 Calcium

More than half of ICU patients have hypocalcemia during their ICU stay, whereas
hypercalcemia is less common (2-15%) [17, 34].

Serum calcium levels and/or their change were shown to have a U-shaped asso-
ciation with mortality [34]. Calcium levels are in a close interplay with phosphate
and magnesium. Hyperphosphatemia caused by renal insufficiency or overcorrec-
tion of phosphate levels is one important cause of hypocalcemia in critically ill
patients.

15.5 Management

Aggressive correction of any electrolyte abnormalities is common practice in the
ICU. Sometimes this is required (e.g., severe hypokalemia), but can sometimes be
harmful (e.g., hypo- or hypernatremia). Specific evidence-based treatment targets
are lacking for nearly all electrolytes during critical illness. Overcorrection of elec-
trolyte levels is probably common, but respective evidence is lacking. Importantly,
when correction is undertaken, concomitant changes in other electrolytes need to be
understood, anticipated, and monitored. All available recommendations (Table 15.3)
are not specifically for critically ill patients, and focus mostly on correction of
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severe symptoms, which may not be obvious in critically ill patients due to their
severe condition/underlying disease.

15.5.1 Sodium and Chloride

The key factor of correction of sodium levels is to prevent permanent neurological
injury and reduce symptoms while avoiding osmotic injury caused by rapid correc-
tion of sodium. A specific management strategy needs to be chosen based on the
pathophysiological mechanism, requiring careful differential diagnosis.

International guidelines are available for correction of hyponatremia [18], advo-
cating administration of 3% NaCl for active correction of hyponatremia with severe
or moderate symptoms without suggesting a clear cut-off for serum Na*. Correction
limits of max 10 mmol/24 h for the first day and max 8 mmol/24 h for the next days
have been proposed without solid underlying evidence (recommendation level 2D),
but re-lowering of sodium if correction happens faster than these limits was recom-
mended (1D (!)). Obviously, evidence is very weak, and the optimal rate of correc-
tion (including the rate in the first hours, during later phases, and in acute and
chronic hyponatremia) is controversial, as is the rationale for re-lowering of sodium
if correction was faster than these arbitrarily set limits [35]. In our own clinical
experience, suggested fast correction with 3% NaCl often leads to overcorrection,
whereas a careful start with 0.9% NaCl or Ringer’s solution with frequent monitor-
ing may provide more smooth correction and avoid overcorrection. Importantly,
Ringer’s solution is still significantly hyperosmotic for a patient with very low
sodium values.

Hypernatremia is addressed in Dutch guidelines [36], suggesting immediate
treatment with hypotonic fluids for acute or severely symptomatic hypernatremia,
and preferring isotonic fluids in case of hypotension. Acute hypernatremia may be
corrected fast initially (1-2 mmol/I/h) with maximum limits of 8—10 mmol/24 h
thereafter, whereas rapid correction should be avoided in chronic hypernatremia
[36]. Increased 28-day mortality has been demonstrated in patients with persisting
hypo- or hypernatremia on day 3 [37]. Chloride is usually corrected together with
sodium with application of hyper- or hypotonic solutions.

15.5.2 Low Potassium, Phosphate, and Magnesium

Hypokalemia needs to be corrected fast, arbitrarily to at least >3.0 mmol/l.
Hypokalemia due to correction of acidosis or refeeding should be anticipated and
managed in a timely manner. Serum potassium levels of less than 3.5 mmol/l were
associated with ventricular arrhythmia and mortality in patients with acute myocar-
dial infarction [38], indicating that even mild hypokalemia in patients with con-
comitant triggering factors for arrhythmias [39] may be life-threatening. One
before-and-after study demonstrated that integrating potassium control with com-
puterized glucose control reduced potassium variability and prevalence of abnormal
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values [22]. Correction of hypokalemia to normal levels has been associated with
improved short-term survival [25].

Hypophosphatemia and hypomagnesemia need to be anticipated and looked for/
detected in parallel with hypokalemia if the mechanism of hypokalemia is K* shift.
However, recommendations for clear treatment targets for phosphate and magne-
sium are not available. Intravenous administration of phosphate up to 45 mmol [40]
and of magnesium up to 6 g within 812 h [41] is generally considered safe.
Importantly, as these electrolytes are mainly intracellular, increase in serum levels
in response is dependent on intracellular levels and an effect of a certain dosage on
serum level cannot be well predicted. Correction of serum magnesium near to the
upper normal level for 3 days increased lactate clearance in septic patients in one
small randomized controlled trial [42], whereas a loading-dose of 7.5 g in 8 hours
improved insulin resistance indices in critically ill patients with stress-induced
hyperglycemia in another [43].

15.5.3 High Potassium, Phosphate, and Magnesium

Hyperkalemia management guidelines from the Renal Association [44] recommend
the following steps for management of severe hyperkalemia (defined as >6.5 mmol/l):
(1) administration of intravenous calcium salts (1C); (2) shifting K* into cells with
insulin-glucose infusion (1B) and with inhalation of salbutamol as an additive
option (1B), but not supporting routine use of sodium bicarbonate infusion for shift-
ing (2C); (3) removing K* from the body by administration of potassium binders
(1B), but not supporting cation-exchange resin for severe but rather as an option for
moderate hyperkalemia. There is no clear recommendation for the initiation of RRT.

Rapid increase in extracellular phosphate concentrations in patients with tumor
lysis syndrome, acute kidney injury, or receiving phosphate-containing bowel prep-
aration solutions or enemas may lead to acute phosphate nephropathy with calcium
phosphate depositions in the kidneys [45]. Data on the management of hyperphos-
phatemia in the ICU are scarce; one study showed better control of phosphate levels
with continuous vs. intermittent RRT [46]. In critically ill patients with acute kidney
injury receiving continuous enteral nutrition, a reduced effect of phosphate binders
is expected and more frequent dosing could be considered [45]. In case of severe
hypermagnesemia, intravenous administration of calcium gluconate has been sug-
gested [47].

15.5.4 Calcium

There is no solid evidence that calcium supplementation (with the aim of correction
to normal) is successful or that it may improve outcomes [48]. Hypercalcemia is
often associated with hypovolemia, requiring restoration of blood volume. The
other therapeutic options are limited to serious cases and include loop diuretics and
calcitonin to increase urinary calcium excretion.
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15.6 Conclusion

Electrolyte abnormalities are commonly encountered in critically ill patients. Most
occur during the ICU stay rather than being a reason for ICU admission. A U-shaped
association with mortality has been observed for several electrolytes and higher
variability from ‘hypo’ to ‘hyper’ appears to be associated with impaired outcome.
Many electrolyte abnormalities are induced by the interplay of other electrolyte
disturbances or may be due to correction of these. Overcorrection may occur easily
due to the narrow normal ranges and may lead to iatrogenic electrolyte abnormali-
ties as a consequence. Rate of correction may also impact on outcome for some
electrolyte abnormalities.

Triggers and targets for correction of electrolyte levels are lacking for most elec-
trolytes during critical illness. Whether correction is always necessary and improves
outcome warrants further research, as there is a paucity of data in ICU patients.
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Hemodynamic Instability During 1 6
Continuous Renal Replacement Therapy:
Is It All About Fluid?

S. M.T. Nasser, N. Boyer, and L. G. Forni

16.1 Introduction

The use of renal replacement therapies (RRT) remains the mainstay of treatment for
patients with severe acute kidney injury (AKI) and encompasses intermittent hemo-
dialysis (IHD), prolonged intermittent therapies, and continuous renal replacement
therapies (CRRT) among others. Common to all these techniques is hemodynamic
instability related to RRT, manifest predominantly by a drop in blood pressure.
Much of our understanding behind hemodynamic instability related to RRT is
derived from studies on patients undergoing IHD where solute clearance, based on
diffusion across the dialysis membrane, is driven by a concentration gradient
between blood and dialysate. Fluid removal is achieved through ultrafiltration
whereby water under hydrostatic pressure passes through the semipermeable mem-
brane. The total amount of solute transported per unit of time (clearance), depends
on the molecular weight of the molecule, membrane characteristics, dialysate flow,
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and blood flow [1]. Given fluid is not replaced in IHD, the consequence of rapid
fluid removal may be responsible for any observed hemodynamic instability.

CRRT describes a variety of blood purification techniques that differ according
to the mechanism of solute transport, the type of membrane used, as well as the
presence or absence of dialysate solution. Although ultrafiltration is again employed
to remove plasma water, where required, the process of convection is relatively inef-
ficient. This necessitates higher ultrafiltration rates and as a consequence, replace-
ment of fluid [2]. The overall effect is slower (net) fluid removal in convective
CRRT, which has been preferred by some in intensive care, with the expectation that
this would limit hemodynamic instability related to RRT in the critically ill. Despite
this, the evidence that CRRT is associated with less hemodynamic instability has
been mixed. In a meta-analysis of 9 randomized controlled trials (RCTs), CRRT
was found to be associated with a lower burden of hemodynamic instability than
intermittent RRT (OR = 0.66; 95% CI 0.45-0.96, p = 0.03). However, two of the
largest studies included in the analysis excluded patients with hemodynamic insta-
bility. No significant difference was seen in relation to mortality or recovery to RRT
independence [3]. A subsequent Cochrane meta-analysis comparing CRRT and
IHD showed no significant difference in ICU or in-hospital mortality, hemodynamic
instability, hypotensive episodes, or vasopressor requirement, while showing sig-
nificantly higher mean arterial pressures during therapy with CRRT than with
IHD [3, 4].

16.2 Defining Hemodynamic Instability Related to RRT

The incidence of reported hemodynamic instability related to RRT varies consider-
ably. For example, in CRRT, rates of hemodynamic instability of up to 43% have
been reported whilst in IHD, rates of over 70% are described [5-8]. One of the
explanations behind such disparity is the lack of consensus as to a definition for
hemodynamic instability related to RRT particularly in the critically ill. In 2005, the
Kidney Disease Outcomes Quality Initiative (KDIGO) originally defined intradia-
lytic hypotension as a >20 mmHg drop in systolic blood pressure (SBP) or a
>10 mmHg drop in mean arterial blood pressure (MAP) and, crucially, in the pres-
ence of symptoms related to intradialytic hypotension [9]. More recently a refine-
ment to the definition has been suggested, to include any symptomatic decrease in
SBP or a nadir intradialytic SBP of <90 mmHg, which should prompt reassessment
of blood pressure and volume management [10]. Although applicable to the outpa-
tient setting, such definitions are not relevant to patients treated with RRT on the
ICU for several reasons. First, the recorded SBP of the patient is dependent on many
other factors including the underlying condition causing the AKI, such as sepsis, as
well as interventions such as the use of vasopressors or the effect of mechanical
ventilation. Second, in most cases the patient will not be able to reliably report
symptoms of hemodynamic instability. In terms of defining hemodynamic instabil-
ity related to RRT in the critically ill, a pragmatic approach may be an observed
drop in SBP on commencing RRT or the necessity for an intervention to prevent a
hypotensive episode.
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16.3 Consequences of Hemodynamic Instability
Related to RRT

What is clear from the available evidence is that the development of hemodynamic
instability related to RRT is associated with significant morbidity and mortality,
either through direct cardiovascular ischemia or through repeated kidney insult, pre-
cipitating worse long-term renal recovery [11]. For example, the association
between intradialytic hypotension and 2-year at-risk mortality showed that a nadir
of 90 SBP in >30% of IHD sessions was most strongly associated with mortality,
with an adjusted odds ratio of 1.56 (CI 1.09-2.31) [12]. However, there is little evi-
dence from the critical care literature although hemodynamic instability related to
RRT is associated with increased hospital mortality [11].

16.4 Potential Mechanisms of Hemodynamic Instability
Related to RRT

When considering the mechanisms behind hemodynamic instability related to RRT in
the ICU it is apparent that this phenomenon may be related to the application of the
RRT technique itself or the response of the individual patient to the extracorporeal
circuit. Hence part of this may be modifiable, such as ultrafiltration rate or temperature
of dialysate applied, whereas the individual response may be unpredictable (Fig. 16.1).

@ Excessive UFR @ Osmotic Fluid Shifts @ Dialysate Composition
If the UFR is too high it exceeds Loss of sodium through dialysis Derangements in calcium and
the rate of refilling of the may result in fluid shifts from potassium ion levels have
intravascular compartment from the intravascular to interstitial been linked to HIRT
the interstitium, contributing to compartment, down the
HIRT concentration gradient

@ Dialysate Temperature

Lower temperature dialysate is
thought to reduce convective
heat transfer to the patient and
improve vascular resistance

@ Myocardial Stunning

Regional Wall Motion

Abnormalities have been seen in

patients on RRT and which /'

persist thereafter, with a decline \\ ’
in global LV function. 2 -

Mechanisms are as yet unclear.

Fig. 16.1 Outline of major mechanisms contributing to hemodynamic instability related to renal
replacement therapy (HIRT). UFR ultrafiltration rate, RRT renal replacement therapy, LV left ven-
tricular. (Figure created with BioRender.com)
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16.4.1 RRT Related Mechanisms of Hemodynamic Instability

Perhaps the most discussed aspect of RRT leading to hemodynamic instability is
that of ultrafiltration rate and fluid removal. In terms of intradialytic hypotension
complicating end-stage renal disease, debate has traditionally focused on the role
of the circulating blood volume. Simplistically, dialysis may be viewed as the con-
sequence of the rate of ultrafiltrate extraction exceeding that of the refilling rate
from the interstitial compartment to the intravascular compartment with resulting
reduction in circulating volume and subsequently, cardiac preload. In keeping with
this paradigm, the ultrafiltration rate has been shown to exhibit a dose-dependent
relationship with both intradialytic hypotension and mortality, with ultrafiltration
rate of 12.37 ml/h/kg of body weight the best discriminatory point for predicting
2-year survival [13]. However, to what extent do these factors play a role in CRRT?
Critically unwell patients may require renal support for different indications includ-
ing correction of acidosis, refractory pulmonary edema or fluid overload and, given
the diversity of etiologies that can lead to such indications, it cannot be assumed that
all hemodynamic instability related to RRT is due to over-zealous ultrafiltration.
However, it is likely these mechanisms are also applicable to hemodynamic insta-
bility in CRRT to some extent. Although CRRT may result in a lower rate of
fluid removal, the threshold at which (net) fluid removal exceeds the interstitial-
intravascular re-filling rate may be lower, resulting in preload depletion and higher
frequency of hemodynamic instability in CRRT at a lower fluid removal rate than
in the outpatient hemodialysis setting. Given that paradoxical intravascular vol-
ume depletion with extensive tissue edema is a common finding in the critically ill,
this may go unrecognized, leading to volume depletion with a reduction in cardiac
preload. Indeed, one study on 42 critically ill patients addressed the relationship
between preload dependency and hemodynamic instability in CRRT demonstrating
that hemodynamic instability was associated with preload-dependence in 131 of
243 episodes (54%; CI 95% 48-60%) [14]. Preload dependence was assessed by
postural assessment every 4 h and during every episode of hemodynamic instability,
defined by a decrease in SBP. Interestingly, multivariate analysis found no CRRT-
related factor associated with the development of hemodynamic instability, but pre-
CRRT initiation preload dependence was strongly associated with hemodynamic
instability.

As well as the rate of fluid removal potentially driving hemodynamic instability
related to RRT, osmotic fluid shifts during treatment may also be relevant. Again,
studies have concentrated on patients on IHD where rapid electrolyte (sodium)
clearance in the intravascular space results in loss of fluid to the intravascular com-
partment and intradialytic hypotension, as evidenced by individuals with a higher
calculated plasma osmolarity at the initiation of hemodialysis being at highest risk
of intradialytic hypotension [15]. The role of small solutes, sodium in particular, as
an important factor in driving osmotic shifts that trigger hemodynamic instability,
has been supported by two RCTs, finding that sodium profiling was effective in
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decreasing the frequency of hypotensive episodes in patients undergoing sustained
low-efficiency dialysis (SLED) or IHD [16, 17]. Similarly, oncotic pressure may
also play a prominent role in hemodynamic instability related to RRT, especially
given that critical illness is associated strongly with loss of plasma proteins, albu-
min in particular [18]. Indeed, in critically ill patients, hypoalbuminemia has been
considered as a risk factor for intradialytic hypotension although this may be con-
founded by a low albumin reflecting the severity of illness and being an independent
predictor of mortality. However, one recent randomized, crossover trial has shown
less intradialytic hypotension frequency and severity with administration of 100 ml
25% albumin over 100 ml 0.9% saline in hospitalized, hypoalbuminemic patients at
initiation of hemodialysis, a finding replicated in a recent, small, single center, pilot
RCT, again comparing albumin 25% with 0.9% saline when initiating SLED
[19, 20].

As well as manipulation of the ultrafiltration rate, the composition and the tem-
perature of the dialysate may play a role in the development of hemodynamic insta-
bility related to RRT. Cooler dialysate fluid has been hypothesized to result in less
convective transfer of heat to the blood, resulting in higher peripheral resistance,
and a subsequently higher preload as well as afterload. A systematic review of 22
randomized, crossover studies found that reduction in dialysate fluid temperature
resulted in a significant improvement in both frequency and severity of hemody-
namic instability related to RRT [21]. A more recent meta-analysis also concluded
that lower dialysate temperature reduced the frequency of intradialytic hypotension
(mean 70%; CI 49-89%) and raised intradialytic MAP (mean 12 mmHg; CI
8-16 mmHg), but that high quality, multicenter RCTs are needed for greater confi-
dence as to the exact degree of benefit in reducing hemodynamic instability related
to RRT [22].

Regarding dialysate fluid composition, this may also play a role in terms of
regulating vascular tone where significant electrolytic shifts due to large differ-
ences between serum and dialysate electrolyte concentrations have been the
subject of scrutiny as possible reasons for hemodynamic instability related to
RRT. For example, a higher dialysate calcium concentration was associated with
a higher intradialytic MAP in an albeit small, prospective, cross-over study [23].
This is of less relevance to the CRRT population, particularly where citrate-based
anticoagulation is being performed, given strict adherence to protocols to ensure
ionized calcium levels are maintained in the circulation. This is relevant as rela-
tive hypocalcemia may result in cardiac rhythm disturbances, myocardial stunning
and hypotension [24]. Similarly, potassium levels may be of relevance given the
observation that a rapid decrease in potassium serum concentration as a result of
a significant serum—dialysate potassium concentration gradient, has been associ-
ated with lower blood pressure correlating to a lower peripheral vascular resis-
tance [25]. However, to-date there have been no studies assessing the relationship
between potassium dialysate concentration and hemodynamic instability related to
RRT in critically ill patients [26].
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16.4.2 Patient Related Factors Associated with Hemodynamic
Instability Related to RRT

The response of an individual to the application of RRT also plays a significant
role in determining hemodynamic instability, not least the response of the cardio-
vascular system. For example, the theoretical mechanism of cooler dialysate
increasing systemic vascular resistance and decreasing the frequency if intradia-
lytic hypotension has been challenged, with reduction of myocardial stunning
proposed as an alternative mechanism [27]. Recent evidence has demonstrated
that reduced regional wall motion abnormalities (RWMAs), were associated with
increased intradialytic SBP, higher total peripheral resistance, and lower cardiac
output in a crossover study of 11 patients receiving dialysate fluid tailored to
individual body temperature [28]. These results are further evidenced by results
showing that cooling dialysis at 0.5 °C below body temperature (between group-
difference 1.2 °C = 0.3 °C) for 12 months post-initiation of hemodialysis was
associated with slower progression of hemodialysis-associated cardiomyopathy
[29]. In the chronic hemodialysis population, two or more RWMASs occurring
during dialysis were strongly associated with adverse patient outcomes, in a
dose-dependent manner [30]. Such RWMAs s have also been seen in acute patients
with single organ AKI who did not require inotropic or ventilatory support, with
a median sequential organ failure assessment (SOFA) score of 6 (interquartile
range [IQR] 2) on the day of the study [31]. RRT was commenced within the first
48 h of hospital admission. All patients developed two or more new RWMAs
during dialysis, with a median of 5 (IQR 4-6) affected left ventricular (LV) seg-
ments. These changes persisted after dialysis (median number of RWMAs 4, IQR
3-6) with a decline in global LV contractility falling from a normal pre-dialysis
level of -17.8 +3.7% to an abnormal level during dialysis (-15.3 +2.3%, p=0.03)
and remaining low in the post-dialysis period (-14.8 = 2.8%, p = 0.002)
(Fig. 16.2). Interestingly, high-sensitivity troponin-T values were significantly
higher 6 h after dialysis; 56 pg/l (IQR 394 pg/l) versus 39 pg/l (IQR 216 pg/l),
p = 0.003. Of note these changes occurred on a backdrop of only modest
ultrafiltration (mean ultrafiltration rate 5 + 3 ml/h/kg, mean ultrafiltration volume
1.4 + 1 1) and although no significant change in MAP was observed, this masked
individual variation given that seven patients had an episode of intradialytic
hypotension [31]. A similar study in 11 critically ill patients found that CRRT
also resulted in significant myocardial stunning and, interestingly, no change in
blood pressure, heart rate, dose of vasoactive medication or lactate was seen.
However, only four patients survived off RRT during the study [32]. It may be
hypothesized that these acutely observed areas of RWMA develop fixed segmen-
tal systolic dysfunction deficits, which are observed in some end-stage renal dis-
ease patients [33].

Hemodynamic instability can start minutes after commencement of RRT, before
significant ultrafiltration or osmotic shifts have occurred and is strongly associated
with in-hospital mortality [34]. It follows that some other mechanism(s) must play a
significant role and interest has turned to the effect of RRT on the microcirculation.
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Fig. 16.2 The number of unaffected left ventricular (LV) segments during dialysis, demonstrating
the onset of regional LV dysfunction. All patients experienced new regional wall motion abnor-
malities (RWMAs) during dialysis using the pre-defined definition of >20% reduction in segmen-
tal longitudinal strain. At 50% threshold, results were broadly similar with 9 out of the 11 patients
demonstrating two or more new RWMAs. (Reproduced from [31] and distributed under the terms
of the Creative Commons Attribution-NonCommercial 4.0 International License)

Shunting of blood volume from the microcirculation to the macrocirculation is
observed in patients on hemodialysis post-ultrafiltration, resulting in volume deple-
tion in the microcirculation and slowing of blood velocity [35, 36]. Furthermore, in
critically ill patients receiving SLED, a significant reduction in circulating levels of
the nitric oxide (NO) metabolites, nitrate and nitrite, and cGMP, a signaling marker
of bioactive NO was observed, with levels of nitrate and nitrite returning to baseline
levels before the commencement of the second SLED session [37]. These findings
accord with previous studies demonstrating decreased NO production in patients on
hemodialysis [38]. Of note, IHD is known to increase levels of cell-free hemoglo-
bin, a highly efficient scavenger of NO, with sequestration of free NO by more than
70% as observed in chronic hemodialysis patients, at the same time as observed
impairment of vascular function [39]. The degree to which this mechanism con-
tributes to hemodynamic instability in patients on hemodialysis or CRRT needs
further characterization, especially in light of the essential role endothelial-derived
and hemoglobin-bound NO play in maintaining microcirculatory blood flow [40].
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16.5 Conclusion

The mechanisms behind the hemodynamic instability observed in patients undergo-
ing RRT clearly go beyond simple volume removal and, although minimizing
osmotic and oncotic fluid shifts and use of a judicious ultrafiltration rates in those at
highest risk identified through assessment of preload dependence may be relevant,
strong evidence for this in the CRRT setting is missing. More recently, it has been
observed that RWMAs and myocardial stunning seen in RRT may be of relevance
in determining outcomes. In this regard, it has been shown that critically ill patients
who tolerate more intensive ultrafiltration have an improved outcome at 1 year and
perhaps in this group the effects on myocardial performance are less profound [41].
Therefore, mitigating hemodynamic instability to allow more ultrafiltration may be
of relevance, particularly in the context of significant fluid overload where reduction
in ultrafiltration rate may not always be the appropriate course of action. What is
clear is that we have much to learn with regard to hemodynamic instability related
to RRT, no matter how it is defined, and reducing its incidence may well translate
into improved outcomes for our patients.
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How to Prolong Filter Life During 1 7
Continuous Renal Replacement
Therapy?

Y. Tsujimoto and T. Fujii

17.1 Introduction

Renal replacement therapy (RRT), now also called kidney replacement therapy [1],
is an essential intervention in critical care. Epidemiological studies have reported
around 40% of patients in the intensive care unit (ICU) have acute kidney injury
(AKI) [2-4]. However, effective strategies to prevent or treat AKI have yet to be
established. Thus, RRT remains the mainstay of supportive measures for critically
ill patients with AKI. It has been reported that 17-24% of critically ill patients with
AKI receive some form of RRT during the ICU stay [2—-4].

Continuous renal replacement therapy (CRRT), which runs slowly but continu-
ously over 24 h, is more likely to be used than intermittent RRT in the ICU. Its mild
impact on hemodynamics and solute clearance rate is preferred for critically ill
patients. However, CRRT requires some measure(s) to prevent the filter from clot-
ting due to the nature of the extracorporeal circuit. Filter clotting causes downtime
of the therapy, leading to undertreatment, which may not be sufficiently recognized
in clinical settings.

A recent randomized controlled trial (RCT) [5] added evidence on the choice of
anticoagulation strategies to prolong filter life in critically ill patients with AKI. The
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trial compared regional citrate administration with systemic heparin administration
to find that regional citrate could increase filter life span by 11 h.

Attempts that are made in the ICU to prevent filters from clotting are not limited
to anticoagulation therapies. Choices of the modality, blood flow, filter, and cathe-
ters potentially affect filter life [6, 7]. Clinical research related to AKI or RRT in the
ICU has revealed variations across countries or facilities in the prescription of RRT
[3, 4, 8-10]. The variations imply much uncertainty in the prescription of RRT to
improve clinical practice.

This state-of-the-art chapter summarizes the latest best available evidence for
pharmacological and non-pharmacological interventions to prevent filters from
clotting during CRRT in the ICU, focusing on recent clinical trials and observa-
tional studies.

17.2 Pharmacological Interventions to Prolong Filter Life

Pharmacological approaches include intravenous anticoagulants, oral anticoagu-
lants, and antiplatelet agents. Regional citrate anticoagulation and systemic heparin
are commonly used to maintain adequate patency of the extracorporeal circuit dur-
ing CRRT. A major downside of the pharmacological approach is bleeding.
Critically ill patients are commonly at high risk of bleeding due to coagulation
abnormalities, including thrombocytopenia, prolonged prothrombin time (PT), and
activated partial thromboplastin time (APTT). For such patients, clinicians may pre-
scribe CRRT without anticoagulants for filter clotting prevention, concerned that
the bleeding risk exceeds the benefits of the drug in providing an extended circuit
life. In fact, a recent large multinational clinical trial of CRRT reported that 24% of
patients did not receive any anticoagulants during CRRT [9].

However, the evidence to support the practice, i.e., no anticoagulation for CRRT
in patients at high risk of bleeding, is scarce. Only small and inconclusive trials have
examined the effects of pharmacological interventions, including systemic heparin,
regional heparin with protamine reversal, and nafamostat mesylate, on filter life and
bleeding events compared with no anticoagulation (Table 17.1) [11-13].

17.2.1 Regional Citrate Anticoagulation Versus Systemic Heparin,
Low Molecular Weight Heparin, or Regional Heparin
with Protamine Reversal

The Kidney Disease: Improving Global Outcomes (KDIGO) guidelines suggest
using regional citrate anticoagulation for CRRT based on a low certainty of evi-
dence [14]. The mechanism of action of regional anticoagulation with citrate is that
citrate chelates calcium and acts as a local anticoagulant when administered pre-
filter, reducing the risk of bleeding compared to systemic anticoagulation. However,
citrate poses a risk of hypocalcemia, metabolic acidosis, or metabolic alkalosis if
partially metabolized and accumulated.
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Table 17.1 Pharmacological interventions investigated in randomized clinical trials for prevent-
ing clotting during continuous renal replacement therapy. Adapted from a Cochrane systematic
review [6] and the RICH trial [5]

Number of Total number of participants in

Intervention trials the trials

Anticoagulants
Regional citrate anticoagulation 14 1697
Systemic heparin infusion 24 1837
Low molecular weight heparin 11 584
Regional heparin with protamine reversal 6 441
Nafamostat mesylate 2 133
Direct thrombin inhibitors (hirudin and 3 53
bivalirudin)

Antiplatelet agents
Prostaglandin 12 inhibitors (epoprostenol 5 154
and iloprost)
Prostaglandin El inhibitors (Alprostadil) 1 54
Glycoprotein IIb/IIla antagonists 1 40
(tirofiban)

Placebo or no pharmacological 3 177

intervention

An observational study from Germany (n = 1059) reported that citrate accumu-
lated in 2% of patients in the first 48 h of continuous venovenous hemodialysis
(CVVHD) in the ICU [15]. In addition, the study explored the predictability of
lactate clearance for citrate accumulation and reported a threshold of 24.3% at 12 h
of CRRT. The finding suggested regional citrate anticoagulation can be used safely
with close monitoring of lactate clearance. A Cochrane review published in 2020
summarized the evidence from RCTs. Regional citrate anticoagulation probably
decreases major bleeding events with no difference in successful prevention of clot-
ting compared with systemic heparin [6].

The RICH trial was the largest so far, enrolling 596 patients, to compare the
effects of regional citrate anticoagulation with those of systemic heparin anticoagu-
lation on filter life and mortality [5]. The trial was terminated after the first interim
analysis for the early proof of the superiority of regional citrate anticoagulation on
filter life and futility in effects on mortality at 90 days. With the available data, anti-
coagulation with regional citrate significantly prolonged filter life (mean difference,
11.2 h [95%CI, 8.2—-14.3]) and reduced bleeding complications (odds ratio, 0.27
[95%CI, 0.15-0.49]).

Regional citrate anticoagulation was compared with systemic low molecular
weight heparin (LMWH) in two trials (n =268 in total) [6]. The larger trial (n =215)
using nadroparin reported similar filter life in the two groups (median, 27 h vs.
26 h); however, adverse events that required discontinuation of study anticoagulant
occurred more frequently with nadroparin (2% vs. 19%) [16]. Three trials compared
regional anticoagulation with regional heparin accompanied by protamine reversal
(n =252 in total) [6]. The largest trial (n = 212) found longer filter life with regional
citrate anticoagulation (median, 39.2 h vs. 22.8 h) [17]. The two largest RCTs in
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these two comparisons showed superiority of regional citrate anticoagulation over
the comparator in terms of filter life and adverse events. Unfortunately, no trial has
been conducted to compare regional citrate anticoagulation with other anticoagula-
tion strategies [6].

17.2.2 Systemic Heparin Versus Regional Heparin with Protamine
Reversal, Low Molecular Weight Heparin, Thrombin
Antagonists, or Antiplatelet Agents

KDIGO guidelines recommend using either unfractionated or low molecular weight
heparin, rather than other anticoagulants during CRRT in patients with
contraindications for citrate, such as liver failure or shock representing a risk of
citrate accumulation [14]. Alternatives include nafamostat mesylate, thrombin
antagonists (e.g., hirudin or bivalirudin), and antiplatelet agents (e.g., epoprostenol,
iloprost, alprostadil, or tirofiban).

A recent large multinational RCT showed that less than 3% of patients undergo-
ing CRRT received such alternative anticoagulation strategies [9]. In addition, the
recent Cochrane systematic review found no convincing evidence to indicate the
superiority or inferiority of systemic heparin, regional heparin with protamine
reversal, LMWH, or other alternative anticoagulants [6].

17.2.3 Implications for Clinicians and Future Research
on Pharmacological Interventions

e Benefits from any pharmacological intervention compared to no pharmacologi-
cal intervention are uncertain, particularly in patients at high risk of bleeding.

e If there is no contraindication, regional citrate anticoagulation is the first choice
as a pharmacological strategy to maintain filter patency.

e Clinical research is needed to investigate which/whether anticoagulants should
be used for patients at high risk of bleeding or patients with contraindication/s to
regional citrate anticoagulation.

17.3 Non-pharmacological Interventions to Prolong
Filter Life

Non-pharmacological interventions to prolong filter life during CRRT include the
strategic selection of modalities, blood flow rates, catheter sites and types, and fil-
ters. However, the effects of those non-pharmacological interventions in patients
undergoing CRRT have not been well studied compared with pharmacological
interventions. Only a few randomized trials have been conducted so far (Table 17.2);
furthermore, most studies were conducted more than a decade ago [7]. The clinical
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Table 17.2 Non-pharmacological interventions investigated in randomized clinical trials for pre-
venting clotting during continuous renal replacement therapy. Adapted from a Cochrane system-
atic review [7]

Number of Number of participants in the
Interventions trials trials
Modes
CVVH, CVVHD, or CVVHDF 10 520
Pre-dilution or post-dilution 2 48
Blood flow
Higher blood flow or standard blood flow 2 134
Catheter types
Long or short catheter 1 100
Surface-modified double-lumen catheter 1 236
Filter types
ANG69ST 3 76
More and shorter hollow fiber 1 6
Flat plate fiber* 1 38
Filter with a larger membrane surface area® 1 38
Others
Single- or double-site infusion 1 38
anticoagulation®

* From one study embedding three comparisons. CVVH continuous venovenous hemofiltration,
CVVHD continuous venovenous hemodialysis, CVVHDF continuous venovenous hemodiafiltra-
tion, AN69ST polyethylenimine-treated AN69 membrane

practice in this field has changed dramatically, as exemplified by the widespread use
of regional citrate. However, some evidence, including “no evidence of effect”, may
inform clinicians in decisions on the use of non-pharmacological interventions and
is, therefore, summarized here with some recent observational findings.

17.3.1 Modes of Continuous Renal Replacement Therapy

Standard modes of CRRT include continuous venovenous hemofiltration (CVVH),
CVVHD, and continuous venovenous hemodiafiltration (CVVHDF). Theoretically,
CVVH has a better clearance of medium-sized solutes than CVVHD, but in practice
it has been suggested that CVVHD provides equivalent clearance [18].

Although many studies have compared different modes of CRRT to each
other for solute clearance or mortality, filter life was seldom measured as an
outcome [7]. Limited available evidence (n = 77 in total) shows that CVVHD
or CVVHDF might prolong filter life compared with CVVH [18, 19]. However,
a single-center observational study published in 2021 (n = 284) reported no
difference in filter life between CVVHD and CVVHDF (median, 16.4 h vs.
16.8 h) [20].

When CVVH or CVVHDF is used, replacement fluid can be infused before and/
or after the filter: pre-dilution and/or post-dilution. The effect of pre-dilution on
filter life was compared with post-dilution in two very small RCTs (n =47 in total)
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[7]. The pooled effect reported in the recent Cochrane systematic review implied
that pre-dilution filtration might improve filter lifespan compared with the post-
dilution technique [7]. Pre-dilution CRRT aims to decrease hemoconcentration;
however, excessive hemodilution reduces solute clearance. To this end, replacement
fluid may be split between pre- and post-filter, or blood flow rate may be kept high
at at least 200 ml/min [21].

17.3.2 Blood Flow Rate

The blood flow rate of CRRT is variably prescribed from 80 to >300 ml/min world-
wide [22, 23]. Expert consensus recommends a blood flow rate of >200 ml/min
[24]. However, evidence from two RCTs (n =499 in total) found that a higher blood
flow rate may make little or no difference to circuit lifespan compared with a stan-
dard blood flow rate [7]. In addition, a recent observational study suggested that low
blood flow did not independently affect filter life [20].

17.3.3 Vascular Access and Catheter Types

KDIGO guidelines [14] recommend using uncuffed, non-tunneled dialysis cathe-
ters, rather than tunneled catheters for initiating CRRT, based on a small RCT [25].
The RCT (n = 34) showed less dysfunction, fewer infectious or thrombotic compli-
cations, and more prolonged catheter survival with tunneled catheters [25]. However,
tunneled catheters required increased insertion time and resulted in more femoral
hematomas. The uncertainty of the findings due to the small sample size and uncom-
mon catheter insertion procedure for CRRT settings precluded the recommendation
of tunneled catheters [14]. A RCT comparing the functionalities of tunneled and
non-tunneled catheters as the initial catheter for CRRT was registered (Clinical Trials.
gov Identifier: NCT03496935); however, the trial status is unclear.

The guidelines recommend using the right jugular vein, then the femoral vein,
the left jugular vein, and the subclavian vein in this order when inserting catheters
[14], based on observational studies. Catheters in the right jugular vein have fewer
complication of stenosis or thrombosis as they have a straight course into the supe-
rior vena cava and the least contact with the vessel wall. By contrast, a catheter
inserted through the subclavian or the left jugular vein has one or more angulations,
which increases the risk of contact with blood vessels. An RCT (n = 750) that
included patients having CRRT or intermittent hemodialysis showed little differ-
ence between femoral or jugular catheter placement in catheter survival and compli-
cations except in patients with a high body mass index [26].

Several types of catheters have also been studied [7]. Compared with short cath-
eters targeting tip placement in the superior vena cava, long catheters arriving in
the right atrium may prolong the filter life [27]. A surface-modified double-lumen
catheter compared with a standard double-lumen catheter may also extend filter
life [28].
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17.3.4 Types of Filters

Many filters have been examined for effects on clinical outcomes; however, most
evidence is of very low certainty [7]. Polyethylenimine-coated AN69 membranes
(ANG69ST), in which unfractionated heparin is bound onto the polymers, have been
suggested to reduce the need for anticoagulation during CRRT [29, 30]. However,
the AN69ST membrane has yet to be proven to provide longer filter life than other
membranes in randomized studies (n = 56 in total) [7]. Furthermore, a small RCT
suggested that citrate would provide better regional anticoagulation than AN69ST
membranes in patients at high risk of bleeding [31]. As such, AN69ST should not
be used to extend filter life at this stage. Two RCTs are currently underway to deter-
mine the impact of AN69ST on filter life (ClinicalTrials.gov Identifiers:
NCT03426943 and NCT01779635).

For the other types of filter, including filters with more and shorter fibers, hollow
fibers, or flat plate fibers, and filters with large membrane areas, there is no reliable
evidence regarding their impact on filter life [7].

17.3.5 Implications for Clinicians and Future Research
on Non-pharmacological Interventions

¢ Convection predominant modes may shorten the filter life; however, the evidence
is uncertain.

e Keeping blood flow rates greater than 200 ml/min appears not to prolong fil-
ter life.

e Jugular access does not have evident superiority over femoral access in terms of
filter life.

e There is insufficient evidence on the effects of non-pharmacological interven-
tions on preventing filter clotting during CRRT to be able to make recommenda-
tions for routine practice. In particular, up-to-date evidence is lacking.

17.4 Conclusion

The recent RICH trial [5] confirmed evidence that regional citrate anticoagulation
provides longer filter life than systemic heparin anticoagulation during CRRT in
critically ill patients. The effects of other anticoagulants, even compared with no
anticoagulation, are uncertain. Non-pharmacological interventions have not been
investigated sufficiently. With the widespread use of regional citrate anticoagulation
over the last decade, high quality pragmatic trials investigating second line antico-
agulation and non-pharmacological interventions in current ICU settings are
warranted.
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Prevention of Acute Kidney Injury After 1 8
Cardiac Surgery

M. Ostermann, K. Weerapolchai, and N. Lumlertgul

18.1 Introduction

Patients undergoing cardiac surgery are at high risk of acute kidney injury
(AKI). There are several contributing factors, including hemodynamic insta-
bility, inflammation, iron release, and exposure to nephrotoxic agents [1]. In
its most severe form, AKI is associated with a longer stay in the intensive care
unit (ICU) and in hospital, risk of non-renal organ dysfunction, high health-
care costs, and reduced chances of survival [1, 2]. Survivors are at risk of
premature chronic kidney disease, even if renal function initially recovers. In
this chapter, we summarize current perioperative strategies to prevent the
development or progression of AKI after cardiac surgery and outline areas of
uncertainties.
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18.2 Preoperative Measures

Pharmacologic and non-pharmacologic measures have been investigated to prevent
AKI after cardiac surgery. However, most studies are relatively small and limited by
differences in inclusion criteria, and application of heterogeneous definitions of AKI.

18.2.1 Pharmacological Interventions

18.2.1.1 Angiotensin Converting Enzyme Inhibitors
and Angiotensin Receptor Blockers

The evidence for management of angiotensin converting enzyme inhibitors (ACEIs)
and angiotensin receptor blockers (ARBs) preoperatively is limited to observational
studies with conflicting results. Most studies reported a higher risk of intraoperative
hypotension in patients who had received ACEIs/ARBs preoperatively, although, in
some studies, an association with postoperative AKI was also noted [3, 4]. For this
reason, it is currently recommended that ACEIs and ARBs should be withheld dur-
ing the perioperative period [1].

18.2.1.2 Statins

Systemic inflammation during cardiac surgery contributes to AKI and death
postoperatively. Statins are effective at attenuating inflammation and oxidative
stress. However, there is no evidence that they reduce the risk of AKI after cardiac
surgery [5]. In fact, the STICS (Statin Therapy in Cardiac Surgery) trial randomized
1922 patients to either perioperative rosuvastatin or placebo and reported a signifi-
cantly higher AKI incidence in the statin group [6]. Thus, starting a statin in statin-
naive patients pre-cardiac surgery to prevent AKI is not recommended.

18.2.1.3 Corticosteroids

The rationale for exploring the role of corticosteroids to prevent AKI after cardiac
surgery is based on their ability to inhibit pro-inflammatory cytokines and upregu-
late antiinflammatory cytokines. Two large randomized controlled trials (RCTs),
‘Dexamethasone in Cardiac Surgery’ (DECS) and ‘Steroids in Cardiac Surgery’
(SICS), and a subsequent large meta-analysis concluded that steroids did not protect
against AKI after cardiac surgery [7-9]. However, need for renal replacement ther-
apy (RRT) was not explored as a separate outcome. In a follow-up analysis of the
DECS trial, the investigators reported a reduced incidence of AKI requiring RRT in
patients treated with dexamethasone [10]. Further research is necessary to confirm
these findings.

18.2.1.4 Albumin

A single-center RCT in patients undergoing off-pump cardiac surgery showed that
correction of hypoalbuminemia (<4 g/dl) by administering albumin 20% immedi-
ately before surgery was associated with increased urine output during surgery and
a reduced risk of postoperative AKI [11].
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18.2.1.5 N-acetylcysteine

N-acetylcysteine (NAC) is a precursor of intracellular glutathione, an antioxidant,
and reduces pro-inflammatory cytokines and oxygen free-radical production, and
ameliorates ischemia-reperfusion injury. Although it may theoretically reduce
postoperative complications after cardiac surgery, two recent meta-analyses con-
cluded that there was no role for NAC in preventing cardiac surgery associated AKI
[12, 13].

18.2.1.6 Erythropoietin

A porcine model demonstrated that exogenous erythropoietin (EPO) was protective
against ischemia—reperfusion injury via immunomodulatory effects. The role of
EPO in patients undergoing cardiac surgery remains uncertain. While clinical trials
and a meta-analysis concluded that exogenous EPO did not reduce the risk of AKI,
a subgroup analysis suggested that the effect may be dose-dependent [14]. Low-
dose EPO (200-300 IU/kg) but not high-dose EPO (400-500 IU/kg) before anes-
thesia was protective against AKI after cardiac surgery. Further research will be
necessary to explore the exact role of EPO in this setting.

18.2.1.7 Sodium Bicarbonate

There are theoretical benefits with sodium bicarbonate therapy, but studies have
failed to show any evidence that sodium bicarbonate administration reduces the risk
of AKI after cardiac surgery; instead, it may be associated with prolonged mechani-
cal ventilation and longer stay in the ICU [15, 16].

18.2.1.8 Avoidance of Nephrotoxic Exposure

Cardiac surgery should be delayed until 24—72 h after the administration of contrast
provided the clinical condition allows [1]. Non-steroidal anti-inflammatory drugs
should be avoided perioperatively. If aminoglycosides are necessary, they should be
used for as short a period as possible.

18.2.1.9 New Drugs

QPI-1002 is a synthetic small interfering ribonucleic acid (si-RNA) designed to
temporarily downregulate the expression of the pro-apoptotic gene p53 via activa-
tion of the RNA interference (RNA1i) pathway. It was hypothesized that inhibition of
p53 may provide time for renal tubular epithelial cells to repair before apoptosis.
Although a phase I study in patients at risk of AKI after on-pump cardiac surgery
showed that QPI-1002 was safe and well-tolerated [17], a subsequent larger multi-
center phase 3 trial was negative (ClinicalTrials.gov Identifier: NCT03510897).

18.3 Intraoperative Strategies

A number of intraoperative measures have been studied to either protect the kidneys
or to optimize renal blood flow and oxygen delivery during surgery, including surgi-
cal and anesthetic techniques, hemodynamic management, and fluid therapy.
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18.3.1 Surgical Techniques

Cardiopulmonary bypass (CPB) and systemic inflammation may contribute to
the development of AKI. A large multicenter RCT compared off-pump with
on-pump coronary artery bypass graft (CABG) surgery in 4752 patients [17].
There was no difference in the incidence of severe AKI; new renal failure
requiring dialysis was 1.3% in both groups after 1 year with a 5-year incidence
of 1.7% in the off-pump and 1.9% in the on-pump group. Similar results were
seen in other multicenter RCTs comparing off-pump and on-pump CABG sur-

gery [18].

18.3.2 Bypass Related Factors

18.3.2.1 Biocompatible Coatings

Heparin-bonded or phosphorylcholine coated circuits have been proposed as “more
physiological surface” equipment. Studies investigating their role showed improved
outcomes, such as reduced requirement for blood transfusions and shorter length of
stay in hospital, but also less postoperative creatinine elevations [19]. Recent
European guidelines recommend biocompatible coatings with class Ila evi-
dence [20].

18.3.2.2 Minimally Invasive Extracorporeal Circulation

The concept of minimally invasive extracorporeal circulation (MiECC) includes the
routine use of heparin-coated circuits, a small priming volume, a closed system, a
centrifugal pump, and no venous reservoir. A retrospective propensity score matched
analysis showed that MiECC was associated with a lower incidence of AKI post-
CABG surgery [21]. However, a subsequent small RCT comparing miniaturized
CPB with conventional CPB surgery in 68 patients showed no difference in the
incidence of AKI [22]. The exact reasons for this discrepancy are not clear but may
be related to the fact that non-invasive techniques, such as minimal priming vol-
umes and heparin coated circuits, have already been adopted in routine clinical
practice.

18.3.2.3 Leukocyte Depletion

Experimental data show that neutrophils and leukocytes accumulate in kidneys fol-
lowing ischemia-reperfusion mediated injury. Leukocyte depletion filters have been
proposed to attenuate inflammation and to prevent AKI. Interestingly, a meta-
analysis including 6 trials and 374 patients found that leukocyte depletion filters
indeed reduced the incidence of worsening kidney function [23]. However, the trials
included in the analysis were small with varying definitions of AKI. A subsequent
Cochrane review found no benefit with leukocyte depletion filters [24] and the most
recent European CPB guidelines do not recommend the routine use of leukodeple-
tion [20].
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18.3.2.4 Intra-aortic Balloon Pump

There is an association between the use of intra-aortic balloon pump (IABP) during
CPB in selected high-risk patients and improved whole-body perfusion, less endo-
thelial activation, less AKI, and reduced need for RRT [25]. However, concern
exists that TABP may also significantly lower aortic pressure in the distal portion of
the aorta and in fact impair renal perfusion. Therefore, it should only be used in
carefully selected patients.

18.3.3 Cardiac Anesthesia

18.3.3.1 Remote Ischemic Preconditioning

Remote ischemic preconditioning is a technique that involves repetitive brief periods
of ischemia by inflating a blood pressure cuff on the upper arm or thigh for several
minutes followed by release for reperfusion. It is proposed that these ischemia-
reperfusion processes stimulate the release and activation of anti-inflammatory cyto-
kines, neural autonomic pathways, and humoral signaling pathways, thus preventing
distal organ dysfunction. The role of remote ischemic preconditioning in preventing
cardiac surgery-associated AKI is controversial. Although experimental data and
results from small RCTs support the application of remote ischemic preconditioning,
large multicenter RCTs found no difference in the incidence of postoperative AKI
[26-28]. However, these results do not exclude the possibility that remote ischemic
preconditioning is beneficial in specific patient groups.

18.3.3.2 Volatile Versus Intravenous Anesthesia
Experimental data suggest that volatile anesthetics have renal protective effects.
Propofol may also protect the kidneys, as demonstrated in a small RCT in patients
undergoing valve surgery [29]. A meta-analysis comparing volatile and intravenous
anesthesia did not show any difference in postoperative AKI [30]. Thus, a potential
renal protective effect by either volatile or intravenous anesthetics as suggested by
experimental data, has not been consistently shown in clinical practice.
Dexmedetomidine is an alpha-2-adrenoreceptor agonist with sedative, analgesic,
and sympathicolytic effects. Immediately after induction or before CPB, adminis-
tration of dexmedetomidine might attenuate inflammatory cytokines and renal isch-
emia. A meta-analysis of 9 RCTs including 1308 patients reported a significantly
reduced incidence of AKI after cardiac surgery, in particular in patients older than
60 years [31]. Larger high-quality trials are required to confirm this finding.

18.3.4 Intraoperative Fluid and Hemodynamic Management

Goal-directed therapy is a strategy to increase cardiac output by using fluids and/or
inotropes to improve oxygen delivery to organs and tissues. It has been shown to be
associated with a lower incidence of AKI after cardiac surgery and was included as
a class I recommendation in recent European guidelines [20].
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18.3.4.1 Fluids

Type and volume of fluid are associated with risk of AKI. A single center, prospec-
tive cohort study indicated that a higher positive fluid balance was associated with a
higher need for RRT following cardiac surgery [32]. Similarly, a large retrospective
analysis demonstrated an association between a positive fluid balance and AKI post
cardiac surgery [33]. Whether there is a role for active fluid restriction in cardiac
surgery has not been investigated.

The type of fluid may also impact the risk of postoperative AKI. A large RCT in
600 patients undergoing off-pump CABG surgery showed that the use of balanced
crystalloid solutions was associated with a significantly decreased incidence of
stage 1 AKI postoperatively [34].

18.3.4.2 Hemodynamic Management

Hemodynamic management during CPB is crucial to maintain an adequate perfu-
sion pressure in the kidneys. A trial comparing a high mean arterial blood pressure
(MAP) target (70-80 mmHg) with a low MAP target (40-50 mmHg) during CPB
showed that significantly more patients randomized to the high MAP target doubled
their creatinine levels [35]. In contrast, a study in 410 patients undergoing cardiac
surgery with CPB demonstrated that blood pressure excursions below the lower
limit of the cerebral autoregulation threshold were associated with AKI [36]. The
mean lower limit of cerebral autoregulation is 66 mmHg but individual values vary
between 40 and 90 mmHg. The recent European guidelines recommend MAP tar-
gets between 50 and 80 mmHg during CPB but individualized blood pressure man-
agement may be most effective [20].

Oxygen delivery (DO,) during CPB has been shown to be directly associated
with postoperative AKI. A large multicenter RCT compared a goal-directed perfu-
sion strategy aimed at maintaining a high normal DO, target >280 ml/min/m? with
conventional perfusion and demonstrated that patients receiving goal-directed per-
fusion during CPB had a significantly lower incidence of postoperative AKI [37].

18.3.4.3 Blood Products

Preoperative anemia is associated with AKI and mortality after cardiac surgery, but
transfusion of at least two units of packed red blood cells (RBCs) during surgery is
also considered a risk factor for AKI after cardiac surgery. Two large RCTs in which
patients were randomized to a liberal versus restrictive RBC transfusion strategy
intraoperatively and postoperatively (hemoglobin trigger <9.5 g/dl versus <7.5 g/dl)
showed no difference in postoperative AKI [38, 39]. Therefore, blood transfusion
beyond traditional transfusion triggers is not considered an effective strategy to pro-
tect kidney function.

18.3.5 Mechanical Ventilation

Need for mechanical ventilation is a common risk factor for AKI during critical
illness, in particular in patients with acute respiratory failure. The contributing
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mechanisms include hemodynamic, neurohormonal, and immune-mediated pro-
cesses. Mechanical ventilation strategies during CPB were investigated in a
meta-analysis and semi-quantitative review of 16 RCTs, including a total of 814
patients [40]. Whilst continuous positive airway pressure (CPAP) and vital
capacity maneuvers during CPB improved oxygenation variables after CPB,
there was no sustained benefit and AKI was not included as an outcome variable.
Whether particular ventilation strategies during cardiac surgery (pre- and post-
CPB) protect kidney function more than others remains unclear. Until further
research results are available, it is recommended to monitor tidal volumes and
ventilation pressures and to apply lung protective ventilation strategies whenever
possible to reduce the impact on lung and kidney function [41].

18.3.6 Intraoperative Drugs

There are no specific pharmacological interventions to prevent cardiac surgery-
associated AKI. Many drugs, including dopamine, diuretics, mannitol, and natri-
uretic peptides, have been studied. Although they may increase urine output, none
are routinely used due to limited and conflicting data and, in some cases, evidence
of harm [1].

Furosemide: Prophylactic administration of furosemide has not been shown to
reduce postoperative AKI after cardiac surgery in small RCTs and therefore cannot
be recommended as a strategy to protect kidney function [42].

Mannitol: Perioperative mannitol was investigated in two small RCTs in 50
patients with established renal dysfunction and 40 patients with normal preopera-
tive kidney function [43, 44]. There were no beneficial renal effects.

Atrial natriuretic peptide: Meta-analyses of studies performed in patients under-
going cardiovascular surgery showed that there was a reduced need for RRT with
administration of low-dose atrial natriuretic peptide (ANP) [45]. In high doses,
ANP was associated with more adverse events. However, most studies on ANP were
underpowered and considered of low or moderate quality. Therefore, ANP is not
currently recommended for treatment of AKI [1].

Fenoldopam: Fenoldopam has been studied in several trials. Although meta-
analyses have suggested a decrease in RRT with fenoldopam in patients with AKI
after cardiac surgery, a multicenter RCT including 667 patients with AKI after car-
diac surgery was stopped for futility after an interim analysis [46]: fenoldopam
infusion, compared with placebo, did not reduce the need for RRT but caused more
harm, in particular hypotension.
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18.4 Postoperative Strategies

The 2012 Kidney Disease: Improving Global Outcomes (KDIGO) guideline rec-
ommends optimization of fluid status and hemodynamics, consideration of early
functional hemodynamic monitoring, avoidance of hyperglycemia and radiocon-
trast agents, and discontinuation of nephrotoxic medications to prevent or miti-
gate AKI [47]. Two RCTs investigated whether the implementation of the KDIGO
recommendations impacted the occurrence of AKI in high-risk cardiac surgery
patients [48, 49]. In both studies, the urinary cell cycle arrest biomarkers tissue
inhibitor of metalloproteinase-2 (TIMP-2) and insulin growth factor binding pro-
tein 7 (IGFBP7) were measured 4 h after cardiac surgery to identify patients with
early kidney injury. The first RCT was a single center study of 276 patients and
showed that, in patients with a positive urinary cell cycle arrest result after sur-
gery, adherence to the KDIGO recommendations resulted in a significantly lower
incidence and reduced severity of AKI compared to usual care [49]. However,
there were no significant differences in any other secondary outcomes including
all-cause mortality, requirement for RRT, or length of stay in ICU or hospital.
The second RCT was a multinational study with a similar design [48]. It showed
a significant reduction in stage 2-3 AKI in the intervention group but no signifi-
cant difference in overall rates of AKI or any of the secondary outcomes includ-
ing mortality, renal recovery, length of stay in ICU or hospital, or persistent renal
dysfunction at day 90. Outcomes beyond 90 days, including the risk of premature
chronic kidney disease, were not explored.

The guidelines for perioperative care in cardiac surgery by the Enhanced
Recovery After Surgery Society recommend the routine use of urinary cell cycle
arrest biomarkers after cardiac surgery to identify patients for intensified manage-
ment to prevent AKI [50].

18.5 Conclusion

Perioperative strategies to prevent or mitigate cardiac surgery-associated AKI are
limited to general supportive measures (Fig. 18.1). Current evidence supports a
multi-modal risk-stratification approach including goal-directed perfusion, use of
biocompatible coatings during CPB, perioperative goal-directed therapy, the use of
fluids with restricted chloride content, and biomarker-guided management of high-
risk patients based on the KDIGO recommendations. If AKI occurs, transfer of
information to all caregivers, medication reconciliation, and patient education are
essential to reduce the risk of long-term complications.
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Preoperative

RISK FACTORS FOR AKI

PREVENTION STRATEGIES

* severity of acute illness
 chronic comorbidities

* emergency surgery

* nephrotoxins
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patients

« discontinuation of ACEI/ARB

¢ avoidance of nephrotoxins

* complexity of surgery
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Fig. 18.1 Risk factors for acute kidney injury (AKI) after cardiac surgery and perioperative strat-
egies to prevent it. ACEI angiotensin converting enzyme inhibitor, ARB angiotensin receptor
blocker, CPB cardiopulmonary bypass, KDIGO Kidney Disease: Improving Global Outcomes,
MAP mean arterial pressure, MiECC minimally invasive extracorporeal circulation
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Contrast-Enhanced Renal Ultrasound 1 9
for Assessment of Renal Perfusion
in Critically Ill Patients

J. Watchorn, K. Bramham, and S. Hutchings

19.1 Introduction

Contrast-enhanced ultrasound is an approach to clinical imaging involving the
injection of microbubbles to delineate perfusion within solid organs such as the liver
and kidney. Contrast-enhanced ultrasound has been used to diagnose ischemia, dif-
ferentiate tumors, characterize complex cysts, identify abscesses, and facilitate
invasive procedures [1]. However, it is the ability of contrast-enhanced ultrasound
to highlight the small blood vessels of the microcirculation that has led to increasing
interest in this technique among critical care specialists as a means of assessing tis-
sue perfusion.

The concept of differential perfusion between the large blood vessels of the
macrocirculation and those of the microcirculation is well described in a variety of
shock states [2]. An important example of this hemodynamic incoherence is found
in septic acute kidney injury (AKI), where serial studies have demonstrated that
renal function is reduced despite preserved or even increased systemic blood flow
[3]. Until recently, the lack of an imaging modality to assess parenchymal renal
blood flow at the bedside has been a limiting factor in both our understanding of and
ability to accurately diagnose and treat the causes of sepsis-associated AKI. Contrast-
enhanced ultrasound is an emerging technique with the potential to significantly
increase our understanding in this area.
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In this chapter, we provide an overview of the development of contrast-enhanced
ultrasound followed by a discussion of the technical aspects of imaging and analy-
sis, its strengths and limitations, and an overview of studies that have used contrast-
enhanced ultrasound to evaluate renal perfusion in shock states.

19.2 Principles of Contrast Ultrasonography

Contrast-enhanced ultrasound relies on the physical characteristics of microbub-
bles, which possess the rheological properties of erythrocytes rendering them a reli-
able tracer for blood flow and blood pool imaging. However, unlike red blood cells,
gas-filled microbubbles are deformed by ultrasound energy, readily resonate, and
emit a reflecting sound wave; the properties of the resulting signal are exploited by
dedicated ultrasound equipment.

19.2.1 Microbubble Characteristics

Microbubble lifespan is a key characteristic of contrast agents. Microbubbles must
have sufficient longevity to remain in the circulation during the timeframe of the
examination but also be degradable, permitting the elimination of inert gas and shell
components. Initial approaches to increasing bubble lifespan used thick albumin
shells to enclose air but these rigid shells deformed insufficiently when insonated
and produced little backscatter [4]. The second approach was based on a theory that
diffusion from the bubble would be reduced if they were filled with poorly-soluble
gas, such as sodium hexafluoride or perfluorocarbons [5]. This is the basis of con-
temporary microbubble contrast agents, which have either lipid or albumin shells.
Common, commercially available contrast agents are presented in Table 19.1.

Elimination of microbubbles from the circulation is caused by the loss of gas
from the bubble over time, causing contraction. Eventually, the external compres-
sion overcomes the internal pressure maintaining the bubble integrity and it col-
lapses, the free gas within the blood is exhaled, and the shell is metabolized.

A schematic of a typical microbubble used in SonoVue contrast (Bracco, Milan,
Italy) is shown in Fig. 19.1.

19.2.2 Microbubble-Ultrasound Interactions

Microbubble destruction occurs continually though both dissolution and cavitation
from ultrasound energy. The proportion of bubbles destroyed by ultrasound is sub-
ject to the acoustic energy imparted in them; once this energy reaches a sufficient
threshold, bubble integrity is lost causing mass fragmentation. Although seemingly
detrimental, this allows the life of a microbubble to be controlled and bubble frag-
mentation can be used for the assessment of tissue perfusion.
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Table 19.1 Details of commonly available ultrasound contrast agents

Standard Elimination
bolus half-life

Agent Shell Gas core Manufacturer  dose (ml) (min) Notes
SonoVue Lipid Sodium Bracco, Milan, 1.2-2.4 12 Marketed
hexafluoride  Italy as
(SF) Lumason
in the
USA
Optison  Albumin Perflutren GE 0.5 1.3
(C3Fy) Healthcare,
Milwaukee,
WI, USA
Luminity Lipid Perflutren Lantheus 02-03 13 Marketed
(C3Fy) Medical as
Imaging, Definity
N. Billerica, in the
MA, USA USA
Sonazoid Egg Perflurobutane GE 0.5-1.0 3045 Currently
phosphatidyl (C,F,p) Healthcare, only
serine Milwaukee, available
WI, USA in Asia

Fig.19.1 Stylized SonoVue  Phospholipid shell
microbubble, comprising a
phospholipid (dipalmi-
toylphosphatidylglycerol)
shell, approximately 2 nm
thickness and a sulfahexafluo-
ride (SF6) gas core. Average
bubble size 2.5 pm (90%

<6 pm, 99% <11 pm) [4]. One
milliliter SonoVue contains

4 x 107 microbubbles and

1.5 ul of SF6

Sulfahexafluoride gas
core

2.5 um average bubble size

Standard B-mode ultrasound has several drawbacks when imaging contrast
agents: the wave power may cause bubble destruction and tissues are highly echo-
genic, making the differentiation of contrast difficult. The acoustic properties of
bubbles have enabled equipment manufacturers to selectively identify bubbles in
preference to tissue [6]. These techniques provide a specific contrast mode, which
at baseline has little background noise but displays signal from bubble insonation on
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Fig. 19.2 Ultrasound dual-mode mode image of a kidney. Contrast mode is displayed on the left
with microbubble specific signal preferentially filtered and B-mode is displayed on the right

delivery of contrast. The filtered image can be presented alongside the non-filtered
B-mode image at powers less than the threshold for bubble destruction, as presented
in Fig. 19.2. Oscillatory frequencies and bubble destruction thresholds are agent
specific and therefore mechanical indices may vary slightly.

19.2.3 Method of Contrast Administration: Bolus vs. Continuous

Ultrasound contrast medium can be administered in a single bolus or via continuous
infusion, termed dynamic contrast-enhanced ultrasound (DCE-US). The former
method is typically used in oncological imaging with the perfusion of different
regions being compared in the same study. Both methods provide tissue perfusion
data through the creation of time intensity curves. We believe the latter method has
more utility in the quantification of perfusion in critical illness where variables will
be compared between patients and alterations in cardiac output may have more
influence on the shape of a bolus-method time intensity curve.

When given by infusion, typically 1 ml/min of neat contrast is infused although
contrast agents may be diluted and tailored to the specific examination [7]. A wash-
in phase occurs until steady-state is achieved. The field of view is then pulsed with
high mechanical index ultrasound which causes mass fragmentation and the field of
view darkens until it is re-perfused, from which time intensity curves for specific
regions of interest are created. Typical kinetics are shown in Fig. 19.3.
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Fig. 19.3 Diagrams of typical time intensity curves. (a) bolus-transit kinetics. Assessed values: (1)
maximum wash-in rate (WiR) and (2) maximum wash-out rate (WiR) are measured using the maximal
slope and the gradients and x-axis intercepts are used to quantify bolus transit kinetics. TI = time in,
defined as maximum wash-in rate x-axis intercept; TO = time out, defined as maximum wash-out rate
x-axis intercept. (3) Mean transit time (mTT) = wash-in rate x-axis intercept to mid-point wash-out
rate. (4) Wash-in area under the curve (WiAUC) = AUC (TI: peak enhancement time). (5) Wash-out
AUC (WoAUC) = AUC (peak enhancement time: TO). (6) Rise time = peak enhancement time — T1. (7)
Fall time = TO — peak enhancement time. (8) Wash-in perfusion index = WiAUC/Rise Time. (b)
Destruction-replenishment kinetics. Assessed values: (1) relative blood volume (rBV) = maximum
signal - minimum signal. (2) Wash-in rate (WiR) = gradient of maximum slope. (3) Mean transit time
(mTT) = time to half maximum signal. (4) Perfusion index (PI) = rBV/mTT
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19.3 Safety Profile of Ultrasound Contrast Agents

Reported adverse events following administration of ultrasound contrast agents are
rare (<1%), with headache and nausea most common. Serious adverse events occur
at a rate of 0.03% and the rate of anaphylactoid reactions is between 0.004 and
0.009% [8]. Such events are typically not IgE mediated and therefore no prior expo-
sure is required. Product labelling for contrast agents continues to warn against their
administration in pulmonary hypertension; however several prospective studies
have examined this in conjunction with the US Federal Drugs Administration. All
have demonstrated stable hemodynamics and no safety concerns [9, 10]. As a result,
investigators continue to administer ultrasound contrast agents in pulmonary hyper-
tension and acute respiratory distress syndrome (ARDS). Ultrasound contrast agents
have seen limited use in pediatric populations and pregnancy and therefore have an
uncertain safety profile in these settings. Being of similar dimensions to erythro-
cytes, bubble contrast agents are not filtered across the glomerulus, have no renal
interactions and are not nephrotoxic; a distinct advantage over contrast agents used
in other imaging modalities [1].

19.4 Acquisition and Analysis of Renal Contrast-Enhanced
Ultrasound Images

Off-line processing of contrast-enhanced ultrasound imagery is performed using
dedicated software. A number of proprietary platforms are available as are bespoke
research software [11]. We will focus on VueBox™ (Bracco, Geneva, Switzerland),
a commonly used analysis system for quantification. An overall region of delimita-
tion is selected and motion compensation applied. Motion in a clip can occur due to
respiratory artefact, a frequent issue in renal imaging, or probe movements.

Cortical signal is uniform although may be attenuated towards the poles and
nearer the pelvis as signal is scattered by other bubbles [12]. Provided regions of
interest (ROIs) are within well-visualized parenchymal tissue, the exact shape or
location of the ROI makes little difference to the reproducibility of the results [13].
Signals from the medullary region are more heterogeneous, calyces produce no
signal as contrast agents are not filtered, and vascular regions have high signal.
Medullary parenchymal tissue receives approximately one tenth of cortical blood
flow and enhances more slowly. The anisotropic nature of medullary perfusion, the
complex arrangement of the transiting vasculature, and the avascular calyces
extending into the region makes clinical quantification of medullary perfusion
challenging.

Pulsed high mechanical intensity ultrasound is used to produce destruction-
replenishment kinetics. These time intensity curves have several key components as
shown in Fig. 19.3b. The plateau of peak intensity minus the background signal is
termed the relative blood volume and is reflective of the total volume of the vascular
space within the ROI. However, as 2D ultrasound cannot accurately assess volumet-
ric parameters, the relative blood volume is expressed in arbitrary units. Peak signal
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intensity is also affected by a number of other factors, such as habitus, distance from
the probe, probe position and the mechanical index [14]. The maximal gradient of
the wash-in slope is termed the wash-in rate, and the time taken to reach half-
maximum signal intensity the mean transit time (mTT). These variables are related
to blood velocity and flow: wash-in rate is dependent on signal intensity and time,
whereas mTT is a discrete time-based variable. Perfusion index is a composite vari-
able produced by dividing relative blood volume by the mTT and provides a single
number representing tissue perfusion [15].

19.5 Validation and Reproducibility of Renal
Contrast-Enhanced Ultrasound

19.5.1 Validation Against Standard Measures of Renal
Blood Flow

Experimental studies have compared contrast-enhanced ultrasound-derived vari-
ables with direct arterial flow measurements, showing good correlation in dogs [16]
and rats [17]. In humans, the gold standard for measuring renal blood flow, para-
aminohippuric-acid (PAH), is only reliable with stable renal function and does not
lend itself to evaluations in AKI in critically ill patients. A study in healthy volun-
teers attempted pharmacological manipulation of renal blood flow, comparing renal
blood flow to cortical perfusion by contrast-enhanced ultrasound analysis, and dem-
onstrating only a moderate degree of correlation [18]. However, renal blood flow
provides a measure of blood flow at the organ level and contrast-enhanced ultra-
sound provides detail of the microcirculation; due to the complex vascular arrange-
ment and regulation of renal perfusion only a limited correlation would be expected
[19]. These findings, of a moderate correlation between renal blood flow and corti-
cal perfusion, were echoed in a healthy volunteer study, comparing radionucleotide
measurements and PAH measurements with contrast-enhanced ultrasound [20].
Improvements in velocity (time) based variables have been demonstrated with
dopamine infusion [21], valsartan administration [22], and a high protein meal [23],
and two of these studies used concurrent assessment with PAH to show a significant
correlation; however, all three studies demonstrated no significant change in inten-
sity-based variables.

19.5.2 Reproducibility of Contrast-Enhanced
Ultrasound Measurements

The reproducibility of contrast-enhanced ultrasound data is a potential issue with
both bolus and infusion methods, particularly in the quantification of signal inten-
sity [24]. Potential sources of error have been well described in previous reviews
and may be broadly subdivided into issues with microbubbles, ultrasound scanner
settings, and patient characteristics [25].
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Hudson and colleagues demonstrated an in vitro coefficient of variation of 13%
using the same ultrasound machine [26]. A North American Quantitative Imaging
Biomarkers Alliance (QIBA) Contrast-Enhanced Ultrasound Committee supported
a body of work in 2020 promoting standardization across machines and analysis
platforms. They demonstrated similar in vivo reproducibility to the study by Hudson
et al. [26], particularly for time-dependent variables, but found that intensity-
dependent variables could not be compared between different systems without stan-
dardization [27]. Intensity parameters vary even when imaged and analyzed using
the same platform, as they can be altered by signal saturation from dynamic range
settings, microbubble concentration, depth and acoustic shadowing from both
microbubbles and native structures [24].

19.6 Selected Experimental and Clinical Studies That Have
Used Renal Contrast-Enhanced Ultrasound

An experimental study compared a variety of macro- and micro-hemodynamic
parameters in pigs with induced septic shock, demonstrating that renal cortical
blood flow reduced during shock and, unlike systemic hemodynamic parameters
such as cardiac output, did not recover during resuscitation [28].

Harrois et al. [29] used contrast-enhanced ultrasound to study 20 critically ill
septic patients and dichotomized the cohort based on the development of KDIGO
AKI stage 2 or 3 within the first 72 h of admission. Increased mTT, but not
intensity-based parameters predicted the development of AKI and there was no
difference in systemic hemodynamic variables, such as cardiac index, between
the groups. A notable feature was the widely heterogeneous nature of the con-
trast-enhanced ultrasound-derived perfusion variables in patients with sepsis.
This finding is in keeping with the results of other studies using different modali-
ties, such as sublingual videomicroscopy, which have consistently demonstrated
that flow heterogeneity within the microcirculation is almost pathognomonic of
septic shock [30].

Yoon and colleagues conducted an observational study of 48 patients with AKI
presenting to a nephrology department [31]. Time-based contrast-enhanced ultra-
sound parameters (wash-in rate, rise time, and mTT), but not those based on signal
intensity (such as relative blood volume) predicted the development of KDIGO
stage 3 AKI, initiation of renal replacement therapy (RRT) and recovery from
AKI. Systemic hemodynamic parameters were not recorded during this study mak-
ing it difficult to comment on the relative contributions of the macro- and
microcirculations to the observed perfusion deficits.

Our research group has recently concluded an observational study,
MICROSHOCK-RENAL, investigating renal perfusion in critically ill patients with
septic shock [32]. To our knowledge, this is the first study to date that has used
contrast-enhanced ultrasound alongside a comprehensive hemodynamic assessment
using echocardiography and renal artery Doppler flow analysis. The findings of a
substudy of MICROSHOCK-RENAL, investigating critically ill patients with
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coronavirus disease 2019 (COVID-19) with KDIGO stage 3 AKI, showed very
impaired renal cortical perfusion, despite preserved cardiac output [33] .

Several investigators have used contrast-enhanced ultrasound as a tool to assess
the effect of therapy on renal perfusion. In a small case series, Schneider and col-
leagues demonstrated an improvement in cortical perfusion following terlipressin
administration in patients with hepatorenal syndrome [34]. The same group also
manipulated renal cortical perfusion in critically ill patients using norepinephrine.
A targeted mean arterial pressure (MAP) of 60 mmHg was compared with 80 mmHg
in a mixed group of 12 patients, within 48 h of ICU admission. The authors noted
wide inter-individual variation in response to therapy and, again, this is in keeping
with similar studies that have assessed the microcirculatory response to vasoactive
drug therapy using different monitoring modalities [35, 36].

19.7 Future Avenues for Renal Contrast-Enhanced
Ultrasound Research

19.7.1 Understanding the Pathogenesis of Perfusion
Abnormalities in Septic AKI

Although there is an increasing evidence base that renal cortical perfusion is
impaired in septic AKI, there is uncertainty about the relative contributions of sys-
temic effects (e.g., venous congestion, right sided heart failure, etc.), flow at the
level of the renal vessels, and intrinsic microcirculatory perfusion anomalies. This
information is crucial when deciding on therapeutic interventions and further clini-
cal studies that use contrast-enhanced ultrasound alongside monitors of systemic
hemodynamic parameters are required.

19.7.2 Prognostication in AKI

If AKI in critically ill patients, especially those with sepsis, is linked to renal perfu-
sion then longitudinal assessment of perfusion may enable new insights about the
natural history of the condition. Contrast-enhanced ultrasound-derived variables
could be used to study not only the onset of AKI but also the need for, and timing
of, RRT. Recovery of renal function may be presaged by recovery in contrast-
enhanced ultrasound variables, opening up the potential to use the technique for
longer term outcome prediction or prognosis.

19.7.3 Goal-Directed Therapy to Prevent or Ameliorate AKI
There have been many attempts to prevent AKI in vulnerable patients through the

use of goal-directed hemodynamic therapy [37, 38]. To date, these interventions
have been limited in two respects: first they have targeted macro-hemodynamic
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variables, which are often not impaired, particularly in septic AKI; second, inter-
ventions are not targeted at individual patients but rather toward a “one-size-fits-all”
approach to management. The use of contrast-enhanced ultrasound addresses these
issues, allowing direct assessment of perfusion in patients undergoing targeted
interventions, such as changes in dose or type of vasopressor therapy. Further
research could enable the phenotyping of individual patients based on contrast-
enhanced ultrasound parameters. These phenotypes could then be identified by
clinical or biomarker based parameters and therapies adjusted accordingly.

19.8 Conclusion

Renal contrast-enhanced ultrasound is a technique that is both feasible and safe in
critically ill patients and has the potential to produce insight into the pathogenesis
of septic AKI. There is a degree of variability in the derived variables that would
benefit from a standardized approach to imaging and allowing more effective com-
parison between studies. In the near future, renal contrast-enhanced ultrasound may
enable the development of individualized therapy to mitigate the development of
AKI in critically ill patients.
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Focused Clinical Hemodynamic 20
Assessment in Septic Shock

E. Kattan, G. Herndndez, and J. Bakker

20.1 Introduction

Septic shock is a highly prevalent and lethal condition [1]. From a hemodynamic
point of view, several pathogenic mechanisms determine the progression of circula-
tory dysfunction and tissue hypoperfusion, eventually leading to multiorgan failure
and death if not promptly treated [2]. These factors typically change over time.
While loss of vascular tone and relative hypovolemia predominate in early phases,
more complex mechanisms such as endothelial and microcirculatory dysfunction,
distributive abnormalities, vasoplegia, capillary leak, and varying degrees of myo-
cardial dysfunction may be involved in progressive phases of septic shock [2]. In the
end, however, these highly dissimilar mechanisms may lead to a common clinical
profile of hypotension and hypoperfusion, of which it is not easy to determine the
predominant mechanism during the initial evaluation at intensive care unit (ICU)
admission.
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It is likely that evolution into different profiles of sepsis-related circulatory dys-
function is influenced by the relative preponderance at the individual level of any of
the above cited mechanisms. The search for tools to identify hemodynamic pheno-
types to individualize therapies has been highlighted as a priority in a septic shock
research agenda [3, 4]. A few recent studies have reported on the heterogeneity of
hemodynamic and perfusion profiles. Using transesophageal echocardiography,
Geri et al. identified five hemodynamic clusters in a cohort of septic shock patients
[5]. The clusters incorporated characteristics that marked hypovolemia and left ven-
tricular dysfunction despite similar mean arterial pressure (MAP) levels. In addi-
tion, Hernandez et al. proposed that capillary refill time (CRT) at baseline may
determine different septic shock phenotypes [6]. Finally, Hilty et al. characterized
different clinical types of circulatory dysfunction on the basis of sublingual micro-
circulatory parameters [7].

Low MAP is the hallmark of sepsis-related acute circulatory dysfunction. As the
duration of hypotension is related to morbidity and mortality [8], current guidelines
recommend timely correction of the MAP to levels greater than 65 mmHg using
fluids and vasopressors [9]. This ‘MAP-driven strategy’ has probably led to an
unwanted adverse effect, a reductionist approach to clinical hemodynamic monitor-
ing in which, among numerous variables provided by the blood pressure signal,
only MAP is considered for decision-making. Moreover, this standardized or ‘one
size fits all” resuscitation strategy is debatable since septic shock patients are highly
heterogeneous. For example, a recent study showed that 30% of septic shock
patients were fluid unresponsive at ICU admission [10]. Others have suggested a
very early administration of norepinephrine instead of fluids could be associated
with better outcomes in predominantly vasoplegic patients [11], as was also shown
in an experimental model of septic shock [12] and a single center randomized
trial [13].

So, the prominent clinical question is: can we do better?

20.2 Insights into Current Hemodynamic Monitoring

In the past 30 years, a myriad of monitoring techniques has been developed, tested,
and successfully introduced to clinical practice [14]. Current guidelines recommend
advanced hemodynamic monitoring only in selected cases [15, 16]. Bedside moni-
toring using echocardiography [17] has become a standard of care for patients with
septic shock [18]. However, in many healthcare systems, especially in low- and-
middle income countries [19], bedside echocardiography is not readily available
24/7, and not all ICU physicians are trained in its use, hindering its immediate
applicability.

This technological boom in monitoring techniques has produced a ‘shift’ in
clinicians’ agendas, since they have to incorporate overwhelming new information
on the functioning, troubleshooting, interpretation, and limitations of each device
into daily clinical practice [20]. As an unintended consequence, valuable
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information derived from standard bedside monitoring tools may get overlooked,
with the inherent risk of losing key elements for clinical decision making.

Standard monitoring in the ICU includes placement of a central venous catheter
and an arterial line [16]. A paramount question then arises when advanced monitors
or echocardiography are not readily available: is it possible to determine hemody-
namic phenotypes using classical clinical monitoring tools? An initial approach
with already available signals could aid physicians to decide on early resuscitation
interventions. The physiological background of the key components of a focused
clinical hemodynamic assessment (FCHA) is presented below.

20.2.1 Arterial Line

Arterial lines have been recommended as standard monitoring devices in critically
ill patients, since they allow clinicians to obtain accurate and beat-to-beat measure-
ments of MAP, the initial macrocirculatory target to ensure organ perfusion pressure
[9]. Moreover, the analysis and interpretation of MAP can deliver valuable informa-
tion about cardiac function, heart-lung interactions, arterial system, and valvular
diseases [21]. In this sense, focusing on MAP alone could be an oversimplification
of the instrument, since patients with similar MAP values may have considerable
differences in underlying pathophysiological conditions (Fig. 20.1).
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Fig. 20.1 The plot of a surface area for a 70 kg patient, where the mean arterial pressure (MAP)
is similar in different clinical syndromes of circulatory failure: heart failure, hypovolemia and
sepsis. Pms mean systemic filling pressure, Eh index of cardiac efficiency, SVR systemic vascular
resistance. (Provided by M.R. Pinsky, Pittsburgh, USA)
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20.2.2 Pulse Pressure as a Surrogate for Stroke Volume

Since the early 1900s, various researchers have tried to study the correlation between
arterial pulse pressure and stroke volume [22]. Pulse pressure is an interesting vari-
able as it is easy to obtain and provides a readily accessible monitoring window into
the function of the heart and its interaction with the vascular system. According to a
3-compartment Windkessel model, characteristics of the arterial system (one of the
main determinants of pulse pressure together with stroke volume) are determined by
peripheral resistance, total arterial compliance, and aortic characteristic impedance
[23]. Mathematical derivations of this model provided the basis for cardiac output
monitors based on pulse-contour analysis [24]. Moreover, multiple studies have
shown, both in simulated conditions [25] and patients [26] in different clinical sce-
narios [27] that pulse pressure can adequately track stroke volume.

The main objective of a fluid challenge is to increase stroke volume and thus cardiac
output to restore tissue perfusion [28]. The use of the pulse pressure variation (PPV)
[29], when performed in compliance with the test’s validity criteria [29], allows clini-
cians to rapidly assess fluid responsiveness at the bedside, tailor fluid therapy, and avoid
unnecessary fluid loading [10]. Other tests, such as end-expiratory occlusion test, could
be performed when there are limitations to simple PPV assessment [30].

20.2.3 Diastolic Blood Pressure as a Proxy for Arterial
Vascular Tone

According to the previously mentioned model, diastolic blood pressure is deter-
mined by a function of total arterial compliance, peripheral resistance, and heart
rate [23]. Despite its relevance to organ perfusion, such as coronary flow, diastolic
arterial pressure (DAP) has not been traditionally considered in decision-making
processes during septic shock resuscitation, even though it provides valuable infor-
mation to the clinician. Thus, in patients with diastolic ‘hypotension’ and tachycar-
dia, it could be concluded that vasoplegia could be the main pathological determinant
of this hypotension and hypoperfusion [31]. Recently, Ospina-Tascoén et al. described
the diastolic shock index (DSI), a novel and simple approach to assess severity and
clinical patterns of patients with septic shock [32]. In brief, the DSI can be calcu-
lated as the heart rate divided by the DAP. A DSI >2.2 was associated with higher
mortality, and has been advocated to evaluate an early start of vasopressors [11].

20.2.4 Arterial Waveform Analysis as Qualitative Hemodynamic
Fine-Tuning

Arterial waveform analysis provides insight into classic components of cardiovas-
cular semiology, such as parvus et tardus arterial tracing in aortic stenosis [33].
Moreover, in the context of circulatory dysfunction, a critical analysis of the arterial
trace can provide a valuable aid for interpretation of the clinical scenario:
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e In patients with hypovolemic shock, the arterial waveform will be spiked and
narrow with a relatively high diastolic pressure. In those with left ventricular
dysfunction, the ascending slope during systole will be less steep. Meanwhile, in
distributive states, such as septic shock, arterial curves will be wider and present
lower diastolic pressures, consistent with vasoplegia [34].

e Another critical component of the arterial tracing, the morphology and position
of the dicrotic notch in the waveform, can also deliver relevant clinical informa-
tion [35]. For example, patients with low cardiac output and high peripheral
resistance develop dicrotic waves; and vasodilation and low vascular resistance
are associated with more delayed and lower dicrotic notches in the trace [34].

¢ Even though waveform and arterial notch analysis is more qualitative in nature,
and can require certain training, it can be useful as a complementary assessment
of the cardiovascular status and enable hemodynamic patterns to be identified.

20.2.5 Central Venous Pressure

Since the description of dynamic predictors of fluid responsiveness, the central
venous pressure (CVP) has been inadequately disregarded as a useful hemodynamic
parameter, probably due to an oversimplification of its meaning and interpretation
[36]. Even though its ability to predict fluid responsiveness is scant [28], the CVP is
a rich variable delivering valuable information on cardiac and circulatory functions.
As the CVP is the consequence of venous return and myocardial function [37], in its
most simple assessment a high CVP thus translates into a state where the right ven-
tricle is limited to accommodate the venous return, hence working at higher filling
pressures [38]. In the same thread, CVP is the upstream pressure for venous return,
meaning that high values, or relevant changes before and after a fluid challenge, can
be used as a safety limit for fluid loading [39]. In addition, systemic perfusion pres-
sure has been calculated from the difference between MAP and CVP, although
physiologically the pre- and post-capillary pressure would be a more meaningful
parameter of perfusion pressure [40]. Furthermore, the CVP trace curves also
deliver valuable information of pathological conditions, as for example ‘tall c and v
waves’ reflect the presence of tricuspid regurgitation [33].

20.2.6 Peripheral Perfusion

The main objective of using hemodynamic parameters during circulatory dysfunc-
tion in septic shock is to restore and improve tissue perfusion. Thus, it is relevant to
include perfusion markers in a structured clinical approach. Laboratory markers,
such as lactate, are not always readily available and can present extended processing
times in some clinical scenarios, potentially delaying therapies. Since the original
report by Joly and Weil [41], derangements in peripheral perfusion have been iden-
tified as a prognostic marker in critically ill patients [42, 43]. Two standardized
approaches, CRT and the Mottling Score have been described and associated with
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mortality [44, 45]. During septic shock resuscitation, peripheral perfusion indices
have faster resolution kinetics than lactate [46]. In addition, the use of CRT as a
target of resuscitation [47] has been associated with better outcomes than when
using lactate levels [48, 49]. Peripheral perfusion can aid to stratify disease severity,
allowing for clinical phenotyping [6]. In this sense, peripheral perfusion emerges as
a cornerstone tool in clinical practice, enabling perfusion status to be assessed
dynamically at the bedside. Eventually, the response of CRT to flow-increasing
maneuvers may disclose the status of the hemodynamic coherence between the
macro- and microcirculations [50]. This topic is currently being studied in patients
with septic shock (ClinicalTrials.gov Identifier: NCT04693923).

20.3 Applicability and Future Directions

Through a sequential analysis of FCHA components, clinicians may rapidly inte-
grate these signals into clinically relevant hemodynamic phenotypes and disclose
the relationship between macro- and microcirculatory derangements, which may
assist subsequent therapeutic interventions (Fig. 20.2). The simplicity of the FCHA
approach makes it a clinical tool that may have broad applicability in a wide variety
of settings [51]. This should, however, not result in the avoidance of laboratory
measurements, advanced hemodynamic monitoring, or echocardiography, neither
lead to nihilism in their use. We believe these are valuable tools, which have both a
clinical and educational role, and can help bedside decision making in different
scenarios. Moreover, FCHA may provide a systematic cardiovascular assessment
when these measurements are not immediately available, allowing the clinician to
grasp an initial orientation of the hemodynamic condition of the patient. This
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resuscitation strategy will be tested in the future ANDROMEDA-SHOCK-2 trial
(ClinicalTrials.gov Identifier: NCT05057611).

20.4 Conclusion

FCHA may constitute a standardized hemodynamic assessment, easily applicable
when advanced monitoring is not readily available. It may provide the clinician at
the bedside with valuable information about different key aspects of the cardiovas-
cular system, thus enabling potential clinical phenotypes to be identified and tar-
geted individualized treatment. Future research should validate this approach.
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Vasopressor Choice and Timing 2 1
in Vasodilatory Shock

P. M. Wieruszewski and A. K. Khanna

21.1 Introduction

Vasodilatory shock is the most common form of circulatory shock encountered in
patients admitted to the intensive care unit (ICU) [1]. Sepsis is the predominant
etiology, but other causes of vasodilatory shock include postoperative vasoplegia,
anaphylaxis, spinal cord injury (i.e., neurogenic shock), systemic inflammatory
response from acute pancreatitis, and direct vascular relaxation from general and
neuraxial anesthetics. Vasodilatory shock is a medical emergency that requires
prompt diagnosis and treatment. Regardless of etiology, vasodilatory shock is char-
acterized by reduced systemic vascular resistance and arterial hypotension that war-
rants intravascular fluid resuscitation and pharmacological vasopressors to restore
the vascular tone. Left untreated, perfusion pressures suffer, leading to inadequate
cellular oxygen utilization, conversion to anaerobic metabolism, multiorgan failure,
and death [2, 3]. For over a decade, norepinephrine has been recommended as the
first-line vasopressor choice, with vague guidance on secondary agent selection and
timing [4], leading to considerable heterogeneity in intensivist practice at the bed-
side [5]. Herein, we provide a contemporary review of factors that influence vaso-
pressor selection and timing, challenging the classic treatment paradigms of
vasodilatory shock.
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21.2 A Balanced Vasopressor Approach

The classic approach to fluid-refractory vasodilatory shock treatment is to apply cat-
echolamine vasopressors and titrate to achieve a specified mean arterial pressure
(MAP). This stepwise approach traditionally involves initiation of norepinephrine,
subsequent up-titration of dosage, often to toxic levels, waiting for a relative catechol-
amine-refractory state, and then moving on to the next vasopressor [4]. This strategy
delays attainment of adequate perfusion pressures and ultimately leads to progressive
multiorgan failure, and in turn, the chances of death rise with each progressive increase
in the number of total organ failures [6]. Refractory vasodilatory shock is the end
point of treatment failure and is clinically characterized by a lack of sustainable ade-
quate MAP despite increasing doses of a single or multiple vasopressors [7]. This
state is a molecular combination of a complex set of physiological alterations coming
together, including but not limited to altered microcirculatory flow, membrane hyper-
polarization, cellular relaxation, and vascular reactivity (Fig. 21.1).

This approach leaves intensivists with many uncertainties, including (1) at what
point do you consider norepinephrine-treatment failure, (2) when do you apply a
secondary vasopressor, and (3) which secondary vasopressor do you select? It is
important to understand these challenges and rationalize an early, multimodal bal-
anced vasopressor strategy as an alternative to the classic stepwise approach.
Normal blood pressure homeostasis and pathogenesis in shock, as well as the major
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Fig. 21.1 Pathogenic mechanisms leading to refractory vasodilatory shock. ATP adenosine tri-
phosphate, cGMP cyclic guanosine monophosphate, COX-2 cyclooxygenase-2, PGI, prostaglan-
din I,, ROS reactive oxygen species. (From [8] with permission)
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determinants of shock outcomes including timing delays in perfusion, hyperlactate-
mia, and catecholamine burden, particularly as it all relates to the pharmacology of
vasopressors, is a critical discussion that deserves mention in this context.

21.3 Blood Pressure Homeostasis and Pathogenesis

Under normal physiological conditions, blood pressure and circulatory function are
maintained in homeostasis by a complex counter regulatory interplay of the sympathetic
nervous system, vasopressinergic system, and the renin-angiotensin system (Fig. 21.2).
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Fig. 21.2 Physiologic concert of the adrenergic, vasopressinergic, and renin-angiotensin systems
in blood pressure homeostasis, and select mechanisms of pharmacologic vasopressors. a; alpha;-
adrenergic receptor, AT;R angiotensin type 1 receptor, f§; beta,;-adrenergic receptor, f3, beta,-
adrenergic receptor, V; vasopressin 1 receptor. (Used with permission of Mayo Foundation for
Medical Education and Research, all rights reserved)
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When these systems are perturbed by an insult (e.g., sepsis), the homeostatic balance is
disrupted. The most obvious objective finding is macrocirculatory dysfunction identi-
fied by directly measuring systemic blood pressure, although damage to tissues and the
microvasculature regionally occurs in parallel and even preceding global evidence of
hypotension [9].

In addition to direct insults from profound systemic inflammatory responses, the
very systems responsible for homeostasis are impaired during shock. Although a
stress-induced hyperdynamic state often accompanies septic shock, total heart rate
variability is reduced suggesting impairment of the sympathetic system [10].
Similarly, in states of hypotension the posterior pituitary is expected to secrete
endogenous vasopressin stores, although plasma vasopressin concentrations in
vasodilatory septic hypotension have been shown to be inappropriately low (3.1 pg/
ml) as compared to other hypotensive states also expected to experience this hor-
monal response, such as cardiogenic shock (22.7 pg/ml), p < 0.001 [11]. Finally,
despite activation of the renin-angiotensin system in shock, various angiotensin
receptors are downregulated, contributing to vascular hyporeactivity and also
impaired endogenous catecholamine secretion [12, 13]. Despite this multifactorial
and co-existent hormonal deficiency that is evident during the continuum of vasodi-
latory shock, the recommended approach remains a step-wise one where catechol-
amines are started with up-titration, often to toxic levels, and only then a potential
introduction of a secondary agent [4].

21.4 Timing

Attainment of a satisfactory perfusion pressure to push arterial blood into capillaries
and deliver oxygen to tissues is the ultimate goal of resuscitation in vasodilatory
shock. Delays in restoring adequate perfusion are consistently associated with
worse organ failures and an increased risk of death in vasodilatory shock [6, 14, 15].
Specifically, after adjustment for severity of illness, delay in vasopressor initiation
was associated with an increase in in-hospital death (OR 1.02, 95% CI 1.01-1.03,
p < 0.001), which was most profound when delays were in excess of 14.1 h (OR
1.34,95% CI11.03-1.76, p = 0.048) [6]. Similar to the time-dependent mortality risk
of delayed antimicrobials in sepsis, the risk of death has been shown to increase by
5.3% for every hour that vasopressor initiation is delayed [16]. In another cohort
study, those who received vasopressors within 6 h of shock onset achieved goal
MAPs twice as fast (1.5 vs. 3.0 h, p < 0.01), spent more time off vasopressors in the
first 72 h of shock (34.5 vs. 13.1 h, p=0.03), and were independently nearly 3 times
as likely to survive at 30-days (mortality for vasopressors after 6 h; OR 2.9, 95%CI
1.3-7.0, p not reported) [15]. On the other hand, when vasopressor initiation is
delayed beyond 4 h, the odds of worsening organ failure increase fourfold (OR 4.34,
95% CI 1.47-12.79, p = 0.008), when compared to those receiving vasopressors in
<4 h [14]. Indeed, a 2018 update to the Surviving Sepsis Campaign recommends
including vasopressor initiation in the crucial 1-h bundle for fluid-resistant hypoten-
sion [17], although most recently in 2021, guidance regarding timing of vasopressor
initiation is ambiguous [4].
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Despite the evidentiary knowledge of worse outcomes with a delay in vasopres-
sor initiation, there has been limited effort to drive protocolized practice in support
of such a strategy. The CENSER study was an early pioneer of this concept in which
norepinephrine initiation within 1 h of septic shock was evaluated in a prospective,
double-blind, randomized setting [18]. Those that were randomized to early norepi-
nephrine had greater likelihood (OR 3.4, 95% CI 2.09-5.53, p < 0.001) of shock
reversal (MAP >65 mmHg for 2 readings, urine output >0.5 ml/kg/h for 2 h, and
10% reduction in lactate from baseline) at 6 h. There were no differences in hospital
or 28-day mortality, although this phase II study was not powered for mortality. It is
interesting, however, that early norepinephrine recipients were less likely to experi-
ence cardiogenic pulmonary edema (OR 0.70, 95% CI 0.56-0.87, p = 0.004) or
arrhythmias (OR 0.74, 95% CI 0.56-0.94, p = 0.03).

While it is clear that earlier vasopressor initiation is better than later, timing of a
secondary agent is less clear. However, recently, a large retrospective cohort study
found that when vasopressin was added as a second-line agent to norepinephrine in
septic shock, the risk of in-hospital mortality increased by an order of 12-18% with
delay in initiation of vasopressin from shock onset (2.1-12.2 h) and increasing lac-
tate concentration [19]. Perhaps these are all signals that more rapid attention to and
an earlier opportunity for non-catecholamine vasopressors to act—while the physi-
ological milieu is still favorable, or shock has not progressed to a point of irrevers-
ibility—is key to improving outcomes in these patients.

21.5 Hyperlactatemia

In pathologic shock, arterial hypotension reduces oxygen delivery, leading to
regional and global tissue hypoxia [20]. Consequently, oxygen utilization at the cel-
lular level is impaired with inadequate mitochondrial oxidation. Concurrently, vaso-
dilatory shock is often accompanied by a hyperdynamic state secondary to stress
(e.g., sepsis) leading to aerobic glycolysis further contributing to excess lactate pro-
duction [20]. The net result is a state of hyperlactatemia that is exacerbated by aci-
demia impairing hepatic lactate clearance.

Hyperlactatemia has consistently been a hallmark of poor prognosis in vasodila-
tory shock. In a cohort of severe sepsis and septic shock, initial lactate concentra-
tions were higher (7.3 mmol/l) in those who died within 24 h of presentation
compared to those alive after 24 h (3.3 mmol/l) [21]. In a multivariable analysis in
this population, this initial lactate concentration (OR 1.19, 95% CI 1.05-1.35,
p = 0.004) and organ failures as measured by the modified sequential organ failure
assessment (mSOFA) score (OR 1.17,95% CI 1.00-1.36, p = 0.046) were indepen-
dent predictors of early death [21]. Similarly, outside of the immediate presentation
period, lactate >4 mmol/I has been independently associated with a threefold greater
risk of 28-day death in septic shock (OR 3.0, 95% CI 2.1-4.1, p < 0.001), regardless
of vasopressor use [22]. Even among patients with shock from sepsis requiring
vasopressors, those experiencing at least one lactate concentration greater than
2.5 mmol/l at any time during their shock course, have nearly half the survival
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(57.1%) than those without hyperlactatemia (92.3%) at 100 days (p < 0.0001) [23].
Interestingly, even when the lactate concentration is within the generally considered
‘normal limits’, those with relative increases to the higher end of the normal range
experience greater likelihood of death [24]. Taken altogether, hyperlactatemia in
vasodilatory shock appears to epitomize a serious deficit in adequate organ perfu-
sion. Indeed, the risk of multiorgan failure and death increases with increasing lac-
tate concentration [25].

In addition to prognosis, lactate concentration may provide valuable insight into
vasopressor selection and timing considerations, particularly when it comes to non-
adrenergic vasopressors added to catecholamines. Although only less than half of
patients receiving vasopressin experience a favorable hemodynamic response,
response is twice as likely among those with lower lactate concentrations (OR 2.15,
95% CI 1.39-3.32, p < 0.001), which in turn, is associated with a greater likelihood
of ICU survival [26]. Recently in a cohort study of patients with septic shock, when
the addition of vasopressin to first-line norepinephrine was delayed, the odds of in-
hospital death increased with an increasing lactate concentration as much as 18%
per mmol/l at 12.2 h from the shock onset (95% CI 1.07-1.32) [19]. Similarly, post-
marketing experience with synthetic angiotensin II demonstrates a similar hemody-
namic and survival response as it relates to lactate concentration. Despite a profound
baseline severity illness amongst recipients of synthetic angiotensin II (baseline
SOFA of 12 and APACHE 1I of 30), hemodynamic responders had a lower baseline
lactate concentration (6.5 mmol/l) compared to non-responders (9.5 mmol/l), and in
a multivariable model the likelihood of hemodynamic response was greater with
lower lactate (OR 1.11 per mmol/l, 95% CI 1.05-1.17, p < 0.001) and 30-day mor-
tality was lower with lower lactate (OR 0.94 per mmol/l, 95% CI 0.91-0.96,
p <0.001) [27].

21.6 Catecholamine Burden

The most obvious consequence to the classic stepwise vasopressor approach is
overall catecholamine burden. With its potent vasoconstrictive effects at alpha-
adrenergic receptors throughout the vascular periphery, excess stimulation may be
detrimental, with distal vessels remaining most susceptible leading to ischemic dig-
its and splanchnic hypoxia and resulting in necrosis and serious morbidity [28, 29].
In addition to the desired vasoconstrictive effects of catecholamines, beta-receptor
stimulation at the level of the myocardium (Fig. 21.2) has made these agents par-
ticularly intolerable. Arrhythmia is common and occurs in up to one-third of
norepinephrine recipients in septic shock, and is associated with increased risk of
death [30]. Duration and dosage of norepinephrine have shown value in predicting
dysrhythmia, and the risk increases by 6% for every 5 pg/min increase in maximum
norepinephrine dosage [30].

Cumulative dosage of norepinephrine exposure has been an easily identifiable
objective measure for predicting prognosis in septic shock. Compared to an approx-
imate 90-day mortality of 25% amongst >3000 international patients with septic



21 Vasopressor Choice and Timing in Vasodilatory Shock 265

Table 21.1 Norepinephrine dose and mortality

Study Norepinephrine dose Death type Death rate (%)
Jenkins et al. 2009 [35] >100 pg/min ICU 94
Brown et al. 2013 [32] >1 pg/kg/min 90-days 83
Dopp-Zemel et al. 2013 [34] >0.9 pg/kg/min 28-days 65
Martin et al. 2015 [29] >1 pg/kg/min 90-days 90
Auchet et al. 2017 [33] >1 pg/kg/min 28-days 60
90-days 66
Brand et al. 2017 [36] >90 pg/min Hospital 90

shock in the PRISM meta-analysis [31], those that required high-dose norepineph-
rine had mortality rates ranging from 60% to in excess of 90% [29, 32-36]
(Table 21.1).

In addition to prognosis, catecholamine dosage is an easy, bedside marker for
deciding on vasopressor escalation. In the landmark VASST trial, patients who
received vasopressin when the norepinephrine dosage was <15 pg/min experienced
lower 28-day (26.5% vs. 35.7%, p = 0.05) and 90-day (35.8% vs. 46.1%, p = 0.04)
mortality [37]. Similarly, in a recent analysis of >1500 septic shock patients, the risk
of in-hospital mortality was increased by 20.7% for every 10 pg/min increase in
norepinephrine dosage at the time of vasopressin addition as the second-line agent
[19]. Most importantly, regardless of response rate and baseline severity of illness,
risk of mortality is independently lower if there is a positive hemodynamic response
to vasopressin (OR 0.51, 95% CI 0.35-0.76, p = 0.001) and angiotensin II (HR 0.50,
95% CI 0.35-0.71, p < 0.001) [26, 27]. All these data suggest that hemodynamic
restoration and shock reversal is a crucial determinant in survival probability.

21.7 A Path Towards Personalization: Early Multimodal
Vasopressor Therapy

To tailor vasopressor therapy in vasodilatory shock, phenotypic prognostication and
pharmacologic response need to be characterized. There have been several emerg-
ing candidate biomarkers that have demonstrated association with vasopressor
response and outcomes in septic shock (Table 21.2). Genetic variations in ARDf2
encoding the f,-adrenergic receptor have been found to be associated with a higher
norepinephrine requirement, greater renal, hematologic, hepatic, and neurologic
dysfunction, and an increased 28-day mortality in septic shock [38]. Similarly, vari-
ants in AGTRAP, the angiotensin II receptor type 1 associated protein, have been
associated with reduced MAP, lower vascular tone, and an increase in 28-day mor-
tality [39]. Interestingly, defects in LNPEP (leucyl and cystinyl aminopeptidase),
also known as vasopressinase, have been associated with increased clearance of
plasma vasopressin and increased 28-day mortality [40]. Elevations of plasma
angiopoietin-2 concentrations, an endothelial growth factor that promotes vascular
leakage, have been associated with renal, hepatic, and coagulation dysfunction, as
well as increased 7- and 28-day mortality [41]. While there is a so-called relative



266 P. M. Wieruszewski and A. K. Khanna

Table 21.2 Potential biomarkers for vasopressor therapy

Pathologic variant/

Biomarker threshold of harm  Vasopressor Clinical association
Genetic polymorphisms
ADRf2 SNP rs1042717 Norepinephrine, torgan dysfunction,
epinephrine Tnorepinephrine requirement,
1septic shock mortality [38]
AGTRAP SNPrs11121816  Angiotensin II lvascular tone, Tseptic shock
mortality [39]
LNPEP SNP rs4869317 Vasopressin and Tvasopressin clearance, Tseptic
analogues shock mortality [40]
Circulating peptides
Angiopoeitin-2 >5807 pg/ml Vasopressin and torgan failure, fseptic shock
analogues mortality [41]
Renin >40 pg/ml Angiotensin I lhemodynamic response, shock
mortality [42, 43]
Vasopressin Variable Vasopressin Mixed outcomes, variable

hemodynamic response [44, 45]

ADRf32 beta,-adrenergic receptor gene, AGTRAP angiotensin II receptor type 1 associated protein
gene, LNPEP leucyl/cystinyl aminopeptidase gene

vasopressin deficiency in the early stages of septic shock [11], plasma vasopressin
concentrations have not been shown to predict positive response to exogenous vaso-
pressin administration, and outcome correlations are mixed [44, 45].

Although lactate has long been a prognosticator in critical illness and shock,
serum renin is rapidly emerging as a potentially superior predictor of mortality in
various shock states in the ICU. Two separate studies have shown that an absolute
renin threshold concentration and a rate of rise of renin were both superior to lactate
in associations with ICU and in-hospital mortality in critically ill patients [42, 46].
Importantly, renin appeared to be stable, and concentrations were not influenced
appreciably by renal replacement therapy or drugs that alter the renin-angiotensin
cascade (i.e., ACE inhibitors and angiotensin receptor blockers) [46]. Administration
of exogenous angiotensin II has been shown to favorably benefit survival outcomes
in those with high-renin shock [43, 47]. One of the biggest clinical barriers to the
use of this biomarker in conjunction with or as an alternative to lactate is the lack of
a true point-of-care assay that would allow targeted resuscitation at the bedside in
response to concentrations in a timely manner [48, 49].

Our approach speaks to the use of early multimodal vasopressors, also termed
‘broad-spectrum vasopressors’ by others. This is analogous to the use of broad-
spectrum and early antimicrobials in suspected and confirmed sepsis. While there
are not currently convincing data, as there are for the analogy with antimicrobials,
there is certainly a physiological premise for the use of lower doses of multiple dif-
ferent classes of vasopressors as we initiate therapy in vasodilatory shock. This will
need to be combined with the extensive use of biomarkers and de-escalation from
multiple to a single agent could occur if one biomarker stands out as a clear signal
of harm for a particular patient. For example, a patient with septic shock where
vasopressin levels are disproportionately low compared with the increase in lactate
and increase in angiotensin II (i.e., low renin), and where initial use of vasopressin
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has shown clinical benefit and laboratory correction of this anomaly could be slowly
transitioned to a vasopressin-heavy approach after an initial broad-spectrum strat-
egy that rapidly achieves perfusion targets. Similarly, an exquisite response to syn-
thetic angiotensin Il in the setting of high serum renin, would be an obvious rationale
for continuing an angiotensin II predominant vasopressor approach. Indeed, the
value of testing angiotensin II responsiveness has been proven in clinical studies
and portends an excellent prognosis in appropriately chosen patients [50]. There
will also be those with benign shock, where very low dose catecholamines may be
all that is necessary and clearly not all patients will necessitate combination vaso-
pressors. Finally, the use of non-vasoconstricting adjuncts (e.g., corticosteroids)
targeted at the underlying pathology, as catecholamine-sparing strategies, should
not be ignored to provide a balanced approach to the overall resuscitation of vaso-
dilatory shock [7, 51].

21.8 Conclusion

The classic approach to vasodilatory shock management consists of a stepwise
escalation of vasopressors which leads to prolonged states of hypoperfusion, hyper-
lactatemia, excessive catecholamine exposure, and poor outcome. An early, bal-
anced, multimodal vasopressor therapy strategy provides a physiologic-guided
approach to the complex, multifactorial pathogenesis of vasodilatory shock. Data
are desperately needed in the development and deployment of biomarkers in the
individualized approach to vasopressor therapy to improve shock outcomes.

References

. Vincent JL, De Backer D. Circulatory shock. N Engl J Med. 2013;369:1726-34.

. Khanna AK, Maheshwari K, Mao G, et al. Association between mean arterial pressure and
acute kidney injury and a composite of myocardial injury and mortality in postoperative criti-
cally ill patients. Crit Care Med. 2019;47:910-7.

3. Maheshwari K, Nathanson BH, Munson SH, et al. The relationship between ICU hypotension

and in-hospital mortality and morbidity in septic patients. Intensive Care Med. 2018;44:857—-67.

4. Evans L, Rhodes A, Alhazzani W, et al. Surviving sepsis campaign: international guidelines for
management of sepsis and septic shock 2021. Intensive Care Med. 2021;47:1181-247.

5. Scheeren TWL, Bakker J, De Backer D, et al. Current use of vasopressors in septic shock. Ann
Intensive Care. 2019;9:20.

6. Beck V, Chateau D, Bryson GL, et al. Timing of vasopressor initiation and mortality in septic
shock: a cohort study. Crit Care. 2014;18:R97.

7. Jentzer JC, Vallabhajosyula S, Khanna AK, Chawla LS, Busse LW, Kashani KB. Management
of refractory vasodilatory shock. Chest. 2018;154:416-26.

8. Vallabhajosyula S, Jentzer JC, Khanna AK. Vasodilatory shock in the ICU: perils, pitfalls and
therapeutic options. In: Vicnent JL, editor. Annual update in intensive care and emergency
medicine. Basel: Springer; 2018. p. 99-111.

9. Diinser MW, Takala J, Brunauer A, Bakker J. Re-thinking resuscitation: leaving blood pressure

cosmetics behind and moving forward to permissive hypotension and a tissue perfusion-based

approach. Crit Care. 2013;17:326.

[N



268 P. M. Wieruszewski and A. K. Khanna

10. Garrard CS, Kontoyannis DA, Piepoli M. Spectral analysis of heart rate variability in the sepsis
syndrome. Clin Auton Res. 1993;3:5-13.

11. Landry DW, Levin HR, Gallant EM, et al. Vasopressin deficiency contributes to the vasodila-
tion of septic shock. Circulation. 1997;95:1122-5.

12. Mederle K, Schweda F, Kattler V, et al. The angiotensin II AT1 receptor-associated protein
Arapl is involved in sepsis-induced hypotension. Crit Care. 2013;17:R130.

13. Bucher M, Hobbhahn J, Kurtz A. Nitric oxide-dependent down-regulation of angiotensin II
type 2 receptors during experimental sepsis. Crit Care Med. 2001;29:1750-5.

14. Black LP, Puskarich MA, Smotherman C, Miller T, Fernandez R, Guirgis FW. Time to
vasopressor initiation and organ failure progression in early septic shock. J Am Coll Emerg
Physicians Open. 2020;1:222-30.

15. Colon Hidalgo D, Patel J, Masic D, Park D, Rech MA. Delayed vasopressor initiation is asso-
ciated with increased mortality in patients with septic shock. J Crit Care. 2020;55:145-8.

16. Bai X, Yu W, Ji W, et al. Early versus delayed administration of norepinephrine in patients with
septic shock. Crit Care. 2014;18:532.

17. Levy MM, Evans LE, Rhodes A. The surviving sepsis campaign bundle: 2018 update. Intensive
Care Med. 2018;44:925-8.

18. Permpikul C, Tongyoo S, Viarasilpa T, Trainarongsakul T, Chakorn T, Udompanturak S. Early
use of norepinephrine in septic shock resuscitation (CENSER). A randomized trial. Am J
Respir Crit Care Med. 2019;199:1097-105.

19. Sacha GL, Lam SW, Wang L, Duggal A, Reddy AJ, Bauer SR. Association of catecholamine
dose, lactate, and shock duration at vasopressin initiation with mortality in patients with septic
shock. Crit Care Med. 2021; Sep 24. https://doi.org/10.1097/CCM.0000000000005317. Epub
ahead of print.

20. Kraut JA, Madias NE. Lactic acidosis. N Engl J Med. 2014;371:2309-19.

21. Javed A, Guirgis FW, Sterling SA, et al. Clinical predictors of early death from sepsis. J Crit
Care. 2017;42:30-4.

22. Thomas-Rueddel DO, Poidinger B, Weiss M, et al. Hyperlactatemia is an independent predic-
tor of mortality and denotes distinct subtypes of severe sepsis and septic shock. J Crit Care.
2015;30:e1-6.

23. Hernandez G, Castro R, Romero C, et al. Persistent sepsis-induced hypotension without hyper-
lactatemia: is it really septic shock? J Crit Care. 2011;26:435.e9-14.

24. Nichol AD, Egi M, Pettila V, et al. Relative hyperlactatemia and hospital mortality in critically
ill patients: a retrospective multi-centre study. Crit Care. 2010;14:R25.

25. Jansen TC, van Bommel J, Woodward R, Mulder PGH, Bakker J. Association between blood
lactate levels, sequential organ failure assessment subscores, and 28-day mortality during
early and late intensive care unit stay: a retrospective observational study. Crit Care Med.
2009;37:2369-74.

26. Sacha GL, Lam SW, Duggal A, et al. Predictors of response to fixed-dose vasopressin in adult
patients with septic shock. Ann Intensive Care. 2018;8:35.

27. Wieruszewski PM, Wittwer ED, Kashani KB, et al. Angiotensin II infusion for shock. Chest.
2021;159:596-605.

28. Landry GJ, Mostul CJ, Ahn DS, et al. Causes and outcomes of finger ischemia in hospitalized
patients in the intensive care unit. J Vasc Surg. 2018;68:1499-504.

29. Martin C, Medam S, Antonini F, et al. Norepinephrine: not too much, too long. Shock.
2015;44:305-9.

30. Wieruszewski ED, Jones GM, Samarin MJ, Kimmons LA. Predictors of dysrhythmias with
norepinephrine use in septic shock. J Crit Care. 2021;61:133-7.

31. Rowan KM, Angus DC, Bailey M, et al. Early, goal-directed therapy for septic shock—a
patient-level meta-analysis. N Engl J Med. 2017;376:2223-34.

32. Brown SM, Lanspa MJ, Jones JP, et al. Survival after shock requiring high-dose vasopressor
therapy. Chest. 2013;143:664-71.

33. Auchet T, Regnier M-A, Girerd N, Levy B. Outcome of patients with septic shock and high-
dose vasopressor therapy. Ann Intensive Care. 2017;7:43.


https://doi.org/10.1097/CCM.0000000000005317

21

Vasopressor Choice and Timing in Vasodilatory Shock 269

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Dopp-Zemel D, Groeneveld AJ. High-dose norepinephrine treatment: determinants of mortal-
ity and futility in critically ill patients. Am J Crit Care. 2013;22:22-32.

Jenkins CR, Gomersall CD, Leung P, Joynt GM. Outcome of patients receiving high dose
vasopressor therapy: a retrospective cohort study. Anaesth Intensive Care. 2009;37:286-9.
Brand DA, Patrick PA, Berger JT, et al. Intensity of vasopressor therapy for septic shock and
the risk of in-hospital death. J Pain Symptom Manag. 2017;53:938-43.

Russell JA, Walley KR, Singer J, et al. Vasopressin versus norepinephrine infusion in patients
with septic shock. N Engl J Med. 2008;358:877-87.

Nakada T, Russell JA, Boyd JH, et al. f2-adrenergic receptor gene polymorphism is associated
with mortality in septic shock. Am J Respir Crit Care Med. 2010;181:143-9.

Nakada T, Russell JA, Boyd JH, et al. Association of angiotensin II type 1 receptor-associated
protein gene polymorphism with increased mortality in septic shock. Crit Care Med.
2011;39:1641-8.

Nakada T, Russell JA, Wellman H, et al. Leucyl/cystinyl aminopeptidase gene variants in sep-
tic shock. Chest. 2011;139:1042-9.

Fisher J, Douglas JJ, Linder A, Boyd JH, Walley KR, Russell JA. Elevated plasma angiopoi-
etin-2 levels are associated with fluid overload, organ dysfunction, and mortality in human
septic shock. Crit Care Med. 2016;44:2018-27.

Jeyaraju M, McCurdy MT, Levine AR, et al. Renin kinetics are superior to lactate kinet-
ics for predicting in-hospital mortality in hypotensive critically ill patients. Crit Care Med.
2022;50:50-60.

Bellomo R, Forni LG, Busse LW, et al. Renin and survival in patients given angiotensin II
for catecholamine-resistant vasodilatory shock. A clinical trial. Am J Respir Crit Care Med.
2020;202:1253-61.

Yerke JR, Sacha GL, Scheraga RG, et al. Vasopressin plasma concentrations are not associated
with hemodynamic response to exogenous vasopressin for septic shock. Pharmacotherapy.
2020;40:33-9.

Russell JA. Bench-to-bedside review: vasopressin in the management of septic shock. Crit
Care. 2011;15:226.

Gleeson PJ, Crippa IA, Mongkolpun W, et al. Renin as a marker of tissue-perfusion and prog-
nosis in critically ill patients. Crit Care Med. 2019;47:152-8.

Bellomo R, Wunderink RG, Szerlip H, et al. Angiotensin I and angiotensin II concentrations
and their ratio in catecholamine-resistant vasodilatory shock. Crit Care. 2020;24:43.

Khanna AK. Tissue perfusion and prognosis in the critically ill-Is renin the new lactate? Crit
Care Med. 2019;47:288-90.

Khanna AK. Renin kinetics and mortality-same, same but different? Crit Care Med.
2022;50:153-7.

Ham KR, Boldt DW, McCurdy MT, et al. Sensitivity to angiotensin Il dose in patients
with vasodilatory shock: a prespecified analysis of the ATHOS-3 trial. Ann Intensive Care.
2019;9:63.

Venkatesh B, Khanna AK, Cohen J. Less is more: catecholamine-sparing strategies in septic
shock. Intensive Care Med. 2019;45:1810-2.



Part VIl

Cardiac Arrest



Check for
updates

Advanced Life Support Update 2 2

G. D. Perkins and J. P. Nolan

22.1 Introduction

Cardiac arrest remains a significant cause of morbidity and mortality around the
world. The International Liaison Committee on Resuscitation (ILCOR) is a collabo-
ration of resuscitation councils from around the world that work together with the
shared vision of saving more lives globally through resuscitation [1]. ILCOR has
been synthesizing evidence relating to resuscitation to produce consensus on sci-
ence and treatment recommendations for many years. Recent evidence evaluations
have been informed by systematic reviews of the literature and the Grading of
Recommendations Assessment, Development and Evaluation (GRADE) method to
assess the certainty in evidence and the strength of recommendations [2]. These
evidence evaluations are translated into practice by regional resuscitation councils
from around the world. In Europe, the European Resuscitation Council (ERC) pro-
duces high quality, multi-disciplinary, evidenced-based guidelines for resuscitation
[3]. In this chapter, we summarize key practice recommendations drawn from the
most recent guideline updates relating to advanced life support (ALS) [4, 5], post-
resuscitation care, and prognostication [6].
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22,2 Setting the Scene: Epidemiology and Outcomes

Data from the ERC Registries for Cardiac Arrest (EuReCa) studies report that the inci-
dence of resuscitation attempts for out-of-hospital cardiac arrest (OHCA) ranges from
19 to 104 per 100,000 population per year [7, 8]. An international review of registries
reported an incidence within these ranges in the USA, Canada, Australia, Asia, and
Japan [9]. Most OHCAs in Europe have medical/cardiac causes and present with an
initially non-shockable rhythm (80%) [7]. Return of spontaneous circulation (ROSC)
is achieved in one third of patients with OHCA (range 8-42%) and the overall rate of
survival to discharge is in the region of 8% (range 0—18%) [7]. Those with a witnessed
cardiac arrest, with early bystander cardiopulmonary resuscitation (CPR), and with
public access defibrillation have the best chances of survival [10].

Fewer data are available on the epidemiology of in-hospital cardiac arrest (IHCA)
[11, 12]. The incidence of IHCA in the UK and USA is between 1.6 and 10 cases
per 1000 admissions. Like OHCA, the majority of IHCAs are associated with non-
shockable rhythms from a combination of respiratory and cardiac causes. A higher
proportion of arrests are witnessed, and CPR is started almost simultaneously with
the arrival of the ALS team within minutes. The rate of survival to hospital dis-
charge is approximately 25%, 2—3 times higher than for OHCA [11].

Differences in case numbers likely reflect differences in system responses to
cardiac arrest, the threshold as to when resuscitation is commenced and continued,
as well as differences in risk from the resident population characteristics [11, 12].
Differences in outcomes can often be explained by the proportion of cardiac arrests
where resuscitation is attempted and, where relevant, the community response to
cardiac arrest (particularly bystander CPR and defibrillation). The time taken for the
ALS team to arrive, how health systems approach discontinuation of resuscitation,
access to and the quality of post-resuscitation care as well as neuroprognostication
and withdrawal of life sustaining treatment practices likely also contribute to varia-
tion in outcomes [12].

The importance of functional recovery beyond the blunt categorization of out-
comes into favorable or unfavorable neurological outcomes has been emphasized in
recent reviews [12, 13]. Many patients classified as surviving with a favorable neu-
rological outcome have significant functional impairments. Common problems
reported in survivors of cardiac arrest include fatigue, cognitive problems (slowing
or problems with attention or memory), emotional problems (anxiety, depression,
post-traumatic stress), and physical impairments. These problems adversely affect
health related quality of life and can reduce ability to return to work and social par-
ticipation. Guidelines highlight the paucity of detailed follow-up for cardiac arrest
survivors and lack of a strong evidence base to inform rehabilitation strategies [12].

22.3 Advanced Life Support Treatment Algorithm

The ALS treatment algorithm (Fig. 22.1) provides a framework for the assessment
and treatment of cardiac arrest. Agonal breathing (also known as terminal gasping)
is relatively common in the early stages after cardiac arrest [14]. Therefore, a
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ADVANCED LIFE SUPPORT

Unresponsive with absent
or abnormal breathing

Call EMS/Resuscitation team

CPR 30:2
Attach defibrillator/ monitor

Assess rhythm

Non-shockable
(PEA/ASYTOLE)

Shockable
(VF/ PULSELESS VT)

1 shock

Retum of spontaneous
circulation (ROSC)

Immediately resume chest
compressions for 2 minutes

Immediately resume chest
compressions for 2 minutes

Give high-quality chest compressions and Identify and treat reversible causes Consider
« Give oxygen « Hypoxia + Coronary angiography/ percutaneous coronary
« Use waveform capnography * Hypovolaemia intervention et P
. ) . * Hypo-/hyperkalemia/metabolic * i
* Continuous compressions if advanced airwa;
- o ) Y « Hypo-/hyperthe rmia « Extracorpo real CPR

* Minimise interruptions to compressions « Thrombosis -coronary or pulmonary ARerROSC
* Intravenous or intraosseous access « Tension pneumothorax « Use an ABCDE approach
* Give adrenaline every 3-5 min * Tamponade- cardiac « Aim for SpO; of 94-98% and normal PaCO,
« Give amiodarone after 3 shocks * Toxins *12 Lead ECG
. i " Consider ultrasound imaging to identify « Identify and treat cause

Identify and treat reversible causes reversible causes « Targeted temperature management

Fig. 22.1 Advanced life support treatment algorithm. (Reproduced with permission from the
European Resuscitation Council [5]). ABCDE airway, breathing, circulation, disability, exposure,
CPR cardiopulmonary resuscitation, ECG electrocardiogram, EMS emergency medical system,
PEA pulseless electrical activity, PaCO;, arterial partial pressure of carbon dioxide, ROSC return of
spontaneous circulation, SpO, arterial oxygen saturation, VF ventricular fibrillation, V7 ventricular
tachycardia

diagnosis of cardiac arrest should be considered in any patient who is unresponsive
with absent or abnormal breathing [14]. The use of advanced monitoring (e.g., elec-
trocardiograph [EKG], arterial blood pressure, and capnography) may aid rapid
diagnosis [5, 10]. Palpation of a central pulse to confirm cardiac arrest should be
undertaken with caution and with an awareness of a high false positive rate (i.e., a
pulse is thought to be present but is actually absent) [15]. Resuscitation should be
started with chest compressions first, unless the person is attached to a defibrillator
at the time of a witnessed cardiac arrest, in which case up to three successive shocks
may be delivered. Cough CPR, fist pacing, and precordial thump are generally inef-
fective and their use should not delay definitive treatment with CPR and defibrilla-
tion [16].

The algorithm splits treatments according to whether the initial rhythm is shock-
able or non-shockable. Whilst the person remains in a shockable rhythm, the prior-
ity is high quality CPR and attempted defibrillation. It is important to minimize
interruptions in CPR, particularly before and after delivering a shock. For non-
shockable rhythms, high quality CPR with minimal interruptions remains a key
priority alongside drug therapy and seeking to identify and treat reversible causes.
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22.3.1 Airway Management

Large randomized controlled trials (RCTs) in OHCA have failed to show a ben-
efit between the options of bag-mask ventilation, supraglottic airway use, and
tracheal intubation [17]. Evidence on the optimal airway device during in-hospi-
tal resuscitation is limited, but should be addressed by the upcoming AIRWAY S-3
trial. Based on the current evidence, ILCOR suggests that the decision on which
type of airway should be used in cardiac arrest is tailored to reflect the skills of
those providing airway management [18]. In systems with low to medium intu-
bation success rates, priority should be given to using supraglottic airways.
Where those providing airway management are highly skilled and regularly
undertaking tracheal intubation with a high success rate (>95%), tracheal intuba-
tion may be considered [5].

22.3.2 Drugs

The PARAMEDIC?2 trial, which enrolled 8014 patients with OHCA, showed that
epinephrine (1 mg given every 3—5 min) was highly effective at restarting the heart
[19]. The effects on long-term survival were less pronounced with a number needed
to treat of 112 to improve survival at 30 days. The study did not find evidence of
improved survival with a favorable neurological outcome but there was a higher rate
of organ donation in those treated with epinephrine [20]. An economic evaluation
reported that when the societal benefits of organ donation were included in eco-
nomic modeling, treatment with epinephrine had a 90% chance of being cost effec-
tive with a threshold of 34,500 Euro. A post hoc analysis highlighted that the earlier
ALS was initiated, the greater were the chances of survival with a favorable neuro-
logical outcome [21]. ILCOR recommends the administration of epinephrine during
CPR for both shockable and non-shockable rhythms [18]. The ALS Task Force
highlights that neurological injury occurs following several minutes of cardiac
arrest and that it is not possible at the time of starting resuscitation to identify those
most at risk of neurological injury. Therefore, administering a drug that improves
ROSC and survival gives an opportunity to provide high quality post-resuscitation
care with the aim of reducing adverse neurological outcomes.

Meta-analyses of high dose epinephrine, vasopressin and the combination of epi-
nephrine and vasopressin compared with standard dose (1 mg) epinephrine found
low certainty evidence of improved ROSC for high dose epinephrine only. There
was no improvement in long-term survival or favorable neurological outcome for
any of these interventions [22]. ILCOR therefore suggests not using vasopressin
routinely with or without epinephrine [18]. A trial which assessed the combination
of vasopressin and steroids in addition to standard care amongst 512 patients with
IHCA was published after the most recent ILCOR treatment recommendations [23].
The trial showed a 9.6% (95% confidence interval [CI] 1.1-18.0%) increase in
ROSC but no difference in survival to 30 days or survival with a favorable neuro-
logical outcome. While the evidence will be assessed by ILCOR, it seems unlikely,
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given the absence of benefit on long-term outcomes, that treatment guidelines will
change as a consequence.

A systematic review identified 14 randomized trials and 17 observational studies
assessing the use of anti-arrhythmic drugs in patients with in- or out-of-hospital
cardiac arrest and shock-refractory pulseless ventricular tachycardia/fibrillation
(VT/VF) [24]. ILCOR’s assessment of the evidence led to a weak recommendation
in support of amiodarone or lidocaine based on the pre-defined subgroup analysis of
bystander witnessed cardiac arrest observed in the ROC-ALPS study [25, 26]. The
certainty of evidence was too low for ILCOR to make a recommendation about the
use of bretylium, nifekalant, or sotolol for the treatment of adults in shock-refractory
cardiac arrest.

22.3.3 Route of Drug Administration

Given the time critical nature of cardiac arrest, the route of drug administration is an
important consideration. Early guidelines described the use of intracardiac epineph-
rine, but this practice was subsequently abandoned because of the risk of misplace-
ment and complications. Enthusiasm for endobronchial delivery via a tracheal tube
also reduced based on experimental studies showing sub-optimal absorption [27].
Drug delivery through a correctly positioned central venous cannula will deliver
drugs to the central circulation more rapidly than a peripheral venous cannula.
However, the time taken to cite a central venous catheter de novo during CPR and
the risk of complications likely outweigh the benefits [28].

The peripheral venous route is used most frequently during cardiac arrest treat-
ment, supplemented with a fluid bolus to reduce drug transit time to the central
circulation. The intraosseous route provides access to the rich intra-medullary
venous network. Experimental studies have shown similar transit times and drug
concentrations compared with the intravenous route [27]. Both observational stud-
ies and RCTs suggest that the intraosseous access is quicker and has a higher first
attempt success rate than venous access. Meta-analyses of observational studies are
often limited by resuscitation time bias as it is difficult to separate the effects of time
of drug administration from route (intravenous versus intraosseus) [29]. ILCOR has
called for further research on the optimal route of drug administration, something
which is hoped will be answered through the PARAMEDIC3 trial (ISRCTN:
14223494).

22.3.4 Extracorporeal Cardiopulmonary Resuscitation

Extracorporeal cardiopulmonary resuscitation (¢CPR) has been used during IHCA
and OHCA when traditional attempts to achieve ROSC have failed. A recent sys-
tematic review identified 25 observational studies [30]. Although eCPR was feasi-
ble, there was wide heterogeneity in study design and outcomes and inconsistency
between results. Studies were assessed as being at critical risk of bias leading to
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overall very low certainty evidence. Authors of two small RCTs have published
their experience of eCPR. In a single-center RCT in Minnesota (USA), 30 patients
with OHCA were randomized to eCPR or standard ALS after arrival in the emer-
gency department. Six of 14 (43%) patients in the eCPR arm survived to hospital
discharge compared with 1 of 15 (7%) in the standard care arm (risk difference
36.2%, 3.7-59.2; posterior probability of eCPR superiority 0.9861) [31]. A small
feasibility trial randomized in a 4:1 ratio adults with OHCA to expedited transport
for eCPR or standard care. Among 151 patients assessed, 15 were enrolled of which
only 5 were eligible for and treated with eCPR [32]. None of the patients enrolled
in the study survived with a good neurological outcome. Both studies were charac-
terized by low enrolment rates compared with the overall population of OHCA,
matching clinical experience that only few patients with cardiac arrest may be eli-
gible for eCPR. This raises uncertainty about the equality of access to this treat-
ment. ILCOR’s most recent treatment recommendation is to consider eCPR as a
rescue therapy for selected patients with cardiac arrest when conventional CPR is
failing in settings in which it can be implemented (weak recommendation, very low-
certainty evidence) [33].

22.4 Post-resuscitation Care

Most patients who achieve ROSC will be comatose in the hours to days that follow
[34]. Although there are factors in the initial history and response to treatment that
are associated with adverse outcome (e.g., prolonged cardiac arrest duration, unwit-
nessed event, absence of bystander CPR, initial non-shockable rhythm), none are
able to predict outcome with sufficient precision to guide treatment escalation deci-
sions by themselves [35]. Clinicians are advised to consider the specific circum-
stances of an individual’s cardiac arrest, their response to treatment, associated
comorbidities and frailty, alongside the patient’s values and preferences (where
known) in relation to the range of outcomes that can occur after cardiac arrest
(death, severe neurological impairment through to good quality survival). An indi-
vidualized treatment plan can then be developed for the patient [35].

Guidelines for the initial phase of care following ROSC take the clinician through
a systematic assessment of the patient which seeks to normalize physiology and
identify and treat the underlying cause of cardiac arrest (Fig. 22.2).

22.4.1 Coronary Angiography and Percutaneous
Coronary Intervention

A 12-lead EKG may help identify evidence of an acute coronary syndrome as a
potential cause of the cardiac arrest. Those who have ST elevation on their EKG
should be considered for urgent coronary angiography and, if indicated, percutane-
ous coronary intervention (PCI) if this can be achieved within 120 min of diagnosis
[4]. Where this is not possible, consideration should be given to providing
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pre-coronary angiography fibrinolytic therapy. For those without ST elevation, fur-
ther diagnostic work up (including echocardiography and exploration of non-cardiac
causes of cardiac arrest) may help with the decision relating to the need for and
timing of coronary angiography [4, 36]. Those with a suspected cardiac cause and
evidence of on-going ischemia and/or hemodynamic compromise may benefit from
early coronary angiography +/- PCI and should be discussed within the multi-
disciplinary team [4, 33].

22.4.2 Temperature Management After Cardiac Arrest

Temperature management after cardiac arrest has been one of the most studied post-
resuscitation care interventions. Early observational and randomized controlled tri-
als suggested that treating those who were comatose after cardiac arrest with
controlled hypothermia (circa 32-34 °C) improved survival and neurological out-
comes, leading to recommendations for its inclusion in post-resuscitation care treat-
ment guidelines. The Targeted Temperature Management (TTM) 1 study compared
mild (36 °C) hypothermia with moderate hypothermia (33 °C) and found no differ-
ence in the rate of survival or favorable neurological outcomes between groups,
leading to guidelines being updated to recommend a constant temperature in the
range of 32-36 °C. Observational studies tracking the outcomes of patients follow-
ing change to practice guidelines in light of these recommendations have suggested
an increase in mortality, although there is some uncertainty in these findings because
of likely confounding caused by the effect of temperature on the physiological val-
ues used for statistical adjustment [37, 38]. The most recent, large multicenter
TTM?2 trial compared moderate hypothermia (33 °C) with avoidance of pyrexia
(£37.5 °C) over 28 h [39]. The study found no difference in death or unfavorable
neurological outcome at 6 months: 488/881 (55%) in the hypothermia group versus
479/866 (55%) in the normothermia group (relative risk 1.00 [95% CI 0.92-1.09]).
The rate of cardiac arrhythmia was higher in the intervention group (25% versus
17%). The TTM2 study prompted ILCOR and others to update a systematic review
[40] and undertake a network meta-analysis [41]. The conclusion from these reviews
was that the evidence does not support the routine use of induced hypothermia fol-
lowing cardiac arrest. ILCOR recommendations are in the process of being updated
(see costr.ilcor.org) to focus on fever prevention rather than routinely inducing
hypothermia to a specific target. Future research may help to identify whether spe-
cific sub-groups of patients may benefit from active cooling, as well as the optimal
timing and methods for initiating cooling.

22,5 Neuroprognostication

Prognostication is an important part of the care pathway for the post-cardiac arrest
comatose patient. For people who are predicted to make a good recovery, it can
provide hope for the person’s family and justification for the continuation of life
support. For those predicted to have a poor outcome (death or survival with severe
disability or unresponsive wakefulness syndrome), it enables an informed
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with permission from the European Resuscitation Council [6]). EEG electroencephalography, NSE
neuron specific enolase, SSEP somatosensory evoked potential, CT computed tomography

discussion with families about treatment options which might include withdrawal of
life sustaining treatment. Given the high stakes of the outcome following prognos-
tication it is important that assessments for an adverse outcome have a very low
false positive rate—otherwise there is a risk of premature withdrawal of life sustain-
ing treatment in patients who might otherwise survive.

Most initially comatose patients who will go on to make a good neurological
recovery wake up within the first few days of intensive care admission [42, 43]. The
ERC and the European Society of Intensive Care Medicine (ESICM) prognostic
algorithm recommends that clinicians consider prognostication at least 72 h after
intensive care unit (ICU) admission in patients who have a motor response of <3 on
the Glasgow Coma Scale [6, 44]. Care is advised to avoid major confounders which
include analgesia and sedation, neuromuscular blocking drugs, hypothermia, severe
hemodynamic instability, or significant metabolic disturbance (e.g., glucose, blood
gases, electrolytes). No single predictor is 100% accurate, therefore a multimodal
strategy is required to minimize the risk of false positive tests leading to premature
withdrawal of life sustaining treatment. Figure 22.3 illustrates the main testing
modalities used in neuroprognostication.

Factors associated with a lower false positive rate for an adverse neurological
outcome include [6, 43, 44]:

e No pupillary and corneal reflexes at >72 h.

e Bilateral absence of N20 somatosensory evoked potential wave.

» Highly malignant electroencephalogram (EEG).

* Neuron specific enolase >60 pg/l at 48 and or 72 h.

e Status myoclonus within the first 72 h.

» Diffuse and extensive anoxic injury on brain computed tomography (CT) or
magnetic resonance imaging (MRI).
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The presence of at least two of these adverse signs suggests a high probability of
a poor neurological outcome. Where none or only one of these tests is positive, then
the patient should be observed and reassessed. Among this intermediate category,
approximately 14% will achieve a good recovery [45]. Although the current prog-
nostication guidelines focus on the prediction of a poor neurological outcome, there
are also predictors of a good neurological outcome (e.g., a benign EEG recorded
within 24 h of ROSC [46]) and guidelines on the use of these are being formulated.
Where predictors of a good outcome coexist with those of a poor outcome (i.e.,
conflicting predictors) it may be appropriate to wait and reassess.

22.6 Conclusion

Cardiac arrest remains an important cause of morbidity and mortality. Evidence-
based resuscitation treatment guidelines enable clinicians to incorporate best evi-
dence into practice. High quality CPR, rapid defibrillation, and early treatment with
epinephrine improve survival. Anti-arrhythmic drugs may be considered in those
with shock-refractory cardiac arrest. Post-resuscitation care should focus on identi-
fying and treating reversible causes of cardiac arrest and restoring normal physiol-
ogy. The evidence highlights that clinicians should prioritize avoidance of pyrexia
over any specific hypothermia temperature targets. Careful attention to the timing of
prognostication (no earlier than 72 h) and use of multimodal tests to assess progno-
sis will help inform difficult decisions regarding the continuation or withdrawal of
life-sustaining treatments.
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Brain Injury Biomarkers for Predicting 2 3
Outcome After Cardiac Arrest

J. Humaloja, N. J. Ashton, and M. B. Skrifvars

23.1 Introduction

Accurate prognostication is a key aspect of the management of unconscious patients
after cardiac arrest [1]. The focal points include not only avoiding fruitless and
expensive treatment in the intensive care unit (ICU) but also needing to continue
care for patients who have a realistic chance of survival but whose awakening and
neurological recovery takes longer than usual. It is, of course, paramount not to
withdraw care too early in patients who have a reasonable chance of full recovery.
Current post-cardiac arrest care guidelines recommend a multimodal approach
using a combination of clinical examination, neurophysiological investigations,
such as electroencephalogram (EEG) and somatosensory evoked potentials (SSEP),
radiological imaging with computed tomography (CT) or magnetic resonance imag-
ing (MRI) of the brain, and brain injury biomarkers [1]. The strategy in unconscious
patients is to use several investigative means, and if two or more investigations point
toward a high risk of severe brain injury, to initiate family discussion and consider
withdrawal of intensive care. Conversely, if the findings are contradictory, continu-
ing care is recommended unless there are other reasons (e.g., comorbid conditions)
for the withdrawal of care. Biomarkers have been an important part of many cardiac
arrest prognostication algorithms for almost 20 years [2, 3]. The fundamental con-
cept is that all biomarkers derived from neuronal tissue measure the severity of
brain injury. However, as many patients do not survive due to multiorgan failure,
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Fig. 23.1 Central nervous system histological origin of six brain injury biomarkers studied in
patients after cardiac arrest. Green dots represent biomarkers released after glial cell injury, blue
dots represent biomarkers derived from injured neurons, and pink dots represent biomarkers of
axonal injury. GFAP glial fibrillary acidic protein, NSE neuron-specific enolase, NfL neurofilament
light, UCH-LI ubiquitin C-terminal hydrolase-L1, S/00B S100 calcium-binding protein B

severe circulatory shock, and comorbid conditions, a biomarker predicting brain
injury is of limited utility in these conditions.

In recent years, many novel brain injury biomarkers originating from slightly
different parts of the brain have been introduced (Fig. 23.1). A deeper understanding
of these will aid clinicians’ use of brain injury biomarkers together with other means
of prognostication. Compared to other investigations, biomarkers have certain
advantages, as their results are, for example, not affected by sedative or pain medi-
cation or muscle relaxants. Biomarkers are easily obtained if standardized methods
for determination are available. However, interpretation can be difficult, since con-
fident and conclusive thresholds may vary, even for neuron-specific enolase (NSE),
a biomarker studied in cardiac arrest for over 20 years [1]. The ideal brain injury
biomarker should only be expressed in the central nervous tissue to avoid elevated
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levels due to other situations. For instance, several studies have shown the influence
of blood sample hemolysis on NSE concentrations, which is the main disadvan-
tage of NSE.

Several promising novel biomarkers have been proposed and preliminary evi-
dence has emerged: neurofilament light (NfL), ubiquitin carboxy-terminal hydro-
lase L1 (UHC-L1), glial fibrillary acidic protein (GFAP), and tau protein (tau)
(Fig. 23.1). Two studies using NfL. showed an excellent ability to predict the out-
come after cardiac arrest, and NfL. may even replace NSE in the future [4-6]. The
latest joint guidelines of the European Resuscitation Council (ERC) and the
European Society of Intensive Care Medicine (ESICM) recommend against the use
of S100 calcium-binding protein B (S100B) and the novel biomarkers NfL, GFAP,
and tau for prognostication, given the lack of conclusive evidence [1].

In this chapter, we discuss six biomarkers—two familiar ones (NSE, S100B) and
four more recently studied in relation to cardiac arrest (NfL, UCH-1, TAU, and
GFAP)—focusing on their use for neurological outcome prediction in patients at
risk of hypoxic brain injury after cardiac arrest. Table 23.1 presents a selection of
recent studies on the performance of these biomarkers to predict neurological out-
come after cardiac arrest. These biomarkers appear to originate histologically from
slightly different parts of brain tissue, and a deeper understanding may aid the clini-
cian in using biomarkers for determining the magnitude of brain injury in clinical
practice.

23.2 Neuron-Specific Enolase

NSE is a neuronal glycolytic enzyme that is abundant in the neurons of brain gray
matter and involved in axonal transport [7]. NSE has a half-life of between 24 and
30 h, and its production is upregulated during ischemia and axon injuries. Extra-
cerebrally, NSE is present in red blood cells (RBCs) and in thrombocytes; hence,
assessing the degree of hemolysis in the blood sample is always essential, but espe-
cially when NSE is used in patients undergoing treatments that may result in hemo-
lysis (extracorporeal membrane oxygenation [ECMO], renal replacement therapy
[RRT], or use of an intra-arterial balloon pump [IABP]) [8, 9]. Additionally, neuro-
endocrine cells and small cell carcinomas express NSE; thus, malignant tumors or
hematologic malignancy can affect the concentration [7]. Importantly, variations in
NSE levels differ between laboratories, which can influence thresholds between
studies and concentrations measured in the clinical setting [10].

Studies suggest that NSE levels peak at 48-72 h after cardiac arrest, and the
prognostic accuracy is also highest at 48 h [7]. The ERC/ESISCM 2021 guidelines
for post-resuscitation care specify a threshold for poor prognosis of >60 pg/l at 48
or 72 h [1]. However, there is no international consensus on the threshold [11].
Previously, a NSE concentration >33 ng/ml at 48 h after cardiac arrest was consid-
ered to indicate poor neurological prognosis, but this was mainly based on one study
by Zandbergen et al. [12], which was published in 2006 before the widespread
introduction of standardized post-cardiac arrest care and targeted temperature
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Table 23.1 Selected studies on the prognostic ability of six brain injury biomarkers after cardiac

arrest (CA)

Biomarker
NSE ng/ml

S100B ng/ml

NfL pg/ml

Study

Zandbergen, 2006 [12]
AUROC

Sensitivity (%)

Lee, 2013 [14]
AUROC

Sensitivity (%)
Larsson, 2014 [15]
AUROC

Sensitivity (%)
Stammet, 2015 [16]
AUROC

Sensitivity (%)
Helwig, 2017 [17]
AUROC

Sensitivity (%)
Streitberger, 2017 [9]
AUROC

sensitivity (%)
Streitberger, 2017 [9]
AUROC

Sensitivity (%)
Nakstad, 2020 [19]
AUROC

Sensitivity (%)
Larsson, 2014 [15]

AUROC
Sensitivity (%)
Stammet, 2017 [24]
AUROC
Sensitivity (%)
Duez, 2018 [23]
AUROC
Sensitivity (%)
Jang, 2019 [22]
AUROC
Sensitivity (%)
Rana, 2013 [26]
AUROC
Sensitivity (%)
Moseby-Knappe, 2019
(5]

AUROC
Sensitivity (%)
Wihersaari, 2021 [4]
AUROC
Sensitivity (%)

N
231

224

125

686

100

828

225

237

125

687

115

97

61

717

112

CA
location
NS

NS

OHCA/IHCA

OHCA

OHCA

OHCA

IHCA

OHCA

OHCA +
IHCA

OHCA

OHCA

OHCA

OHCA

OHCA

OHCA

24-h
threshold
31.7
NA
NA
80.8
0.80
27
49
0.73
27
107
0.75
9
NA

NA

NA

172
NA

1.3

0.78
23
2.59
0.80
10
1.05
0.81
23
0.19
0.93
78
321
0.93
79
1232

0.94
53
150
0.98
78

48-h
threshold
23.8
NA
NA
52.7
0.90
60
40
0.79
37
120
0.85
27
34
0.63
44
NA

NA

87
NA
36
0.61

0.75
21
3.67
NA

0.95
0.81
17
0.16
0.92
78
405
0.85
57
1539

0.94
65
359
0.99

72-h
threshold
323

NA

NA

NA

22
0.85

50
0.86
52
NA

85.5
0.90
49
1227
0.79

79
NA
39
0.38

0.83
30
1.83
NA

0.72
0.74
11
0.20
0.86
61
309
0.92
75
1756

0.94
64
390
0.98
85
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Table 23.1 (continued)

CA 24-h 48-h 72-h
Biomarker Study N  location threshold threshold threshold
UCH-L1 pg/  Ebner, 2020 [36] 717 OHCA 12,175 7945 9170
ml
AUROC 0.85 0.87 0.86
Sensitivity (%) 4 9 1
GFAP pg/ml  Larsson, 2014 [15] 125 OHCA + 1090 300 530
IHCA
AUROC 0.59 0.63 0.67
Sensitivity (%) 16 23 14
Helwig, 2017 [17] 100 OHCA NA 80 NA
AUROC 0.65
Sensitivity (%) 21
Ebner, 2020 [36] 717 OHCA 3425 2952 3581
AUROC 0.88 0.88 0.89
Sensitivity (%) 17 19 12
Tau pg/ml Mattsson, 2017 [48] 689 OHCA 874.5 148.8 72.7
AUROC 0.81 0.90 0.91
Sensitivity (%) 4 33 42

AUROC area under the receiver operating characteristic curve, CA cardiac arrest, NA not applica-
ble, NS not specified, OHCA out-of-hospital cardiac arrest, /HCA in-hospital cardiac arrest, Nfl
neurofilament light protein, S/00B S100 calcium-binding protein B, GFAP glial fibrillary acidic
protein, UCH-LI ubiquitin C-terminal hydrolase L1

management (TTM), which may have influenced the threshold specified in the
prognostication guidelines used at that time [12, 13]. Since that study, high serum
NSE levels have been demonstrated to have moderate accuracy in predicting neuro-
logical outcomes at 48—72 h after cardiac arrest with area under the receiver operat-
ing characteristic (AUROC) curves of between 0.63 and 0.90 (Table 23.1) [14-17].
Most studies considered in this review have been conducted on out-of-hospital car-
diac arrest (OHCA) patients, but a few studies included in-hospital cardiac arrest
(IHCA) patients [9, 15]. Only Streitberger et al. presented the predictive accuracy
separately for both cohorts, and NSE predicted outcome more accurately after
OHCA than after IHCA (AUROC 0.90 vs. 0.79) in their study [9]. As most studies
do not differentiate between the causes of death, this may partly explain the discrep-
ancy, (e.g., hypoxic brain injury may not be the most likely cause of death after
IHCA [18]).

NSE has confounding sources, and it is not unusual to see high outlier values in
patients who recover with good neurological outcome, which can increase the deter-
mined threshold value of poor prognosis with a 0% false positive rate to impracti-
cally high levels, also compromising the test’s sensitivity [16, 19]. In a study by
Stammet et al., the threshold of poor prognosis for a 0% false positive rate at 48 h
was as high as 120 ng/ml [16]. In turn, the threshold values with a 1-5% false posi-
tive rate were between 68 and 42 ng/ml, retaining moderate sensitivity (47-61%)
[16]. Correspondingly, in the study by Streitberger et al., the threshold for poor
prognosis at 72 h with a 0% false positive rate was 85.5 ng/ml, but with a 5% false
positive rate the threshold decreased to 59.2 ng/ml, simultaneously increasing the
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test sensitivity from 49% to 60% [20]. As NSE’s prognostic accuracy is adequate
only when used as part of a multimodal approach, it is acceptable to allow a small
number of false positives to achieve at least moderate sensitivity. The smallest
threshold (34 ng/ml) for poor prognosis at 48 h with a 0% false positive rate was
reported in the study by Helwig et al.; thus, in that study, the prognostic accuracy of
NSE was rather low (AUROC 0.63) [17]. Furthermore, ascending concentration in
serial measurements has been found to improve prognostic accuracy; however, the
optimal sample timing is still uncertain [7, 16].

23.3 S100 Calcium-Binding Protein B

S100B is abundant in glial cells and specifically expressed in specific astrocytes
surrounding the blood vessels in the brain [7, 21]. Extra-cerebrally, S100B is
present in Schwann cells of the peripheral nervous system. Healthy adults
express very low levels of S100B, and S100B does not move freely over an
intact blood-brain barrier [21]. Of non-neuronal sources, muscle cells, adipo-
cytes, and chondrocytes are found to express S100B, which may create a con-
founding source of S100B in CA patients receiving chest compressions [7, 21].
However, the half-life of S100B is only about 30 min, and compression-
originated S100B possibly soon vanishes from blood [7]. S100B is considered
an early biomarker after cardiac arrest, as the level usually peaks at 24 h. Four
studies in the last decade examined S100B after cardiac arrest (Table 23.1) [15,
22-24]. In three studies, the best prognostic accuracy appeared 24 h after car-
diac arrest (AUROC of between 0.78 and 0.93). In the study by Larsson et al.,
the best accuracy was, interestingly, found at 72 h (AUROC 0.83) [15]. The
thresholds to predict poor neurological outcome with a 0% false positive rate at
24 h had great variability (0.19-2.59 ng/ml). The highest threshold was reported
in the largest study included in this review, that was conducted by Stammet et al.
with the TTM After Cardiac Arrest trial cohort [24]. Other studies reported low
sensitivities (<24%), but Jang et al. reported a sensitivity of 78% [22]. In the
study by Jang et al., the primary endpoint was 3-month neurological outcome,
while in all the other studies, the outcome was assessed after a 6-month follow-
up [15, 22-24]. Two of the included studies reported prognostic accuracy for
both S100B and NSE, or the prognostic accuracy of NSE for the same patient
cohort was reported in another manuscript: in both cases, S100B predicted the
outcome better at 24 h, but, at later time points, NSE was more accurate than
S100B [15, 16, 24].

23.4 Neurofilament Light

Neurofilaments (light [NfL], medium [NfM], heavy [NfH], and p-internexin), are
approximately 10 nm in size, and are abundant structural scaffolding proteins exclu-
sively expressed in neurons, predominantly within large, myelinated axons within
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the cerebral white matter [25]. Their function is largely unknown but hypothesized
to be essential for radial growth and enabling rapid nerve conduction. Pathological
processes that cause axonal damage release neurofilaments into the extracellular
fluids, cerebrospinal fluid (CSF), and peripheral blood. However, even under nor-
mal circumstances, NfL is continuously released from axons in an age-dependent
manner, with typical NfL reference ranges in the CSF increasing by twofold between
ages 20 and 50 years and further doubling by the age of 70. A similar age-dependent
increase is also seen in blood.

NfL has been extensively studied as a biomarker of neural injury in neurodegen-
erative disorders, with mild increases in Alzheimer’s disease but more dynamic
changes in disorders with a greater intensity of neurodegeneration (e.g., fronto-
temporal dementia or amyotrophic lateral sclerosis [25]). However, the large
increases in NfL in blood following hypoxic brain injury suggest that NfL may
better serve as a prognostic biomarker for acute neurological injury than for chronic
neurodegeneration. Studies using conventional enzyme-linked immunosorbent
assay (EILSA) technology have demonstrated the large increases and predictive
power of plasma neurofilaments in cardiac arrest [26, 27]. Now, semi-automated
ultra-sensitive immunoassays (e.g., single molecular array [Simoa]) can quantify
plasma NfL at low levels, even in healthy individuals [25].

In the Carbon dioxide, Oxygen and Mean arterial pressure After Cardiac Arrest
and REsuscitation (COMACARE) trial using the Simoa platform, individuals with
a poor outcome (Cerebral Performance Category [CPC] scale >3) had a median
plasma NfL level >2300 pg/ml [4]. In contrast, those with a good outcome had
levels <20 pg/ml. Consequently, NfL predicted the outcome of OHCA patients
with an AUROC of 0.98 (95% CI 0.97-1.00) as early as 24 h after the event
(Table 23.1) [4]. While admission levels of plasma NfL. were elevated in individu-
als with subsequent poor outcomes compared to good outcomes, the considerable
overlap means that NfL is unlikely to be useful at this early stage (AUROC 0.65).
This study by Wihersaari et al. [4] corroborates earlier findings in a larger sample
size by Moseby-Knappe et al., who also demonstrated a vastly superior prognostic
performance of serum NfL in comparison to other plasma biomarkers (e.g., tau,
NSE, and S100b) and clinical data in the TTM After Cardiac Arrest trial [5].
Despite these encouraging results, it has been reported that one-third of individuals
with a good outcome had high levels of plasma NfL; thus, NfL has only modest
specificity [28]. This leads to the conclusion that plasma NfL thresholds for normal
ranges for continuing care should be applied rather than thresholds for poor out-
come and terminating care.

NfL has several key advantages as a plasma biomarker. First, there is a consensus
on the assay of choice (Simoa), which clinical laboratories in Sweden, the
Netherlands, and France have validated for broad use in clinical laboratory practice.
This gives a greater chance of thresholds being transferrable between research
cohorts and, eventually, clinical routines. Furthermore, NfL in plasma is very stable,
largely unaffected by preanalytical variabilities or hemolysis, and the sample can
remain at room temperature >48 h without compromising measurement quality or
accuracy. In addition, an accurate measurement of NfLL does not require immediate
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centrifugation and can even be extracted as a whole blood dry spot for longer term
storage/transportation for remote setting assessment [29]. Plasma or serum NfL is
also not susceptible to freeze-thaw cycling, which is useful for research settings or
external laboratory testing [30]. Plasma NfL is predominately derived from the cen-
tral nervous system but, however, is elevated in peripheral neuropathies [31].
However, based on the reported high levels in cardiac arrest patients with poor out-
comes, this mild magnitude of change in peripheral neuropathies is unlikely to be a
confounder.

23.5 Ubiquitin C-Terminal Hydrolase L1

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is a 26 kDa neuronal deubiquitinase
primarily expressed in neurons and neuroendocrine cells [32]. UCH-LI is important
not only for neuroaxonal stability but also for repair after brain injury [33].
Specifically, it is involved in the process of ubiquitination of proteins destined for
degradation via the proteasomal pathway. Therefore, it has an essential role in the
removal of oxidized or misfolded proteins in both normal and pathological condi-
tions [34]. UCH-L1 is more commonly evaluated in traumatic brain injury (TBI),
where it has been permitted for use by the U.S. Food and Drug Administration
(FDA) for indicators of good outcome to avoid unnecessary CT scans following
concussion [35].

Use of UCH-L1 in cardiac arrest patients has been evaluated in only two stud-
ies that were both conducted with the same patient cohort (the patient cohort
from the TTM trial) [28, 36]. UCH-L1 was shown to predict poor outcome after
cardiac arrest with good accuracy (AUROC of between 0.85 and 0.87), was sig-
nificantly better than NSE at 24 and 48 h, and the prognostic accuracy was fur-
ther improved by the addition of GFAP (AUROC of between 0.90 and 0.91) [36].
At 72 h, both UCH-L1 and NSE performed to the same degree. This is in line
with the reported short half-life of UCH-L1 (<12 h) in comparison to NSE [36,
37]. Moseby-Knappe et al. demonstrated that UCH-L1 levels were within normal
ranges in 63.8% of patients with good outcome at 24 h, however this increased to
88.1% at 72 h [28]. By contrast, predicting poor outcome diminished overtime
with elevated UCH-L1 above normal levels in 85.3% of poor outcome patients at
24 h but 70.3% at 72 h. Ability to predict poor outcome was inferior to NfL, Tau,
and GFAP [4, 5] but ranked highly in specificity, suggesting UCH-L1 may have
arole in the diagnostic challenge of cardiac arrest. The successful FDA approval
of serum UCH-L1 paves the way for UCH-LI1 to be used for purposes other than
TBI particularly as multiple plex assays with NfL, Tau, and GFAP are available.
However, further independent studies defining normal reference ranges and their
added value over and above other putative biomarkers for cardiac arrest are still
lacking. Lastly, given the limited number of studies available, the impact of high
expression of UCH-L1 from the pancreas and kidney, as a potential confounder,
has largely been unexplored.
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23.6 Glial Fibrillary Acidic Protein

GFAP is a structural component of intermediate filaments in the astrocyte cytoskel-
eton that is considered a highly brain-specific marker [38]. GFAP production is
upregulated following ischemia, which is believed to be a neuroprotective mecha-
nism, but can also lead to glial scarring [38]. As a structural protein, GFAP is
released from damaged astrocytes and elevated levels are not in general detected in
healthy individuals [7]. Serum GFAP has been found to predict neurological out-
come after head trauma, and elevated blood levels have been measured after cardiac
arrest, intracerebral hemorrhage, and ischemic stroke [15, 38].

To the best of our knowledge, GFAP has been investigated after cardiac arrest in
six studies [15, 17, 36, 39—-41]. Three studies [39-41] were conducted before the
introduction of a highly sensitive method (immunoassay) to measure serum GFAP
[42], and we did not include their results in this review. The accuracy of GFAP to
predict neurological outcome seems to be better at 48 and 72 h after cardiac arrest
compared to earlier time points, with AUROC values of between 0.65 and 0.89; see
Table 23.1 [15, 17, 36]. The largest study included in this review, which was con-
ducted in the TTM trial cohort by Ebner et al., reported a threshold of 2952 pg/ml
with a 0% false positive rate for poor prognosis 48 h after cardiac arrest, but again
the sensitivity remained low (Table 23.1) [36]. The corresponding thresholds deter-
mined in the two other included studies were much lower (300 and 80 pg/ml), but
these studies have methodological differences compared to the study by Ebner et al.
Helwig et al. [17] determined the neurological outcome with a modified Glasgow
Outcome Scale at 4 weeks, and a study by Larsson et al. [15] included both ITHCA
and OHCA patients. All the GFAP studies included in this review compared the
predictive accuracy of GFAP to other biomarkers [15, 17, 36]. In the study by
Larsson et al., NSE and S100B were more accurate in predicting poor neurological
outcomes, and they were more sensitive compared to GFAP, with AUROC values at
48 h for NSE, S100B, and GFAP of 0.79, 0.75 and 0.63, respectively [15]. In the
study by Helwig et al., both NSE and GFAP showed rather modest accuracy in pre-
dicting the outcome at 48 h, and NSE was more sensitive than GFAP [17]. In turn,
in the study conducted by Ebner et al., GFAP predicted the outcome more accu-
rately at every determined time point after the arrest (at 24, 48, and 72 h) compared
to NSE, but, as stated above, GFAP presented low sensitivity [36].

23.7 Tau Protein

Tau is a protein molecule that stabilizes the structures of microtubules in neuro-
axonal processes and is mainly located in the white matter of the central nervous
system [43, 44]. Ischemia causes hyperphosphorylation of tau molecules, detaching
them from microtubules [45]. Detached tau molecules aggregate to insoluble
masses, interrupting axonal signaling. Elevated serum tau concentrations have been
reported after ischemic stroke and cardiac arrest [46—49]. Among patients with neu-
rodegenerative disease (e.g., Alzheimer’s disease or Creutzfeldt-Jacob disease),
elevated tau levels are present in CSF [50], but this is not reflected in blood as mild
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elevations are confounded by peripheral expression. Determination of accurate
serum tau concentrations requires a highly sensitive immunoassay method, which is
only available at specialized laboratories [42]. So far, only one large study has
examined tau after cardiac arrest [48], and two other studies were small pilot studies
[46, 47]. Mattsson et al. studied tau in the TTM trial cohort, and the predictive
power of tau was better in the later samples (the AUROC at 24, 48, and 72 h was
0.81, 0.90, and 0.91, respectively [48]). Further, tau predicted poor neurological
outcome between 24 and 72 h after cardiac arrest more accurately than NSE [48].
The thresholds for poor prognosis with a 0% false positive rate seemed high (at 48 h
148.8 pg/ml and at 72 h 72.7 pg/ml), and sensitivity remained low, but already
allowing a false positive rate of 2%, the sensitivity increased above 60% and the
thresholds decreased to 18.9 pg/ml at 48 h and 11.2 pg/ml at 72 h [5]. Bimodal tau
release (early and late) was reported in the two pilot studies of tau and cardiac
arrest; the delayed peak was absent or significantly lower in patients with good out-
comes [46, 47]. Tau has a half-life of about 10 h, and late elevations in tau concen-
trations likely reflect ongoing neuronal injury [5].

23.8 Conclusion

Biomarkers will undoubtedly continue to be an important part of outcome predic-
tion in patients with hypoxic brain injury after cardiac arrest. Further research will
improve accuracy and may propose new strategies for the way biomarkers are used.
The traditional approach of using high threshold levels to identify patients with no
chance of a good functional outcome may well be complemented with a strategy of
using low biomarker levels to predict a good outcome [27]. As these different bio-
markers originate from different areas of the brain, it could be an option to use some
of them together (e.g., one biomarker reflecting injury to gray matter, one reflecting
axonal injury, and one reflecting injury to the glia). A study by Ebner et al. showed
that combining GFAP and UHC-L1 predicted neurological outcomes more accu-
rately than NSE alone [36]. Additionally, unpublished evidence suggests that high
levels of tau as a marker of axonal injury identify different poor-outcome patients
than those identified with GFAP, a marker of glial injury (Humaloja, personal com-
munication October 14, 2021). It seems logical to combine several hypoxic brain
injury biomarkers for improved accuracy. Whether this concept is cost-effective and
accurate and whether it has a role as part of a multimodal prognostication approach
should be assessed in future large-scale studies.
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24.1 Introduction

The intestinal microbiota plays a critical role in human physiology and pathology,
participating in food digestion, production of vitamins, absorption of energy, modu-
lation of intestinal homeostasis, and regulation of immune functions [1]. The micro-
biota reflects the ‘diversity’ of our microbial community and is composed of
commensal, symbiotic and pathogenic microorganisms, whereas the microbiome
represents the genetic material of the microbiota; both these systems are frequently
unbalanced during critical illness [2]. Critically ill patients are highly susceptible to
microbiome imbalance due to antibiotic use, multiple drug administration, mechan-
ical ventilation, nutritional therapy, and increased metabolism with consequent
hyperinflammation [2]. The dysregulated microbial diversity has been strongly
associated with worse outcomes in critical illness [3]. Despite progress in transla-
tional medicine, little is known about the microbiota in neurocritically ill patients.
Evolution in the management and treatment of acute neurologic injury has not been
primarily focused on microbiota modulation and its effect on outcome [3]. Microbial
dysbiosis in experimental models of acute brain pathology has been associated with
alterations of the blood-brain barrier (BBB), altered permeability, and microglial
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activation but evidence is lacking in the critically ill setting; the study of microbiota
in chronic neurological disorders has made much more progress [1, 3]. Therefore,
dysbiosis in neurocritical care remains a very poorly studied but fascinating theme
that deserves further investigation [3]. The aim of this chapter is to provide an over-
view about the progress made in translational biology concerning the study of the
microbiota and microbial dysbiosis in the most common pathologies in the neuro-
critical care setting.

24.2 Mechanisms of Dysbiosis

The human microbiota is a complex system composed of trillions of microbes
(around 1000 species in the digestive tract), which, under physiological conditions,
can regulate maturation and function of the host’s immune system, while under
pathological conditions it can cause microbial dysbiosis with systemic complica-
tions [4]. Evidence suggests that the gut microbiome can alter neuronal develop-
ment, cognitive assessment, brain function, and behavior. This mechanism is
mediated by bidirectional communication pathways between the gut-lung-heart and
the brain through several neural, immune, and endocrine-metabolic pathways in
which microbiota composition plays a central role [5]. The typical composition of a
healthy and pathological microbiota in critically ill and neurocritically ill patients is
summarized in Table 24.1.

24.2.1 Local and Systemic Responses to Acute Brain Injury

The local and systemic responses to acute brain injury involve the activation of the
immune innate and adaptive systems, which become susceptible to injury because
of the breakdown of protective barriers [4]. The innate immune system immediately
activates physical, chemical, and cellular (i.e., lymphoid cells, granulocytes, and
phagocytes) defenses against pathogens at the central nervous system (CNS) level
(i.e., microglia and astrocytes). Following cell damage, damage-associated molecu-
lar patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) are
activated, interacting with pattern recognition receptors (PRRs) on phagocytes (i.e.,
dendritic cells, macrophages, chemokines, cytokines, and complement), which can
recruit other immune cells and amplify the immune response to a systemic level
with the liberation of prostaglandins, leukotrienes, platelet activating factor, hista-
mine, serotonin, complement fragments, proteases, and chemokines [4].

After brain injury, damaged cells secrete inflammatory chemokines and cyto-
kines that activate adaptive immunity. The adaptive immunity concurrently starts by
recognizing antigens through antigen-presenting cells (APC), which interact with T
or B lymphocytes. B lymphocytes exert a fundamental role in homeostasis through
the secretion of immunoglobulin-A (IgA) [1]. After proliferating, effector T cells
(Th1, Th2, Th17) and regulatory T cells (Treg) can produce cytokines and chemo-
kines to protect the host from pathogens [4]. Usually, Thl secretes interleukin
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Table 24.1 Characteristics of microbiota composition in critically ill patients and in key neuro-
critical conditions

Population Microbiota composition

Critically ill Bacteroidetes, | Firmicutes

patient 1 Proteobacteria, 1 Firmicutes (1Streptococcus, 1 Veilonella), 1 Bacterioidetes,
1 Verrucomicrobia

Traumatic | Bacteroidetes, | Fusobacteria, | Verrucomicrobia

brain injury 1Clostridiales, 1 Firmicutes (1 Enterococcus), T Proteobacteria (1 Escherichia

coli, 1Klebsiella pneumoniae, 1 Proteus mirabilis, T Enterobacter cloacae,
1Pseudomonas aeruginosa), tAcinetobacteria (1Acinetobacter baumanii)
Ischemic Bacteroidetes (] Prevotella), | Firmicutes (| Lactobacillus sakei,
stroke VFaecalibacterium)
1 Proteobacteria (1 Escherichia, 1 Klebsiella, 1Shigella, 1 Proteus,
TYHaemophilus, 1Enterobacter, 1 Desulfovibrio), 1 Firmicutes (1 Eubacterium,
1 Enterococcus, 1 Oscillibacter megasphaera, T Ruminococcaceae,
1Christensenellaceae, TLactobacillus ruminis), 1Acinetobacteria
(1 Colinsella), TBacterioidetes (1Alistipes), Verrucomicrobia (tAkkermansia),
1Lentisphaerae (1Victivallis), tActinobacteria (1Atopobium)
Intracerebral Few data in humans

hemorrhage

Subarachnoid | Firmicutes (| Hungatella hathewayi)

hemorrhage 1Bacterioidetes (1B. thetaiotaomicron, 1B. massiliensis, 1B. nordii,
1B. intestinalis, 1B. cellulosilyticus), 1 Firmicutes (1 Clostridium bartelettii,
1C. nexile, 1C. boltae)

Spinal cord | Firmicutes (| Pseudobutyrivibrio, | Dialister, | Megamonas,

injury |Marvinbryantia, | Roseburia, | Subdoligranium, | Faecalibacteria,

Laachnoclostridium, | Phascolarctobacterium), | Bacteroidetes (| Prevotella)
1Proteobacteria (1 Escheria, tShigella), tVerrucomicrobia, 1 Bacteroidetes
(tBacteroides, 1 Probacteroides)

1 Increased or | decreased phylum of bacteria

(IL)-2, IL-12, tumor necrosis factor-o (TNF-o), and interferon-y (IFNy), Th2
secretes IL-4, IL-5 and IL-13, Th17 with the release of IL-17 which activates a pro-
inflammatory response, while Treg act by reducing and regulating the inflammatory
response via IL-10 and transforming growth factor-f3 (TGF-f), also inhibiting the
secretion of IL-17 from Th17 in the gut [4]. Some experimental and clinical evi-
dence has demonstrated that Treg cells are essential for neuronal survival and play
a neuroprotectant role, whereas patients with a higher neutrophil/lymphocyte ratio
are more predisposed to death [4]. These together suggest that the role of adaptive
immunity is mainly related to the progression of neurological injury and prognosis.

24.2.2 Bidirectional Communication

24.2.2.1 Gut-Brain Axis

The gut microbiota plays a crucial role in regulation of the intestinal barrier. The distur-
bance in gut bacterial composition may determine neurological derangements and vice
versa [1]. Dysfunction of the intestinal barrier may lead to enhanced innate-immune
response and hyper-inflammation, thus promoting systemic inflammation and poor
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functional outcome [4]. At the intestinal level, the epithelial intestinal cells express
Toll-like receptors (TLRs, among PRRs) which recognize commensal microbes and
regulate the innate immune response [4]. Several TLRs control the homeostasis of the
intestinal tract thus increasing the burden of commensals (e.g., TLR-5 and nucleotide-
binding oligomerization domain-containing protein [NOD-2]) [1]. NOD-like receptors
(NLR) may create a multiprotein complex named the inflammasome, which, when
activated, increases the liberation of cytokines and chemokines [1].

The gut microbiota may influence the physiologic function of the CNS and of the
endocrine nervous system through dedicated pathways, thus modulating brain func-
tion [1]. The main pathways between the gut and the brain involve the autonomic
nervous system, the hypothalamic-pituitary-adrenal axis (HPA), and the immune-
inflammatory system that continuously communicate through peripheral and central
connections (via top-down and bottom-up signaling) and through the release of
mediators like serotonin, catecholamines, cholecystokinin, gamma-amino butyric
acid (GABA), glucagon-like peptide-1, neuropeptide Y, endocrine hormones,
microbial compounds, and metabolites [1]. The autonomic nervous system is depu-
tized to the modulation of intestinal homeostasis, gut motility, permeability, bile
secretion, mucus, and bicarbonate production [1]. Figure 24.1 summarizes the main
pathways involved in the gut-brain axis.
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Fig. 24.1 Microbiota brain—gut axis. Brain damage induces local inflammatory response fol-
lowed by the activation of systemic inflammatory immune response. The intestinal barrier is dis-
rupted, compromising the ability of the microbiota to defend against intestinal pathogens.
Microbial metabolites, neurotransmitters (NMs), and cytokines are released into the blood stream.
These molecules therefore activate the adaptive and innate immune systems and enhance the sys-
temic inflammatory response. Vagal afferents activate the neuroendocrine system to release pep-
tides, and the inflammatory response to release pro-inflammatory cytokines. Neutrophils,
macrophages, and leukocytes are the main actors in this phase. Additionally, T lymphocytes can
migrate from Peyer’s patch in the small intestine to the brain. CCK cholecystokinin, DC dendritic
cells, NMs neurotransmitters, BBB blood—brain barrier
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24.2.2.2 Heart-Brain Axis

Neurocritically ill patients are at high risk of cardiovascular complications and the
existence of a bidirectional interaction between the brain and the heart has been
widely discussed [5]. Sympathetic hyperactivity, HPA, immune and inflammatory
responses, and gut dysbiosis are the main pathways involved in brain—heart axis
dysregulation [5]. According to recent evidence, the occurrence of cardiovascular
and cerebrovascular complications in brain injured patients might be associated
with dysbiosis [1]. Some clinical studies have identified trimethylamine-N-oxide
(TMAO) as the principal marker and predictor of cardiovascular events [5]. Other
toxins and metabolites, frequently associated with microbiota imbalance, have been
identified as potential factors for the development of cardiovascular and cerebrovas-
cular disease, including lipopolysaccharide [6]. The mechanisms of brain—gut—heart
interactions are reported in Fig. 24.2.

24.2.2.3 Lung-Brain Axis

The brain—lung axis represents an integrated physiological ensemble. Neurocritically
ill patients often present with pulmonary disorders like acute lung injury, acute
respiratory distress syndrome (ARDS), and pulmonary edema, and the mechanical
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Fig.24.2 Microbiota gut-brain-heart axis. The main mechanisms involved in the microbiota gut—
brain—heart axis include the hypothalamic—pituitary—adrenal axis (HPA), the immune and inflam-
matory responses, and gut dysbiosis. After brain injury, the blood-brain barrier (BBB) is altered
with local inflammation, neuronal loss, microglial damage, with possible osmotic swelling and
activation of oxidative processes. The local inflammatory response thus extends to a systemic level
via liberation of pro-inflammatory mediators and activation of the innate and adaptive immune
responses. Additionally, the autonomic nervous system and the vagus nerve, which commonly con-
trol the heart’s activity, are altered with possible cardiac complications. At the same time, microbial
dysbiosis of the intestinal tract is activated by immune systemic mediators with increased gut per-
meability and loss of barrier integrity that favors microbial translocation, altered mucus layer, dys-
regulated peristalsis, which all contribute to the maintenance of systemic inflammation thus
sustaining brain injury and consequent cardiac dysfunction. TMAO trimethylamine-N-oxide
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which can contribute to diseases like pneumonia and acute respiratory distress syndrome (ARDS).
NMs neurotransmitters, CCK cholecystokinin

ventilation settings can profoundly affect brain physiology [7]. Experiments in mice
demonstrated that increased gut permeability after acute brain injury can result in
bacterial translocation and lung infection. Hence, patients with acute brain injury
are more susceptible to pneumonia and pulmonary infections, as demonstrated by
the high rate of stroke-associated pneumonia and ventilator-associated pneumonia
(VAP) in this patient population, and this can also influence patient outcomes [8, 9].
However, this complex connection and potential therapeutic strategies are still being
elucidated. Interactions between the brain and the lung are mediated via complex
signaling involving neural, inflammatory, immunologic, and neuroendocrine path-
ways [7], as shown in Fig. 24.3.

24.3 Influence of Dysbiosis on Neurological Outcome

The following sections discuss preclinical and clinical evidence about microbiota
dysbiosis in the main neurological pathologies encountered in the intensive care
unit (ICU) and the association of microbiome imbalance with outcome in neuro-
critical care patients.

24.3.1 Traumatic Brain Injury

Traumatic brain injury (TBI) is one of the leading causes of disability and death
globally, affecting millions of people each year. Despite a growing body of
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guidelines and advances in treatment, a large number of TBI survivors still have
long-term physical, mental, and cognitive disabilities [10]. The pathophysiology
of TBI is complex and includes an immediate injury resulting from external fac-
tors (few minutes), followed by secondary brain damage resulting from the pri-
mary events as a cascade of biochemical and molecular events that can last for
months/years [10]. Particularly at a cellular level, TBI pathophysiology is char-
acterized by inadequate perfusion, oxidative stress, excitotoxicity, cerebral
edema, and release of pro-inflammatory mediators that can further damage the
brain tissue [10]. Long term manifestations of secondary brain injury include
memory deficits, altered attention, reduced executive function, and dysexecutive
syndrome with associated anxiety and depression [11]. Recent advances in trans-
lational biology suggest that TBI complications might be partially modulated by
the maintenance of a homeostatic microbiota. At the gut level, sequelae of TBI
include mucosal damage with altered permeability and passage of electrolytes
and metabolites [12]. This is followed by reactive gliosis for mucosal repair and
barrier function, and, additionally, by the release of local inflammatory media-
tors, which recall immune cells and amplify the systemic response [12]. Early
effects of brain injury on the gut include gastroparesis and altered intestinal func-
tion with changes in microbial composition and intestinal epithelial barrier integ-
rity, until a state of dysautonomia is reached [12]. Evidence from animal models
has revealed that the intestinal microbiota becomes dysfunctional after 72 h from
TBI, changing the normal composition in favor of pathogens like Pseudomonas
aeruginosa and Escherichia coli, increasing intestinal inflammation, reducing
antimicrobial peptides, and damaging the mucosal barrier. This pro-inflammatory
status has been associated with multiple organ dysfunction, life-threatening sys-
temic complications, and possible death [4]. Microbiota dysbiosis caused by
antibiotic administration has been associated with reduced hippocampal neuro-
genesis and memory retention, increased neuronal loss, with altered microglia
and peripheral immune response in a mouse TBI model [13]. Recent reports
suggest the role of homocysteine accumulation in dysfunction of the BBB,
microvascular disorders, visual dysfunction, and oxidative stress in TBI [11].
Other experimental evidence from a mouse TBI model includes that the presence
of Clostridium butyricum and Lactobacillus acidophilus in the gut microbiota
can improve neurological status, BBB function, and neurodegeneration [14], and
the use of multiple antibiotics showed anti-inflammatory and neuroprotective
effects in mice with TBI [4]. Stimulation of the vagus nerve in a TBI model
resulted in neuroprotective effects, reducing cerebral edema and the concentra-
tion of pro-inflammatory cytokines. Moreover, vagal stimulation inhibits oxida-
tive stress and apoptosis via nuclear factor-kappa B (NF-«kB)/NLRP3 signaling
[15]. In the clinical setting, a clear connection between microbiota dysregulation
and TBI is still far from being clarified. Characteristics of microbiome composi-
tion in TBI patients are reported in Table 24.1, but correlation with outcome and
neurological function are still lacking.
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24.3.2 Ischemic Stroke

Acute ischemic stroke represents the second leading cause of death worldwide [1].
After acute ischemic stroke, altered intestinal permeability with disruption of the
gut-blood barrier and dysregulation of the microbiota may occur, thus leading to an
imbalance of gut pathogens compared to commensals [1]. Gut pathogens contribute
to enhance the inflammatory response also by increasing the production of
TMAO. TMAO may contribute to platelet hyperactivity, foam cell formation,
altered steroid and bile metabolism, and to activate macrophages, platelets and den-
dritic cells [1]. Moreover, in a preclinical model, an important trigger receptor
expressed on myeloid cells (TREM-1), which synergically interacts with PRRs, was
found to be involved in the enhancement of pro-inflammatory response of intestinal
myeloid cells, while its modulation reduced the inflammatory response in acute
ischemic stroke [1]. Another animal model demonstrated that Treg can reduce cere-
bral infarction and improve neurological outcome, acting through the suppression
of inflammation [16]. In the clinical setting, changes in the gut microbiota composi-
tion were found in patients with acute ischemic stroke with an increase in opportu-
nistic pathogens over commensals [17]. Characteristics and gut microbiota
composition in acute ischemic stroke are reported in Table 24.1. A score, the stroke
dysbiosis index, was developed to quantify gut dysbiosis in patients with acute isch-
emic stroke, and was positively associated with unfavorable outcome [18]. A meta-
analysis including 87 studies of stroke-associated pneumonia found an incidence
rate of around 30% and an association with mortality [19]. In 2017, a meta-analysis
confirmed that TMAO increases cardiovascular risk and mortality in patients with
acute ischemic stroke [20]. Additionally, psychological studies have demonstrated
that 1 year after acute ischemic stroke, 34% of patients have cognitive impairment
and that this is associated with TMAO levels [21]. Cognitive decline and dementia
are common in acute ischemic stroke survivors, with an incidence rate of 20-53%
from 6-months to 2-years after acute ischemic stroke [6]. Several factors are associ-
ated with a higher risk of developing cognitive impairment in acute ischemic stroke,
including diabetes, hypertension, cerebral deposition of amyloid, and mixed vascu-
lar and non-vascular triggers [6]. Patients with acute ischemic stroke who develop
cognitive impairment frequently exhibit a deficiency in short-chain fatty acids and
microbiota metabolites, with a prevalence of Fusobacterium [22].

24.3.3 Intracerebral Hemorrhage

Intracerebral hemorrhage is often included in the broad definition of hemorrhagic
stroke, accounting for approximately 20% of strokes. Regardless of the exact loca-
tion of bleeding, intracerebral hemorrhage has a poor prognosis, with long-term
disability and high mortality [23]. Surgical evacuation is a possible therapeutic
strategy for operable hemorrhage in order to reduce a mass effect and related com-
plications. However, this method often fails to improve long-term neurological out-
come [23] and new strategies are required. The pathological mechanism of
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intracerebral hemorrhage is characterized by hematoma growth and secondary brain
damage with neuroinflammation. As with the brain—gut axis interaction, intra-
cerebral hemorrhage brain injury can determine dysbiosis of the gut microbiota,
with gastrointestinal paralysis and altered intestinal barrier integrity in a mouse
model [24]. This effect is mediated by T cells at a central level, which can increase
vascular permeability, release inflammatory cytokines, and promote microglial
polarization into an M1 pro-inflammatory phenotype, thus enhancing a systemic
inflammatory response [24]. Microglial polarization is probably mediated by the
NLRP3 inflammasome after intracerebral hemorrhage, which, when inhibited,
reduces the production of pro-inflammatory cytokines [25].

Experimental studies suggest that bacteria able to produce TMAO and butyrate
play a key role in the progression of stroke, also acting on functional outcomes [26].
In contrast, short-chain fatty acids, which are products of dietary fiber fermentation
by the gut microbiota, can cross the BBB and induce maturation of microglial cells
of the brain. This has been associated also with improved outcome after stroke,
attenuating brain inflammation and improving neurogenesis [27]. Few clinical stud-
ies on microbiota modulation in intracerebral hemorrhage are currently available.
One study investigated clinical functional outcomes at 3-months in patients with
intracerebral hemorrhage with altered microbiota, detecting early neurological
deterioration, hematoma enlargement, and poor outcome in 19%, 18%, and 45% of
cases, respectively. There was a linear correlation between TMAO levels and poor
outcome at 3-months, suggesting the regulating role of TMAO in prognosis and
outcome after intracerebral hemorrhage [28]. A recent case-controlled study in
patients with ischemic and hemorrhagic stroke concluded that after stroke the intes-
tinal communities are highly subverted compared to controls. Moreover, the authors
observed an enrichment in bacteria implicated in TMAO production and a reduction
in butyrate-producing bacteria, that was also an independent predictor of post-stroke
infection [26].

24.3.4 Subarachnoid Hemorrhage

The pathogenetic mechanisms of aneurysm rupture responsible for the majority of
cases of subarachnoid hemorrhage (SAH) have still to be elucidated, but it seems
that a genetic predisposition as well as environmental factors might play a crucial
role [29]. Dysbiosis of gut microbiota has been associated with the occurrence of
cerebrovascular and cardiovascular disease and with cognitive impairment in
patients with brain injury. Hence, the suspicion that microbiota imbalance could be
involved in aneurysm rupture and development of SAH is high [29]. An experimen-
tal study in mice, in which intracranial aneurysms and microbiota dysbiosis were
induced, demonstrated that dysbiosis can be associated with aneurysm formation
and modulation of inflammation [30]. Other factors related to dysbiosis can act in
the pathogenesis of aneurysm formation, including lymphocytes [31], and TNF-a
liberation [32], typical phases of the pro-inflammatory response that appear after
microbiota imbalance. In patients with unruptured cerebral aneurysm, the gut
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microbiota was altered with an abundance of Hungatella hathewayi, which is
responsible for modulating taurine levels in the serum. Taurine supplementation in
these patients reversed the progression of intracranial aneurysms [29]. The compo-
sition of the microbiota in patients with SAH is summarized in Table 24.1. A recent
systematic review including studies in preclinical and clinical settings concluded
that IL-6 plays a crucial role in the pathogenesis of post-SAH complications like
delayed cerebral ischemia and cerebral vasospasm. Indeed, IL-6 is a well-known
marker of intracranial inflammation, but its release can also be associated with
microbial dysbiosis [33].

24.3.5 Spinal Cord Injury

Spinal cord injury is a disabling condition usually caused by polytrauma, which
frequently requires ICU admission and comprehensive critical care, and may culmi-
nate in paraplegia or tetraplegia [34]. Unfortunately, neuronal regeneration, tissue
repair, and plasticity are limited, due to the loss of regulatory function in the brain
and upper spinal cord, with possible evolution to multiple organ dysfunction [34].
The pathogenetic mechanism of dysbiosis in spinal cord injury is even more pro-
nounced than in central nervous system diseases, because the autonomic nervous
system is often destroyed and axonal descending fibers below the injury level can-
not innervate motor neurons, while ascending fibers cannot transmit information to
the brain [34]. This means the brain is unable to control the intestinal system, thus
causing an imbalance of sympathetic and parasympathetic pathways with gastro-
intestinal dysfunction, altered intestinal motility, imbalanced mucosal secretion,
dysregulated vascular tone, and altered immune function [35]. The composition of
the microbiota of patients with spinal cord injury is summarized in Table 24.1.
Experimental studies in rat models demonstrated that an abnormal gut microbial
community is involved in the pathogenesis of spinal cord injury [36]. In spinal cord
injury, intestinal permeability with bacterial translocation and immune activation in
the gut-associated lymphoid tissue (GALT) increases, causing significant changes
in microbiota that persist for at least 1 month, predicting the potential locomotor
impairment. An experimental study in naive mice showed that induction of gut dys-
biosis before spinal cord injury was associated with neurological impairment,
whereas feeding spinal cord injury mice with commercial probiotics produced a
protective immune response in GALT, conferring neuroprotection and locomotor
recovery [37]. In these animal models, the gut microbiota was altered with an
increase in Clostridaiceae and Bifidobacterium species and an increased production
of IL-18, IL-12 and macrophage inflammatory protein (MIP)-2 [38]. Another exper-
imental study demonstrated that the endotoxin-responsive, cAMP-specific, Pde4
subfamily-b enzyme (PDE4B) plays a role in inducing neuro-inflammation and
white matter loss; genetic ablation of the PDE4B prevented the changes in micro-
biota with improved functional recovery via inflammatory modulation [39]. Clinical
evidence concerning microbiota imbalance in spinal cord injury is still limited. A
clinical study concluded that the production of butyrate was reduced in patients with
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spinal cord injury in comparison to healthy subjects [40]. Another study demon-
strated that the composition of the gut microbiota of patients with spinal cord injury
was different between those with cervical and with thoracolumbar injury. However,
no correlation with the recovery of motor function was found [41]. A study in
patients with spinal cord injury showed a significantly different intestinal microbi-
ota compared to a healthy control group, confirming the role of microbiota disorders
in spinal cord injury pathogenesis and clinical symptoms [42]. However, there is
still no study that reports the potential role of microbiota on motor function improve-
ment [38].

24.4 Modulation of the Human Microbiota

Several factors can influence the gut microbiota composition and its alteration in
critically ill patients. Mechanical ventilation, enteral or parenteral feeding, antibiot-
ics, vasopressors, proton pump inhibitors, opioids may alter the health of microbi-
ome. Additionally, invasive procedures like endotracheal intubation, intravascular
catheterization, and surgical interventions can facilitate the access of microbes and
proliferation [43]. Control and modulation of the administered medications and
nutritional goals can improve microbiota imbalance in critical illnesses. The follow-
ing sections summarize the actions that can be taken to restore microbiota deregula-
tion in neurocritically ill patients.

24.4.1 Nutritional Therapy

Nutritional therapy is a main determinant of microbiota homeostasis, which can be
easily modulated or altered during the ICU stay by adjusting the timing and the
composition of the diet [43]. Current guidelines on nutritional therapy in the ICU
state that enteral nutrition should be started as soon as possible or at least within
48 h from admission. However, in critical care patients this is not always possible,
with the consequence that the gastrointestinal tract is not activated, the mucosa is
not stimulated, and cellular activities are impaired with possible microbiota dys-
regulation [43]. Enteral and parenteral nutrition affect the microbiota in different
ways. It seems that parenteral nutrition enriches the microbiota of Proteobacteria
with loss of bacterial diversity and alteration of the barrier function with potential
increase in pathogenic bacteria over commensals [43]. On the other hand, enteral
nutrition is enriched with synthetic dietary emulsifiers and preservatives, including
carboxymethyl cellulose, soy lecithin, arabic gum, soy polysaccharide, and glycerol
derivatives, which have been associated with gut dysbiosis [43]. In addition, enteral
nutrition, by activating the luminal tract, reduces the release of pro-inflammatory
cytokines and exerts a protective effect on dysbiosis [44]. Gastrointestinal motility
disturbances are very common in patients with acute brain or spinal cord injuries,
affecting with various degrees the esophagus, stomach, small bowel, and colon.
Moreover, because the tone of the lower esophageal sphincter is reduced, brain
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injured patients may manifest increased rates of aspiration. Indeed, the gastric emp-
tying time is prolonged in around 80% of patients with TBI [45]. The main reason
for failure of early enteral feeding in brain injured patients is the activation of a
fasting motor pattern during feeding with an inhibitory feedback to the proximal
small bowel, thus delaying gastric emptying [45]. Some nutritional therapies, such
as a high-fat diet and a ketogenic diet, have been proposed in brain injured patients
because of the increase in TMAO concentration, whereas use of high-protein diets
has given conflicting results although amino acids are fundamental for the synthesis
of new neurotransmitters. Finally, short-chain fatty acids, such as propionate, butyr-
ate, and acetate, seem to improve brain recovery [1].

24.4.2 Probiotics and Prebiotics

Probiotics are nutritional supplements that act through acid lactic fermentation in
the colon in order to maintain the balance between commensals and pathogens. In
the ICU, the use of probiotics did not seem to reduce mortality, but reduced the rate
of infection, while exerting contrasting results on length of stay; their effects in
brain injured patients are still controversial [1, 11]. Prebiotics are defined as food
additives that stimulate the growth and activity of specific gut bacteria. Prebiotics
are selectively fermented by probiotics to produce short-chain fatty acids in order to
downregulate inflammation, modulate oxidative stress, enhance gut barrier func-
tion, and prevent adhesion of pathogens that try to attach to the epithelial lining
[46]. The use of prebiotics and probiotics in patients with brain or spinal cord injury
is still controversial, although preclinical studies showed promising results.

24.4.3 Fecal Microbiota Transplantation

Fecal microbiota transplantation is an innovative and emerging technique that uses
the fecal microbiota of a healthy donor to transplant in to sick people. In clinical
settings, fecal microbiota transplantation is approved for the treatment of antibiotic-
associated diarrhea and intestinal bowel diseases with proved efficacy in reducing
dysbiosis, but in a few cases, bacteremia with E. coli developed, thus raising doubts
about the safety of fecal microbiota transplantation [1]. In the neurocritical setting,
fecal microbiota transplantation has been applied in hepatic encephalopathy; duo-
denal mucosal diversity, reduced dysbiosis, and antimicrobial-peptide expression
were observed [47]. In primarily brain injured subjects, fecal microbiota transplan-
tation mitigated CNS damage in animals with TBI, spinal cord injury, and acute
ischemic stroke [48]. Other preclinical studies reported a reduced brain lesion size
and improvement of outcome with fecal microbiota transplantation in brain dam-
aged subjects, while in ischemic stroke fecal microbiota transplantation restored
microglial function [11]. A meta-analysis of clinical and preclinical models con-
cluded that fecal microbiota transplantation may be a promising treatment option
for several neurological disorders, despite the limited number of clinical mod-
els [49].
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24.5 Conclusion

Microbial dysbiosis is common in critically ill and neurocritically ill patients.
Modulation of the microbiome has given promising results on neurological out-
comes and complications. To date, nutritional therapy, probiotics, prebiotics, and
control of medication administration are the most feasible strategies to modulate the
microbiota, while fecal microbiota transplantation represents the most promising
therapeutic strategy, although its application in the clinical setting is still very
limited.
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Brain—-Multiorgan Cross-Talk in Critically 2 5
lll Patients with Acute Brain Injury

K. Koffis, D. Siwicka-Gieroba, and W. Dabrowski

25.1 Introduction

Cross-talk between different organs is a physiological process responsible for the
maintenance of whole body homeostasis, which plays a crucial role in several
pathologies when breakdown of such homeostasis occurs and pathological influ-
ence of one organ dysfunction is deleterious for another. In a multicellular organ-
ism, organ cross-talk is mainly based on the physiological response of one or more
organs to the acute or chronic pathology in another through activation of different
receptors, such as baroreceptors, chemoreceptors, or hormonal response.

The pathophysiology of multiorgan interactions is complex and not well recog-
nized; however, clinicians often observe that the pathology of one organ is associ-
ated with severe functional abnormalities or even terminal dysfunction in other
organs. The importance of understanding organ-to-organ cross-talk lies in the fact
that this bi-directional impact between them may lead to multiple organ dysfunc-
tion, when injuries seem to be potentiated rather than merely added.

Brain—multiorgan interactions seem to be the most important of all types of
organ-to-organ cross-talk, because the brain is the control center of the mammalian
body. These interactions include relationships between the brain and heart, lungs,
gut, liver and kidneys; some authors have also suggested a relationship between the
brain and skin, muscles, or even bones [1-3]. Extracerebral complications in
patients with acute brain injury are frequent and may influence the outcome. Acute
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Fig.25.1 Key areas of
brain-multiorgan
cross-talk. A: brain—heart
cross-talk; B: brain—lung
cross-talk;

C: brain—microbiome
cross-talk; D: brain—liver
cross-talk; E. brain—gut
cross-talk; F. brain—kidney
cross-talk; G. brain—skin
and —adipose tissue
cross-talk; H. brain—-muscle
cross-talk. See Table 25.1
for more explanation

brain injury includes a range of central nervous system (CNS) dysfunctions, includ-
ing encephalopathies of different etiology (e.g., septic, ischemic), acute ischemic
stroke, epileptic seizures, subarachnoid hemorrhage (SAH), traumatic brain injury
(TBI), intracerebral hemorrhage, or diffuse brain injury in anoxic damage after car-
diac arrest.

Coordinated responses of distant organs and organ systems may not only cause a
greater burden, leading to profound organ failure, but could also be used as targets
for specific, tailor-made interventions to improve outcomes of critically ill patients.
The description of brain—other organ cross-talk and potential interventions are
shown in Fig. 25.1 and Table 25.1.
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Table 25.1 Detailed description of the interactions between organs depicted in Fig. 25.1
Type of Potential Examples of Potential
interaction ~ pathomechanisms disorders Effects on the brain treatment
A. Brain-heart Dysregulation of EKG abnormalities Disorders in Ultra-short-
the autonomic with life- cerebral blood flow acting and
system threatening cardiac highly
arrhythmias selective
B-blockers
Systolic and Inotropic drugs
diastolic (dobutamine,
dysfunction levosimendan)
B. Brain—lung Systemic ARDS, VILI, VAP, Cerebral hypoxia Levosimendan,
inflammatory NPE caspase-1
response inhibitor,
dobutamine,
sevoflurane,
melatonin,
lidocaine,
selective P2X
7R antagonist,
selective
CB2R agonist,
propofol, stem
cell therapy
C. Brain— Systemic Cognitive Neuroinflammation, Eubiotic
microbiome inflammatory dysfunction, increased BBB therapies
response neurodegeneration. permeability (probiotics,
Increased risk of microbiota
gastrointestinal transplant)
dysfunction, nutrients,
nosocomial immune
infection and VAP modulators,
antioxidant,
ketamine,
statins,
melatonin
D. Brain-liver Systemic Hepatic Neuroinflammation Anti-
inflammatory dysfunction. inflammatory
response Production and and anti-
release of oxidant
neuroactive medications
proteins
E. Brain—gut  Dysregulation of Gut ischemia, Neuroinflammation Anti-
the autonomic ulcer inflammatory
system and anti-
oxidant
medications
F.  Brain- Dysregulation of  Glomerular and Neuroinflammation B-blockers,
kidney the autonomic tubular apoptosis levosimendan

system

and fibrogenesis

(continued)
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Table 25.1 (continued)

Type of Potential Examples of Potential
interaction ~ pathomechanisms disorders Effects on the brain treatment
G. Brain—skin  Dysregulation of  Skin dysbiosis Neuroinflammation Leptin, resistin
and —adipose the autonomic Disorders in Disorders in and FIAF gene
tissue system thermoregulation  cerebral metabolism expression
silencing
techniques,
stem cell
therapy
H. Brain— Motor verve Skeletal muscle Enhanced neuronal Active early
muscle dysfunction immobility plasticity mobilization
and

rehabilitation

ARDS acute respiratory distress syndrome, BBB blood-brain barrier, EKG electrocardiogram,
FIAF fasting-induced adipose factor, NPE neurogenic pulmonary edema, VILI ventilator-induced
lung injury, VAP ventilator-associated pneumonia

25.2 Brain-Heart Cross-Talk

The interaction between the brain and the heart has been studied for several years,
since von Bezold and Hirt and then Jarisch and Richter studied the effects of intrave-
nous injection of veratrum alkaloids on cardiac function before and after cutting the
cardiac branches of the vagus nerve [4, 5]. This interaction has been called the
Bezold-Jarisch reflex. In general, the brain—heart cross-talk reflects diastolic disor-
ders, impaired cardiac contractility, life-threatening cardiac arrhythmias, cardiac
ischemia with impaired myocardial perfusion, and severe electrocardiographic
abnormalities [6—10]. Electrocardiographic (EKG) abnormalities are the most fre-
quent and occur in up to 90% of patients treated for isolated severe TBI [6]. These
pathologies include significant prolongation of the corrected QT interval, elevation
or reduction of the ST-segment, widening of the spatial QRS-T angle and an increased
incidence of life-threatening cardiac arrhythmias [6, 7]. Interestingly, more cardiac
disorders were observed in patients with severe diffuse brain injury treated with
hyperosmolar therapy [6, 8]. Disorders of ventricular repolarization are another
pathology developing in patients with TBI. They occur in up to 60% of patients and
are commonly associated with changes in the ST-segment [6, 9, 10]. Early systolic
dysfunction can occur during the first 24 hours of treatment even in young patients
without previous cardiac history, and recovers within the week following trauma [9].
Systolic dysfunction is associated with slight reduction of isovolumetric relaxation
time, which reflects impaired diastolic function [10]. Noteworthy, these abnormali-
ties are frequently associated with disorders in the ST-segment and/or corrected QT
interval and may result from impaired subendocardial viability [11].

Regardless of clinical manifestation, EKG, and/or echocardiographic abnormali-
ties, two entities of TBI-related pathology have been recognized: stress-induced
cardiomyopathy and neurogenic stunned myocardium [12]. Stress-related cardio-
myopathy is commonly known as Takotsubo cardiomyopathy or broken heart
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syndrome and is associated with transient segmental dysfunction of the left ventri-
cle [13, 14]. Neurogenic stunned myocardium is associated with abnormal left ven-
tricular (LV) motion [15]. This dysfunction includes regional global wall motion
abnormalities, decreased ejection fraction, and cardiomyopathy, leading to an
increased risk of in-hospital mortality [15, 16]. The severity of stunned neurocardi-
opathy strongly corresponds to plasma norepinephrine concentration following
excessive release into the systemic circulation from the over-activated terminals of
the sympathetic nerves [16]. However, stress-induced cardiomyopathy and neuro-
genic stunned myocardium are reversible and in-hospital mortality depends on the
age of the patient and the severity of the TBI rather than the TBI-induced cardiac
dysfunction [6, 9, 10].

Several medications may improve TBIl-induced cardiac dysfunctions.
Administration of beta-blockers seems to be the cornerstone treatment of life-
threatening arrhythmias resulting from sympathetic hyperactivity [17]. An experi-
mental study documented similar neuroprotective effects when different, low and
highly selective beta-blockers were used; however highly-selective and ultra-short-
acting beta-blockers appear to be more beneficial due to their minimal effect on
blood pressure [18, 19]. Inotropic agents should be preferred over vasopressors in
patients with neurologic stunned myocardium. Although dobutamine infusion
reverses cerebral vasospasm and increases cerebral blood flow by 50% in TBI
patients with stunned myocardium, levosimendan seems to be the agent of choice
due to its strong inotropic and vasodilatatory effects and its stimulation of nitric
oxide (NO) production [20, 21].

25.3 Brain-Lung Cross-Talk

Respiratory system failure is one of the most common non-neurological complica-
tions in brain injured patients. Those with brain trauma often require mechanical
ventilation and may develop severe pulmonary injury, including acute respiratory
distress syndrome (ARDS), ventilator-induced lung injury (VILI), ventilator-
associated pneumonia (VAP), respiratory tract infections, and neurogenic pulmo-
nary edema (NPE) [22]. In addition, pulmonary complications, such as pneumonia
or ARDS, are associated with a higher risk of death. Risk factors, such as smoking,
tracheostomy, blood transfusion on admission, barbiturate infusion, increased
Injury Severity Score (ISS) or head abbreviated injury scale (AIS) all increase the
risk of VAP. In addition, VAP per se is not associated with increased mortality, but
patients with VAP have a longer duration of hospital length of stay [23].
Brain—lung cross-talk has been extensively investigated over recent decades.
The hypothesis of brain—lung interaction and lung damage after brain injury, is
based on a ‘double hit model’. Activation of inflammatory mediators and release
of catecholamines predisposes to systemic innate and adaptive immune responses
and activation of different molecular pathways, and causes lungs to be more prone
to factors associated with an increase in vascular hydrostatic pressures [24].
Primary brain damage triggers activation of sympathetic pathways, which lead to
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an increase in capillary permeability and pulmonary vasoconstriction, promoting
endothelial dysfunction and molecule infiltrates. One of the major complications —
NPE- is observed in up to 20% of patients with TBI. The exact underlying mecha-
nisms of NPE are not clear. The available models, described as neurocardiac
model, neurohemodynamic model, blast theory, and pulmonary venule adrenergic
hypersensitivity, do not fully explain the mechanism of NPE development. At
present, there are no sensitive and specific biological indicators that may be
applied to the clinical diagnosis of NPE and many patients are not quickly or
accurately diagnosed. Also, the treatment of NPE mainly focuses on reducing
intracranial pressure, controlling volume overload, providing hemodynamic opti-
mization, and improving pulmonary capillary permeability. There are currently no
specific drugs that are effective against NPE. Recent studies report that drugs such
as levosimendan, caspase-1 inhibitor, dobutamine, sevoflurane, melatonin, intra-
thecal lidocaine, selective P2X 7 receptor antagonists, selective CB2 receptor
agonists, and propofol have shown significant effect in treatment of NPE. Thus, it
is important to understand the detailed pathophysiological mechanism of NPE to
pinpoint novel therapeutic strategies [25].

It is important to mention brain—lung microbiome interactions. Factors determin-
ing microbial dysbiosis of the respiratory tract, such as oxygen tension, blood pH,
blood flow, alveolar ventilation, temperature, and immune cells, change the physi-
cochemical and metabolic status of the alveoli. Recent studies have shown that
hyperoxia causes a selective growth of Staphylococcus aureus in critically ill
patients, and a change in the composition of the microbiome contributes to the
development of pneumonia and ultimately to organ damage [26]. Other mecha-
nisms are the influence of nutritional factors and intercellular signaling influenced
by, e.g., glucocorticoids, estrogens, androgens, neurotransmitters (catecholamines,
endogenous opioids) and cytokines such as tumor necrosis factor (TNF), interleu-
kin-1 (IL-1), IL-6 and IL-8. Recent research has shown that the lung microbiome is
enriched with intestinal microorganisms through the translocation of bacteria facili-
tated by the increased permeability of the intestines and alveoli that correlates with
the increased inflammatory response and may affect the development of ARDS. Early
lung dysbiosis in mechanically ventilated patients is associated with increases in the
level of inflammatory markers (IL-6 and IL-8), and is strongly associated with the
development of late ARDS and, in conjunction with IL-10, with multiple organ
dysfunction following TBI [27].

25.4 Brain-Microbiome Cross-Talk

In recent years, microbiome studies have highlighted the crucial role of microbes on
human health. The microbiome communities have many functions, including meta-
bolic, barrier and immunological effects. Therefore, understanding of microbiome
function is crucial for the generation of future personalized human care, especially
in preventing secondary injury after TBI, as it provides insight into different mecha-
nisms of action [28].
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Changes in microbiome composition, with a specific exchange of selected com-
mensals may result in dysregulation of fundamental cellular and molecular pro-
cesses in the CNS, including neuroinflammation, abnormal blood—brain barrier
(BBB) permeability, myelination, neurogenesis, immune system responses, microg-
lial activation, and mitochondrial dysfunction [29]. Remarkable changes in the
intestinal microbiota observed even 2 h after brain damage affect bacterial translo-
cation, lipopolysaccharide (LPS) exposure, Yo T-cell activation, neutrophil induced
release of TNF-a or matrix metallopeptidase (MMP)-9 activation [30]. The intensi-
fied microglial activity, neuropathology processes or enhancement of neuroinflam-
mation is the aftermath of the aforementioned imbalance [31]. In addition, activation
of nuclear factor-kB (NF-kB) after damage affects up-regulation of intercellular
adhesion molecule (ICAM)-1 and increases the production of cytokines like IL-6.
These processes reduce the expression of tight junction proteins [32]. Furthermore,
expanded brain lesion connect with an elevated number of families of Firmicutes
bacteria, as Lactobacillus, Bacillus, Clostridium, Enterococcus and Ruminicoccus
and this homeostasis imbalance correlates with the pathophysiology of brain injury
[33]. Hence, recent data in an animal model reported that the absence of the gut
microbiome amplifies myelination, causes changes in brain neurochemistry, and
decreases anxiety, resulting in immune damage of microglial immune response and
hyperactivity of the hypothalamic—pituitary—adrenal (HPA) axis.

The microbiome-associated molecular patterns activate Toll-like receptors
(TLRs). TLR2 and TLR4 signaling play a significant role in adult neuroplasticity,
memory, and learning [34]. In addition, bacterial metabolites, synthesized by intes-
tinal microbiome short-chained fatty acids or secondary bile acids, such as deoxy-
cholic acid, modulate BBB permeability. In experimental models of TBI,
administration of sodium butyrate after TBI may prevent BBB breakdown and acti-
vate neurogenesis [35]. Another hypothesis is that gut microbiota activate bone
marrow-derived cells leading to inflammation and affect the kidney, central and
autonomic nervous system (ANS) [36, 37]. Stimulation of the ANS by circulating
signals modifies neuronal input to the kidney or intestine. The gut dysbiosis induced
by an acute event leads to elevated production and accumulation of p-cresyl and
indoxyl sulfates in the intestine finally disrupting the gut barrier and increasing
permeability. This mechanism is connected with an influx of endotoxins and uremic
toxins into the kidney, which contributes to renal inflammation and dysfunction
[38—40]. Therefore, indoxyl sulfate, as a product from tryptophan metabolism,
plays a role in neurodegeneration. This nephron vascular toxin significantly contrib-
utes to astrocyte inflammation and increases the oxidative stress processes in the
CNS via different pathways, such as NF-xB or aryl hydrocarbon receptor (AhR)
activation. The indoxyl sulfates reduce neuronal viability and elevated cell death
finally predisposes to neurodegeneration and cognitive dysfunction [41]. Yang et al.
documented the brain—gut-marrow axis role in blood pressure elevation, where the
brain is involved in the gut—kidney axis via the sympathetic nervous system and
pathways mentioned above [37]. Evidence for this theory is altered ANS in hyper-
tension in chronic kidney diseases, increased microglial activation, and neuroin-
flammation in these patients [42].
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Finally, there is increasing evidence that the skin microbiome has a neuromodu-
latory effect and that communication between the skin and the brain is very similar
to the gut-brain axis. Skin dysbiosis, mostly observed in patients with chronic
wounds, is connected with decreased cognitive function, anxiety and depression,
similar to intestinal dysbiosis. In patients with irritable bowel syndrome (IBS),
depression severity is positively correlated with an elevation in the number of mast
cells infiltrating the cecal mucosa [43]. Similarly, a damaged skin barrier allows
molecular and inflammatory compounds such as pathogen-associated molecular
patterns (PAMPs) to enter the systemic circulation. There is evidence that skin
Psuedomonas aerugonsa and S. aureus decrease tight junction permeability which
decreases the physiological integrity of the skin barrier [44].

Therefore, regulation of the microbiome via eubiotic therapies, such as probiot-
ics, microbiota transplants, and manipulation by nutrients, modulates the immune
system and may present beneficial effects and exciting treatment target for
TBI. Recent studies have documented that microbiota transplants reduce brain
lesion size in animal models of ischemic stroke and repair microglial function [45].
Resolution of microbiome disruption in TBI by probiotics consisting of different
butyrate-producing gut bacteria, such as Bifidobacteria or Lactobacilli, may poten-
tially amplify anti-inflammatory microbiome-gut-brain axis functions and modulate
mitochondrial homeostasis, improving bioenergetic function in TBI [46]. Recent
preclinical trials showed that control of gut microbiome composition through probi-
otic supplementation within the first 48 hours following brain injury leads to reduc-
tion in gastrointestinal dysfunction, nosocomial infection, and VAP [47]. Eubiotic
therapies for patients with TBI may also be beneficial through reduction of antibi-
otic-induced microbiome disruption, which may worsen outcomes in this group of
patients. Brain—microbiome connections may also be modulated by substances with
antioxidant, anti-inflammatory properties, such as metformin, baicalein and melato-
nin. In addition, ketamine and statins interact with gut microbiota [48].

25.5 Brain-Liver Cross-Talk

Brain-liver cross-talk is commonly known as hepatic encephalopathy, which is
observed in the end-stage of liver disease. Significant disorders in blood glucose
concentration resulting from dramatic liver failure impair metabolic brain function.
This liver failure may be induced by brain injury and a general inflammatory
response following TBI. Moreover, TBI-related rapid microglial activation results
in a massive release of pro-inflammatory cytokines, which can stimulate hepato-
cytes to produce serum amyloid A and its circulating concentrations can increase up
to 1000-fold [49, 50]. An experimental study documented the complex hepatic
response to brain injury including neutrophil and macrophage infiltration to the
hepatocytes, increase in serum amyloid A production and release, and hepatic cell
death [50]. Interestingly, serum amyloid A plays an important role in neuroinflam-
mation and neurodegeneration after brain injury [51]. Clinical observation showed
a strong correlation between the severity of intracerebral hemorrhage, clinical
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condition assessed by the National Institutes of Health Stroke Score (NIHSS), poor
outcome and 90-day mortality following hemorrhagic stroke [52]. An
anti-inflammatory and anti-oxidative treatment may attenuate the severity of the
brain-liver interaction improving outcome and reducing secondary brain injury
after trauma.

25.6 Brain-Gut Cross-Talk

Stress-induced gastric ulcer is a well-known complication of TBI, which results
from excessive vagus nerve activation. Many clinicians use proton pomp inhibitors
and/or H, antagonists in the prevention of post-traumatic gastric ulcers. Gastric
response effects on the brain in TBI-related stress are associated with the release of
different peptides. The stable gastric pentadecapeptide BPC 157 provides the most
spectacular neuromodulatory properties [53-55]. It is an anti-ulcer and anti-
inflammatory peptide found in human gastric juice, and oral administration is safe
[54]. It induces the release of serotonin in specific nigrostriatal regions of the brain,
modulating serotoninergic, dopaminergic, GABAergic and opioid systems [55].
Additionally, BPC 157 significantly reduces demyelination and the risk of severe
encephalopathy [53]. Its beneficial effects have been observed in stoke and post-
traumatic neuroinflammation, somatosensory disorientation, catalepsy, depression,
and different behavioral disorders [53, 54]. Therefore, the neuro-beneficial activity
of BPC 157 seems to document the link between the brain and the gut and
vice versa; however the clinical benefit of BPC 157 should be confirmed in large-
scale clinical studies.

25.7 Brain-Kidney Cross-Talk

Brain injury may disturb renal function leading to hyponatremia or acute kidney
injury (AKI) induced by an overly activated visceral sympathetic nervous system
[56, 57]. An experimental study showed that activation of the sympathetic system
following right insular cortex infarction due to right-side middle cerebral artery
occlusion induced destruction of glomeruli and tubular structure with apoptosis and
fibrogenesis [56]. Similar relationships were noted in clinical observations in which
patients treated for right insular cortex infarction had a significantly higher risk of
AKI [56]. Kidneys are densely innervated by sympathetic nerves. TBI induces
release of large amounts of epinephrine and norepinephrine from renal sympathetic
nerves, which bind to f1-adrenoreceptor in renal tissue inducing expression of the
renin-angiotensin-aldosterone system and leading to renal contraction of afferent
arterioles and renal ischemia [57, 58]. This effect seems to be confirmed in experi-
mental studies. Kidney denervation reduces the risk of tubulointerstitial fibrosis,
ischemia and inflammation, and local infusion of norepinephrine into denervated
kidneys increases transforming growth factor-p1 signaling, interstitial expression of
a-smooth muscle actin, and excessive deposition of extracellular collagen matrix,
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leading to similar pathology to that observed in innervated kidneys [56, 57].
Interestingly, f1-blockade can reduce catecholamine-induced AKI via downregula-
tion of sympathetic activity, attenuation of glomeruli, and tubular apoptosis and
fibrogenesis [55]. Therefore ultra-selective -1 blockers, such as landiolol or esmo-
lol, may reduce the risk of TBI-related AKI; however, this effect should be con-
firmed in further experimental and clinical observations. Based on the
pathomechanisms of TBI-induced AKI, inotropic agents should be preferred over
vasopressors. The use of levosimendan significantly reduces the incidence of AKI
and the risk of initiation of renal replacement therapy (RRT) in critically ill patients
[59]. Due to its beneficial effect on the neurologic stunned heart and cerebral blood
flow, levosimendan may be suggested as an agent of choice in the prevention of AKI
in TBI patients.

25.8 Brain-Skin and -Adipose Tissue Cross-Talk

Patients with brain injury often present with dermatological symptoms, not visible
during their hospital admission. Various causes of dermatological problems have
been identified, such as long hospital stay, administration of many different drugs,
immobilization, and most importantly the immune status. In addition, stress intensi-
fies chronic skin diseases, such as psoriasis, atopic dermatitis, or alopecia areata
[60]. It has been observed in various studies that a neurodermatological association
exists between psoriasis and depression, corresponding with immune cell activa-
tion, serotonin transporters, and hyperactivity of the HPA [61]. In a group of patients
with brain damage, Lee et al. observed mycoses (especially in severe injury), sebor-
rheic dermatitis (as the most frequent manifestation), drug-induced skin eruption,
Xerosis cutis, irritant contact dermatitis, and pruritus [62].

Current studies show that the CNS and the skin cross talk by various mecha-
nisms. The modern concept of the skin as a neuroimmunoendocrine organ focuses
on the interactive connection between the cutaneous peripheral nervous system, the
immune system, and the neuroendocrine axis. The CNS and skin are connected
directly, via efferent nerves and CNS-derived mediators, and, indirectly, by adrenal
glands or immune cells [63]. In turn, the sensory nerve network releases neuropep-
tides, hormones, proteases, and cytokines, and modulates inflammation, immune
response, and cell growth. Sensors from the skin ‘talk’ to the brain about pain and
pruritus, by the contralateral tractus spinothalamicus and afferent sensory nerves. It
is worth mentioning the important aspect of cutaneous neurogenic inflammation
and the ‘axon reflex’ resulting in vascular responses, such as the triple response of
Lewis, erythema by vasodilatation, and edema by plasma extravasation [64]. The
above mentioned interactions determine different physiological effects, such as
vasocontraction, vasodilatation, body temperature, barrier function, secretion, cell
growth, nerve growth, and pathophysiological effects: inflammation, immunity,
apoptosis, or even wound healing. Importantly, direct stimulation, by thermal,
mechanical or electrical stimuli, or indirect stimulation by allergens, trauma, stress
or inflammation, activates and increases the production of neuropeptides,
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neurotrophins, neurotransmitters, and oxygen products, such as as NO [65]. This is
the reason why brain damage and its treatment predispose to steroid hormone
release and alter neuromediators, leading to an abnormal immune response espe-
cially in the skin. It is worth remembering that the skin is also an area where mil-
lions of bacteria, fungi, and viruses compose the microbiota. In patients with
dysbiosis, elevated wound levels of IL-6 and TNF-a were systematically increased
and both cytokines were found to increase the BBB permeability and induce neuro-
inflammatory changes marked by reactive microgliosis [66].

The adipose tissue, which regulates energy balance, bodyweight and thermo-
regulation is another important puzzle in nervous system functionality. Adipokines,
such as leptin, released from white fat tissue play a pivotal role in glucose homeo-
stasis. The hypothalamus controls appetite and metabolism, by recognizing circu-
lating hormones from the gut and adipose tissue. Importantly, activation of
sympathetic pathways stimulates white adipose tissue, lipolysis, and release of
fatty acids. However, special attention should be placed in the stimulatory effects
of leptin on brain protein synthesis and its neuroprotective and trophic functions
in the brain [67]. Brown et al. documented that in TBI patients, increasing the
central adipokine gene expression may be associated with neuroinflammation and
cachexia [68, 69]. In addition, leptin regulates cytokine signaling and immune
responses in TBI by autocrine/paracrine pathways. Thus, gene expression silenc-
ing techniques, such as leptin, resistin, and fasting-induced adipose factor (FIAF),
may become a novel therapeutic method to improve patient recovery after
brain damage.

25.9 Brain-Muscle Cross-Talk

Although the CNS plays a crucial role in maintaining muscle integrity, a link
between the brain and the muscles is still under investigation and not well under-
stood. TBI significantly reduces skeletal muscle activity. Skeletal muscles secrete
approximately 635 proteins including 35 growth factors, 40 cytokines and 36
metallo-peptidases, however, their biological function has been described for only
5% of them [70, 71]. All are called “myokines” or “exercise factors”, and are
released into the circulation as a consequence of physical activity. The pathomecha-
nisms of their release are associated with the activation of the calcium signaling
pathway in the muscle fibers. Several of them demonstrate strong neuromodulatory
activity and play an essential role in normal cerebral function [72]. Studies in
humans have documented that regular exercise for a period of 3 months increased
the volume of hippocampus and improved memory and learning [72, 73].
Additionally, physical activity reduces the risk of cognitive decline in healthy peo-
ple and in people with neurodegenerative disorders across the life span [74].
Implementation of physical activity in critically ill patients reduces the risk of delir-
ium and memory dysfunction, and improves muscle activity. Of note, muscular
activity is a trigger to release several myokines, such as L-lactate, f-hydroxybutyrate,
cathepsin-B, and irisin [70, 72, 75]. All these myokines play important roles in
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hippocampal neurogenesis, enhancing neuronal plasticity, which corrects memory,
sleep, and mood [72]. Thus, active early rehabilitation seems to be a very important
potential therapeutic option and target for people with TBI.

25.10 Conclusion

In conclusion, brain—multiorgan cross-talk is an important multidimensional inter-
action, which, in patients with acute brain injury, may aggravate the primary prob-
lem. Despite a large number of studies providing data on different interactions and
shedding more light on complex pathomechanisms of these relationships, not all
details have been well recognized. Complex interaction between distant organs and
organ systems should be used as targets for specific interventions and applications
of guided therapies aimed at improving outcomes for critically ill patients. Further
studies are needed to explore the underlying molecular pathomechanisms to better
understand these fascinating relationships that will, hopefully, lead to an improve-
ment of care for these patients, with lower overall mortality and better functional
outcomes.
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The Importance of Neuromonitoring 26
in Non Brain Injured Patients

D. Battaglini, P. Pelosi, and C. Robba

26.1 Introduction

The use of non-invasive neuromonitoring in patients without brain injury has
increased over the past decades [1]. Most common clinical applications of non-
invasive neuromonitoring in the non-neurological setting include the study of
patients without primary brain injury but with a potential for neurological derange-
ment. These clinical conditions include liver failure, post-cardiac arrest syndrome,
severe respiratory failure with or without extracorporeal membrane oxygenation
(ECMO) or extracorporeal carbon dioxide removal (ECCO,R), polytrauma, stroke,
sepsis, pregnancy, pediatric population, and the surgical population in the periop-
erative period [1]. In recent years, a growing literature has suggested the use of
non-invasive techniques in this population, and these are becoming increasingly
popular among general critical care physicians for daily and bedside patient man-
agement [1, 2]. The aim of this chapter is to provide anesthesiologists and intensiv-
ists with an up-to-date view of the most frequent clinical conditions with potential
for neurological complications in patients without brain injury, and to describe the
role of non-invasive multimodal neuromonitoring in the early identification and
management of these complex scenarios.
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26.2 Basics of Neuromonitoring in Anesthesia
and Critical Care

In this paragraph, we will introduce the most commonly used non-invasive neuro-
monitoring tools in anesthesia and in the critical care settings. However, a detailed
description of each neuromonitoring system is beyond the aim of the present manu-
script, and the reader should refer to the dedicated literature.

Table 26.1 presents the methodology, strengths, and limitations of the main neu-
romonitoring techniques (electroencephalography [EEG], processed EEG [pEEG],
somatosensory evoked potentials [SSEPs] and motor-sensory potentials [MEPs],
transcranial Doppler [TCD], optic nerve sheath diameter [ONSD], pupillometry,
and near-infrared spectroscopy [NIRS]).

26.3 Clinical Applications
26.3.1 Neuromonitoring in the Operating Room

Intraoperative and postoperative neurological complications, such as delirium, post-
operative cognitive decline, stroke, spinal cord ischemia, and postoperative visual
loss, are frequently underestimated [2]. These complications have the potential to
increase mortality and morbidity and should therefore be promptly identified and
prevented [2]. Some types of surgery are more susceptible than others to cerebral
complications. In major vascular surgery, registries have reported an intra/postop-
erative stroke rate of 7% after carotid stenting and of 3.2% after endarterectomy [3].
During aortic procedures, the T4-T8 segment is particularly susceptible to reduced
blood perfusion, because of the variable location of the radiculomedullary arteries
and of the artery of Adamkiewicz; this may influence pathological processes and the
metabolic state of the tissue during aortic surgery, thus causing paralysis in the
worst cases [3]. During thoracic aorta surgery, following the circulatory arrest with
consequent transient ischemia, an early phase of parenchymal hypoperfusion is
present, with consequent systemic inflammation and possible reperfusion injury.
This results in a potential for severe temporary or permanent neurologic dysfunction
including possible ischemic stroke, prolonged obtundation, disorientation,
Parkinson-like movements, and loss of cognitive function [3, 4].

Similarly, in cardiac surgery, neuronal and vascular damage, inflammation, and
embolism may result in inadequate oxygen delivery to the brain and altered cerebral
autoregulation, predisposing to neurological complications [4]. Indeed, neurocogni-
tive dysfunction, including postoperative delirium, effects up to 50% of patients
after cardiac surgery, with stroke affecting 2%, and postoperative neurocognitive
dysfunction up to 42% [4].

In addition, neurological complications can also occur following non-high-risk
surgery. Some trials have revealed that use of adequate neuromonitoring during
anesthesia can prevent or limit the occurrence of adverse effects [2]. Standard moni-
toring during anesthesia includes mainly hemodynamic and respiratory parameters
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among essential minimum monitoring data [5]. However, the primary targets of
anesthetics and analgesics are the central and peripheral nervous systems [2]. It
seems logical to assume that this ironic clinical gap in standards of monitoring dur-
ing anesthesia deserves further revision, or at least should be individualized and
implemented in case of predisposing comorbidities, perioperative events, and high-
risk procedures [2].

In this section, we describe the most common clinical scenarios for potential of
brain injury in the operating room and the utility of each neuromonitoring system in
the early identification of such devasting complications. Table 26.2 resumes the
most common clinical applications of neuromonitoring in the operating room.

Table 26.2 Clinical application of neuromonitoring in the operating room

Type of
surgery/ Neurological
procedure  complications ~ Neuromonitoring Evidence
Major Stroke, EEG or pEEG Beta bands, slow background, reduction of
vascular delirium, amplitude on EEG, reduction of BIS on
surgery cognitive pEEG are signs of ischemia (carotid
decline, surgery)
paralysis Evoked potentials Abnormalities in the SSEPs of median and
tibial nerves if hypoperfusion (carotid
surgery). MEPs correlate with NIRS
TCD TCD can allow detection of stenosis,
turbulence, and emboli (carotid surgery)
NIRS Cerebral rSO, < 70% is indicative of
possible hypoperfusion (carotid surgery),
lumbar rSO, <75% for 15 min can cause
spinal cord injury (aortic repair)
Cardiac Delirium, EEG or pEGG Long-term EEG burst suppression is
surgery cognitive associated with cognitive dysfunction and
dysfunction, delirium. Decrease in alpha and beta waves
stroke is indicative of tissue hypoperfusion
Evoked potentials Help in the detection of ischemia, not
specific
TCD TCD can detect changes in CBF,
microemboli, flow asymmetries
NIRS An rSO, value which falls by 10-20%
or < 50% is associated with postoperative
complications. The threshold of SO, > 80%
prevents complications
Abdominal Neurological TCD TCD can allow non-invasive calculation of
surgery deterioration, ICP, identification of changes in CBF due to
intracranial high ICP or carbon-dioxide vasodilatation
hypertension
Orthopedic Cerebral NIRS Cerebral rSO, monitoring can prevent
surgery deoxygenation cerebral deoxygenation and neurological
complications

EEG electroencephalogram, pEEG processed EEG, TCD transcranial Doppler; NIRS near infrared
spectroscopy, BIS Bispectral index, rSO, regional saturation of oxygen, MEPs motor evoked
potentials, SSEPs sensory evoked potentials, CBF cerebral blood flow, /CP intracranial pressure
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26.3.1.1 Electroencephalography

PEEG monitoring was primarily introduced into the operating room to reduce the
risk of awareness during surgery, to optimize anesthetic titration, and to individual-
ize the depth of anesthesia [6]. The main raw traces identified by pEEG are shown
in Fig. 26.1, panel A, while an example of a density spectral array (DSA) trace is
presented in Fig. 26.1, panel B. In 2017, the European Society of Anesthesiology
(ESA) produced a consensus suggesting that all patients undergoing surgery should
have anesthesia depth monitored [7]. EEG responses to anesthesia depend on the
interaction between surgical stimulus, sedatives, and anesthetic plane. The phase of
induction of anesthesia is characterized by an increase in beta activity (13-30 Hz),
followed by the maintenance phase which is characterized by an increase of alpha
(8—12 Hz) and delta (0—4 Hz) activities, while during the emergence phase, a reverse
order of frequencies appears. A numeric index between 40-60, which is the result
of the integration of the raw signals, is recommended to avoid awareness and exces-
sive sedation [2].

The use of pEEG devices has been validated to reduce awareness in patients
receiving volatile anesthetics with a minimum alveolar concentration (MAC) value
<0.7, and during total intravenous anesthesia [2]. Moreover, pEEG may reduce drug
consumption, thus reducing the incidence of postoperative nausea and vomiting and
facilitating extubation and earlier discharge [2]. The intraoperative use of pEEG has
been shown to reduce the incidence of delirium, cognitive dysfunction, and isch-
emic stroke in the postoperative period [2].

a b
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|
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Fig.26.1 Processed electroencephalography (pEEG). The main raw traces identified by pEEG are
shown in Panel A: (a) small amplitude, fast frequency wave (patient awake), (b) moderate sedation,
(c) large amplitude, slow frequency wave (general anesthesia), (d) slow oscillations (deep anesthe-
sia), (e) isoelectric trace and burst suppression. The density spectral array (DSA), a colored trace
obtained from EEG and transformed into decibels of bi-hemispheric activity that can change from
red (highest powers) to blue (lowest powers), is shown in Panel B. The white line in the DSA repre-
sents the spectral edge frequency (SEF) (in Hertz); 95% of the power of the brain resides below that
line. The purple line in the DSA in the median frequency (MF). BIS bispectral index
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In major vascular surgery settings, the presence of beta bands, a decrease of more
than 50% of background activity, a reduction in amplitude of 60%, an increase in
delta and slow wave activities, or a complete loss of signal is highly suggestive for
ischemic complications [8]. Of note, during carotid endarterectomy, changes in
cerebral blood flow (CBF) frequently reflect on the EEG within 20-30 s after clamp-
ing [3]. When using pEEG, a reduction in bispectral index (BIS) value has also been
correlated to ischemia and neurological deficit [9].

In cardiac surgery, long-term EEG burst suppression has been associated
with postoperative neurocognitive dysfunction and delirium [4], while decreased
alpha and beta waves can be indicative of a CBF < 22 ml/100 g brain tissue/
minute, and further reduction to 7-to-15 ml/100 g/min can result in an isoelec-
tric EEG [4]. However, a recent large randomized controlled trial (RCT) did not
support the use of EEG-guided anesthetic administration for the prevention of
postoperative delirium in major surgery [10]. EEG or pEEG monitoring might
also be useful to detect and avoid periods of burst suppression, which have been
associated with postoperative delirium. However, evidence is still lacking on
this topic [4].

26.3.1.2 Evoked Potentials

Evoked potentials are restricted to specific procedures, since their use often requires
dedicated equipment and training. During carotid endarterectomy, hypoperfusion of
the middle cerebral and anterior cerebral arteries could be detected by abnormalities
in the SSEP signal at the median and tibial nerves [3]. Information from evoked poten-
tials has the advantage of being objective and providing quantitative information on
neurological complications, but during surgery the signal may be modified by general
anesthetics, and in particular volatile agents. SSEPs may also have high false-positive
rates (40-67%) and a moderate false-negative (13%) rate, and a delayed response for
spinal cord ischemia. Indeed, during aortic surgery, the blood flow is more often com-
promised in the anterior motor tract than in the sensory dorsal column, and the limited
ability of evoked potentials to detect altered motor function during ischemia in case of
isolated spinal injury becomes even more worrisome [11].

26.3.1.3 Transcranial Doppler

TCD flows of the main intracranial arteries are shown in Fig. 26.2. There are still no
clear indications for TCD in the perioperative setting, but some authors have sug-
gested its use during liver transplant for the detection of cerebral complications and
in particular brain edema [12]. During pneumoperitoneum and the Trendelenburg
position, TCD can also be considered for the detection of episodes of high intracra-
nial pressure (ICP) [13] following increases in carbon dioxide (CO,) that can result
in cerebral vasodilatation [14].

The beach chair position is a technique used for shoulder surgery, which has
shown to put the patient at risk of neurological complications as it may decrease
cerebral perfusion due to blood pressure fall [15]. Moreover, major orthopedic sur-
gery is a discipline at high risk of microembolic complications and TCD may help
in the early diagnosis of embolic stroke in the perioperative period [16].
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ACA

MCA/ACA
bifurcation

Fig.26.2 Transcranial Doppler monitoring. The circle of Willis is represented in red with specific
transcranial color Doppler sonographic images for each intracranial artery. MCA mean cerebral
artery, PCA posterior cerebral artery, ACA anterior cerebral artery, VA vertebral artery, BA basi-
lar artery

TCD in major vascular surgery can detect isolated arterial stenosis, which results
in focal velocity increase and turbulence, inadequate collateral flow after proximal
carotid cross-clamping by detecting compromised flow, and high-intensity signals
at the Doppler spectral waveforms that can be indicative of emboli [17].

Finally, TCD is frequently used in cardiac surgery to detect changes in flow
velocities and flow asymmetries and can be a valid option to assess anterograde
cerebral perfusion during aortic arch surgery and for the detection of high-intensity
signals related to microemboli [18, 19].

26.3.1.4 Near-Infrared Spectroscopy
NIRS can provide important information on changes in cerebral oxygenation during
the perioperative period, but NIRS signals can be modified by anesthetics and seda-
tives. In orthopedic surgery, NIRS has been used together with TCD during the
beach chair position to prevent cerebral deoxygenation with good effect [16], but its
use is specifically recommended in major vascular and cardiac surgery [4, 20].

In carotid surgery, a regional cerebral oxygen saturation (rSO,) of <70% (50 to
75%) has been suggested as a possible indicator of hypoperfusion, and in patients
undergoing aortic repair, a lumbar rSO, of <75% for 15 min predicted the
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Baseline

_1S02%

Abase % of rSO2 Trend respect to baseline

Fig.26.3 Near infrared spectroscopy. This figure represents two possible traces, one with normal
values and the other with abrupt decrease in regional oxygen saturation (rSO,) values. AO,Hbi
index associated with variation of the oxygenated component of the hemoglobin in the total calcu-
lation of rSO, (arterial component of rSO,), AHHbDi an index associated with variation of the deox-
ygenated component of hemoglobin within the total calculation of rSO, (venous component of
1S0,), AcHbi is the sum of AHHbi+AO,Hbi. SpO, - rSO; is the difference between the value of
peripheral saturation of oxygen (SpO,) and rSO,

development of spinal cord injury [4, 20]. The sensitivity of NIRS in detecting cere-
bral ischemia is 60—100% with good specificity (94-98%) [20], although neurologi-
cal monitoring and awake anesthesia remain the gold standard [21].

NIRS has also been recommended in cardiac surgery, both in the preoperative
and intraoperative periods, to detect patients at higher risk of neurological com-
plications and to identify episodes of acute cerebral hypoperfusion, which are
common in these settings [22]. Cerebral oximetry should be cautiously inter-
preted, considering the baseline values and its trend, as well as preoperative
patient status [22]. A recent meta-analysis assessing preoperative rSO, values in
cardiac surgery found a reference range of between 51% and 82%, with a mean
baseline value of 66% [23]. According to the literature, intervention is needed
when the rSO, values decrease by 10-20% from baseline or below the absolute
value of 50%; moreover, the time spent with rSO, < 50% is significantly associ-
ated with the occurrence of postoperative delirium during coronary artery bypass
graft surgery [23].

Fig. 26.3 shows an example of cerebral oximetry using the Masimo (Masimo
Corp., Irvine, CA) device.
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26.3.2 Neuromonitoring in the Emergency Department
and Intensive Care Unit

Neuromonitoring in the emergency department (ED) and ICU might be a valuable
complement to clinical diagnosis and diagnostic images in patients without primary
brain injury who are at risk of cerebral hemodynamic impairment [24]. Neurological
impairment is common in patients admitted to the ED and ICU with sepsis, meta-
bolic, renal, or hepatic diseases, and intoxication as these conditions can cause
encephalopathy, cognitive decline, and delirium [24]. Additionally, a large potential
for brain injury should be considered in patients with polytrauma, in the context of
focused assessment with sonography in trauma (FAST) [25, 26].

Despite the diagnostic and prognostic potentiality of non-invasive multimodal
neuromonitoring in the ED, use of these techniques is still limited in these settings,
and they are currently more frequently adopted in post-emergency settings after
ICU admission. Table 26.3 resumes some of the most common clinical applications
of neuromonitoring in the ED and ICU.

26.3.2.1 Electroencephalography

EEG is mainly used in the ED for the early diagnosis of first-time seizures that are
often caused by non-primary brain injury, such as with systemic fever and metabolic
disturbances [27]. The utility of pEEG in the ED has been poorly investigated, but
it may potentially be used in patients who need sedation for various reasons, to
assess the occurrence of burst suppression, to help in the induction of anesthesia,
and to monitor brain activity for any causes [9, 28, 29].

In the ICU setting, in addition to the detection of seizures or status epilepticus,
one of the main applications of EEG is in the assessment of patient prognosis [30],
in particular with the detection of a suppressed EEG in case of vegetative state and
electrocerebral silence in brain death [31]. This is particularly useful in cardiac
arrest patients [31].

In patients receiving ECMO, EEG has shown to be useful in the identification of
patients at risk for neurological complications and to predict poor outcome, by the
identification of specific patterns, such as suppression [32] and absence of EEG
reactivity [33]. Abnormal background abnormalities have also been demonstrated to
be common EEG features of patients with coronavirus disease 2019 (COVID-19),
with an incidence of 96%, while epileptiform discharges were present in 20% of
patients [34].

26.3.2.2 Evoked Potentials

Evoked potentials are frequently used for neuroprognostication in specific diseases
(e.g., traumatic brain injury [TBI], cardiac arrest) as part of multimodality algo-
rithms that include clinical examination, electrophysiologic testing, imaging, and
laboratory markers (e.g., serum enolase) [31]. Following cardiac arrest, SSEPs are
still considered a cornerstone of prognostic algorithms, especially when delayed
48-72 after cardiac arrest [31]. Typical patterns of SSEPs in the median nerve fol-
lowing cardiac arrest include: bilaterally negative N20, which is indicative of death
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Table 26.3 Clinical application of neuromonitoring in the emergency department and intensive

care unit

Setting
Cardiac arrest

Brain death

ECMO

ARDS and
COVID-19
ARDS

Liver diseases

Kidney disease

Sepsis

Neurological
complications
Neurological
outcome

Diagnosis

Neurological
outcome

Neurological
complications,
delirium

Encephalopathy

Encephalopathy

Encephalopathy

Neuromonitoring Evidence

EEG or pEEG
Evoked
potentials
TCD

Pupillometry
EEG or pEGG
TCD

Pupillometry
EEG or pEGG

TCD

NIRS
EEG or pEGG

TCD
NIRS
Pupillometry

TCD

NIRS
Pupillometry

TCD
NIRS
TCD

NIRS
Pupillometry

Prognostication after cardiac arrest
Prognostication after cardiac arrest
(SSEPs) after 48-72 h

Detection of CBF abnormalities and
intracranial hypertension
Prognostication after cardiac arrest
Electrocerebral silence

Detection of flow inversion,
intracranial hypertension. Ancillary
test

No response

Prognostication in patients receiving
ECMO

CBEF alterations, stroke

Association with neurological injury
Typical EEG includes abnormal
background, epileptiform discharges
in only 20%

Pulmonary shunt, microemboli, CBF
alterations, cerebral autoregulation
To detect brain deoxygenation, and
responses to hemodynamic and
respiratory maneuvers

Inconclusive evidence

High resistances on TCD, CBF
alterations

Association with outcome

Pupillary abnormalities are associated
with neurological complications
CBEF alterations

Association with outcome

High resistances on TCD, altered
CBF, high PI. Association between PI
and delirium

Association with outcome

Pupillary abnormalities are associated
with neurological complications

EEG electroencephalogram, pEEG processed EEG, TCD transcranial Doppler, NIRS near infrared
spectroscopy, BIS Bispectral index, rSO2 regional saturation of oxygen, SSEPs sensory evoked
potentials, CBF cerebral blood flow, /CP intracranial pressure, P/ pulsatility index, ARDS acute
respiratory distress syndrome, COVID-19 coronavirus disease 2019, ECMO extracorporeal mem-

brane oxygenation

or vegetative state and poor prognosis; presence of N20 potentials and absent mis-
match negativity, which is diagnostic of indeterminate prognosis; and presence of
N20 with mismatch negativity, which represents a 95% chance of recovery with

good neurological function [31].
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26.3.2.3 Transcranial Doppler

TCD has considerable diagnostic potential in the ED and the ICU. Hepatic encepha-
lopathy is a complication which occurs in up to 70% of patients with liver cirrhosis,
and that manifests with psychomotor, attentive, and executive alterations [35].
Higher vascular resistances and pulsatility index in the middle and posterior cere-
bral arteries of cirrhotic patients have been reported in comparison to controls, with
74% accuracy of the middle cerebral artery resistive index for discriminating the
presence of hepatic encephalopathy [35].

Alterations in CBF have also been found in patients with uremia and chronic
kidney disease, typically with a decrease in CBF observed after hemodialysis [36].

Sepsis-associated encephalopathy is considered as an independent risk factor for
mortality [37] that is characterized by a decrease in the density of cerebral microves-
sels that can alter cerebrovascular resistances, with potential for inadequate oxygen
supply and cerebral dysfunction. On TCD, the pulsatility index was higher in septic
patients than in controls [38], and high pulsatility index values on the first day of
sepsis diagnosis were associated with a positive CAM-ICU delirium assessment [39].

TCD after cardiac arrest has been extensively studied, and includes four different
features: pulsatility index <0.6 (very low resistance), associated with possible
hyperemia, vasospasm or stenosis; pulsatility index 1.2—1.6 (high resistance) with
possible microangiopathy or mild intracranial hypertension; pulsatility index
1.7-1.9 (very high resistance) with severe intracranial hypertension; and pulsatility
index >2 with cerebral hypoperfusion. In patients who remain comatose >20 min
after return of spontaneous circulation the main pattern described is a high pulsatil-
ity index [40].

In patients with polytrauma admitted to the ED at risk for intracranial hyperten-
sion or with contraindications to invasive ICP placement, TCD and ONSD can be a
valid option for the assessment of high ICP and for excluding extracranial hyperten-
sion [25, 26].

In mechanically ventilated patients with acute respiratory distress syndrome
(ARDS) (including COVID-19 ARDS), TCD has been extensively used and has the
potential to indicate the effect of mechanical ventilation strategies on cerebral func-
tion, to detect secondary brain dysfunction, and to assess cerebral autoregulation
during hemodynamic and respiratory rescue maneuvers [41-43].

26.3.2.4 Near Infrared Spectroscopy

The use of NIRS is gaining increasing interest in the ED and ICU settings to detect
microcirculatory changes in patients with septic or metabolic alterations. Although
the majority of studies have been conducted in the ICU, some studies in the ED have
concluded that NIRS may correlate with severity of illness, especially after cardiac
arrest, with variable association between rSO, values and outcome [44, 45].

NIRS has been also used for the evaluation of cerebral complications and out-
come in sepsis, with a rSO, cut-off of 75% as predictor of neurological sequelae
[46]. Similarly, an increase in rSO, during hospitalization, and lower tissue oxygen
extraction rates detected using NIRS, have been shown to be associated with
improved survival in polytrauma patients [47].
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Finally, in mechanically ventilated patients with ARDS (and COVID-19 ARDS),
NIRS has been shown to be useful in assessment of the effect of hemodynamic and
respiratory maneuvers on brain oxygenation and cerebral hemodynamics [42,
43, 48].

26.3.2.5 Automated Pupillometry

In the critical care setting, pupillary size and reactivity to light may provide infor-
mation about intracranial disease, including elevated ICP and altered perfusion,
sedation and analgesia, delirium assessment, brain metabolic derangements, and
prognostication [49, 50]. Some studies have used pupillometry to assess the pupil-
lary response to a light stimulus before painful procedures in order to assess ade-
quacy of analgesia. In addition, pupillometry has been shown to be useful to assess
the level of sedation, with a good correlation with BIS values [50].

Metabolic disorders can impair the sympathetic system and affect pupillary light
reactivity. This can also be observed in patients with sepsis or liver-associated
encephalopathy, and neurological disorders. Some authors have suggested that
patients with a delayed recovery of pupillary reflexes developed demyelinating
encephalopathy or dementia, suggesting that pupillary abnormalities may be associ-
ated with potential neurological derangements [49, 50].

Automated pupillometry is also gaining interest as part of the prognostication
algorithms adopted after cardiac arrest [49]. A pupillary light reflex <6%, neuro-
logic pupillary index (NPi) of O at 6 h from the cardiac arrest, and a pupillary light
response <13% have shown to be predictive of poor outcome [49]. Pupillary light
reactivity, when used in combination with EEG and SSEP has also been shown to
improve sensitivity to 100% for the prediction of outcome after cardiac arrest [49].

Intracranial hypertension can also occur in non-primary brain injured patients.
Automated pupillometry can detect and even predict elevated ICP. For example,
unilateral pupillary dilation and loss of reactivity can be detected as a sign of trans-
tentorial herniation [49]. An altered constriction velocity has been identified during
and before ICP elevation, and improvement in constriction velocity has been
described after osmotic treatment to reduce brain edema [49].

At present, no consensus exists concerning the routine use of automated pupil-
lometry in ED and ICU settings, although recent research supports its use to obtain
objective information on pupillary function compared with manual pupillary exami-
nation [49, 50].

26.4 Conclusion

Increasing evidence suggests that the use of brain monitoring —EEG, evoked poten-
tials, TCD, and NIRS— is gaining popularity even in non-neurocritical care settings,
e.g., in the perioperative setting, ED, and ICU, to improve patient care.
Neuromonitoring devices can be non-invasive, low-cost, safe tools available at the
bedside, with a great potential for both diagnosis and monitoring of patients at risk
of brain insult.
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Further clinical and research developments, training and teaching programs are
urgently needed to support implementation of neuromonitoring in daily clinical
practice.
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27.1 Introduction

The clinical outcome of critically ill patients has improved significantly and to an
unprecedented level as standards of care have improved [1]. However, conventional
critical care practice still has limitations in understanding the complexity of acuity,
handling extreme individual heterogeneity, anticipating deterioration, and providing
early treatment strategies before decompensation. Critical care medicine has seen
the arrival of advanced monitoring systems and various non-invasive and invasive
treatment strategies to provide timely intervention for critically-ill patients. Whether
the mergence of such systems represents the next step in improving bedside care is
an existing, yet unproven possibility.

The simplified concept of artificial intelligence (Al) is to allow computers to find
patterns in a complex environment of multidomain and multidimensional data, with
the prerequisite that such patterns would not be recognized otherwise. Previously,
applying the concept in real life required a tremendous amount of computing time
and resources. This could only be done in limited fields, including physics or astron-
omy. However, with recent exponential growth in computing power and portability,
the power of Al became available to many fields, including critical care medicine
where data are vast, abundant, and complex [2]. More and more clinical investiga-
tions are being performed using Al-driven models to leverage the data in the inten-
sive care unit (ICU), but our understanding of the power and utility of Al in critical
care medicine is still quite rudimentary. In addition, there are many obstacles and
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pitfalls for Al to overcome before becoming a core component of our daily clinical
practice.

In this chapter, we seek to introduce the roles of Al with the potential to change
the landscape of our conventional practice patterns in the ICU, describe its current
strengths and pitfalls, and consider future promise for critical care medicine.

27.2 Applications of Al in Critical Care
27.2.1 Disease Identification

Oftentimes, finding the root cause of clinical deterioration from the exhaustive list
of differential diagnoses is challenging, because of the insidious characteristic of
early disease progression or the presence of co-existing conditions masking the
main problem (Fig. 27.1). More than anything, the underlying context should be
deciphered correctly, often a challenging task. For example, pulmonary infiltrates
cannot simply be assumed to represent excessive alveolar fluid. They could indicate
pulmonary edema from a cardiac cause, pleural effusion, parapneumonic fluid from
inflammation or infection, or in some cases collections of blood as a result of
trauma. Without clinical context and further testing, adequate and timely manage-
ment could be delayed. Al could assist in such cases by obtaining a more precise
diagnosis, given advanced text and image processing capability. The presence of
congestive heart failure (CHF) could be differentiated from other causes of lung
disease using a machine learning model [3], and amounts of pulmonary edema sec-
ondary to the CHF could be quantified with semi-supervised machine learning

Prediction

Detection

Current Clinical
Distress Threshold of Detection

/\r/ Threshold of suggested

Disease Severity

predictive algorithm

/ ~~__ Threshold of Stress
(disease begins)

Health state

Time

Fig. 27.1 Conceptual role of artificial intelligence (AI)-driven predictive analytics on disease
progression. The Al model enables timely detection or prediction of disease enabling clinicians to
manage critically ill patients earlier (green line) than conventional strategy (yellow dotted line)
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using a variational autoencoder [4]. During the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic, imaging data from patients admitted to
hospital were processed to detect coronavirus disease 2019 (COVID-19) using an
Al model [5]. With recent efforts in image segmentation and quantification of
lesions by convolutional neural networks, a type of algorithm particularly apt at
interpreting images, the presence of traumatic brain injury (TBI) on head computed
tomography (CT) could be evaluated with higher accuracy than manual reading [6].
Similarly, traumatic hemoperitoneum was quantitatively visualized and measured
using a multiscale residual neural network [7].

27.2.2 Disease Evolution Prediction

Disease detection and prediction of disease evolution is one of the holy grails for
critically ill patients. Given that the disease process is a continuum, instability of
clinical condition can take various paths, even prior to ICU admission [8]. In a series
of step-down unit patients who experienced cardiorespiratory instability (defined as
hypotension, tachycardia, respiratory distress, or a desaturation event using numeri-
cal thresholds), a dynamic model using a random forest classification showed that a
personalized risk trajectory predicted deterioration 90 minutes ahead of the crisis [9].

In the ICU, rapid clinical deterioration is common, and the result can be irrevers-
ible and even lead to mortality if detected late. Thus, efforts are being made to pre-
dict such hemodynamic decompensation. Tachycardia, one of the most commonly
observed deviations from normality prior to shock, was predicted 75 minutes prior
to development using a normalized dynamic risk score trajectory with a random
forest model [10]. Hypotension, a manifestation of shock, was also predicted in the
operating room [11]. The utility of a machine learning model in reducing intraop-
erative hypotension was further confirmed in a randomized controlled trial in
patients having intermediate and high-risk surgery, with hypotension occurring in
1.2% of patients managed with an Al-driven intervention, versus 21.5% using con-
ventional methods [12]. Hypotension events have also been predicted in the ICU
where vital sign granularities are lower and datasets contain more noise. Using elec-
tronic health record (EHR) as well as physiologic numeric vital sign data, clinically
relevant hypotension events were predicted with a random forest model, achieving
a sensitivity of 92.7%, with the average area under the curve (AUC) of 0.93 at
15 minutes before the actual event [13].

Hypoxia and respiratory distress have also been major targets for prediction, the
roles of which have expanded during the recent coronavirus pandemic. In the first
few months of the pandemic, Al-driven models were used to predict the progression
of COVID-19, using imaging, biological, and clinical variables [14]. Cardiac arrest
has also been predicted using an electronic Cardiac Arrest Risk Triage (eCART)
score from EHR data, showing non-inferior scores compared to conventional early
warning scoring systems [15]. Sepsis has also been predicted, with an AUC of 0.85
using Weibull-Cox proportional hazards model on high-resolution vital sign time
series data and clinical data [16]. Other clinical outcomes may be predicted using Al
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models, including mortality after TBI [17] or mortality of COVID-19 patients with
different risk profiles [18].

27.2.3 Disease Phenotyping

Critical illness is complex and its manifestations can rarely be reduced to typical
presentations. Rather, critical illness manifests in a lot of different ways (inherent
heterogeneity), and carries significant risks for organ dysfunction that can subse-
quently complicate the underlying disease process or recovery processes. Such syn-
dromes should not be treated blindly without careful consideration of underlying
etiologies or clinical conditions for a given individual. Moreover, the complex criti-
cal states change over time, such that clinicians cannot rely on assessments from
even a few hours earlier. Yet, evidence-based guidelines should be followed when-
ever these exist. With its strong capability of pattern recognition from complex data,
Al could delineate distinctive phenotypes or endotypes that could reflect influences
from the critical state and hence open up avenues to personalize management, inte-
grated into existing guidelines.

Sepsis, one of the most common ICU conditions, is a highly heterogenous syn-
drome, and has been a favorite target of Al algorithms. Recently, using different
clinical trial cohorts, sepsis was clustered into four phenotypes (a, f, y, and 8) by
consensus K-means clustering, a type of unsupervised machine learning model. The
phenotypes had distinctive demographic characteristics, different biochemical pre-
sentations, correlated to host-response patterns, and were eventually associated with
different clinical outcomes [19]. Such phenotypes are of a descriptive nature, are
useful in describing case-mix, and could represent targets for predictive enrichment
of clinical trials. However, they are not at this juncture based in mechanism and thus
are not therapeutically actionable. Nevertheless, further explorations using richer
data might allow a greater degree of actionability.

In the acute respiratory distress syndrome (ARDS), latent class analysis (LCA)
revealed two subtypes (hypo- and hyper-inflammatory subtypes) linked with differ-
ent clinical characteristics, treatment responses, and clinical outcomes [20]. A par-
simonious model was developed and achieved similar performance to the initial
LCA using a smaller set of classifier variables (interleukin [IL]-6, -8), protein C,
soluble tumor necrosis factor (TNF) receptor 1, bicarbonate, and vasopressors).
This result was validated in a secondary analysis of three different randomized clin-
ical trials [21]. This machine learning-driven ARDS phenotyping has expanded our
knowledge in assessing and treating complex disease, and become one of the crite-
ria for predictive enrichment of future clinical trials.

Dynamic phenotyping for prediction of clinical deterioration can be performed
on time series data. Using analysis of 1/20 Hz granular physiologic vital sign data,
several unique phenotypes, including persistently high, early onset, and late onset
deterioration, were identified prior to overt cardiorespiratory deterioration, using
K-means clustering (Fig. 27.2) [9]. Time-series of images can be clustered for
dynamic phenotyping, as performed using transesophageal echocardiographic
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Fig.27.2 Dynamic,
personal risk trajectory
prior to cardiorespiratory
instability (CRI). Black
line represents control
subjects. Orange line (5)
indicates ‘persistent high’,
purple line (4) indicates
‘early rise’, and green (3),
blue (2), and red (1) lines
indicate ‘late rise’ to

CRI. Adapted from [9]
with permission of the
American Thoracic
Society. Copyright © 2021
American Thoracic
Society.

3.0 1

- n N
6] o [6)]
L L L

Personalized Relative Risk

—_
o
1

°
o
I

-240 -210 -180 -150 -120 -90 -60 -30 O

Time before CRI onset [minutes]

monitoring images in patients with septic shock: using a hierarchical clustering
method, septic shock was clustered into three cardiac deterioration patterns and two
responses to interventions, which were linked with clinical outcome with different
day 7 and ICU mortality rates [22].

27.2.4 Guiding Clinical Decisions

For a complex problem, one-size-fits-all solutions do not work well. Over the last
decade, research has failed to improve the outcome of septic shock with different
treatment guidelines [23, 24]. The extreme heterogeneity of septic shock, various
underlying conditions, and different host-responses could be at least partially
addressed by Al to provide individualized solutions using reinforcement learning.
The algorithm in reinforcement learning is designed to detect numerous variables in
a given state to build an action model, which then learns from the reward or penalty
from the results of the action. Applying this to the sepsis population, reinforcement
learning could provide optimal sequential decision-making solutions for sepsis
treatment, showcasing the potential impact of Al to generate personalized solutions
[25]. In patients receiving mechanical ventilation, time series data with 44 features
were extracted and reinforcement learning (Markov Decision Process) resulted in
better results compared to physicians’ standard clinical care, with target outcomes
of 90-day and ICU mortality [26]. These examples demonstrate the role AI may
have in guiding important decision-making for critically ill patients. The notion of
AT’s therapeutic utility could be more pronounced and provocative in different clini-
cal environments, such as critical case scenarios in remote areas where clinicians
are not available and patient transfer is not possible, or resource-limited settings
where treatment options are limited. Because the optimality of such treatment rec-
ommendations is computed from retrospective and observational datasets, it is
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imperative that recommendation sequences or policies originating from such Al
systems be fully analyzed and then tested prospectively before -clinical
implementation.

27.3 Implementation

An important consideration in successful deployment of Al at the bedside is system
usability and trustworthiness. Deployment of such systems should involve all stake-
holders, including clinicians and patients (end users), researchers (producers), and
hospital administrators (logistics and management). In a specific research project,
an implementation strategy entails creating models with adequate amounts of infor-
mation (not a ‘flood” of information with alarms), delivered with understandable
(interpretable) logics, and placed on a visually appealing vehicle or dashboard - a
graphic user interface. These systems, when deployed as alerting tools, must be
accurate enough and parsimonious enough to prevent alarm fatigue, which leads to
delays in detecting, and intervening for, developing crises [27]. In recent work on
prediction of hypotension in the ICU, researchers found that Al-generated alerts
could be reduced tenfold while maintaining sensitivity, when they used a stacked
random forest model, or a model checking on another model before generating
alerts [13].

Understanding Al-derived predictions and recommendations is arguably an
important component of Al acceptance at the bedside. Although complex models
can be thought of as ‘black-boxes’, an enormous effort is underway to enhance
model interpretability and explainability. For example, in a recent report on hypoxia
detection, researchers adopted concepts from game theory to differentially weight
predictive physiological readouts during surgery, as an attempt to interpret the clini-
cal drivers of hypoxic alarming from an Al system [28]. Creating the graphic user
interface is necessary not only for the Al output to be delivered to the bedside, but
also to improve hospital workflow and alleviate nursing burden. As shown in recent
work, deep learning could be used to analyze fiducial points from the face, postures,
and action of patients, and from environmental stimuli to discriminate delirious and
non-delirious ICU patients [29]. Future ICU design should embrace the functional-
ities of Al solutions to enable clinicians to react earlier to any potential deteriora-
tion, and researchers to build models that perform better using more comprehensive
data, and presented in such a way that it will be readily available, highly accurate,
and trusted by bedside clinicians.

27.4 Pitfalls of Al in Critical Care

As much as the power of the Al model changes the current landscape of data analy-
sis and plays an important role in assisting early diagnosis and management, there
are many road blocks that should not be overlooked when introducing Al models for
critically ill patients.
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27.4.1 Explainability and Interpretability

Many Al models have complex layers of nodes that enable the characteristics of
input data to be more meaningful in revealing hidden patterns. While the model may
produce seemingly accurate output through that process, oftentimes the rationale of
the computation cannot be provided to the end users. In the clinical environment,
this can create strong resistance to accepting Al models into daily practice, as clini-
cians fear that performing unnecessary interventions or changing a treatment strat-
egy without supporting scientific evidence could easily violate the first rule of
patient care, primum non nocere. In critical care medicine, such a move could be
directly and rapidly associated with mortality. On the other hand, many novel treat-
ments did not have enough evidence when first introduced in the history of medi-
cine, and ‘black-box’ models do not need to be completely deciphered, advocating
the use of inherently interpretable Al [30]. Another recent approach argues that
providing detailed methodologies for the model validation, robustness of analysis,
history of successful/unsuccessful implementations, and expert knowledge could
alleviate epistemological and methodological concerns and gain reliability and
trust [31].

Multiple efforts have been introduced to overcome the complexity of deep learn-
ing models. Explaining feature contribution on a dynamic time series dataset
became possible by leveraging game theory into measuring feature importance,
when predicting near-term hypoxic events during surgery [32]. In that report, con-
tributing features explained by SHapley Additive exPlanation (SHAP) showed con-
sistency with the literature and prior knowledge from anesthesiologists for upcoming
hypoxia risks. Moreover, anesthesiologists were able to make better clinical deci-
sions to prevent intraoperative hypoxia when assisted by the explainable Al model.

27.4.2 Lack of Robustness

The readiness of Al for the real-life clinical environment is limited by the lack of
adequate clinical experiments and trials, with a disappointingly low rate of repro-
ducibility and prospective analyses. In a recent review of 172 Al-driven solutions
created from routinely collected chart data, the clinical readiness level for Al was
low. In that study, the maturity of the Al was classified into nine stages correspond-
ing to real world application [33]. Strikingly, around 93% of all analyzed articles
remained below stage 4, with no external validation process, and only 2% of pub-
lished studies had performed prospective validation. Thus, current Al models in
critical care medicine have largely been generated using retrospective data, without
external validation or prospective evaluation.

Reproducibility of Al solutions is not guaranteed and no clear protocols exist to
examine this thoroughly. As mentioned above, Al solutions already have limitations
in terms of data openness and almost inexplicable algorithmic complexity, so the
lack of reproducibility on top of these factors could significantly impact the fidelity
of the Al model. A recent study attempted to reproduce 38 experiments for 28
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mortality prediction projects using the Medical Information Mart for Intensive Care
(MIMIC-III) database, and reported large sample size differences in about a half the
experiments [34]. This problem highlights the importance of accurate labeling,
understanding the clinical context to create the study population, as well as precise
reporting methods including data pre-processing and featurization.

Adherence to reporting standards and risks of bias is also sub-optimal, as a study
that analyzed 81 non-randomized and 10 randomized trials using deep learning
showed only 6 of 81 non-randomized studies had been tested in a real-world clinical
setting and 72% of studies showed high risks of bias [35]. Hence, considering the
scientific rigor of conventional randomized controlled trials needed to prove scien-
tific hypothesis, the maturity and robustness of Al-driven models would be even less
convincing for everyday practice.

More complex and sophisticated Al models, like reinforcement learning are also
not free from challenges, as such intricate models require a lot of computational
resources and are difficult to test on patients in order to train or test the models in a
clinical environment. Inverse reinforcement learning, which infers information
about rewards, could be a new model-agnostic reinforcement learning approach to
constructing decision-making trajectories, because this approach alleviates the
stress of manually designing a reward function [36]. With those algorithmic
advances, decision-assisting engines can be more robust and reliable when input
data varies, which may be a great asset to critical care data science where work is
conducted with enormous quantity and extreme heterogeneity of data.

27.4.3 Ethical Concerns

Use of Al in critical care is still a new field to most researchers and clinicians. We
will not really appreciate what ethical issues we will encounter until AI becomes
more widely used and apparent in the development pipeline and bedside applica-
tions. However, given the nature of Al characteristics and current Al-driven solu-
tions, a few aspects can be discussed to look around the corner into likely ethical
dilemmas of Al models in critical care. The first issue is in data privacy and sharing.
Innovation in data science allows us to collect and manipulate data to find hidden
patterns, during which course collateral data leakage could pose threats, especially
in its pre-processing and in external validation steps towards generalization. It is
very hard to remove individual data points from the dataset once they are already
being used by the Al model. De-identification and parallel/distributive computing
could provide some solutions to data management, and novel models, including
federated learning, might minimize data leakage and potentially speed up the mul-
ticenter validation process.

A second issue in ethics is safety of the Al model at the bedside. To semi-
quantitatively describe the safety of the model, the analogous maturity metric used
by self-driving cars was used for clinical adaptability of Al-driven solutions, with 6
levels [37]: O (no automation) to 2 (partial automation) represent situations where
the human driver monitors the environment; 3 (conditional automation) to 5 (full
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automation) represent situations where the system is monitoring the environment
rather than any human involvement. According to this scale, if used in real life, most
of the Al-driven solutions developed would fall into categories 1 or 2. This concept
signifies that the safety and accountability of the Al model cannot be blindly guar-
anteed, and decision making by clinicians remains an integral part of patient care.
Also, the autonomy of individual patients has never been more important, including
generating informed consent or expressing desire to be treated in life-threatening
situations — here the Al recommendations might not be aligned with those of the
patient. Recognition of such ethical issues and preparing for potential solutions to
overcome limitations of Al, as well as understanding more about patient perspec-
tives could allow researchers and clinicians to develop more practical and ethical Al
solutions.

27.5 Future Tasks of Al in Critical Care
27.5.1 Data De-identification/Standardization/Sharing Strategy

Like any other clinical research, Al solutions need validation from many different
angles. External validation, which uses input data from other environments, is one
of the most common ways to generalize a model. Although external validation and
prospective study designs certainly require collaborative data pools and concerted
efforts, creating such a healthy ecosystem for Al research in critical care demands
considerable groundwork.

De-identification of the healthcare data is probably the first step to ascertain data
privacy and usability. The Society of Critical Care Medicine (SCCM)/European
Society of Intensive Care Medicine (ESICM) Joint Data Science Task Force team
has published the process to create a large-scale database from different source
databases, including the following steps: (1) using an anonymization threshold, per-
sonal data are separated from anonymous data; (2) iterative, risk-based process to
de-identify personal data; (3) external review process to ensure privacy and legal
considerations to abide within the European General Data Protection Regulation
(GDPR) [38]. Such a de-identification process would ascertain safe data transfer
and could further facilitate high-quality Al model training.

Other important groundwork for the multi-center collaboration is data standard-
ization. Individual hospital systems have developed numerous different data label-
ing strategies in different EHR layers. Even within the same hospital system, small
discrepancies, including the number of decimals, commonly used abbreviations,
and data order within the chart, could be stumbling blocks for systematic data stan-
dardization. In addition, data with higher granularity, including physiologic wave-
form data, are even harder to standardize, as there are no distinctive labels to express
the values in a structured way. To address this, international researchers have devel-
oped a standardized format to facilitate efficient exchange of clinical and physio-
logic data [39]. In this Hierarchical Data Format-version 5 (HDF5)-based critical
care data exchange format, multiparameter data could be stored, compressed, and
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streamed real time. This type of data exchange format would allow integration of
other types of large-scale datasets as well, including imaging or genomics.

While one cannot completely remove the data privacy and governance concerns,
rapid collaboration can be facilitated when those are less of an issue. An example is
federated learning, where models can be designed to be dispatched to local centers
for training, instead of data from participating centers collected to one central loca-
tion for model training. While the data are not directly exposed to the outside envi-
ronment, the model could still be trained by outside datasets with comparable
efficacy and performance [40]. Federated learning could be even more useful when
the data distribution among different centers is imbalanced or skewed, demonstrat-
ing the real-world collaboration environment [41]. A comprehensive federated
learning project was performed during the COVID-19 pandemic. Across the globe,
20 academic centers collaborated to predict clinical outcomes from COVID-19 by
constructing federated learning within a strong cloud computing system [42].
During the study phase, researchers developed an Al model to predict the future
oxygen requirements of patients with symptomatic COVID-19 using chest X-ray
data, which was then dispatched to participating hospitals. The trained model was
calibrated with shared partial-model weights, then the averaged global model was
generated, while privacy was preserved in each hospital system. In that way, the Al
model achieved an average AUC > 0.92 for predicting 24- to 72-h outcomes. In
addition, about a 16% improvement in average AUC, with a 38% increase in gener-
alizability was observed when the model was tested with federated learning com-
pared to the prediction model applied to individual centers. This report exemplifies
the potential power of a federated learning-based collaborative approach, albeit the
source data (chest X-ray and other clinical data) are relatively easy to standardize
for the federated learning system to work on.

27.5.2 Novel Al Models and Trial Designs

Labeling target events for Al models is a daunting, labor-intensive task, and requires
a lot of resources. To make the task more efficient, novel Al models, such as weakly
supervised learning, have been introduced. Weakly supervised learning can build
desired labels with only partial participation of domain experts, and may potentially
preserve resource use. One example was provided by performing weakly supervised
classification tasks using medical ontologies and expert-driven rules on patients vis-
iting the emergency department with COVID-19 related symptoms [43]. When
ontology-based weak supervision was coupled with pretrained language models,
the engineering cost of creating classifiers was reduced more than for simple weakly
supervised learning, showing an improved performance compared to a majority
vote classifier. The results showed that this AI model could make unstructured chart
data available for machine learning input, in a short period of time, without an
expert labeling process in the midst of a pandemic.

Future clinical trials could also be designed with Al models, especially to maxi-
mize benefits and minimize risks to participants, as well as to make the best use of
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limited resources. One example of such an innovative design is the REMAP-CAP
(Randomized Embedded Multifactorial Additive Platform for Community-Acquired
Pneumonia), which adopted a Bayesian inference model. In detail, this multicenter
clinical trial allows randomization with robust causal inference, creates multiple
intervention arms across multiple patient subgroups, provides response-adaptive
randomization with preferential assignment, and provides a novel platform with
perpetual enrollment beyond the evaluation of the initial treatments [44]. The plat-
form, initially developed to identify optimal treatment for community-acquired
pneumonia, continued to enroll throughout the COVID-19 pandemic, and has con-
tributed to improved survival among critically ill COVID-19 patients [45, 46].

27.5.3 Real-Time Application

To establish a valuable Al system in the real-life setting, the model should be able
to deliver important information in a timely manner. In critically ill patients, the
feedback time should be extremely short, sometimes less than a few minutes.
Prediction made too early would have enough time to formulate the model, but have
less predictive power, and prediction made very close to target events would have
higher performance, with no time to curate the input data and run the model
for output.

To be used in the real-life environment, a real time Al model should be equipped
with a very fast data pre-processing platform, and able to parsimoniously featur-
ize to update the model with new input data simultaneously. The output should
also be delivered to the bedside rapidly. In that strict sense of real time, almost no
clinical studies have accomplished real-time prediction. A few publications claim
real-time prediction, but most of them used retrospective data, and failed to dem-
onstrate continuous real-time data pre-processing without time delay. Using a gra-
dient boosting tree model, one study showed dynamic ‘real-time’ risks of the
onset of sepsis from a large retrospective dataset. The duration of ICU stay was
divided into three periods (0-9 h, 10-49 h, and more than 50 h of ICU stay), par-
titioned to reflect different sepsis onset events, and resulted in different utility
scores in each phase [47]. While this provides valuable information on different
performances of the Al model for different durations of ICU stay, use of continu-
ous real-time pre-processing without a time delay was not demonstrated. Another
study using a recurrent neural network on postoperative physiologic vital sign
data produced a high positive predictive value of 0.90 with sensitivity of 0.85 in
predicting mortality, and was superior to the conventional metric to predict mor-
tality and other complications [48]. The study also showed that the predictive
difference between the Al solution and conventional methods was evident from
the beginning of the ICU stay. However, prediction from the earliest part of the
ICU stay also does not qualify as true real-time prediction. Although this is a chal-
lenging task for current technology, application of the real-time Al model to the
critical care environment could yield significant benefit in downstream diagnostic
or therapeutic options without time delay.
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27.5.4 Quality Control after Model Deployment

Once the Al model achieves high performance and is deemed to be useful in a real-
life clinical setting, implementation strategies as well as quality assessment efforts
should follow. Anticipating such changes in the clinical/administrative landscape,
the National Academy of Medicine of the United States has published a white paper
on Al use in healthcare, in which the authors urge the development of guidelines and
legal terms for safer, more efficacious, and personalized medicine [49]. In particu-
lar, for the maturity of Al solutions and their integration with healthcare, the authors
suggested addressing implicit and explicit bias, contextualizing a dialogue of trans-
parency and trust, developing and deploying appropriate training and educational
tools, and avoiding over-regulation or over-legislation of Al solutions.

27.6 Conclusion

Rapid development and realization of Al models secondary to an unprecedented
increase in computing power has invigorated research in many fields, including
medicine. Many research topics in critical care medicine have employed the concept
of Al to recognize hidden disease patterns among the extremely heterogeneous and
noise-prone clinical datasets. Al models provide useful solutions in disease detec-
tion, phenotyping, and prediction that might alter the course of critical diseases.
They may also lead to optimal, individualized treatment strategies when multiple
treatment options exist. However, at the current stage, development and implemen-
tation of Al solutions face many challenges. First, data generalization is difficult
without proper groundwork, including de-identification and standardization.
Second, Al models are not robust, with sub-optimal adherence to reporting stan-
dards, a high risk of bias, lack of reproducibility, and without proper external valida-
tion with open data and transparent model architecture. Third, with the nature of the
obscurity and probabilistic approach, Al models could lead to unforeseen ethical
dilemmas. For the successful implementation of Al into clinical practice in the
future, collaborative research efforts with plans for data standardization and shar-
ing, advanced model development to ascertain data security, real-time application,
and quality control are required.
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Artificial Intelligence in Infection 28
Management in the ICU

T. De Corte, S. Van Hoecke, and J. De Waele

28.1 Introduction

Research and development of data-driven artificial intelligence (AI), so-called
machine learning, in the intensive care unit (ICU) is at an all-time high. Data scien-
tists and physicians are exploring the potential of machine learning in a vast range of
domains, including infection management. From both a data science and a medical
point of view, infection management in the ICU is an attractive yet challenging
research topic: it is a highly complex area where information from several different
medical specialties and sources has to be integrated for a single patient. At the same
time, there is an urgent need to optimize infection management in the ICU, both for
the individual patient — as timely and adequate treatment determines a patient’s sur-
vival — and for society — as rising antimicrobial resistance and inadequate treatment
results in increased morbidity and mortality and hence increased costs [1]. Evidence-
based, data-generated, and automated Al support is expected to help ICU clinicians
and antimicrobial stewardship teams take the next step in tackling these problems.
Although the main focus of Al research in the ICU has been occurrence of sepsis and
its outcome prediction as well as, more recently, almost every aspect of coronavirus
disease 2019 (COVID-19), important progress has been made in the infection man-
agement field as well [2—4]. In this chapter, we provide an overview of the current
stance of Al/machine learning research in different areas of antimicrobial infection
management, the barriers that hinder clinical adaptation, and pitfalls for bedside use.
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To this end, we have written a narrative review that takes a pragmatic approach using
the antimicrobial stewardship cycle as a framework (Fig. 28.1).

28.2 Start of Antimicrobial Therapy
28.2.1 Predicting Infection

A significant number of Al/machine learning models have been developed that try
to predict the occurrence of an event in advance, commonly termed ‘forecasting’.
Ventilator associated pneumonia (VAP), central-line associated blood stream infec-
tions (CLABSI), as well as the risk of colonization/infection with a multidrug resis-
tant pathogen (MDR) are just a few examples for which prediction models have
been developed [5—8]. The forecasting of sepsis and/or septic shock has, however,
dominated this domain, as illustrated by the no more than 15 retrospective papers
and | prospective interventional study carried out solely in the ICU that were identi-
fied by Fleuren et al. in their recent systematic review [9]. In these and other predic-
tion models, inference of the future risk is made by developing machine learning
models on (most often) routinely collected healthcare data (e.g., medical history,
clinical parameters, biochemistry results, etc.) from retrospective databases. The
rationale behind prediction models is the idea that the clinical course can be altered
if the physician is aware of the imminent event. As some predictions can be seen as
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preventively actionable, clinicians can pre-emptively address known risk factors to
try to avert the event from happening. When, for example, the model predicts that a
certain risk threshold of CLABSI is exceeded, catheters could be preventively
changed or removed to minimize the risk of CLABSI occurrence. Other forecasts
however are not preventively actionable from a clinical point of view. Patients at
high risk of VAP or sepsis, for example, do not have other known actionable risk
factors besides the ones that are already being addressed by standard preventive
measures applied today. At first glance, these prediction models will not help in
preventing occurrence, but can be used to alert healthcare workers to closely moni-
tor the patient for imminent infection occurrence and consequently facilitate timely
initiation of appropriate therapy. Hence, these models could be categorized as early
detection or ‘nowcasting’ models. This concept was illustrated in a prospective
interventional study by Shimabukuro et al., in which the intervention group was
monitored by a machine learning algorithm that alerted the nurse in charge when it
identified that the patient was at risk for severe sepsis [10]. The machine learning
model was able to make predictions up to 4 h in advance of severe sepsis occur-
rence. In this study, the mortality and length of stay were significantly lower for
patients followed by the machine learning algorithm in combination with the elec-
tronic health record (EHR)-based severe sepsis detector compared to patients fol-
lowed by the latter alone. These findings raise the radical question whether or not
we can decrease infection/sepsis related morbidity and mortality by pre-emptively
treating selected patients at high risk for infection as predicted by highly accurate
machine learning models.

28.2.2 Diagnosing Infection

28.2.2.1 Increasing Diagnostic Accuracy and Patient Surveillance
Some infections in the ICU are very well described and diagnosis is straightfor-
ward. Other infection types have a more subtle clinical course and are defined by
different combinations of criteria, making their diagnosis more sensitive to a clini-
cian’s interpretation. In the case of VAP for example, different combinations of
clinical symptoms, biochemistry results, radiographic anomalies, and microbiologi-
cal features can lead to the same diagnosis. When disease criteria are dependent on
human evaluation, assistance by Al has the potential to improve interpretation
objectivity and hence diagnostic accuracy. Hwang et al. added a machine learning
algorithm to human reading of chest X-rays and as a result enhanced the diagnostic
performance and accuracy of non-radiologists and radiologists [11]. The implemen-
tation of machine learning is not restricted to established diagnostic procedures;
new diagnostic approaches are also being combined with machine learning in an
attempt to enhance them. Chen et al., for example, explored the possibility of com-
bining electronic nose sensor signals with machine learning for the diagnosis of
VAP and attained good accuracy [12].

For early infection detection or nowcasting, electronic systems are already being
used in clinical practice for automated patient surveillance and early diagnosis of
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Fig. 28.2 Continuum of infection development in relation to developing technologies. Current
clinical detection of infection is often late in the continuum of infection development (red line).
Hard-coded rule-based automatic surveillance systems for early detection only diagnose infection
when the clinical threshold of infection has been passed. Fuzzy based surveillance systems are able
to identify patients in the preclinical infection zone (“gray zone”), while nowcasting and forecast-
ing models make predictions when infection has not yet been clinically diagnosed. Hence, the time
gain to take pre-emptive meas