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Preface

The second edition of Clinical Practice of Cardiac Anaesthesia was
published in 2004 and was received very well. It has been a long time, and
the way medicine (especially cardiovascular science) has progressed, there
has been a significant change in our understanding and practice of the
subject. Thus, the need for a new edition has been in existence for quite
sometime. However, revising and updating such a book single handedly is
not an easy task. It is not only time consuming, but also physically and
mentally tiring. One of the challenges of the book has been to provide the
clinically relevant and latest important information without being too
extensive. This involves reading quite a bit of recent literature and then
filtering it and presenting it in a concise manner. I have tried my best to retain
this uniqueness of the book, but some extra pages have been inevitably
added.

At one time, I had almost given up the idea of revising the book, but there
has been a continued all round pressure on me (from the anaesthesia and also
some cardiac surgical residents!). In almost every conference that I attended,
the residents queried, “When is the next edition coming?” So, in reality, it is
the residents who have inspired me to undertake this job yet again.

A new chapter on cardiac physiology by Professor Neema has been added
and all others have been updated to meet the current understanding and
requirements of the subject. Some chapters such as haemodynamic
monitoring, management of patients with coronary artery disease, blood
management, neurological dysfunction, and cardiac patient undergoing
noncardiac surgery have been made more comprehensive. Several new
pictures of transoesophageal echocardiography have been added to make
understanding of this complex subject easy. I believe that the third edition
will meet the requirements of all the postgraduate students (cardiac and
general anaesthesia), anaesthesiologists who are actively practicing cardiac



anaesthesia as well as those who frequently deal with cardiac patients
undergoing noncardiac surgery.

As always, I enjoyed immense support from home and the work place,
which is so vital for completion of such projects. All my residents were
always helpful in collecting the clinical material (without knowing what it is
meant for) and Dr. CS Joshi and Manoj Sanwal were particularly helpful in
the proofreading.

Finally, I acknowledge the efforts of Mr. SK Jain, Mr. Varun Jain, Mr. YN
Arjuna and Mr. Ashish Dixit from CBS Publishers & distributors (P) Ltd.,
New Delhi in publishing this ebook.

Deepak K. Tempe
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Chapter 1: Preoperative Assessment
of Cardiac Risk

The cardiac disease continues to be a major problem all over the world. In the
developing countries, valvular heart disease (VHD) of rheumatic origin
continues to constitute a major cardiac health care problem. In addition,
during the last two decades, an increasing trend in the number of patients
suffering from coronary artery disease (CAD) has been observed. The
anaesthesiologist may be required to deal with such patients when they are
subjected to either cardiac surgery or non-cardiac surgery. The preoperative
assessment of these patients carries significance as it can be helpful in
making recommendations concerning the cardiac risk in the perioperative
period and providing a clinical risk profile that can be utilised for making the
choice of an appropriate anaesthetic plan. In addition, the risk stratification
may be useful for efficient assessment of new therapy and technology.
Sometimes it may be necessary to alter the medical therapy to optimize the
patient’s condition before subjecting him to surgery.

Age

With the improvement in medical care and consequent increase in the life
expectancy of the population, an increasing number of patients from older
age group will be presenting for surgical procedures. In this context, the
traditional cut-off value of 65 years dividing the elderly from non-elderly
patients may no longer be valid, especially in view of the improved general
health of the population. The prevalence of cardiovascular disease increases
with age, and perioperative myocardial infarction (MI) is the leading cause of
postoperative death in the aged.! It has also been shown that the response of
the elderly heart to different forms of stress (exercise, catecholamine



stimulation) is depressed.?2 It has been shown that for patients undergoing
coronary artery bypass grafting (CABG), the operative mortality is 11.8
percent for patients more than 90 years of age, 7.1 percent for those 80 to 89
years and 2.8 percent for those 50 to 79 years.2 However, as the overall
physiological status of an elderly patient might be affected by other
associated diseases, it is difficult to evaluate age as an independent predictor
factor. Nevertheless, age is considered an important factor for predicting the
risk that has been found to increase with increasing age.

Body Size

Obese patients generally carry a higher statistical risk of death.? Some studies
have shown the high-risk of morbid obesity in patients undergoing cardiac
surgery,>® while others have shown that low body weight or small body
surface area is associated with increased risk.2-8

Sex

Female sex has been quoted as a risk factor for either morbidity or
mortality.21? Some studies, however, have examined both sex and body size
in the same population and have shown that it is the small body size, and not
sex, that increases the risk.>%1 Without considering the body size, women
do appear to be at a higher risk, as they commonly have smaller body surface
area compared wilii men. In addition, a study has shown that the higher
mortality rate that was observed in women after cardiac surgery was because

of a higher baseline risk resulting from the presence of more concurrent risk

factors.12

Previous Myocardial Infarction

As compared to the general population, the risk of developing perioperative
MI is increased considerably in patients with previous MI (older than 1
month). Such re-infarctions occur postoperatively and silently, making them
difficult to detect. In addition, the mortality associated with re-infarctions is
also much higher. Recent preoperative MI is an important predictor and the
risk of infarction exceeds 30 percent within 3 months, and it is 15 percent at 3



to 6 months and approximately 6 percent after 6 months of infarction.?

However, it has been reported that the mortality rates were improved
considerably when the patients were subjected to aggressive monitoring and

management during the intraoperative and postoperative period. 1412
Although, it is reasonable to believe that such monitoring and treatment
modalities are likely to improve the outcome, the beneficial effects have not
been confirmed. In any case, the management of MI has been revolutionised
in the recent times so that these recommendations have a limited role to play.
For instance, the importance of intervening time interval between MI and

surgery may not be relevant in the current era of thrombolytics and
16

angioplasty. Risk stratification should be performed during convalescence.=>
The American College of Cardiology (ACC)/American Heart Association
(AHA) guidelines'” recommend coronary revascularisation in patients with
stable angina having significant left main coronary artery stenosis, three
vessel disease, or two vessel disease with significant proximal left anterior
descending stenosis, high-risk unstable angina or non-ST segment elevation
MI, or with acute ST-elevation MI. In patients in whom coronary
revascularisation with percutaneous coronary intervention is appropriate, and
non-cardiac surgery is required in subsequent 12 months, a strategy of
balloon angioplasty or bare metal stent placement followed by 4 to 6 weeks
of dual anti-platelet therapy is probably indicated. In patients who have
received drug eluting coronary stents and who must undergo urgent surgical
procedures that mandate discontinuation of thienopyridine therapy, it is

reasonable to continue aspirin if at all possible and restart thienopyridine as

soon as possible. For details, the reader should refer to the guidlines.”

In 2009, the first European Society of Cardiology guidelines on
perioperative care were developed.i® Like the ACC/AHA guidelines, the
decision making process integrates clinical markers, early coronary
evaluation, functional capacity, and the type of surgery involved.

In the developing countries, however, the treatment of acute MI in the
form of thrombolysis, angioplasty and surgery may not be available to all the
patients so that the earlier recommendations regarding the intervening time
interval between MI and surgery should not be considered invalid in them.

Angina



Patients suffering from CAD can be identified by history of classical angina.
The pain is of strangulating nature, often occurring with exercise, emotional
stress or during meals and is relieved with rest. Anterior chest pain is most
common, but may also present as left arm, neck and right arm pain. Other
rare sites are chin, forehead and epigastrium. Typical duration of anginal pain
is from 5 to 15 minutes. It is important to understand different types of
anginal pain as they have different prediction of risk.

Stable angina

It is a substernal pain or discomfort that is precipitated by exercise, relieved
by rest or nitroglycerin (NTG) or both in less than 15 minutes and is typically
radiated to the shoulder, jaw or the inner aspect of the arm. It is a
controversial predictor in non-cardiac surgical patients,2 but the patient who
develops dyspnoea on mild exertion is at a high-risk for developing
perioperative ventricular dysfunction, myocardial ischaemia and possible MI.
Such patients have a high probability of having extensive CAD, and
additional monitoring or cardiovascular testing should be performed.

Angina can be frequently present in patients suffering from aortic stenosis
(AS) in the absence of CAD. The reason for this is the increased left
ventricular (L'V) mass (concentric hypertrophy) as well as decreased coronary
perfusion pressure. As AS commonly occurs in young patients in the
developing countries (due to rheumatic fever), associated CAD is usually not
present. Nevertheless, preoperative coronary angiogram may be performed in
all patients with AS above 40 years of age to rule out associated CAD. The
combination of AS and ischaemic heart disease (IHD) increases perioperative
risk.2

Unstable angina

It may reflect cyclic coronary obstruction produced by an unstable thrombus
associated with varying degrees of vasospasm and is defined as: (1) Newly
developed angina occurring within the past 2 months; (2) Progressively
worsening angina occurring with increased frequency, intensity or duration,
being less responsive to medicine, and/or rest; or (3) Angina lasting longer
than 30 minutes exhibiting transient unresponsiveness to standard therapeutic
manoeuvres, including NTG and rest, and which is associated with transient
ST-T wave changes without development of Q waves or diagnostic elevation



of enzymes. The presence of unstable angina has been associated with a high
perioperative risk of MI.2l Such patients should, therefore, be referred for
further medical or coronary interventions before non-cardiac surgery.

Variant angina

It was described in 1959 by Prinzmetal and coworkers.2? It usually occurs at
rest and is not associated with exercise or emotional stress. These patients
have a high incidence of arrhythmia and conduction abnormalities. Although,
the perioperative risk in these patients has not been studied, the cardiac
morbidity is likely to be higher in view of a higher incidence of arrhythmias.

It should be remembered, however, that the characteristics of an anginal
pain have no relation to the anatomical lesions in the coronary arteries in
terms of number of vessels involved or the degree of narrowing.

Silent Myocardial Ischaemia

Silent myocardial ischaemia is now recognised as an important predictor of
cardiac risk. It has been shown that as many as 75 percent of episodes of
significant ST depression are not accompanied by angina and occur at
significantly lower heart rates (HR) than symptomatic episodes.?2 The
mechanism of silent ischaemia and infarction is unknown, but sensory
neuropathy has been labelled as the causative factor, particularly in the
diabetics. These events can be detected by ambulatory (Holter)
electrocardiography performed during normal daily activities in patients with
CAD. There is however, some controversy regarding the utility of this

technology in predicting the adverse outcome.24

Hypertension

IHD is commonly associated with hypertension. As a risk factor,
hypertension is less today since the perioperative management of high blood
pressure (BP) has improved. The degree of hypertension is more important
and the risk of MI is increased in hypertensive patients, especially in the
presence of hypercholesterolaemia, cigarette smoking and ECG abnormality
Patients with untreated, poorly treated or labile preoperative hypertension are
more likely to suffer perioperative BP lability, dysrhythmias, myocardial



ischaemia and transient neurological complications, thereby increasing the
perioperative cardiac morbidity. However, some authors have demonstrated
that such is not the case and the importance of preoperative hypertension as a
risk factor for postoperative morbidity is controversial.12

As per the ACC/AHA guidelines, uncontrolled hypertension is considered
as a minor clinical predictor i.e. it does not independently increase the
perioperative risk.1”

Diabetes Mellitus

Diabetes mellitus is a very common systemic disorder associated with CAD
and has many important implications. It is considered to be an independent
risk factor for preoperative cardiac morbidity. Painless Mis occur more
frequently and the infarct size as well as the mortality is reported to be higher
in diabetics.22 In addition, it can also lead to diabetic cardiomyopathy, which
by itself can increase the cardiovascular morbidity.2® According to the
ACC/AHA guidelines, diabetes is considered a clinical risk factor.l?
Therefore, diabetes should be considered a potential predictor of
perioperative cardiac morbidity.

Cigarette Smoking

The adverse cardiovascular effects of cigarette smoking are well known and
an increased risk of MI has been demonstrated in smokers.2Z Acute effects of
smoking include increased coronary vascular resistance caused by direct
vasoconstrictor effect of nicotine.?28 The myocardial oxygen consumption
(MVO,) may be increased by increasing the rate-pressure product. In

addition, the decreased systemic oxygen transport caused by an increase in
carboxyhaemoglobin levels can disturb the supply-demand balance. Chronic
cigarette use can accelerate atherosclerosis by vasoconstriction, platelet
aggregation and loss of endothelial integrity.?2 All these adverse
cardiovascular effects, along with the well known detrimental effects of
smoking on the respiratory system may increase the risk for cardiac
morbidity in these patients.



Previous Cardiac Surgery

The increasing number of cardiac operations performed everyday has led to
more patients returning for reoperation. The technical difficulties arising out
of adhesions between the heart and surrounding tissues are well known. It has
been observed that the tendency to scar formation is more in black as
compared to the white population, and therefore, they are likely to have dense
adhesions. Bleeding from the adhesions can be profuse and lead to increased
blood transfusion requirements. In addition, difficult dissection may require
excessive handling of the heart leading to arrhythmias and reduced cardiac
output.

In valve replacement surgeries, inadequate mobilisation of the LV apex
may impair the deairing of cardiac chambers before release of the aortic cross
clamp leading to a higher risk of air embolisation. In addition, these patients
are on anticoagulants such as warfarin, and unless the medicine has been
discontinued for an adequate period (3 to 7 days), the postoperative bleeding
can be increased further.

In general, the patients undergoing reoperation are sicker and carry a
higher risk of morbidity and mortality. Previous CABG in patients
undergoing non-cardiac surgery has been shown to improve the outcome, and
the postoperative incidence of MI in these patients is reported to be 0 to 1.2
percent and mortality 0.5 to 0.9 percent. (MI, 1.1 to 6 percent and mortality, 1
to 2.4 percent in patients without prior CABG).12

Combined Procedures

Combined procedures such as CABG and valve replacement increase the
operative mortality. Yadav et al32 have examined the risk factors associated
with early mortality in patients undergoing CABG and mitral valve
replacement. Significant factors related to early death were, New York Heart
Association (NYHA) functional class, urgency of surgery, valvular lesions
secondary to an ischaemic event, increased pulmonary artery pressure (mean
pulmonary artery pressure of > 30 mm Hg), low ejection fraction (< 40
percent) and low cardiac index. Likewise, patients undergoing aortic valve

replacement combined with CABG are at risk for LV dysfunction that may

adversely affect the postoperative outcome.3!



Risk Indices

A number of risk indices have been reported for quantifying the overall risk.
These include the American Society of Anesthesiologists (ASA)
classification,2? the NYHA classification2® (Table 1.1), and the Canadian
Cardiovascular Society (CCS) classification of angina.2* In addition,
Goldman et al2>3° were the first to develop a multivariate risk index using
prospective analysis of a large group of patients. Factors such as preoperative
cardiac failure and the recent MI that were found to be associated with a
high-risk were given a high score. Other factors such as hypertension and
smoking were not found to be associated with increased risk and were,
therefore, not included as risks. These were later modified by Detsky and
Colleagues.3? Subsequent indices showed similar performance in predicting
cardiovascular risk.22 However, Lee’s revised cardiac risk index (RCRI)
performed better than previous indices and was also validated.224% The
clinical risk factors include high-risk surgery, ischaemic heart disease, history
of congestive cardiac failure, history of cerebrovascular disease, insulin
therapy for diabetes, and a preoperative serum creatinine of more than 177
umol/L. It is now incorporated into the ACC/AHA perioperative algorithm.lZ
All these risk indices are useful in quantifying not only the preoperative
cardiac status of the patient but also in estimation of the risk to which the
patient is exposed. However, it should be remembered that the accuracy of
these indices is controversial and not consistent. It has been shown that major
risk stratification models do not predict perioperative outcome after CABG in
patients with previous percutaneous intervention 4 Patients with previous
elective percutaneous coronary interventions had increased perioperative
mortality and higher rates of major adverse cardiac events as compared with
patients without prior percutaneous coronary interventions.? It is suggested
that the risk assignment should occur throughout the perioperative period
(preoperative, intraoperative and postoperative) and the risk factors chosen

for model inclusion should vary depending on when the assignment occurs.%2

Table 1.1: New York Heart Association functional classification



Class [

Patients with cardiac disease but no limitation of
physical activity. There is no undue fatigue,
palpitation, dyspnoea or anginal pain on ordinary
physical activity.

Class 11

Patients with cardiac disease leading to slight
limitation of physical activity. There is fatigue,
palpitation, dyspnoea or anginal pain on ordinary
physical activity, but they are comfortable at rest.

Class III

Patients with cardiac disease leading to marked
limitation of physical activity. There is fatigue,
palpitation, dyspnoea or anginal pain on less than
ordinary physical activity, but they are comfortable
at rest.

Class IV

Patients with cardiac disease leading to inability to
carry out any physical activity without discomfort.
Symptoms may be present even at rest. The
discomfort is increased if any physical activity is
undertaken

Some risk stratification methods more specific to cardiac surgery have also
been described. One of the earliest reported methods identified poor ejection
fraction (< 30 percent), unstable angina or recent MI, clinical evidence of
heart failure, age greater than 65 years, severe obesity, emergency surgery,
reoperation and other uncontrolled systemic disturbances as risk factors.?
Patients are assigned to three risk levels: normal (no risk factor, mortality 0.4
percent), increased (one of the above factors present, mortality 3.1 percent) or
high (two or more factors present, mortality 12.2 percent).

The Society of Thoracic Surgeons has developed a model for risk
stratification based on more than 80,000 patients undergoing CABG.%3
Thirteen risk factors were identified among which, cardiogenic shock, renal
failure and reoperation were labelled as those carrying significant risk.



Cardiac Status

The most important factor for predicting the outcome after surgery is the
severity of cardiac disease. The clinician is constantly striving to accurately
estimate the severity of disease by history, physical examination and
performing several routine as well as specialised tests.

Congestive Heart Failure

Impairment of LV function can lead to an elevation of the pulmonary
capillary pressure leading to the classical signs of dyspnoea. Occurrence of
dyspnoea and its grading (NYHA classification) can be utilised for estimating
the severity of LV dysfunction. However, it has been shown that physical
signs may be absent in the presence of marked to severe elevation of LV
filling pressure in chronic heart failure.**

The most frequent causes include hypertension, IHD, VHD and various
cardiomyopathies. In VHD, the breathlessness is not related to LV
dysfunction and in fact, may occur in the presence of normal or even
supranormal LV function. For instance, in mitral stenosis (MS), the
breathlessness is related to the degree of obstruction and the resulting
increases in flow gradient across the mitral valve, and in AS it is related to
the increased LV end-diastolic pressure (LVEDP) due to concentrically
hypertrophied LV that has a poor compliance. Presence of dyspnoea,
therefore, does not usually signify LV dysfunction in patients with VHD,
unless the disease is in an advanced stage. The possibility of associated VHD
in patients with IHD should also be considered, if dyspnoea is present. In fact
VHD is an additional risk for a patient undergoing simultaneous CABG and
valve replacement, especially for mitral regurgitation (MR) or AS.22 The
severity of symptoms is also related to the rapidity of onset of cardiac failure.
Acute insults such as MI, may lead to severe symptoms even though only a
small portion of the myocardium is damaged. In conditions that develop
slowly such as aortic regurgitation (AR), AS, etc. there is time for
compensatory mechanisms to develop and significant portions of the heart
muscle may be impaired before symptoms appear.

In patients with CAD, clinical and radiological evidence of LV failure is
associated with a poor prognosis.2> Similarly, patients with ejection fraction
of less than 40 percent are likely to have increased mortality. Preoperative



congestive heart failure (CHF) is identified as a risk factor and the presence
of third heart sound and jugular venous distention are labelled as significant
signs having prognostic value. Echocardiography should be performed in
patients with CHF, results of which can suggest strategies for preoperative
optimisation of cardiovascular status.

Arrhythmias

These are usually benign in healthy patients, but their occurrence in patients
with CAD signifies serious nature of CAD and ventricular dysfunction. Many
patients with acute MI still die before reaching the hospital, presumably due
to dysrhythmias, and complex dysrhythmias are one of the important factors
that influence the prognosis in them.4®

Frequent premature ventricular contractions increase the risk in patients
with chronic THD. Although, few data are available regarding preoperative
arrhythmias as a risk factor, frequent premature atrial contractions, rhythms
other than normal sinus or atrial fibrillation (AF) appear to be risk factors.2®
AF due to an enlarged left atrium (LA) is also common in patients suffering
from mitral valve disease. Presence of AF signifies a long standing and more
severe mitral valve disease.

ECG Abnormalities

ECG abnormalities excluding arrhythmias are considered as preoperative risk
factors. ST-T wave changes and signs of LV hypertrophy are the commonest
ECG abnormalities detected in patients with CAD. The predictive value of
preoperative ECG is controversial. Carliner et al*/ found that an abnormal
preoperative ECG was the only statistically significant independent predictor
of adverse cardiac outcome. Whereas, Goldman et al have found that ECG
abnormalities including old MI, ST segment or T wave changes, or bundle
branch block were not significant risk factors.2° In some valvular lesions such
as AS, ST-T abnormalities signifying myocardial ischaemia can be present in
the absence of CAD. The predictive value of ischaemic changes in
preoperative ambulatory ECG is controversial. One study has claimed that
positive finding for ischaemia (ST segment depression) is a predictor of
cardiovascular morbidity peri and postoperatively,?® while others have not
been able to demonstrate the same 22-2



Priority of Care

The risk of operation may be influenced by emergency versus elective
surgery.8 The patient undergoing emergency surgery may have
hypovolaemia, systemic vasoconstriction, acidosis or other physiological
derangements. There may not be time for the usual careful preparation of the
patient. The actual condition of the patient before operation is more
important, as an emergency might mean a patient receiving cardiopulmonary
resuscitation or may be undergoing a semi-elective or urgent procedure for
left main coronary artery disease or mitral stenosis plus LA thrombus. With
more experience and improvements in overall technique, the risk in patients
undergoing emergency procedures is decreasing.

Preoperative Cardiac Tests

As a part of assessment of the cardiovascular disease, several tests are
performed prior to anaesthesia and surgery. The anaesthesiologist may have
to interpret and sometimes request these tests prior to anaesthesia. It is,
therefore, necessary to have knowledge of the tests and be aware of their role
in the preoperative assessment of the patient with cardiac disease.

Laboratory Tests

Some laboratory findings such as hyper-lipidaemia are predictive of CAD. In
patients with cholesterol levels of less than 203 mg/dL, only 18 percent had
angiographically documented CAD as against 80 percent in patients with
cholesterol levels greater than 263 mg/dL.2! Increased levels of low density
lipoproteins are strong predictors of CAD and an inverse association has been
demonstrated between high density lipoprotein (HDL) cholesterol level and
CAD incidence. The incidence of CAD has been shown to be eight-fold
higher in men and women with HDL cholesterol of 35 mg/dL or less as
compared with men and women with HDL cholesterol of 65 mg/dL or
greater.>? Thus HDL cholesterol seems to provide protection from CAD.
Triglycerides, however, are relatively unimportant for prediction of CAD.
The perioperative risk associated with hypercholesterolaemia is not known.
The most important laboratory changes associated with myocardial
ischaemia and infarction are cardiac enzyme elevations. The levels of



creatine kinase (CK), glutamic oxaloacetic transferase (GOT) and lactate
dehydrogenase (LDH) are elevated. The isoenzyme of CK (MB) that is
identified by electrophoresis reflects extraction from cardiac muscle. The CK
MB level is a fairly accurate method of diagnosing acute MI and its serial
measurements can be useful for predicting the infarct size.22 GOT and LDH
on the contrary are not specific enzymes and false positive readings can occur
in patients with other non-cardiac diseases.

In general, the specificity and sensitivity of CK MB for MI are high,
however, some drawbacks remain. For example, skeletal muscle content of
CK MB (which is normally low) may be increased in patients with acute
skeletal muscle injury (rigorous exercise) or chronic myopathies.
Consequently, skeletal muscle injury occurring during surgery may increase
postoperative concentration of CK MB, thus decreasing CK MB specificity
for MI. In addition, the sensitivity of CK MB is limited to a short period as
the increase persists for at most, 72 hours. Therefore, early and frequent
measurements are necessary.

In this regard, cardiac troponins are relatively new markers that may prove
to be more beneficial. With acute MI, plasma troponin concentrations (both
troponin T and I) increase rapidly within 3 to 5 hours and continue to remain
so for 5 days or more.2? This allows for earlier detection of MI, as well as late
diagnosis. Cardiac troponin I also offers greater specificity in patients with
skeletal muscle disease or injury.22 It has also been suggested that cardiac
troponins may provide an insight into the preoperative risk stratification in
patients with unstable angina undergoing CABG.2®

B-type natriuretic peptides (BNP) have been shown to be independent
predictors of cardiovascular events in noncardiac and vascular surgery. It has
been shown that preoperative BNP levels can be used to independently
predict cardiovascular events in the first 30 days after vascular surgery and to
significantly improve the predictive performance of the revised cardiac risk
index.2? One study has shown that a preoperative BNP concentration of more
than 87.5 pg/mL best predicted long-term all-cause mortality.8

In the developing countries, rheumatic fever is the most common cause of
VHD. Repeated attacks of rheumatic fever are not unknown in these patients.
Thus, patients subjected to valvular surgery should be investigated for
evidence of endocarditis. The erythrocyte sedimentation rate (ESR) and C-
reactive protein (CRP) levels are almost always elevated during acute stages



of the disease. The surgical outcome in the presence of endocarditis may be
compromised due to cardiac failure or increased risk of bleeding due to
adhesions and friability of the tissues. Therefore, surgery should be delayed
and endocarditis treated with aspirin and steroids, unless the valvular lesion
warrants urgent surgery.

The chest radiograph

The routine postero-anterior (PA) and lateral radiographs of chest continue to
be used extensively as a preoperative screening test. It provides useful
information in both patients with CAD and VHD. Figure 1.1 shows the
typical PA projection of the heart. The two boundaries of the heart (right and
left) are in proximity with the respective lung fields. The right border of the
heart is formed by the superior vena cava (SVC) and the right atrium (RA).
The left border is formed by the aorta, the main pulmonary artery (PA), the
LA appendage and the anterolateral border of the LV. RA enlargement can be
detected by broadening of the right heart contour. The LA enlargement leads
to displacement of the LA appendage laterally and the left bronchus upwards.
In massive LA enlargements that can occur in some patients with mitral valve
disease, the right border of the LA may overlap the right heart border giving
an appearance of a double density (Fig. 1.2). Right ventricular (RV)
enlargement is difficult to detect in the PA view except in conditions such as
tetralogy of Fallot (TOF) where the left border may be formed by the RV
with LV rotated posteriorly. On the contrary, LV enlargement can be easily
detected using the PA view. In regurgitant lesions of the aortic and mitral
valve, the long axis is elongated with downward and leftward displacement
of the apex. In patients with CAD, both long and short axis enlargement leads
to globular shaped heart. The cardiac valves are not normally visualised
unless they are heavily calcified.

The lateral view of chest is most useful in detecting the RV enlargement,
which is indicated by obliteration of the retrosternal space along the upper
two-thirds of sternum (Fig. 1.3). It can also be useful in patients undergoing
reoperation to know if the RV is adherent to the sternum.

Radiographic changes in valvular diseases

Individual valvular diseases can be differentiated with ease based on the
radiographic presentation. In MS, LV size is normal, but LA, PA and RV
enlargements are present. In MR, both LA and LV enlargement occur that



can further lead to pulmonary hypertension and RV enlargement. In AR,
there is dilatation of the LV along with dilatation of the ascending aorta. The
concentric hypertrophy of the LV in AS is not perceived radiographically.
However, with advanced AS, LV dilatation and cardiomegaly occurs.

In patients with CAD, the chest radiograph provides useful information in
the sense that cardiomegaly has been shown to be a specific predictor of low
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Figure 1.1A: Diagrammatic representation of the frontal projection of heart. (SVC: superior vena-cava,
IVC: inferior vena-cava, LA: left atrium).



Figure 1.1B: Normal X-ray of chest postero-anterior view. The right border of heart is formed by the
superior vena-cava and right atrium. The left border is formed by the aorta, main pulmonary artery, left
atrial appendage, and anterolateral border of the left ventricle.



Figure 1.2: Massively enlarged left atrium producing double density of the right heart border.

In patients with cardiomyopathy, the degree of LV enlargement depends
on whether the cardiomyopathy is dilational (moderate to marked LV
enlargement), restrictive (mild LV enlargement), or hypertrophic (mild to
moderate L'V enlargement).

In addition to the size of cardiac chambers, the chest radiograph provides
useful information by way of lung fields. The signs of CHF and pulmonary
venous hypertension are useful in determining the cardiac status of the
patient.

Chest radiography, thus provides a useful noninvasive method of
estimating the cardiac function. However, it should be remembered that it



provides an indirect assessment and it is useful to correlate the radiological
findings with other clinical findings in order to arrive at definite conclusions.

Electrocardiogram

The ECG is one of the most important preoperative tests for patients with
cardiac disease, especially for patients with CAD. However, the resting ECG
can be normal in 25 to 50 percent of patients with CAD® and in additional
25 percent of patients, the ECG may be difficult to interpret because of
conditions such as left bundle branch block or Wolff-Parkinson-White
syndrome. Also, ECG provides no information about the ventricular function
and may be normal in the presence of severe CAD or VHD. ECG is typically
utilised for detection of arrhythmias, conduction changes, myocardial
ischaemia, injury and infarction. In patients with CAD, the occurrence of ST-
T wave abnormalities may correlate with the severity of underlying heart
disease, including the number of vessels involved and the presence of LV
dysfunction.®! In contrast, a normal resting ECG in patients with suspected or
definite CAD is suggestive of a more favourable long term prognostic sign.%2



Figure 1.3: The lateral view of chest X-ray showing right ventricular enlargement causing obliteration
of the retrosternal space.

The earliest ECG change following ischaemia is usually the ST elevation.
Later on there is diminution in the size of R wave and in transmural (full
thickness) infarction, a Q wave begins to develop. Subsequently, the T wave
becomes inverted, which persists after the ST segment has returned to
normal. The Q wave appears within hours and the T wave inversion takes
place within days. The T wave inversion becomes less marked in several
weeks or months.

In contrast to transmural infarct, subendocardial infarction causes ST/T
wave changes without Q wave or prominent ST elevation. This is



accompanied by the loss of R wave in the leads facing the infarct.

The ECG changes are best seen in the leads which face the infarcted area.
For instance, in antero-septal infarction, abnormalities are found in one or
more leads from V; to V4, while anterolateral infarction produces changes in

leads V4 to Vg, AVL and I. Inferior infarction is best seen in leads II, III and

AVE Infarction of the posterior wall of LV is not recorded in the standard
leads by ST elevation or Q waves. The leads V; to V, may record reciprocal

changes by way of ST depression and a tall R wave.

EXxercise stress testing (Treadmill)

With exercise, the major determinants of MVO, such as HR and myocardial

contractility are increased. The increased oxygen demand is met primarily by
an increase in the coronary blood flow that is achieved by marked
vasodilatation of the coronary vascular bed. Any impairment in this vascular
reserve due to coronary obstruction or vasospasm may lead to myocardial
ischaemia and its sequelae. In exercise stress testing, the myocardial work is
progressively increased by graded physical exercise and the signs and
symptoms of ischaemia, arrhythmias and pump dysfunction are
simultaneously measured.

Currently, many treadmill protocols are available. They include those
introduced by Bruce, Balke, Ellestad, Astand, Naughton and Sheffield. The
most familiar of these, the Bruce protocol consists of 3 minute stages that
have different grade and speed. Stage 1 has a speed of 1.7 miles/hour with a
10 percent grade. Patients with moderate CAD usually exercise to stages 3
and 4 before termination of the test because of symptoms or HR limitations.
The principal indicator of ischaemia during exercise as well as immediate
recovery period, is ST segment deviation. Three types of ST segment
responses have been described.®3 The first type is characterised by ST
depression occurring during the exercise period that reverts to normal during
the early post-exercise period. In the second type, the ST depression worsens
during the recovery period and indicates poor prognosis. The third type of
response is ST segment elevation. The conventionally accepted criterion is a
threshold elevation of 1.5 mm or more, regardless of the slope. In addition to
ST segment response, changes in T wave or R wave, the occurrence of chest
pain, alteration in HR, hypotension or arrhythmias are also considered.

Exercise stress testing is a noninvasive test that is useful in patients with



chest pain of unknown aetiology and for quantification and prognosis in
patients with known CAD. It has a significant prognostic value when the ST
changes of significant magnitude occur during early stages of the test (1 to 3),
do not revert during recovery period, are associated with subnormal increases
in HR or BP and are accompanied by angina or arrhythmias. It should be
remembered, however, that negative tests do not imply absence of disease as
many patients undergoing CABG have negative exercise stress testing
results. Apart from the fact that the results of exercise stress test are valuable
in offering the diagnosis of CAD, the anaesthesiologist should take note of
the haemodynamic changes that are associated with ST segment deviation. In
addition, the therapies used during exercise stress testing to reverse ischaemia
should also be noted. These may help to set the guidelines regarding the
dangerous HR and BP response during anaesthesia as well as the therapy that

should be used to reverse intraoperative ischaemia. A few studies®52 have
demonstrated that a positive ischaemic response and a low exercise capacity
predict adverse outcome following non-cardiac surgery. It has been suggested
that preoperative exercise stress testing should not be performed routinely in
patients undergoing non-cardiac surgery, but should be reserved for patients

who satisfy standard medical criteria for specialised testing, such as new,

unexplained chest pain.2*

The 6 min. walk test (6 MWT) has been shown to be a useful clinical tool
to screen and risk stratify patients in departments where cardiopulmonary
exercise testing (CPET) is not available. It has been shown that patients
walking more than 563 meters in the 6 MWT do not routinely require CPET,
those walking less than 427 meters should be referred for further evaluation,
and in those walking more than 427 meters but less than 563 meters, the
number of clinical risk factors and magnitude of surgery should be

incorporated into decision making process.

Echocardiography

The echocardiography is based on the principle of detection of reflected
sound waves from the surfaces of the internal organs. Pulses of ultrasound
waves with a frequency of 2.5 to 7.5 million cycles per second (MHz) are
utilised in echocardiography. (Precordial echo: 2 to 3 MHz and
transoesophageal echo (TOE): 3.5 to 5 MHz). Frequencies in this range
provide the optimum penetration (10-25 cm) and resolution of objects



(objects 1 mm or less in size). When the ultrasound waves strike an interface
of tissues of differing densities, a portion is reflected. The amount reflected is
directly related to the difference in tissue densities. For instance, air in the LV
appears as a brighter signal on the screen as it reflects a much greater portion
of the transmitted ultrasound than the blood. The duration taken by the sound
waves to bounce back to the transducer determines the location of the tissue.
The longer a sound wave takes to bounce back, the greater is its distance
from the transducer.

Echocardiography has undoubtedly become an important means of reliably
and non-invasively assessing the cardiac function. The valvular function as
well as the myocardial function is accurately assessed by this technique. The
Doppler technique allows the detection of intracardiac shunts and valvular
insufficiency and can estimate cardiac output (CO), valve gradients and
intracardiac pressures.

M-mode echocardiography

A typical M-mode echocardiogram is shown in Figure 1.4. The tracing that is
obtained by placing the transducer on chest wall represents the one
dimensional view against time. The motion of valves, and linear dimensions
of intracardiac and pericardial structures can be visualised. These views are
useful in estimating the end-diastolic and end-systolic LV dimensions and
calculation of ejection fraction. The LV dimensions can be useful in
quantifying the LV enlargement. In AR a preoperative end-systolic diameter
greater than 55 mm®’ and in MR a preoperative end-systolic diameter of

more than 45 mm® are associated with adverse surgical outcome.

Two-dimensional echocardiography

Multiple views can be obtained by using phased array transducers that can be
collated into a two-dimensional image. The two-dimensional picture helps to
recognize anatomical and pathological landmarks. The operator can alter the
angle and position of the ultrasound beam so that multiple cross-sectional
images can be produced, helping to identify the anatomy of the heart and
great vessels. Moreover, images are displayed in “real-time” on a monitor
screen and can be recorded on a videotape or digital format. Two-
dimensional echo enables the visualisation of valves and ventricular wall
motion along with measurement of LV volumes (ejection fraction), areas and
wall thickness. Figure 1.5 shows a typical 2-D echo using parasternal long



axis view. The other common views are parasternal short axis, apical (two
chamber and four chamber), suprasternal (long axis and short axis) and
subcostal views.
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Figure 1.4: A typical M-mode echocardiogram (LA: left atrium, LV: left ventricle, RV: right ventricle,

A: aorta, RVFW: right ventricular free wall, IVS: interventricular septum, LVPW: left ventricular
posterior wall, MV: mitral valve, AOV: aortic valve).

Transoesophageal echocardiography

In this technique the transducer is placed at the distal end of the gastroscope
that is passed into the oesophagus. As the transducer is close to the heart and
the sound waves do not have to penetrate the chest wall or lung, very high
quality images are obtained.

The simplest TOE probe has one phased array transducer. The ultrasound
beam is oriented at right angles to the gastroscope to produce transverse
imaging planes. In biplane transducers, a second transducer is mounted
immediately proximal and at right angles to the first to provide a longitudinal
imaging plane. In multiplane transducers, a single transducer is mounted on a
rotating device that allows 0 to 180 degrees rotation of the transducer on its
own axis. The whole assembly is housed within the tip of the gastroscope.
The advances in technology have helped the manufacturers to produce



transducers that are small enough for use in infants and neonates.

The advances in Doppler technique have allowed for noninvasive
estimation of morphology as well as function of valves, intracardiac shunts,
intracardiac pressures and CO. As a preoperative test, precordial
echocardiography provides a noninvasive and accurate method for estimating
the overall cardiac performance. Of importance, is its value in the diagnosis
of acute MI [presence of regional wall motion abnormalities, (RWMA)]
when other technique such as ECG is inconclusive or uninterpretable. In
VHD, it provides invaluable information in terms of valve size, degree of
regurgitation, various chamber sizes, pressure gradients and degree of
pulmonary hypertension. The severity of VHD can thus, be objectively
assessed by echocardiography. In addition, it provides accurate assessment of
the global ventricular function. Thus, it is helpful in deciding optimal
preoperative management and perioperative monitoring and care. Its
preoperative prognostic value is unknown. However, because preoperative
ventricular dysfunction is associated with perioperative ventricular
dysfunction, echocardiography can be potentially useful as it provides the
information less invasively. More recently, stress echocardiography is being
used as a preoperative test. The appearance of a new or worsened RWMA is
considered a positive test and represents areas at risk for myocardial
ischaemia. In this respect, dobutamine stress echocardiography has been
found to be very useful.
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Figure 1.5: A typical 2-D echocardiogram showing parasternal long axis view (RV: right ventricle,
LV: left ventricle, MV: mitral valve, LA: left atrium, AOV: aortic valve, AO: aorta).

Tissue Doppler

The tissue Doppler velocity of the mitral annulus is used for the assessment
of LV function. The ratio of early transmitral blood flow velocity (as
measured by colour Doppler) to early diastolic velocity of the mitral annulus
by tissue Doppler (E/e") is an indicator of LV diastolic function and is
relatively independent of the systolic function and rhythm abnormalities. The
normal E/e' is less than 8. It has been shown that E/e' ratio of more than 15 is
an independent predictor of composite endpoints of postoperative
morbidity .82

Nuclear imaging

Nuclear imaging is now a safe and accurate method for assessment of
myocardial perfusion and infarction, and ventricular function. The regional
distribution of myocardial blood flow can be visualised using the radio-
isotopes that accumulate proportional to the regional myocardial blood flow.
Thallium-201 has been employed successfully for this purpose.



Recently, new technetium 99™ labelled compounds with better imaging
characteristics and novel biological properties have been introduced. The
relative distribution of myocardial blood flow can be visualised using these
imaging agents. For the diagnosis of MI, two types of imaging exist: the
myocardial scintigraphy (hot spot imaging) and perfusion scintigraphy (cold
spot imaging).

The hot spot technique uses technetium 99™ pyrophosphate as the
radionuclide. The infarcted segment of the myocardium that has a selective
affinity for technetium is detected as a hot spot by the gamma camera.
Normal tissue or areas of old infarction do not have affinity for technetium,
and these areas are not visualised. The image can be detected after 12 to 16
hours following the event with maximum abnormality occurring from 48 to
72 hours. The intensity of the image returns towards normal within 5 to 7
days.

In perfusion scintigraphy or cold spot imaging, thallium-201 is used. The
isotope is taken up by the areas of heart with normal perfusion and thus
allows imaging of normal myocardium. Defects in the normal pattern (cold
spots) represent areas of decreased perfusion as well as acute or old MI. The
technique is useful in detecting the stress response of coronary circulation by
obtaining scans during exercise or infusion of coronary vasodilator,
dipyridamole. Because of rapid myocardial clearance rate of thallium-201,
redistribution of thallium occurs quickly and allows visualisation of the
reper-fusion process. Perfusion defects of the cold spots last for
approximately 30 to 60 minutes with redistribution occurring during the next
2 to 3 hours. Repeat imaging is performed approximately 3 to 4 hours later.
The initial perfusion defects that persist, indicate infarction or prolonged
ischaemia, and those that disappear are indicative of reversible perfusion
defect or transient myocardial ischaemia without infarction.

For the assessment of ventricular performance and wall motion indices,
first-pass radionuclide angiography and gated blood-pool imaging is used.
Thus, radionuclear imaging is useful in enhancing the preoperative
assessment of MI and quantification of the ventricular function. The
predictive value of preoperative radionuclear imaging has been studied in
vascular surgery patients. Initial results suggested preoperative gated-pooled-
determined ejection fraction of less than 0.35 as an independent predictor of
perioperative cardiac morbidity.Z? More recently, however, it has been shown
that there is no association between the redistribution defects and adverse



cardiac outcomes in patients undergoing elective vascular surgery.Z1-72

Pharmacological stress testing

Many patients with CAD are unable to perform exercise tests. Such patients
who cannot exercise adequately can now be stressed by pharmacological
agents. These techniques have been found to give results that are equivalent
to exercise testing. Myocardial perfusion can be increased artificially by
infusing the small vessel vasodilators, dipyridamole or adenosine. This is
followed by thallium imaging to detect myocardial ischaemia. Areas of
myocardium surrounding a coronary vessel (that has fixed stenosis) have
small vessel vasodilation at rest to maintain normal resting flow. Such areas
have a diminished hyperaemic response to vasodilator compared with normal
myocardium. This leads to a relative defect in myocardial perfusion imaging
at peak flow. In fixed defects, the decreased uptake persists whereas in
reversible defects, later resting images reveal improved flow. Reversible
defects are more likely to indicate myocardium at risk. The perioperative
cardiac events occurring in patients undergoing non-cardiac surgery have
been shown to be related to the size of jeopardised viable myocardium
(myocardium at risk) determined by thallium imaging.”2> Abnormal scans are
also useful to clinically select patients for therapeutic intervention such as
revascularisation.

Dobutamine stress echocardiography is a newer technique that has rapidly
established itself as a useful clinical tool. The coronary flow reserve is tested
by increasing the heart rate by dobutamine infusion. A normal test result is
defined as the absence of a new or worsening RWMA. The predictive value
of dobutamine stress echocardiography is similar to dipyridamole thallium
scintigraphy.Z#

Cardiac catheterisation

Cardiac catheterisation is the most important investigation that is undertaken
in patients with CAD. Coronary angiography provides information about the
coronary artery and the presence and pattern of atherosclerotic disease. For a
cardiac surgeon, the coronary angiography helps to decide how many bypass
grafts should be performed and where the distal anastomosis should be
placed. Physiological information in terms of intracardiac pressures and CO
can also be obtained. By knowing CO and ventricular filling pressure, i.e.



LVEDP, a reliable index of cardiac function can be derived. An increase in
LVEDP (>15 mm Hg), is indicative of pulmonary congestion. Likewise, a
sudden large increase in LVEDP (an increase of more than 5 mm Hg) during
ventriculography (when the low oxygen containing contrast material
displaces blood from coronary circulation) is indicative of transient episode
of cardiac failure. Such information provides a rough estimate of the risk of
similar episodes of altered cardiac performance during anaesthesia and
surgery. In addition, LV angiogram can provide valuable information such as
ejection fraction, LV volumes and the presence of associated MR.

The type of coronary artery lesion can be useful. According to one study,
proximal left circumflex artery stenosis was an independent predictor of mid-
term mortality, especially in patients with a history of heart failure.”2

Cardiac catheterisation provides detailed anatomical information about the
patient with complex congenital heart disease and contributes to the planning
of surgical correction. The role of cardiac catheterisation in other simple
congenital anomalies such as atrial septal defect, ventricular septal defect,
TOF, etc. is now limited due to advances in the two-dimensional echo and
colour Doppler techniques. It is rarely performed in situations where the
echocardiography is not able to provide definitive diagnosis. Similarly, it is
rarely performed in patients with VHD, as most of the information is
obtained by echocardiography.”® It is, however, indicated in patients with
VHD before surgery to rule out associated CAD, especially in elderly
patients. At many centres, coronary angiogram is routinely performed in
patients more than 45 years of age. In the developing countries, however,
rheumatic fever is still the commonest cause of VHD so that the patients are
usually young and do not require coronary angiogram.

For patients undergoing non-cardiac surgery, cardiac catheterisation has a
limited role, as alternative less costly and less invasive techniques are
available to assess the ventricular as well as valvular function. However, it is
perhaps indicated in patients with suspected left main or triple vessel disease
or patients with unstable angina in whom revascularisation either with
angioplasty or bypass surgery may be useful. Although, previously successful
myocardial revascularisation appears to reduce the risk for subsequent non-
cardiac surgery,®52 it is doubtful, if elective revascularisation should be
performed prior to surgery. Since the risk of CABG itself often exceeds the
risks of non-cardiac surgery, CABG is rarely justified simply to lower the



risk of non-cardiac surgery.” The current ACC/AHA guidelines endorse this
view.1Z Therefore, routine angiography should not be performed in all high-
risk patients undergoing non-cardiac surgery, but only in those patients who
warrant revascularisation for medical reasons, independent of surgery.24 In
addition, relative urgency of the non-cardiac problem should also be
considered.

ICU Admission Risk Assessment

Patient outcome is also influenced by the events in the operation theatre
(OT). These may relate to the anaesthetic technique, adequacy of valve repair
and myocardial protection. In other words, the OT events can alter the risk
present (increase or decrease) that was based on preoperative status. Any
other adverse events in the OT such as excessive surgical bleeding, difficulty
in separating the patient from CPB, and use of intra-aortic balloon pump can
change the outcome in a patient but cannot be predicted accurately at the time
of preoperative evaluation. Therefore, assessment of the patient for the
second time on arrival in the intensive care unit (ICU) may be necessary.

Acute Physiology and Chronic Health Evaluation (APACHE II) that was
designed for general ICU patients has also been evaluated for cardiothoracic
surgical patients.”Z APACHE III (refinement of APACHE II) has also been
tested.”8 The independent predictors of outcome are the acute physiology
score, age, emergency and reoperation status, number of grafts and sex of the
patient. The most recent scoring system has identified seven factors at ICU
admission that were independent predictors of morbidity and mortality
outcome.”2 Amongst these, the use of intra-aortic balloon pump to separate
the patient from CPB was the single most important predictor of poor
outcome, followed by prolonged CPB time (> 160 min.).

In summary, the growing demands of improved outcome following cardiac
surgery make it essential for each patient to undergo thorough perioperative
evaluation. Preoperative cardiac complications are also an area of clinical
interest and concern in patients undergoing non-cardiac surgery. Over the
years, perioperative risk assessment has evolved significantly. A recent
article has shown that postoperative survival following major elective
abdominal surgery is influenced by reduced functional capacity even in the
absence of cardiac risk factors.8? It has also been shown that the use of a



routine preoperative cardiac assessment allows to obtain satisfactory
perioperative results in patients undergoing abdominal aortic surgery.8! Risk
stratification of a patient is therefore important so that probabilities of the
difficulties during the procedure as well as the outcome of surgery can be
anticipated. By identifying the high-risk patient, it may be possible to alter
the therapy or technique to reduce the risk. For instance, an appropriate
method of myocardial preservation may be chosen in high-risk patients. This
will not only be more cost-effective, but can also reduce the morbidity that is
related to poor myocardial performance in the postoperative period. In
addition, time may be spent preoperatively to improve the status of the
patient by additional investigations and necessary therapy. Preoperative
statins have been shown to provide protective effect in the perioperative
period in terms of cardiac morbidity and mortality? as well as renal
insufficiency®® Most of the risk stratification has been described for patients
risk stratification in patients undergoing valve suffering from CAD. There is
a need to develop surgery or repair of congenital heart defects.
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Chapter 2: Anaesthetic Agents

The cardiac anaesthesiologist is expected to perform two important functions.
First is to anaesthetise the patient and the second, to maintain normal or
acceptable haemodynamics. No doubt, both the functions are important for
any general anaesthetic, but in view of the deranged cardiovascular system of
a cardiac patient, the maintenance of haemodynamics is especially important.
Knowledge of the pathophysiology of underlying cardiovascular disease as
well as understanding of the haemo-dynamic effects of various anaesthetic
agents is therefore, important for the safe conduct of anaesthesia. In addition,
understanding the interactions of the anaesthetic agents with cardiac
medications such as beta adrenergic blockers, calcium channel blockers, etc.
is also important. It is well known that there is no single agent or a technique
that will meet all the requirements and will be the safest. Therefore, careful
selection of the anaesthetic agents that will meet the requirements of
anaesthesia (analgesia, paralysis, unconsciousness and attenuation of the
stress response) as well as suit the underlying cardiovascular pathology is
necessary. Indeed, there can be more than one way of meeting this goal, and
perhaps, the choice is determined by the concerned anaesthesiologist.

This chapter describes the various anaesthetic agents with special reference
to their cardiovascular effects. These effects can be used to tailor a general
anaesthetic to an individual patient undergoing cardiac surgery.

Intravenous Anaesthetic Agents

Narcotics

Since the time Lowenstein! demonstrated the safety of high-dose morphine
anaesthesia (up to 3 mg/Kg) in patients suffering from valvular heart disease



with virtually no cardiac reserve, high-dose opioid technique has been the
mainstay of cardiac anaesthesia. It soon became apparent that morphine
administered in such high doses provides adequate analgesia, but may expose
the patients to awareness, especially in less critically ill patients.? In addition,
hyperdynamic response (tachycardia and hypertension) to noxious
stimulation may occur in patients having good myocardial function despite
giving large doses of narcotics. This may increase the risk of myocardial
ischaemia necessitating the use of beta adrenergic blockers and peripheral
vasodilators in order to blunt the sympathetic response. It may also be
necessary to suppress the sympathetic discharge by supplementing the
narcotic base with hypnotics, volatile agents or nitrous oxide. Such a
manoeuvre also helps to ensure absence of recall.

The respiratory depression as well as other prolonged effects of narcotics
suited the anaesthetic technique, as elective ventilation in the postoperative
period was an accepted practice. With the introduction of fast-track
anaesthesia techniques,? lower doses of opioids are being used. The doses of
opioids will also need to be restricted in patients undergoing closed heart
procedures where prolonged ventilation in the postoperative period may not
otherwise be required. More potent opioids having better cardiovascular
stability than morphine, such as fentanyl, alfentanil and sufentanil have also
been introduced.

The stress response including release of circulating catecholamines,
Cortisol, growth hormone and antidiuretic hormone can be suppressed by
fentanyl, alfentanil and sufentanil.*2 Although this suppression is dose
related, it is not consistent and it may be preferable to add a hypnotic or an
inhalational agent instead of further loading the patient with an opioid.

The commonly used induction doses and infusion rates of some opioids are
shown in Table 2.1.

Table 2.1: Induction doses and infusion rates of the commonly used opioids.

Drug Induction dose Infusion rate(60 Kg
adult)
Morphine 0.5 to 1 mg/Kg 15 to 20 pg/min

Fentanyl 20 to 40 pg/Kg 2 to 10 pg/min



Sufentanil 5to 15 pg/Kg 1 to 2 pg/min
Alfentanil 80 to 200 pg/Kg 120 to 200 pg/min

Morphine

Morphine was the principal opioid used in the developing countries until
recently. Now, fentanyl is gradually replacing morphine. The haemodynamic
stability that can be achieved with morphine in cardiac patients was
demonstrated by Lowenstein! in 1969. Induction of anaesthesia by slow
administration of morphine (5 mg/min or less) generally results in stable
haemodynamics, however, rapid infusion (10 mg/min or more) may produce
hypotension that may require treatment.l? Histamine release caused by
morphine has been shown to be responsible for arteriolar vasodilatation.1? A
correlation between release of histamine and severity of hypotension after the
administration of high doses of morphine has been demonstrated in patients
undergoing coronary artery bypass grafting (CABG).L! Pretreatment with
histamine H; and H, antagonists can help to attenuate the cardiovascular

response.l2 Some workers, however, believe that there is not enough
histamine release after morphine to cause such hypotension.l314 Other
mechanisms of hypotension are, direct dilatation of the capacitance vessels
by inhibiting vascular smooth muscles,’> and depression of the sympathetic
ganglionic transmission.l® Regardless of the mechanism, the underlying
problem is a decreased systemic vascular resistance (SVR). Prevention of
hypotension should include slow administration, and treatment should
include appropriate volume replacement and head down tilt to the patient.
Sympamomimetic agents (alpha and beta stimulants) can also be used.

There is little effect on the myocardial contractility with morphine in the
dosage that are used in clinical practice. However, morphine may cause
bradycardia, which along with decreased SVR can augment the degree of
hypotension.tZ In such a situation, bradycardia should be reversed with an
anticholinergic or sympathomimetic agent. In addition, muscle relaxant such
as pancuronium that increases the heart rate (HR) can be used for intubation
purposes.

Rarely, following large intravenous doses, muscle rigidity can develop'®
that can impede positive pressure ventilation. This particular problem is not a



major concern for the anesthesiologist as during induction of anaesthesia,
patients are generally breathing high oxygen concentration so that
desaturation of oxyhemoglobin is delayed. In addition, rigidity can be
relieved within 1 to 2 minutes by administration of a muscle relaxant.

The induction of anaesthesia usually requires 1 to 3 mg/Kg of morphine
depending upon the patient’s clinical condition. Larger closes may be
necessary in patients having reasonable cardiac reserve. Since respiratory
depression may occur before the loss of consciousness, ventilatory assistance
may be required. It is a usual practice to use morphine in the dose of 0.5 to 1
mg/Kg for induction of anaesthesia. Thiopental and benzodiazepines are also
administered in order to accomplish this reduction in morphine dosage as
well as to ensure amnesia. In sick patients, hypotension is avoided by
administering morphine slowly and using incremental bolus doses of
thiopental while constantly monitoring the blood pressure (BP). Currently in
cardiac surgery, morphine is mainly used as a premedicant, and for providing
intraoperative and postoperative analgesia by intrathecal or epidural route.

Fentanyl

Fentanyl is a synthetic phenylperidine belonging to the 4-anilo-piperidine
series. Fentanyl was introduced initially as Innovar (combination of
droperidol and fentanyl in a ratio of 5:1) in 1960s and its use in cardiac
anaesthesia was first reported in 1978.12 It is now freely available in the
developing countries and widely used in clinical practice.

It is more lipid soluble than morphine and achieves its full effect in 2 to 3
min. after intravenous injection. However, it has a shorter duration of action
than morphine. In man, it is 60 to 80 times more potent than morphine. It also
provides better cardiovascular stability and the haemodynamics are usually
stable during induction of anaesthesia with larger doses of fentanyl (> 50
ng/Kg).#22 There is no direct effect on the myocardial performanceZ-22 and

direct intracoronary injection of fentanyl in concentrations up to 240 ng/ml
produced no changes in the myocardial mechanical functions.2? Fentanyl has
little effect on the vascular smooth muscles or histamine release.1*
Consequently, there is no significant decrease in SVR.2¢ However,
bradycardia is commonly observed following fentanyl administration.22 The
bradycardia can be accentuated by administration of muscle relaxants such as

vecuronium and hence, if bradycardia is severe, pancuronium should be



preferred. In addition, anticholinergic or sympathomimetic agents may be
used, if necessary. Rarely, fentanyl may cause severe hypotension which
might necessitate inotropic support.

Other adverse effects of fentanyl are muscle rigidity and seizure like
activity. Rigidity is rarely observed after small bolus doses administered to
awake patients but is more common after large bolus doses that are used for

induction of anaesthesia.2®

Haemodynamic response to surgical stress (intubation, skin incision,
sternotomy) can be blunted with fentanyl. However, the response is not
consistent and depends largely on the myocardial performance. Patients with
normal myocardial function may respond to surgical stress despite
maintaining high plasma levels of fentanyl. On the contrary, patients with
poor myocardial function will not manifest a hyperdynamic response.
Therefore, if large doses of fentanyl become ineffective in controlling the
haemodynamic  response, supplementation with  nitrous oxide,
benzodiazepine and/or inhalational agent may be necessary.

The induction dose of fentanyl is 50 to 100 pg/Kg, but higher doses up to
150 pg/Kg have been used in patients undergoing CABG in an attempt to
control the mean arterial pressure (MAP).# With growing interest in early
postoperative extubation, even lower doses (10 to 20 pg/Kg) in combination
with isoflurane or propofol are being utilised. The plasma concentration of
fentanyl decreases rapidly due to distribution from the plasma to tissues after
bolus injection of moderate doses (up to 10 pg/ Kg) making it a short acting
agent. Giving larger initial doses of fentanyl convert it from a short acting to
a long acting drug. With the larger dose, the distribution phase is completed
before the fentanyl concentration declines to threshold levels so that the
duration of action becomes dependent on the decrease in concentration
during the much slower elimination phase.?” The dose of fentanyl should be
titrated according to the response and needs of the patient to avoid
accumulation. It is desirable to progressively decrease the successive doses at
regular intervals. Continuous infusion of fentanyl for cardiac surgery has also
been used to maintain anaesthetic fentanyl plasma concentration throughout
surgery. A priming dose of 2.4 ng/Kg/min. for 20 min. in combination with a
simultaneously started and maintained infusion of 0.3 pg/Kg/min. has been
reported to produce plasma fentanyl concentration between 20 and 27 ng/mL
(10 to 30 ng/mL are sufficient to provide stable haemodynamics) and



effectively eliminate the need for supplements.228 Haemodynamic stability
during fentanyl infusion can be further enhanced by the use of computer
assisted mechanical drug delivery systems.

In children, it has been shown that a balanced anaesthetic containing
fentanyl 25 to 50 pg/Kg is sufficient to obtund haemodynamic and stress

responses to the prebypass phase of surgery.2

Sufentanil

Sufentanil is a fentanyl analogue with a potency five to ten times that of
fentanyl and with a similar short duration of action.2? Like fentanyl, it does
not cause histamine release and both provide similar haemodynamic stability
during induction of anaesthesia. Due to its increased potency, a greater
haemodynamic stability during cardiac surgery is expected. Some authors
showed that sufentanil provided better control of intraoperative
haemodynamics,31:32 while others did not find a marked difference.22 It has
been used in a wide range of doses (0.25 to 25 pg/Kg), but doses of 5 to 15
Hg/Kg are commonly employed in cardiac surgery.

With the advent of fast-track cardiac surgery, some cardiac
anaesthesiologists believe that the goal should be to administer minimal dose
for the shortest possible time to improve recovery. Consequently, the
induction dose can be decreased to as low as 1 pug/Kg followed by the
maintenance dose of 1 pg/Kg/hour in the form of an infusion. Such a
reduction in dosage will however, require concomitant use of some other
anaesthetics such as propofol or inhalational agents. It has also been given
intrathecally in combination with morphine with a target controlled infusion
of propofol to achieve the goals of fast-track cardiac surgery.2* Bolus doses
used for anaesthetic induction can lead to severe bradycardia and asystole,
especially when used with vecuronium or succinylcholine.2>3¢ In general, all
narcotics tend to cause bradycardia and it is not uncommon to use
pancuronium as the muscle relaxant of choice following induction to counter
the bradycardia and attain better haemodynamic stability.3238 Although, this
holds true for patients undergoing CABG who are on preoperative beta-
blockers, it may not be true for patients undergoing valve surgery who tend to
have faster heart rates, especially those who have atrial fibrillation. In such
patients, therefore, pancuronium may not be an appropriate choice for muscle
relaxation.



Alfentanil

Alfentanil is another fentanyl analogue that is very short acting and shows
about one fifth the potency of fentanyl. Its maximum effects are achieved in
90 seconds after intravenous administration. The rapid rate of elimination
makes it suitable for use by continuous infusion, during the maintenance of
anaesthesia and for pain relief in the intensive care unit (ICU). It can be used
as a bolus dose of 80 to 200 pg/Kg followed by an infusion of 2 to 12
Hg/Kg/min. However to meet the requirements of fast-track cardiac surgery,
smaller doses (15 pg/Kg bolus for induction followed by 15 pg/Kg/hour for
maintenance) have also been used. A sedative-hypnotic such as propofol
should be combined with this regimen. Its haemodynamic effects have been
found to be similar to those of fentanyl and sufentanil in patients undergoing
valve surgery22, but it has been shown to cause haemodynamic instability and
myocardial ischaemia in patients undergoing CABG.2? Alfentanil and
sufentanil can be combined to minimise the side effects of each compound.
Alfentanil can be followed by sufentanil because of their different onset times
(1 to 2 min. for alfentanil, 4 to 6 min. for sufentanil) to achieve better

blunting of the circulatory responses to tracheal intubation.*!

Remifentanil

Remifentanil is an anilidopiperidine derivative. It is 19 times more potent
than alfentanil in humans. It undergoes extensive hepatic and extrahepatic
breakdown by nonspecific tissue and blood esterases. It has a very rapid onset
of action comparable to that of alfentanil. The cardiovascular effects are
similar to those observed with fentanyl analogues. The fast decay in plasma
concentrations, even with high dose and long infusion times, ensures a rapid
recovery. This, however, necessitates early requirement of postoperative
analgesics, which should be considered before the remifentanil is
discontinued at the end of surgery. It is well suited for fast-track cardiac
surgery and is given best as a short infusion in the dose of 1 to 2 pg/Kg/min.
for induction of anaesthesia. The anaesthesia can be maintained with an
infusion at the rate of around 1 pg/Kg/min. It has been shown to provide safe
and stable operating conditions and facilitate earlier tracheal extubation as

compared with sufentanil.#2 The postoperative analgesia can be effectively

provided with remifentanil infusion using patient controlled analgesia %3 or

intrathecal morphine.#* Further, it can be safety used for short procedures



such as chest drain removal in the intensive care unit.22

Buprenorphine

Buprenorphine is classified as agonist-antagonist opioid that is agonist at one
opioid receptor subtype and/or antagonist at another receptor subtype. It is a
useful analgesic for general use, particularly in view of its relatively low risk
of causing respiratory depression. However, it has never gained popularity in
cardiac anaesthesia. This is mainly due to its inability to attenuate
cardiovascular and hormonal responses to surgical stimulus.2® In addition, its
onset of action is slow, its peak effect may not occur until 3 hours, and the
duration of action is prolonged (> 10 hours).

Other Narcotics

Meperidine, hydroxymorphone and oxymorphone that are widely used for
analgesia can be used as anaesthetic agents during cardiac surgery in a
manner similar to that of morphine or fentanyl. Meperidine is similar to
morphine and can be used as a primary anaesthetic agent. However, its use is
not recommended as it causes frequent cardiovascular depression # It can
also cause neurotoxicity due to its metabolite normeperidine that is a central
stimulant. In addition, it occasionally can cause tachycardia. Due to these
limitations, meperidine is not preferred in cardiac patients.

In summary, the high-dose opioid technique is still popular in patients
undergoing cardiac surgery. However, whether opioids can adequately
anaesthetise a patient is questionable. High doses of opioids are capable of
producing intense analgesia and unconsciousness, but it is generally accepted
that they are incapable of producing adequate state of anaesthesia.
Additionally, opioids alone may not be sufficient to prevent haemodynamic
responses to sternotomy and aortic dissection. In clinical practice, therefore,
opioids are generally combined with benzodiazepines, nitrous oxide,
inhalational agents and propofol.

Barbiturates

Thiopental

Since its introduction in 1934, this ultrashort acting barbiturate has survived
the test of time and has become the most widely used induction agent. The



rapid awakening from thiopental has been related to its rapid redistribution.
However, awakening may be delayed in older patients. It is a direct
myocardial depressant and also causes increased venous capacitance leading
to hypotension and reflex tachycardia.*8 These haemodynamic changes,
however, can be minimised by administering it slowly or by an infusion. The
cardiovascular effects of thiopental are similar in healthy patients or those
who have compensated heart disease. The increase in HR can be potentially
deleterious in patients with coronary artery disease (CAD), because of the
increase in myocardial oxygen consumption (MVO,). It is also obvious that if

given in hypovolemic patients, it can lead to a significant decrease in cardiac

output (CO) and MAP. In addition, histamine release and anaphylactoid

reactions are possible with thiopental administration.*2

Thiopental can be used safely for induction of anaesthesia in normal
patients and in those who have compensated heart disease. However, rapid
bolus injection must be avoided and caution be exercised in hypovolemic
patients or patients having ventricular dysfunction and valvular disease.

The usual induction dose of thiopental is 2.5 to 4.5 mg/Kg, but age, gender
and lean body mass should be considered for calculation of the doses. In
clinical practice of cardiac anaesthesia, thiopental is rarely used as the sole
induction agent. It is generally combined with opioids and benzodiazepines.
Small increments of bolus doses of thiopental (25 to 50 mg) can be used to
control the hypertensive response that may be observed during intubation. In
addition, thiopental has been wused for cerebral protection during
cardiopulmonary bypass (CPB), especially if a haemodynamic compromise
has occurred during the operation. However, this practice is no longer in use.
It has been shown that thiopental in the dose of 3-5 mg/Kg produces only a

short duration of incomplete burst suppression.2

Methohexital

Methohexital is an ultrashort acting methylbarbiturate. It is more potent than
thiopental and has similar actions and uses. The cardiovascular depression
produced by methohexital in patients who have cardiac disease is similar to
that of thiopental. Methohexital, thus does not provide any cardiovascular
advantage over thiopental.

Benzodiazepines



Diazepam used to be the only benzodiazepine available in the developing
countries until recently. Midazolam has now been introduced. The other
intravenous benzodiazepine in clinical use is flunitrazepam. Diazepam,
lorazepam and flunitrazepam are similar in that they are insoluble in water
and require organic solvents to form solutions. The resultant pH range of 6.6
to 6.9 can cause pain and thrombophlebitis.2! In contrast, midazolam is water
soluble and does not cause thrombophlebitis or pain on injection. The
mechanism of action of benzodiazepines in the central nervous system is by
potentiation of the inhibitory effect of gammaamino butyric acid (GABA) on
neuronal transmission.22 All benzodiazepines have hypnotic, anticonvulsant,
muscle relaxant, amnesic and anxiolytic effects.

Diazepam

Diazepam is used as an induction agent in some centres in the dose of 0.3 to
0.5 mg/Kg over 5 to 15 seconds.2> The haemodynamic stability, amnesic
property and smooth induction are the properties that are responsible for its
usage. Its ability to maintain cardiac index (CI), despite producing decrease
in MAP and HR can be especially desirable in patients suffering from CAD
as it leads to a decrease in MVO,.2# Its use in patients suffering from mitral

valve disease and pulmonary artery hypertension (PAH) has been shown to
significantly decrease the PAH and pulmonary vascular resistance (PVR)
while mamtaining the CO.22 However, it may not be safe in patients suffering
from severe mitral stenosis (commonly seen in the developing countries) who
are vasoconstricted and cannot tolerate reductions in preload. The
vasodilatation produced by diazepam can lead to severe decrease in BP and
CO. It is also not well tolerated by patients suffering from constrictive
pericarditis.®

Diazepam combined with opioids can produce more precipitous
haemodynamic changes leading to decrease in CO, stroke volume (SV) and
MAP 1957 A significant decrease in MAP and SVR may occur if diazepam is
followed by fentanyl.2?

Diazepam can be used for induction of anaesthesia in patients having
cardiac disease. The amnesic action is especially desirable. However, it
should be avoided in patients having hypovolemia or cardiac tamponade. In
addition, it must be used with caution when combined with opioids. The
other undesirable features include, pain on injection, thrombophlebitis,



variability of response among individual patients, the long half-life and the
tendency for accumulation of the drug with repeated administration in elderly
patients and those who have liver disease. It is perhaps, due to these
drawbacks that it is not a popular agent for induction of anaesthesia. It is
generally combined with opioids in the dose of 5 to 10 mg for adults in order
to avoid the awareness that may occur with opioid alone. However, diazepam
has been replaced by midazolam in most settings.

Midazolam

Midazolam, a water soluble benzodiazepine was synthesised in the United
States in 1975.28 It is unique because of its speed of onset, short duration of
action and rapid clearance.?? These properties make it an ideal agent for
induction of anaesthesia. However, if used as the main anaesthetic agent,
continuous infusion is necessary for long procedures. In addition, adjuvant
analgesic drugs are required to block the response to noxious stimuli because
midazolam is not an analgesic. Although, the haemodynamic effects of
midzolam are similar to diazeparn,@’ﬂ midazolam causes greater decrease in
MAP which may be due to more negative inotropic effect.22 It is also
suggested that midazolam affects the capacitance vessels more than does
diazepam.®? Sedation with midazolam (0.05 mg/Kg) in patients undergoing
cardiac catheterisation is devoid of any haemodynamic effects.

Midazolam can be used safely with almost all the anaesthetic agents. The
combination of midzolam and fentanyl is commonly used for induction and
maintenance of general anaesthesia during cardiac surgery without adverse
haemodynamic consequences.®* However, significant hypotension may
sometimes occur with combination of fentanyl and midazolam, and caution
should be exercised. Due to its rapid onset and haemodynamic stability, if
used alone, it seems to be an ideal agent for short procedures such as
cardioversion or cardiac catheterisation, and automatic internal cardioverter
defibrillator (AICD) implantation. It is also useful whenever
neuropharmacological properties of a benzodiazepine are required rapidly
and for a brief period of time.

Etomidate

Etomidate is moderately lipid soluble and has a rapid onset (10 to 12
seconds) and a brief duration of action similar to thiopental and metho-



hexital. 528 The very short duration of hypnotic effect of etomidate is
probably a result of its rapid distribution in peripheral tissues. Its effects on
haemodynamics are less detrimental, as there is minimal myocardial
depression and no increase in HR.8%58 The recommended induction dose is
0.3 mg/Kg. Since the hypnotic effect is brief, additional analgesia and
hypnotic drugs must be administered.

It has been shown to provide excellent anaesthetic conditions with minimal
haemodynamic disturbances when used in combination with an opioid.®?
However, its use has been limited by concerns about its inhibition of steroid
synthesis.Z? Etomidate offers no real advantage over most other induction
agents, but it may be considered in emergency situations where rapid
induction is essential, such as patients with hypovolaemia, cardiac tamponade
or low CO.

Ketamine

Ketamine is a phencyclidine derivative and its anaesthetic actions differ
markedly from barbiturates and other central nervous system depressants. Its
effect has been labelled as ‘dissociative anaesthesia’.Zl Ketamine provides
rapid hypnosis and profound analgesia, however, respiratory and
cardiovascular functions are not depressed much in comparison to other
anaesthetic agents. In fact, it stimulates the cardiovascular system leading to
increases in HR, CI, SVR, BP and pulmonary artery pressure (PAP). All
these changes result in an increase in MVOZ,Q and therefore, make it

unsuitable for use in patients undergoing CABG as well as valve surgery. The
increase in PVR in patients with mitral valve disease as well as congenital
heart disease is especially undesirable.Z3”* However, a number of
pharmacological methods have been used to block the ketamine induced
tachycardia and systemic hypertension. These include propranolol (beta-
blockade) and phenoxybenzamine (alpha-blockade)”®  verapamil,Z®
benzodiazepines,”Z8 and dexmedetomidine.”2 Nevertheless, ketamine is not
a popular agent in adult cardiac surgery except in those patients who have
decreased blood volume, uncompensated congestive heart failure or cardiac
tamponade, who depend on sympathetic activity for the maintenance of
cardiovascular function. It is also used for induction of anaesthesia in
paediatric patients, partly because of its haemodynamic effects and partly
because it can be administered intramuscularly.?? Ketamine (2 mg/Kg



intravenous or 4 to 6 mg/Kg intramuscular) in combination with heavy
premedication has been used as the anaesthetic for paediatric cardiac
cafheterisation at some places without much problem.2! However, such a
technique prolongs emergence time.

Undesirable increases in MVO,, and PVR, as well as disturbing

psychotomimetic activity (vivid dreams, hallucinations or emergence
phenomenon) have limited the use of ketamine in cardiac anaesthesia
practice.

Propofol

Propofol is one of the most recent intravenous anaesthetic agents to be
introduced into clinical practice.8? It is available as 1 percent solution in 20
mL glass ampoules, 50 and 100 mL vials, and in 50 mL prefilled syringes. It
is a rapidly acting intravenous anaesthetic agent that is formulated in a
soyabean emulsion. The brevity of action and rapid recovery with propofol
has led to its extensive usage in short surgical procedures, especially day-care
surgery. The short duration of action is due to rapid redistribution and
elimination. Propofol causes decrease in BP that is accompanied by decrease
in SVR. Systolic BP decreases by 15 to 40 percent following intravenous
induction with 2 mg/Kg and maintenance infusion of 100 pg/Kg/min.83 The
decrease in BP is associated with a decrease in CI, stroke volume index and

SVR.%* Despite a significant decrease in MAP, propofol can lead to a

decrease in HR.22 Some authors have demonstrated an increase®® or no

change in the HR.&Z It has also been shown to decrease myocardial
contractility.88-82

Due to these haemodynamic effects, propofol may not be suitable for
induction of anaesthesia in patients undergoing open-heart surgery. However,
it can be used in low dosage along with morphine, fentanyl or midazolam to
accomplish fast-track cardiac anaesthesia. It is customary to use propofol in
the dose of 30 to 50 pg/Kg/min. in such a situation. Its merit of rapid
recovery after cardiac surgery and in the intensive care unit is well
demonstrated.2%21 It can also be used in the cardiac catheterisation laboratory
in combination with an opioid for short procedures such as
electrophysiological studies and AICD implantation.

Propofol is now readily available, but it should not be used
indiscriminately. It must be remembered that the cardiovascular depressant



properties may be harmful in patients having impaired myocardial
contractility or those having low fixed CO. Two cases of complete heart

block after its use have also been reported.22

Dexmedetomidine

Dexmedetomidine is the pharmacologically active D-isomer of medotimidine
and is a highly selective, specific and potent alpha-2 adrenoreceptor agonist.
It has sedative effects and can reduce the volatile anaesthetic requirements.
The exact mechanism of action is not known but is considered to involve an
action at both presynaptic and post-synaptic alpha-2 adreno-receptor in the
central nervous system. It causes modest decrease in the BP and HR. It, thus
seems that it can be used as an adjunct to anaesthetic agents
(opioids/inhalational agents) to reduce their requirement and improve
haemodynamic stability. The alpha-2 adrenergic agonists have the potential
to inhibit opioid-induced rigidity. Therefore, dexmedetomidine may be used
as an adjunct with high-dose opioid technique. It can be used in the dose of
2.5 pg/Kg for premedication and 0.2 to 0.7 pg/ Kg/hour infusion for
adjunctive purposes.

Muscle Relaxants

The use of muscle relaxants is an integral part of an anaesthetic technique.
The neuromuscular blocking agents have differing cardiovascular effects and
duration of action. These differences allow the anaesthesiologist to choose a
suitable muscle relaxant in order to match the cardiovascular needs of a
patient. This choice is based mainly on the haemodynamic effects during
induction and prebypass period. The use during CPB is empirical as the
pharmacokinetics of muscle relaxants during CPB is confusing and steady-
state drug plasma levels are very difficult to obtain.

Until recently, succinylcholine, d-tubocurarine and pancuronium were the
only muscle relaxants available in the developing countries, with
pancuronium being the most widely used agent. With the recent introduction
of agents such as atracurium, vecuronium and rocuronium, the cardiac
anaesthesiologist has a wider choice to select an agent that is best suited for
his patient.

The intubating dose and clinical duration of action of the commonly used



muscle relaxants are shown in Table 2.2.

Table 2.2: Intubating dose and duration of action of muscle relaxants.

Drug Intubating dose Duration

(min)
Succinylcholine 1 mg/Kg 5to 10
Pancuronium 0.08 to 0.12 mg/Kg 60 to 120
Atracurium 0.5 to 0.6 mg/Kg 30 to 45
Vecuronium 0.15 to 0.2 mg/Kg 45 to 90
Rocuronium 0.6 to 1 mg/Kg 35to 75
Cisatracurium 0.15 to 0.2 mg/Kg 40 to 75
Succinylcholine

Succinylcholine is a depolariser and leads to cardiac arrhythmias during
anaesthesia. Bradycardia is a major haemodynamic effect of succinylcholine.
The development of cardiac arrhythmias is a clinical manifestation of
generalised autonomic stimulation, and sinus bradycardia, junctional rhythms
and ventricular arrhythmia ranging from unifocal premature ventricular
contractions to ventricular fibrillation have all been documented.2

The bradycardia is due to stimulation of cardiac muscarinic receptors in the
sinus node,* and appears more commonly after a second dose of the drug
given approximately 5 min. after the first.22 It can be readily reversed by
atropine. The depolarising nature of the drug leads to release of potassium
from the skeletal muscles that may encourage ventricular arrhythmias.2® Due
to these drawbacks, its use in cardiac anaesthesia is limited and perhaps used
by some anaesthesiologists for provision of paralysis for intubation, if
difficult intubation is anticipated.

d-Tubocurarine

The major drawback of this muscle relaxant is a decrease in SVR leading to



hypotension.2Z The degree of hypotension depends on intravascular volume,
and depth of anaesthesia. The hypotension may be accompanied by
tachycardia secondary to baroreceptor reflex or histamine release.22 Due to
these limitations, d-tubocurarine is not used in cardiac anaesthesia.

Metocurine

Metocurine is produced by methylation of d-tubocurarine and has
cardiovascular effects similar to those of d-tubocurarine, but to a lesser
extent. The major haemodynamic response is slight decrease in SVR. It has
not been accepted widely in cardiac anaesthesia practice.

Pancuronium

Pancuronium enjoyed wide acceptance mainly due to the fact that the muscle
relaxants that were available earlier such as gallamine and d-tubocurarine
were known to produce haemodynamic disturbances. Compared to these
agents, pancuronium certainly appeared to be a very attractive alternative.

However, pancuronium increases the heart rate by blocking the cardiac
99

muscarinic receptors®® and indirectly stimulating sympathetic nerve
endings.1? Increases in HR, CO and BP can raise the myocardial oxygen
demand and may not be suitable for patients undergoing CABG. However, it
is a commonly used muscle relaxant for CABG surgery.12-1%2 This may be
due to the fact that the vagal effects of anaesthesia and certain surgical
stimuli that are concealed by the vagolytic effect of pancuronium, are
exposed by other neuromuscular blocking agents. In addition, beta-adrenergic
blockade, and bradycardia associated with the commonly used high-dose
narcotic anaesthetic technique can attenuate, in part the tendency of
pancuronium to produce tachycardia. Nevertheless, some investigators have
cautioned against using pancuronium because it can cause significant
increase in HR and myocardial ischaemia.1® Its longer duration of action is a
potential disadvantage in the setting of fast-track cardiac surgery. Although,
pancuronium has mostly been studied in patients undergoing CABG, its
haemodynamic effects have been found to be similar in patients undergoing
valve surgery.1% The tachycardia can be especially undesirable in patients
suffering from valvular disease who have a higher basal HR due to atrial
fibrillation. It is used in the dose of 0.1 to 0.15 mg/Kg for intubation

purposes.



Atracurium

Atracurium is degraded by hydrolysis or by Hofmann elimination and has a
duration of action intermediate in the spectrum of muscle relaxants. Hofmann
elimination is a chemical process that results in the loss of positive charges
by molecular fragmentation to laudanosine (a tertiary amine) and
monoquatemary acrylate. These breakdown products have no neuromuscular
and little or no clinically relevant cardiovascular activity. Laudanosine has
central nervous system stimulating properties, but adverse effects are unlikely
in clinically used doses of atracurium. The short duration of action suggests
that it should be used as an infusion during cardiac procedures. There are no
significant haemodynamic changes with atracurium, when used in doses of
less than 0.6 mg/Kg.12>19 However, doses more than 0.6 mg/Kg may cause
a decrease in SVR, which may be related to histamine release.1%%-108 It has
generally been found to be suitable for use in cardiac anaesthesia.l%?? As
atracurium does not increase the HR, the bradycardia often associated with
high doses of narcotics is unopposed, a fact that can be used effectively in
those patients who have higher basal HR or in those who have their
ischaemia related to HR. It has been shown that the bradycardia is
accompanied by a decrease in CI in patients undergoing valve surgery.l%
The histamine release caused by atracurium is dose-dependent and correlates
with the degree of HR and MAP changes. However, in clinical practice, this
histamine release is minimal and significantly less than that produced by
tubocurarine.ll? These changes can be abolished by either slowing the rate of
injection of atracurium to 75 seconds or by intravenous pretreatment with Hj
and H2 blockers.1! It is used in a dose of 0.5 to 0.6 mg/ Kg for intubation
purposes.

Vecuronium

The margin between the neuromuscular blocking dose of vecuronium and the
112

dose producing cardiovascular and autonomic effects is very wide.~=
Consequently, there are no major cardiovascular effects associated with the
administration of vecuronium even in large doses (up to 0.3 mg/Kg).113114
The drug does not seem to block the sympathetic ganglion, cardiac
muscarinic receptors or to stimulate histamine release. As with atracurium,

when vecuronium is given with high-dose opioids, bradycardia secondary to



the opioids is manifested. Sometimes, the bradycardia can be dangerous and

even may lead to asystole.ll2 The bradycardia maybe desirable in order to
reduce the MVO, and the risk of myocardial ischaemia. However, it may be

undesirable in patients who have low fixed CO such as severe valvular lesion
or poor left ventricular (LV) function. The duration of action of vecuronium
is similar to that of atracurium. It is metabolised primarily in the biliary and
hepatic systems and to a lesser degree in the renal system. Therefore, unlike
atracurium, vecuronium is dependent on liver and kidney functions for
degradation. It is used in the dose of 0.1 to 0.2 mg/Kg for intubation
purposes.

Rocuronium

Rocuronium is a non-depolarising steroidal analogue of vecuronium. Its
effects are similar to vecuronium, but it produces good intubating conditions
almost as quickly as succinylcholine. However, it lacks succinylcholine’s
brevity of action. Its duration of action is similar to vecuronium when
administered in equipotent doses. Most studies have indicated a relative lack
of haemodynamic effects, but mild increases in HR may be noted. It has also
been shown to decrease PAPL® and thus, appears to be a useful agent for
patients undergoing cardiac surgery. In a comparison with pancuronium, it
has been shown to be associated with reduction in tracheal extubation times
as well as residual neuromuscular block.!Z It is used in a dose of 0.6 to 1
mg/Kg for intubation purposes.

Mivacurium

Mivacurium is a non-depolarising relaxant that is very short acting, but has a
slower onset time than succinylcholine and rocuronium. Like
succinylcholine, it is deactivated by plasma cholinesterase. Due to its short
duration of action, it needs to be administered in a continuous infusion form
in patients undergoing open-heart surgery.

There is substantial decrease in cholinesterase activity during CPB. The
reduction in cholinesterase activity is attributed to some irreversible enzyme
inactivation caused by CPB, rather than by haemodilution or hypothermia.l®
This, however, does not cause a clinically relevant prolongation of

mivacurium neuromuscular block. 112



Mivacurium can cause histamine release, which is dose-dependent leading
to a decrease in BP. There is not much effect on the HR. The histamine
release can be minimised by slower rate of administration (30 to 60 seconds).
The intubating dose of mivacurium is 0.15 to 0.25 mg/Kg. It has been used in
cardiac surgery in the dose of 0.15 and 0.2 mg/Kg and has been shown to be
associated with transient hypotension and erythema.l? However, if
mivacurium is injected over 60 seconds period, no haemodynamic changes
were observed in patients with documented coronary artery disease

undergoing non-cardiac surgery.12!

Cisatracurium

The major pathway for elimination of cisatracurium appears to be Hofmann
elimination. It is approximately four times as potent as atracurium with an
approximate ED95 value of 0.05 mg/Kg. Cisatracurium has a slightly slower
onset of action than atracurium when given in equipotent doses. Intubation
may be carried out within 90 to 120 seconds with a dose of 3 to 4 times the

EDqy: (0.15 to 0.2 mg/kg).122 The clinically effective duration of block varies

with the dose and ranges from 15-30 min. It has a predictable and fast rate of
spontaneous recovery. The rate of infusion is about 1 pg/kg/min. but, more
refined infusion protocols with different rates of infusion, before, during and
after CPB have been proposed with the purpose to reduce postoperative
neuromuscular blockade. 123 Like atracurium, cisatracurium does not depend
an liver or kidney for its removal and does not accumulate even in renal on
hepatic failure. Studies on animals have shown a wide separation between the
neuromuscular blocking dose and doses that affect the autonomic nervous
system. It has no significant cardiovascular and histamine like effects and its
cardiovascular stability has been demonstrated in healthy adults as well as in
patients with cardiovascular diseases.12412> It has been found to be suitable

for fast-track cardiac surgery. 12°

Pipecuronium

Pipecuronium is a long acting steroidal non-depolarising neuromuscular
blocking agent. The most important advantage of pipecuronium over
pancuronium is that it is relatively free of circulatory effects. However, some
decrease in HR may be observed which is related to unopposed bradycardia
inducing effect of narcotics or anaesthesia. Perfect intubating conditions as



well as haemodynamic stability can be achieved by administering about 3
times the EDg< dose (i.e. 0.1 mg/Kg) of pipecuronium.2:128 Pipecuronium,

thus, seems to be well suited for cardiac anaesthesia.

Alcuronium and Fazadinium

Alcuronium resembles metocurine in pharmacological and cardiovascular
profiles. It leads to little release of Mstamine and weakly blocks sympathetic
ganglia at high doses. Fazadinium increases HR in a manner similar to
pancuronium. However, there seems to be no major advantage of these drugs
over the currently available relaxants.

In summary, vecuronium and atracurium along with opioids decrease the
HR and might be advantageous in patients with higher baseline HR.
Rocuronium provides excellent intubating conditions with a faster onset of
action. It also causes a mild increase in HR and is beneficial in patients with
slower baseline HR, especially regurgitant valvular lesions. Cisatracurium in
quite promising with its lack of haemodynamic effects, quick recovery
pattern and metabolism via Hofmann elimination, but has longer onset time.

Nitrous Oxide

Nitrous oxide has been used as an adjuvant to general anaesthesia for a long
time. The insolubility of nitrous oxide results in rapid awakening and its
combination with potent volatile anaesthetics or narcotics decreases their
dose requirements. The use of nitrous oxide has declined mainly due to the
fear of expansion of air emboli.122 Many centres have discontinued the use of
nitrous oxide, while at others, nitrous oxide is combined with narcotics until
shortly before CPB commences, following which it is discontinued.

Nitrous oxide is not a potent anaesthetic and its cardiovascular effects
appear minimal.13Y However, it is a direct depressant of the myocardium and
its use following high doses of opioids leads to decrease in CO and BP.13!
Although, its haemodynamic effects have been mostly studied in patients
suffering from CAD, it has been shown to have similar effects in patients
undergoing valve surgery.132133 In addition, its ability to increase PVR is of
particular concern in patients with PAH.

In all these studies, nitrous oxide has been used in combination with some
other anaesthetic, either opioid or volatile agent. Nevertheless, the use of



nitrous oxide has declined in cardiac surgery mainly due to the fear of
expansion of air emboli following CPB. This also may be related to the
introduction and ready availability of agents such as fentanyl, midazolam,
propofol, isoflurane, desflurane and sevoflurane. Those who still use nitrous
oxide should restrict its use following CPB in all patients, and during
prebypass period in patients who have poor LV function or increased PVR.

Volatile Anaesthetic Agents

Volatile agents are complete anaesthetic agents, in the sense, that each potent
volatile anaesthetic can be used without supplementation to provide
appropriate levels of amnesia and analgesia. The volatile agents can also
supplement muscle relaxation. However, their use as the sole anaesthetic is
limited by their effects of myocardial depression and vasodilatation, when
used in higher concentration that are necessary to suppress the sympathetic
responses to noxious stimuli. Therefore, volatile agents are used along with
opioids so that they can be used in smaller concentration and their myocardial
depressant effect is minimised. Most cardiac anaesthesiologists prefer an
anaesthetic technique that consists of a base of a relatively high-dose narcotic
supplemented with low concentrations of volatile anaesthetic agents. In
addition to being a valuable supplemental agent to provide unconsciousness
along with an opioid based anaesthetic technique, volatile agents can be used
to increase the anaesthetic depth temporarily in anticipation of a strong
noxious stimulation and to control hypertension and tachycardia. The
amnesic property of volatile agents may be useful to prevent awareness. New
evidence suggests that volatile anaesthetics at clinical concentrations may

also be useful in protection against perioperative myocardial ischaemia, by a
mechanism that is independent of effects of myocardial oxygen balance.134

In the developing countries, halothane has enjoyed a wide acceptance and
popularity so far, but with the introduction of isoflurane, sevoflurane, and

desflurane, the cardiac anaes-thesiologists can be a little more selective.

Halothane

The introduction of halothane in 1956 really was a major advance. It is non-
flammable, non-irritant and stable in soda lime. It has relatively low
solubility coefficients resulting in a fairly rapid onset and recovery. It is



potent with minimum alveolar concentration (MAC) of 0.75 percent. It
produces a dose-related decrease in myocardial function. In human
volunteers, it has been shown to decrease BP, which is due to concomitant
decreases in SV and CO.132 The HR and SVR do not change significantly.
Similar effects are seen in children.12® Halothane appears to have minor
coronary vasodilating action in humans having normal coronary circulation
as well as those with CAD having normal or abnormal LV function.137-132
The decrease in coronary blood flow that may be observed is related to a
decrease in the BP and MVO,.140 Because of its ability to decrease
myocardial oxygen demand, it may be beneficial during periods of
myocardial ischaemia if coronary blood flow is maintained.141

Halothane also has important electrophysiological effects. These primarily
include increase in refractoriness within atrioventricular as well as accessory
pathways. However halothane has the least effect compared to enflurane and
isoflurane.1#2-144  Frequent atrioventricular junctional rhythms may be
observed during halothane anaesthesia. Halothane sensitises the myocardium
to catecholamines and may lead to the development of arrhythmias.142149
These arrhythmias can be easily treated by oxygenation and discontinuation
or substitution of halothane. Its major disadvantage is the fact that around 20
percent of the dose is metabolised by the liver by oxidative and reductive
pathways. Halothane metabolites are probably responsible for the genesis of a
rare but potentially fatal condition, halothane hepatitis. In the developing
countries, the use of halothane has considerably declined in cardiac
anaesthesia. Its low price is perhaps the only attraction for those few
anaesthesiologists who use it.

Isoflurane

Isoflurane is more heavily fluorinated than halothane, so it is more stable
chemically. It has rapid onset and recovery characteristics. It is hardly
metabolised, so toxic effects on liver and kidneys are unlikely.

It causes a dose-dependent decrease in BP, mainly by decreasing the SVR.
The CO is maintained or decreased marginally.!4? The increase in HR
produced by isoflurane compensates for the decrease in SV, thereby
maintaining the CO. It does not destabilise the heart rhythm even in the
presence of adrenaline.



Coronary Steal

The presence of obstruction in the coronary artery leads to vasodilatation in
an effort to maintain coronary blood flow across the lesion. However, as the
obstruction increases (> 90 percent), the vasodilatation is maximal and no
further dilatation is possible. Thus, if a coronary artery provides blood to two
or three distal branches and one of them is tightly narrowed, administration of
a vasodilator may cause preferential vasodilatation of the normal vessels
leading to a relative increase in blood flow to the area of heart that is supplied
by the normal anatomy. This causes relative decrease in blood flow to the
area of heart supplied by the stenotic vessel. This phenomenon is known as
coronary steal (Fig. 2.1).

Figure 2.1: The coronary vessel A has developed stenosis, so that the vessels distal to the stenosis are
maximally dilated. In addition, collaterals develop between the Ischaemlc and the adjacent
nonischaemic zone supplied by vessel B. When vasodilatation occurs, e.g. during exercise, it occurs
mainly in the non-ischaemic zone (vessel B) leading to decrease in pressure In the nonlschaemic zone.
The flow across the high resistance collateral vessels Is reduced leading to coronary steal.

Isoflurane was in the midst of controversy regarding its potential to cause
coronary steal. Animal experiments have demonstrated that isoflurane is a
coronary vasodilator and interferes with coronary autoregulation.148:142 The
possibility that dilating effect on normal coronary vessels might steal blood
away from the diseased vessels, and cause myocardial ischae-mia was
extensively investigated. The data derived from these studies revealed

conflicting results. Some studies clearly demonstrated both regional and

transmural maldistribution of myocardial blood flow during isoflurane,120

whereas others could not document maldistribution in coronary blood



flow.12! It also appeared at this time that the associated alterations in the
haemodynamics such as hypotension or tachycardia were necessary to cause
maldistribution of coronary blood flow. It was shown that myocardial blood
flow distribution was not altered by isoflurane when systemic
haemodynamics were controlled at awake levels.l>> However, the use of
isoflurane in patients with CAD became controversial when it was suggested

that 1 MAC of isoflurane can lead to ischaemia in the presence of normal

systemic haemodynamics.122 Its usage declined further when Becker!23 in an

editorial, strongly recommended that the safest course is to avoid isoflurane
in patients with known CAD. Several outcome studies performed
subsequently showed that isoflurane is not associated with higher cardiac
morbidity or mortality than other volatile agents or opioid regimens.1>#-128
However, in all the studies isoflurane was used as an adjunct to opioids so
that the concentration of isoflurane used was minimal and may not have been
enough to cause coronary dilatation.

Since at present there is no evidence, which clearly demonstrates that
isoflurane causes coronary steal and that it is responsible for increased
morbidity in patients with CAD, isoflurane has become the favoured volatile
agent for most anaesthesiologists.

Enflurane

The haemodynamic effects of enflurane are remarkably similar to those of
halothane. Enflurane produces dose-dependent myocardial depressiont2-160
that is readily reversible with time by lowering the inspired concentration.
Enflurane, however, sensitizes the myocardium to catecholamines to a lesser
degree as compared with halothane.

It has been shown to produce coronary vasodilation leading to decreased
coronary perfusion pressure and MVOZ.@ However, there were no
metabolic or ECG signs of ischaemia despite a decrease in the coronary
perfusion pressure.

Enflurane is metabolised producing fluoride ions which may be toxic to
kidneys, if prolonged administration is performed.

Sevoflurane

Sevoflurane offers an acceptable aroma and also the incidence of bradycardia



or arrhythmias and hypotension is less as compared with halothane. These
properties along with a low blood and tissue solubility (that allow for rapid
equilibration between the inspired and alveolar concentrations) makes
sevoflurane a preferred inhalational agent for induction of anaesthesia in
children. Its use in cardiac surgery is increasing due to its favourable
haemodynamic effects and cardioprotective properties. It produces less
sympathetic activation as compared with desflurane.l®? It decreases SVR,
arterial BP and CO in a dose-dependent fashion with a tendency to lower
HRs, which can be an advantage in most patients with ischaemic heart
disease.193 Sevoflurane participates in the preconditioning cascade leading to
beneficial effects on intraoperative myocardial function after CPB.1%* This
effect might influence the long-term morbidity and mortality after CABG.182
Animal studies have shown that sevoflurane does not cause coronary steal.
Prolongation of QT interval has been reported without any evidence of
adverse clinical effects. 1% Its potential adverse effects on renal function have
been shown to be of little significance in normal clinical use.l®’ The
haemodynamic stability, cardioprotective properties and acceptable aroma
make it an ideal inhalational agent for patients undergoing cardiac surgery.

Desflurane

The cardiovascular effects of desflurane are similar to isoflurane. There is a
dose-dependent decrease in BP due to decrease in SVR, but there is no
significant increase in HR. The sympathetic excitation associated with
desflurane might lead to undesirable increase in HR and BP.1%8 However, in
clinical practice, the haemodynamic effects of desflurane have been found to
be similar to isoflurane without any difference in clinical outcome.l%? Like
sevoflurane, desflurane provides direct protection from ischaemic myocardial
damage. Multicentre, randomised clinical trials have demonstrated that
desflurane could reduce the postoperative release of cardiac troponin-I, the
need for inotropic support, and the number of patients requiring prolonged
hospitalisation after CABG.Z2 However, similar beneficial effect of
desflurane has not been demonstrated in patients undergoing mitral valve
surgery.lZl Further, one report has shown that desflurane is associated with
higher incidence of atrial fibrillation after surgery.172

In summary, all volatile anaesthetics have cardiac depressant effects that
decrease the myocardial oxygen demand. This may improve the myocardial



oxygenbalance during ischaemia. In addition, recent evidence has clearly
demonstrated that they also have direct protective effect from ischaemic
myocardial damage. Thus, volatile agents should form a part of anaesthetic
plan in patients undergoing cardiac surgery.
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Chapter 3: Physiology of the

Cardiovascular System

The heart along with its vascular system constitutes cardiovascular system.
The ‘heart’ is a muscle pump designed to pump blood through the vascular
system in a rhythmic manner. In fact it consists of two pumps, the left heart
and the right heart. Each heart has two pumps a minor pump (atrium) and a
major pump (ventricle). Atria generate low pressure and serve to prime the
respective ventricles, which are the main pumps that generate force to propel
blood in systemic and pulmonary circulations. Special conduction
mechanisms in the heart transmit action potential throughout the heart muscle
to cause simultaneous rhythmic beat of the two hearts; therefore, the two
hearts function in phase and in parallel. The vascular systems (the arterial and
the venous), aptly help the heart in optimizing its output in tune to the
metabolic requirement. This chapter provides an overview of the various
components of the cardiovascular system. The aim of this chapter is to
describe understanding of cardiovascular physiology from anaesthesia point
so that the practicing anaesthesiologists can make appropriate decisions while
managing cardiac issues in patients undergoing surgery under anaesthesia.
For the detailed knowledge of cardiovascular physiology, one should refer to
a standard textbook of medical physiology.

Cardiac Muscle

The basic muscle unit of the heart is ‘myocyte’. The muscles of the heart are
of three types namely atrial muscles, ventricular muscles and the specialized
muscles. The specialized muscles are excitatory, exhibit rhythmicity, varying
rates of conduction and provide excitatory pathway that control rhythmic
heartbeat.! The atrial and the ventricular muscles are similar to skeletal



muscles except the fact that when excited, their duration of action potential
and contraction is much longer. The cardiac muscle is a syncytium of many
heart muscle cells such that when one of these muscle cells is excited, the
action potential spreads to all the muscle cells. The muscles of atria are
separated from that of respective ventricles by fibrous tissue that surrounds
the atrioventricular (AV) valve openings between the atria and the ventricles.
The fibrous tissue does not allow conduction of the atrial muscle potential to
the ventricular muscle.? Instead, the excitation is conducted by way of a
specialized conduction system called A-V bundle. This division of the
muscles of the heart into two functional syncytium namely atrial and
ventricular syncytium allows the atria to contract ahead of ventricular
contraction and serve to prime the respective ventricles.!

The action potential in the ventricular muscle averages about 120 mV. The
membrane potential in cardiac muscle on excitation rises from —80 mV to +
20 mV. The membrane potential remains depolarised for about 0.2 sec in the
atrial muscle and for 0.3 sec in the ventricular muscle; therefore, the action
potential curve shows a plateau (Fig. 3.1). The presence of plateau causes
cardiac muscle contraction to last 15 times longer as compared to skeletal
muscle.! The action potential is caused by two types of channels namely the
fast sodium channels and the slow calcium channels also called as calcium-
sodium channels. The initial action potential is caused by sudden opening of
a large number of fast sodium channels, which allow tremendous number of
sodium ions to enter inside the cell; the action potential is sustained (plateau)
by opening of the slow calcium channels which allow entry of calcium as
well as sodium ions.! The calcium ions that enter during this phase play a
vital role in muscle contraction. During action potential plateau, the
membrane permeability to potassium ions is greatly decreased but at the end
of plateau, the membrane permeability to potassium ions greatly increases
which returns the membrane potential to its resting level.
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Figure 3.1: Diagrammatic representation of the action potential graph.

Rhythmical Excitation of the Heart

The excitatory and the conduction system of the heart (Fig. 3.2) consist of
sinus node (Sinoatrial node; SA node), the internodal pathway that carries the
impulse from the SA node to the A-V node, the A-V bundle (Bundle of His)
which carries the impulse from the atria to the ventricles, and the left and
right bundles and Purkinje fibres which carry the impulse to all parts of the
ventricles. The conduction delay at A-V node ensures that the atria contract
before the ventricles and serve as the primers of the respective ventricles. The
fast conduction down the Purkinje fibres allows all portions of the ventricles
to contract simultaneously to generate most effective pressure in the
ventricular chambers.

Impulse normally generates in the SA node; however, the A-V node, the
Purkinje fibre, and even the atrial and ventricular muscles can generate
impulse but the impulse so generated is abnormal. The SA node generates
impulses at a rate of 70-80/min., the A-V node and the Purkinje fibres can
generate impulses at a rate of 40-60/min. and 15-40/min. respectively
provided they are not stimulated by the SA node or any other outside source.
Since the discharge rate of SA node is faster than the A-V node and the
Purkinje fibres, the SAnode functions as the natural pacemaker of the heart.
Apparently, the conduction system and the pacemaker function of the
SAnode are designed to achieve adequate volume priming of the ventricles
but at a lowest mean pressure in the atria and the downstream venous system.
The surface recording of the electrical activity of the heart including



conduction system, and the atrial and ventricular muscles results in
electrocardiogram (ECG).
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Figure 3.2: Showing cardiac conduction pathway.

Electrocardiogram

The normal ECG (Fig. 3.3) is composed of a ‘P’ wave, a ‘QRS’ complex and
a ‘T’ wave; the ‘P’ wave and ‘QRS’ complex are caused by electrical

depolarisation of atria and ventricles, respectively. The ‘T’ wave represents

repolarisation of the ventricles.
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Figure 3.3: Shows normal ECG

Duration and voltage of complexes and



intervals

The proximity of the surface electrode to the heart decides the voltage of the
complexes, consequently, ECG recorded from the chest leads show larger
voltage and the standard limb leads show smaller voltage. The ‘QRS’ voltage
recorded from the chest leads can be as great as 3—4 mV and the one recorded
from the limb leads is usually 1 mV. The voltage of the ‘P’ wave is usually
between 0.1 and 0.3 mV and that of the ‘T’ wave is between 0.2 and 0.3 mV.
The time interval between beginning of the ‘P’ wave and the beginning of the
‘QRS’ complex is described as PR interval and denotes time between
initiation of excitation of atria to the initiation of excitation of ventricles; the
normal PR interval is 0.12 second to 0.16 second. The contraction of
ventricle lasts almost from the beginning of the ‘QRS’ complex (beginning of
‘R’ if ‘Q’ wave is absent) to the end of “T” wave. The interval is known as
QT interval and measures around 0.35 second.

Cardiac Cycle

The cardiac cycle is the rhythmic repetition of mechanical activity of
different chambers of the heart and composed of events that start from the
beginning of one heartbeat to the beginning of the next heartbeat. For
understanding the cardiac cycle, it is important to simultaneously learn the
electrical activity of the heart represented by ECG and the mechanical
changes (volume and pressure) occurring in various chambers of the heart
(Fig. 3.4). The cardiac cycle consists of a period of relaxation called diastole
during which ventricles fill with blood and a period of contraction called
systole during which ventricles eject blood in the pulmonary and systemic
circulations. For simplicity, the mechanical changes occurring on the left side
including left atrium and left ventricle are described; however, the
mechanical changes that occur during cardiac cycle on the right side are
similar in volume but differ in the pressure changes.

Pressure changes in the left atrium during
cardiac cycle

The SA node initiates electrical depolarisation and mechanical contraction of
the atria which is followed by ventricular depolarisation by a delay of 1/10th



of a second and its contraction. The mechanical contraction of atria (atrial
systole) serves to prime the ventricle ahead of its contraction. Atrial systole is
followed by its relaxation (atrial diastole). At a heart rate of 72/min. each
cardiac cycle consists of about 0.8 second; atrial systole lasts for about 0.1
second; the remaining about 0.7 second is atrial diastole during which it
receives pulmonary venous blood. A normal left atrial pressure (LAP)
waveform trace consists of 3 peaks (‘a’, ‘c’, and V) and 2 descents (‘x’ and

‘y’) (Fig. 3.4). The ECG serves as a useful marker to discern its components.?
The mechanical events in atria are always delayed relative to the electrical
events in the ECG. The ‘a’ wave represents atrial systole, follows the ECG
‘P’ wave, and occurs in late ventricular diastole. The atrium then begins to
relax, leading to a decline in the atrial pressure. The V wave, a transient
increase in the atrial pressure begins with ventricular contraction caused by
the bulging of AV valve in the atrium. The ‘c’ wave is an early systolic event,
follows ventricular depolarisation (QRS complex) and represents beginning
of isovolumic ventricular contraction (described later). The ‘c’ wave
continues as ‘x’ descent and is caused by the continuing relaxation of the
atrium and the descent of the floor of the atrium during ventricular ejection.
The V descent is followed by V wave caused by the filling of the left atrium
and occurs during late systole. At the end of systole, the ventricle relaxes and
the ventricular pressure decreases, the point at which ventricular pressure
decrease below LAP, the mitral valve opens and the LAP decreases
precipitously and appears as ‘y’ descent on LAP waveform trace. It follows
that in the presence of mitral valve insufficiency, the mitral regurgitation will
begin with the ventricular contraction, and continue through ventricular
systole and the ‘c’, ‘x’, and V waves will be replaced by a single positive
deflection.
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Figure 3.4: Shows changes in LV volume and LA pressure timed with ECG, for details, refer to the
text (This is a diagrammatic representation and not an actual figure).

Pressure and volume changes in the left

ventricle during cardiac cycle

The ventricular contraction follows the ‘QRS’ complex of the ECG. With the
beginning of ventricular systole, the ventricular pressure increases which
causes closure of the mitral valve; continuing ventricular contraction further
increases the ventricular pressure which opens the aortic valve against the
pressure in the aorta. The period from the closure of the mitral valve to the
opening of the aortic valve, is described as ‘isovolumic contraction time’
(IVCT), as there is no change in the volume of the ventricle during this time.
Once the ventricular pressure increases above the aortic pressure, the
ventricle begins to eject blood and about 70 percent blood is ejected during
first third of the ejection period and the ventricular volume decreases
abruptly. The ventricular volume continues to decrease during the remaining
2/3rd ejection period. At the end of systole, the ventricle begins to relax and
ventricular diastole starts. As soon as the ventricular pressure decreases



below the aortic pressure, the blood in the aorta pushes back the aortic valve
to the closed position. The ventricle continues to relax and once ventricular
pressure decreases below the atrial pressure, the mitral valve opens and blood
begins to fill the ventricle. During the period from the time of closure of
aortic valve to the opening of mitral valve, there is no change in the
ventricular volume, there is only decrease in the ventricular pressure, this
period is described as ‘isovolumic relaxation time’ (IVRT).

The ventricular filling starts after opening of the mitral valve and about
80-90 percent ventricular filling occurs within the first third of the diastolic
period. The relationship between ventricular volume and pressure describes
the compliance of the left ventricle. During middle third of the diastole, very
little volume increase occurs, finally, the atrial systole occurs in the late
diastole when the ventricle reaches to end-diastolic volume and pressure. In
an adult, the left ventricular volume at the end of diastole (end-diastolic
volume) measures about 110 to 120 mL and the ventricular volume at the end
of systole (end-systolic volume) measures about 40—50 mL. The fraction of
end-diastolic volume that is ejected during systole is described as ejection
fraction. When the heart strongly contracts, the end-systolic volume can
decrease to 10-20 mL, whereas when large amount of blood flows in to the
ventricle the end-diastolic volume can increase up to 150-200 mL.

The changes in volume and pressure that occur during each cardiac cycle
of systole and diastole in the ventricle can be represented by a pressure-
volume loop or pressure-volume relationship. Figure 3.5 describes the
pressure-volume relationship under normal conditions. The phase 1 (A-B),
horizontal up-sloping line along the ‘X’ axis, shows volume change from
end-systolic to end-diastolic volume and the accompanying change in
pressure. The straight up line along the ‘Y’ axis, phase 2 (B-C), shows
change in pressure from end-diastolic pressure till aortic valve opening and
represents IVCT. The phase 3 along the ‘X’ axis (C-D) shows change in the
ventricular volume from end-diastolic to end-systolic volume and represents
ventricular ejection phase. Lastly, the straight down line along the ‘Y’ axis,
the phase 4 (D-A), shows change from end-systolic to the LV diastolic
pressure at which mitral valve opens and represents IVRT. The area inside
the loop provides a rough index of energy used to eject blood or stroke work.
The shape of the loop changes with changes in ventricular load, compliance,
and ventricular contractility. The changes in volume and pressure in various
cardiac diseases can be represented on pressure-volume loops. Each valvular



lesion imposes its own unique set of variables on the left and right ventricular
mechanics. Indeed, the signature of pressure-volume relationship of each
valvular heart disease is typical and may predict severity of different valvular
diseases.
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Figure 3.5: diagrammatic representation of the normal left ventricular pressure-volume loop. Refer to
the text for details.

Saturation in various cardiac chambers and
flow profile across various valves

The measurement of saturation in various chambers of the heart and flow
across the various valves can be performed in the evaluation of congenital
heart disease, valvular heart disease and evaluation of myocardial functions.
The oxygen saturation in the right heart is below 75 percent whereas in the
left heart it is > 98 percent. The figures 3.6 and 3.7 show saturations and
pressures in various chambers in a normal heart. The flow profile is
strearnlined across the various valves and is usually below 1 m/second. The
figures 3.8 and 3.9 show velocity flow profile across aortic valve and mitral
valve as obtained by Doppler interogation on transoesophageal
echocardiography. The flow across various diseased valves for example
mitral stenosis, aortic stenosis, etc. and abnormal communication between the
left and right ventricles are turbulent and the flow velocity increases above 1
m/sec.
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Figure 3.9: Pulsed wave Doppler flow velocity across the normal mitral valve in mid-oesophageal 4-
chamber view. (E: early filling. A: late filling due to atrial contraction).

Role of the Cardiovascular system

The cardiovascular system supplies oxygen and nutrients to various organs,
collects gaseous and other metabolites from tissues and transports them to
lungs, liver, and kidney for their final disposition. However, during
anaesthesia, the oxygenation function of the cardiovascular system is
considered most important, which depends on the cardiac output and its



distribution to various tissues. The magnitude of cardiac output and its
distribution to various organs in a healthy individual is highly regulated and
tuned to meet metabolic requirements of various tissues. For example, during
muscular exercise, the cardiac output in a healthy adult can increase from 5
L/min. to 20-25 L/min. (4-5 times), and its distribution to exercising muscles
can increase from a basal flow of 4 mL/min./100 gm to 80 mL/min./100 gm.*
The blood flow through myocardium during rest and muscular exercise can
vary from 75 mL/min./100 gm to 400 mL/min./100 gm.? The distribution of
cardiac output in health through an organ is locally regulated; the increases in
the blood flow through an active organ or exercising muscles occur because
of vasodilatation. The increased flow through an active organ instantly results
in increases in venous return to right atrium and consequently returns to left
heart, which increases the stroke volume and the cardiac output.

In healthy individuals, during muscular exercise in spite of vasodilatation,
there is no decrease in the systemic arterial pressure rather there can be an
increase in the arterial pressure. Autonomic nervous system mediated arterial
constriction in less active tissues, an increase in heart rate, and an increase in
the circulating blood volume secondary to mobilization of stored blood from
venous reservoirs because of venoconstriction increases cardiac output which
not only maintains but often further increases the systemic arterial pressure.
A few organs such as brain and kidney are endowed with the mechanism of
‘preferential and constant blood flow’ that is “autoregulation” and continue to
get its share of cardiac output over a wide range of mean arterial pressures.
During stress or haemorrhagic or hypovolaemic shock, various systemic
regulatory mechanisms ensure priority distribution of cardiac output to vital
organs such as brain, heart, and liver at the cost of other tissues and organs.

At this point, it is important to conceptualize what an increased cardiac
output means and what changes could result in an increased cardiac output. In
simple words, an increased cardiac output means higher rate of circulation of
the same or increased blood volume. The circulation of the blood volume can
be increased by an increase in the performance of the pump, and/or by a
decrease in the systemic vascular resistance against which the heart pumps,
provided the driving pressure remains unaffected (Table 3.1). The foregoing
description describes four important components of the cardiovascular
physiology that regulate the cardiac output, 1] the central pump “heart” and
determinants of its performance, 2] the mechanisms that tune the cardiac
output to metabolic requirement, 3] the various regulatory mechanisms that



ensure distribution of the cardiac output to vital organs during stress, and 4]
the local regulations that control peripheral distribution of the cardiac output.

Table 3.1: Factors and the associated mechanisms that increase the cardiac output

a. Increased pump performance—Increased heart
rate and myocardial contractility

b. Increased circulating blood volume—Mobili-
zation of blood from venous system

¢. Decresaed systemic vascular resistance—
Peripheral vasodilatation

d. Sustained or increased systemic arterial pres-
sure—Increased sympathetic activity

The central pump “heart” and the
determinants of its performance

The heart pumps blood in the systemic and pulmonary circulation with each
stroke. The cardiac output (total stroke volume over one minute) equals the
product of stroke volume and the heart rate. An increase in the stroke volume
or the heart rate or both increases the cardiac output. However, beyond a
certain limit, an increase in the heart rate decreases the diastolic filling period
of the heart and limits the increase in the stroke volume and the cardiac
output. Similarly, the stroke volume cannot increase beyond the end-diastolic
volume which is limited by the pericardial restrain. Like a mechanical pump,
the capability of the heart is subject to the inherent quality of its performance,
and the extraneous and the internal forces. The inherent quality and the
internal and extraneous forces that determine the stroke volume are
myocardial contractility, preload, and the afterload. The heart rate and rhythm
are the two other factors that affect the cardiac output.

Myocardial contractility

The myocardial muscles (myocytes) have an inherent quality of spontaneous
contraction. Within the physiological limits, the force of contraction of the
cardiac myocytes increases as the load applied increases. The quality is
described as Frank-Starling mechanism! and graphically represented by
ventricular function curves as relationship between the atrial filling pressure
and the ventricular output or by the relationship between mean ventricular



filling pressure and ventricular stroke volume (Fig. 3.10). The force of
contraction of cardiac myocytes is directly related to the initial fibre length or
fibre stretch; within the physiological limits, greater the initial fibre length,
greater the force of contraction.! The volume of the ventricle at the end of
diastole represents the end-diastolic fibre length the “preload” of the
myocytes. The heart is endowed with an instant inbuilt mechanism to
increase its performance if the preload is increased. Therefore, within the
physiological limits, the heart pumps all the blood that comes to it without
allowing excessive damming of blood within the veins.! Apart from increase
in the preload, the myocardial performance can also be increased by an
increase in the sympathetic activity and by hypertrophy of the heart muscle.
By increasing the preload alone, the cardiac output can increase up to 2 and a
half times; sympathetic stimulation can further double the cardiac output to 5
times the normal. In a trained athlete, the cardiac output on exercise can

increase up to 7 times the normal.#
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Figure 3.10: Diagrammatic representation of the Frank-Starling relationship. (SV: stroke volume,
LVEDP: Left ventricular end-diastolic pressure)

Preload

The volume of the ventricle at the end of diastole the “end-diastolic volume”
represents the end-diastolic fibre length of the myocytes. In clinical practice,
measurement of the end-diastolic volume the “preload” is not always



available; however, its surrogate, atrial filling pressure is available for
monitoring. Consequently, the central venous pressure (CVP) and the
pulmonary capillary wedge pressure (PCWP) are considered indicators of the
end-diastolic fibre length and described as preload of the right and left
ventricles. However, these indicators are affected by various factors such as
volume and compliance of these chambers, inter-ventricular dependence,
ventricular hypertrophy, afterload to the respective ventricles, pericardial
restrain, etc. Presently, the absolute values of the CVP and the PCWP are less
relied. As described earlier, the myocardial performance is instantly increased
as the preload increases; therefore, it is important to discuss the factors that
affect the preload. The preload (venous return) to the heart can be increased
in 4 different ways: 1] by peripheral vasodilatation, 2] by sympathetic
activity induced increase in the venous tone and venous return and decrease
in splanchnic arterial blood flow, 3] by mobilizing stored blood from venous
reservoirs, and 4] by transfusion of blood or plasma or by infusion of colloids
or crystalloids.

Peripheral vasodilatation
The peripheral vasodilatation is the mechanism that increases the flow to
various organs/tissues where metabolic activity is increased. When
vasculature of an organ dilates, the main artery supplying the organ can
become the limiting factor; however, release of endothelial derived relaxing
factor (EDRF) from the arteries and arterioles of microcirculation in response
to rapid flow of blood through them causes a secondary increase in the
dimensions of the upstream arterial blood vessels and decreases resistance in
them. According to Hagen-Poiseuille equation [(Q = nr*Ap/8Ln) where Q is
the flow rate, Ap is the driving pressure, 1 is the radius of the vessel, L is the
length and n is the viscosity of the blood], it is evident that if the diameter of
a vessel is doubled, the flow through it can increase by sixteen times the basal
value (the radius is raised to power 4 in the equation). The increased
peripheral flows instantly result in increased venous return and cardiac
output. However, it should be realized that the driving pressure should remain
constant. A decrease in the pressure can decrease the flow.2 However, reflex
increase in heart rate and vasoconstriction secondary to baroreceptor reflex
and sympathetic stimulation in response to decreased arterial pressure ensures
recovery of the arterial pressure to normal.®

The relationship between arterial pressure and cardiac output with and



without intact sympathetic system (sustained or increased arterial pressure) is
shown in figure 3.11. In situations of peripheral vasodilatation associated
with increased metabolic activity, the driving pressure is sustained by
increases in sympathetic activity and stroke volume. Beriberi, anaemia,
arteriovenous fistula, hyperthyroidism, are the chronic clinical situations in
which the cardiac output is increased by peripheral vasodilatation.” In these
situations, the increased cardiac output is associated with other changes also

such as increased blood volume and decrease in viscosity.
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Figure 3.11: Shows relationship between the arterial pressure and cardiac output (CO) with and
without intact sympathetic system (see the text for details).

Role of the venous system

The main functions of the venous system are to return blood to the heart from
the periphery and to serve as capacitance vessels to maintain filling of the
heart.2 The veins contain approximately 70 percent of the total blood volume
and are 30 times more compliant than arteries that means their capacity
increases or decreases based on the blood volume available. Therefore,
changes in blood volume within the veins are associated with relatively small
changes in venous pressure.2 Because of very high compliance, a small
increase in venous pressure can immediately result in mobilization of a large
volume of blood in to the circulatory system. Thus the venous system serves
as a reservoir of blood that easily changes volume in it to maintain the filling
pressure in the right heart.?

The blood volume contained in the venous system can be considered to
exist as the stressed volume and the unstressed volume. The concept is simple
and explained as follows - when a distensible closed system is filled with
gas/fluid, the pressure measured in the system remains zero until the walls in
the system begin to stretch, the volume just before the beginning of the



stretch is unstressed volume and determines the reserve volume available for
mobilization. The volume above the unstressed volume is the stressed volume
which raises pressure in the system and determines the driving pressure. For
the cardiovascular system, this pressure is described as mean circulatory
filling pressure (MCFP).ZIt follows that a change in the distensibility (tone)
can significantly change the stressed and unstressed volume.

An increase in the tone would result in an increase in stressed volume and
pressure in the system, and a decrease in tone would result in an increase in
unstressed volume and a decrease in the pressure in the system. The change
in the venous capacity is controlled by changing the venous tone, which is
controlled by the sympathetic activity. An increase in the sympathetic activity
augments the venous tone, decreases the venous capacity, the unstressed
volume, and increases the stressed volume, the MCFP and the venous return
(preload) to the heart. Conversely, a precipitous decrease in venous tone
decreases the stressed volume and the MCFP which can severely compromise
the venous return and might result in cardiovascular collapse and cardiac
arrest.

The venous system can be considered a two compartment model, the
splanchnic venous system and the systemic venous system.2 The splanchnic
venous system joins the hepatic vein which drains into the inferior vena-cava.
The splanchnic vessels receive approximately 25 percent of the cardiac
output and contain approximately 20 percent of total blood volume, and play
a major role in the compensatory mechanisms. The splanchnic venous system
is highly compliant; therefore, a decrease in flow in the system secondary to a
decreased arterial flow through splanchnic vessels results in a decrease in the
splanchnic venous pressure. To re-establish the pressure gradient for venous
flow to occur from splanchnic venous system to right atrium, a decrease in
venous pressure results in a passive decrease in the venous capacity that
results in mobilization of blood and increased venous return. Thus, in the
splanchnic venous system a decrease in arterial flow initially passively results
in mobilization of stored blood and an increase in venous return to the heart.
Once the pressure gradient is re-established, the splanchnic venous return
becomes equal to splanchnic arterial inflow.

Conversely, the flow in the systemic veins follows the changes in the
arterial flow. The active mobilization of the splanchnic venous blood is
further regulated by adrenergic receptors present in the splanchnic veins and
hepatic veins by varying the venous tone and resistance within the liver and



hepatic veins. The sympathetic system stimulation results in splanchnic
venoconstriction and a decreased capacity of splanchnic venous system and
mobilization of blood from splanchnic venous system in to circulation.
Activation of a-adrenergic receptors within the liver and hepatic veins
increases resistance,l% whereas activation of [2-adrenergic receptors
decreases it.1>12 The decreases in resistance to venous flow within the liver
and/or hepatic veins would facilitate the blood flow and volume shift from
splanchnic vasculature to the inferior vena-cava and right atrium, thereby
increasing the venous return. Thus, the administration of pure a-adrenergic
agonists could result in a decrease in venous capacity and an increase in
stressed volume and venous pressure thereby increasing venous return.12-12
However, activation of a-adrenergic receptors also could be associated with
an increase in resistance within the liver and hepatic veins, which would
impede the blood flow and shift of blood volume from the splanchnic system
into the systemic circulation.18:29-25

In conditions of normovolaemia and a relatively small degree of «-
adrenergic receptor activation, a decrease in the venous capacity probably
plays a prominent role in shifting volume from splanchnic vasculature.
However, in conditions with congestive heart failure and/or a high degree of
a-adrenergic receptor activation, sequestration of blood volume within the
liver decreases venous return and may prevent aggravation of congestive
heart failure. These observations have bearing on anesthesia management.
Induction of anaesthesia results in inhibition of sympathetic activity and
decrease in systemic arterial pressure by systemic vasodilatation. However, in
patients with congestive heart failure, inhibition of sympathetic activity
within the liver and hepatic veins can enhance the venous return and
aggravate congestive heart failure. Therefore, if a patient with congestive
heart failure develops cardiovascular decompensation due to inhibition of
sympathetic activity, the patient would be better managed with a drug having
a combination of both a and [2-adrenergic activity. The [2-adrenergic
activity will help heart to cope with increased preload whereas a-adrenergic
activity will restore the systemic vascular resistance and systemic arterial
pressure. In conditions with hypovolaemia, the combination of o and [32-
adrenergic agonists may facilitate the shift of blood volume from the
splanchnic system into the systemic circulation more effectively than a-
adrenergic agonists alone. Such a combination would lead to a decrease in
venous capacity, mobilization of unstressed volume and a decrease in



resistance to venous outflow from the splanchnic system. Apparently,
treatment of acute hypotension with a-adrenergic agonists is appropriate in
presence of normovolaemia whereas in presence of hypovolaemia and
congestive heart failure, treatment with combination of a and [32-adrenergic
agonists is logical. Because of the mechanisms described, a healthy adult can
mobilize about 500-700 mL blood into the circulation from splanchnic
venous system.

Mobilization of stored blood

Alarge amount of blood is stored in the liver and splanchnic venous system
and is available for mobilization. Because of stored blood, a healthy adult can
easily donate about 500 ml blood without affecting the circulating- blood-
volume. It is well known that at the beginning of running or other athletic
activity, the abdominal muscles become taut and contracted which squeeze
large amount of blood in to the circulation which increases the venous return,
the circulating blood volume and the cardiac output. Additionally, the
exercising muscles exert pumping effect on veins and squeeze blood towards
the heart. During intense muscular exercise, the splanchnic blood supply is
drastically reduced which results in mobilization of blood in to circulation as
explained earlier. At the end of exercise, reverse actions occur and the cardiac
output returns to basal level.

Transfusion or infusion of fluids

The infusion of colloids/crystalloids or transfusion of blood or plasma
instantly results in an increase in the preload and the cardiac output.
However, one may ask why an increase in CVP secondary to an infusion of
fluid increases cardiac output despite the increased downstream pressure
which is expected to decrease the venous return. The increases in cardiac
output secondary to increased preload and myocardial contractility results in
an increase in stressed volume and MCFP, which is at least equal or larger
than an increase in CVP and maintains larger pressure gradient and achieves
higher venous return with subsequent increases in cardiac output.2 However,
because of various mechanisms such as storage, excretion, distribution in to
tissue spaces, etc. the circulating blood volume returns to basal level over a
period of few hours and the cardiac output returns to basal level. It should be
appreciated that volume administration increases cardiac output if the patient
is hypovolaemic else, the increase in cardiac output is temporary and it



returns to basal level as soon as the administered volume is redistributed.

Afterload

The afterload is a relatively difficult concept to follow. It is described as the
instantaneous stress sustained by the ventricle while emptying into the
systemic or pulmonary circulation. Mathematically, the afterload is expressed
as P X r/2h (where ‘P’ indicates pressure in the system, ‘r’ the radius of the
heart and ‘h’ the myocardial wall thickness). It is evident that as the ventricle
empties into the circulation, the ventricular size decreases, its diameter
decreases and the stress sustained decreases. However, because of emptying
of the blood in the vascular system, the impedance to ventricular ejection
increases by a variable amount depending on the resistance, compliance and
the stiffness of the vascular system (systemic or pulmonary) and run off of
blood in the distal circulation. It is also clear that an increase in the preload
and systemic vascular resistance increases the afterload. The myocardial
hypertrophy observed in patients with hypertension, aortic stenosis, etc.
decreases the myocardial stress and the afterload; however, it increases
oxygen demand of the myocardium. The left ventricle is six times more
muscular and is designed to perform pressure work against high systemic
vascular resistance, Therefore, increasing the pressure in the aorta/arterial
system does not decrease the cardiac output until the mean arterial pressure
rises above about 160 mm Hg. In other words, at normal range of mean
arterial pressure (80—140 mm Hg), the cardiac output is determined by the
amount of blood entering into the ventricles (preload) and the myocardial
contractility. However, a decrease in peripheral vascular resistance facilitates
flow and increases the cardiac output provided the systemic arterial pressure
is maintained. Vasodilatation is the major mechanism that increases the
cardiac output during exercise. Contrary to the left ventricle, the right
ventricle is a relatively thin walled structure and is designed to perform
volume work against low resistance pulmonary circulation. Therefore, right
ventricular dysfunction is a possibility, if right ventricular afterload increases.

Peripheral (Local) determinants of
distribution of cardiac output

The blood flow to a peripheral organ is determined by its level of metabolic
activity. The enormity of the adjustment can be understood from the fact that



in the resting state when the metabolic activity of muscles is very low, the
blood flow is only 4 mL/min./100 gm of muscle but during exercise, when
the metabolic activity of muscles increases 60 fold, the blood flow increases
20 times to 80 mL/min./100 gm of muscle. Evidently, the cardiac output
increases or decreases according to the requirement of various peripheral
tissues. Since the change in blood flow is required locally, it is logical that
the regulation of blood flow should also occur at the tissue level. The
experiments have shown that the blood flow to each tissue is regulated at the
minimal level such that tissue’s requirement is exactly met. By controlling
the local blood flow in such an exact way, the tissues never suffer from
nutritional deficiency, yet the workload on heart is kept at a minimum.

The blood flow to an organ is determined by the driving pressure (the
difference between mean arterial pressure and the venous pressure) and the
resistance to that flow. The relationship is explained by Hagen-Poiseuille
equation Q = mr*Ap/81n. The relationship is applicable for Newtonian fluids;
although blood is Non-Newtonian, the equation provides an easy
understanding of the dynamics of blood flow. From the equation, it is evident
that the vessel diameter is critical to flow and a small increase in diameter can
increase the flow significantly. Indeed, the local wvariation in flow is
controlled by changes in arteriolar tone and diameter; an increase in diameter
with a steady pressure increases flow and a decrease in diameter decreases
flow.

The microvasculature (Fig. 3.12) of each organ is organized to serve that
organ’s need. The main artery after entering the organ divides in to small
arteries and then in to arterioles, metarterioles and finally capillaries emerge
from the metarterioles. The capillaries are composed of a single layer of
endothelial cells and allow free exchange of nutrients, metabolites and gases
between tissues and blood. The microcirculation consists of arteriole,
metarte-riole, and capillaries. Blood usually does not flow continuously
through the capillaries. Instead the flow is intermittent and turns on and off
every few seconds or minutes and is known as vasomotion. The control of
flow through capillaries is affected by contraction and relaxation of the
smooth muscles of arteriole, metarteriole and the precapillary sphincters. The
most important factor that affects the degree of opening and closing of
metarterioles and precapillary sphincters is the concentration of oxygen in
tissues; when the rate of oxygen use increases such that tissue oxygen
decreases the intermittent flows occur more often and for a longer period.



Mechanisms of blood flow control

Whenever the availability of oxygen to the tissues decrease, the blood flow
through the tissues increases. The decrease in the availability of oxygen to the
tissues can be secondary to various reasons such as hypoxia of high altitude,
ventilation-perfusion defects of lung, defect of oxygen utilization at tissue
level, or an increase in oxygen consumption due to an increase in metabolic
rate. There are two basic theories for the regulation of local blood flow-the
vasodilator theory and the oxygen lack theory. Additionally, catecholamines,
pH; lactic acid, prostaglandins, bradykinin, acetylcholine, etc. all can directly

or indirectly affect the vascular tone and the diameter.
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Figure 3.12: Shows schematic diagram of microvasculature with arterioles, meta-arterioles, venuies
and precapillary sphincters.

Vasodilator theory

According to this theory, the greater the rate of metabolism, greater the
formation of a vasodilator substance; the vasodilator substance is believed to
diffuse through the tissues to precapillary sphincters, arterioles, and met-
arterioles to cause dilatation. The substances that are believed to cause
dilatation are adenosine, carbon dioxide, adenosine phosphate compounds,
histamine, potassium ions, and hydrogen ions. Most of the wvasodilator
theories assume that vasodilator substance is released from the tissues in



response to oxygen deficiency. However, the major issue with the vasodilator
theories is that it has been difficult to prove that sufficient quantities of any
single vasodilator substance are formed in the tissues to cause all the
measured increase in blood flow in states of increased tissue oxygen demand
or decreased tissue oxygen.

Oxygon lack theory or the nutrient lack theory

Oxygen and other nutrients are required as metabolic substrates to maintain
vascular muscle contraction; therefore, it is reasonable to believe that blood
vessels would dilate if there is lack of oxygen and other nutrients. Similarly,
an increase in tissue metabolism will theoretically cause decreased
availability of oxygen and nutrients to the muscles in local vessels and would
cause local vasodilatation.

Mechanism of increase in cardiac output during exercise
Haemodynamic response to exercise is a beautiful illustration of how the
different vascular beds respond in opposite directions to fulfill the changing
requirements of the body for blood volume and oxygen delivery
redistribution. The mechanisms responsible for such haemodynamic
adjustments involve different responses of the arteries and arterioles in the
muscles versus the splanchnic system. During muscular exercise four
important basic changes take place: 1] contraction of abdominal muscles, 2]
muscle pump effect on veins of exercising muscles 3] vasodilatation in the
exercising muscles, and 4] sympathetic stimulation. These changes distribute
major proportion of the cardiac output towards exercising muscles and just
enough proportion of the cardiac output towards inactive tissues. The
contraction of the abdominal muscles squeezes blood from liver, and
splanchnic venous system into the inferior vena-cava thereby increasing
venous return to the right ventricle which in turn increases preload of left
ventricle. Additionally, exercising muscles squeeze (muscle pump) blood out
of the muscles towards the heart and increase venous return. Since heart is
endowed with an inbuilt capability to increase its performance (Frank-
Starling mechanism), the increased venous return instantly leads to an
increased stroke volume. Increased venous return also increases the heart rate
by 10-20 percent. Increased heart rate and venous return can increase the
cardiac output by two and a half times.

The vasodilatation within the exercising muscle secondary to a local
accumulation of vasodilating metabolites (lactate, adenosine, and other



compounds) and from adrenergic receptor activation leads to increase in flow
in the muscle, a decrease in arteriovenous pressure gradient and a significant
increase in MCFP, venous return and cardiac output (as explained earlier).
Sympathetic stimulation increases heart rate, augments myocardial
contractility, increases venous tone, and maintains systemic arterial pressure.
However, in exercising muscles, local vasodilating mechanisms (metabolites)
override sympathetic vasoconstriction. An increase in sympathetic discharge
during exercise leads to splanchnic arterial vasoconstriction leading to a
decrease in flow, pressure, and volume within the splanchnic veins and an
increase in venous return and cardiac output (as explained earlier).
Sympathetic discharge also constricts vasculature in non-exercising muscle
and other tissues, helping to increase arterial pressure and MCFP, also
increasing venous return and cardiac output.

During moderate muscular exercise, splanchnic blood flow is maintained;
however, with vigorous exercise because of increasing sympathetic
stimulation, the splanchnic blood flow decreases. Evidently, the sympathetic
nervous system primarily maintains the systolic arterial pressure and based
on priority, regulates the blood flow to various organs. During exercise,
splanchnic blood flow can decrease from 1,500 mL/min. to 350 ml/min.
Splanchnic oxygen consumption is preserved by an increase in the arterio-
venous oxygen difference in this region, which increases from 4 mL to 17
mL of oxygen/100 mL of blood.2® The total muscle blood flow can increase
from approximately 1,000 mL/min. at rest to almost 22,000 mL/min. and
oxygen uptake of almost 4 L/min. Arterio-venous oxygen difference in the
muscle increases to 18 mL of oxygen/100 mL of blood, which represents
approximately 90 percent oxygen extraction.?Z Indeed, because of the
changes described, the cardiac output can easily increase by 4-5 times during
muscular exercise and in trained hearts it can increase up to 7—8 times.

Summary

The cardiovascular system is designed to fulfill the varying nutritional and
oxygen requirements of various tissues of the body. In general the various
functional components of the cardiovascular system such as heart rate,
cardiac rhythm, preload, myocardial contractility, venous return, afterload
etc. function in the most efficient way possible and generate the cardiac
output which is just sufficient to meet the whole body requirement. Various



systems such as central nervous system, autonomic nervous system, venous
system, humoral factors, etc. take part in regulating the cardiac output to meet
the requirement. In health, the local/peripheral tissue requirement of nutrition
and oxygen regulates the magnitude and distribution of the cardiac output;
however during stress, central control dominates and ensures cardiac output
distribution to vital organs at the expense of less active tissues.
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Chapter 4: Haemodynamic
Monitoring during Cardiac

surgery

Patients undergoing cardiac surgery have abnormal cardiovascular
physiology. Naturally therefore, they are more prone to develop
haemodynamic instability during surgery. The extent of the haemodynamic
disturbances is likely to be related to the nature and severity of cardiovascular
disease. The cardiac anaesthesio-logist should make every effort to minimise
these disturbances. He should choose the anaesthetic agents that are most
suitable for a particular condition. In addition, if the haemodynamic
disturbances do occur, he should use appropriate pharmacological agents
either in bolus or infusion forms so that normal or acceptable haemodynamics
is restored. Accurate assessment of the cardiovascular function is extremely
important in order to be able to execute this aspect of his duty. This is made
possible by haemodynamic monitoring of the essential physiological
parameters during cardiac surgery. The extent of haemodynamic monitoring
in an individual patient depends upon the gravity of the cardiovascular
disease, with more extensive monitoring being required for sicker patients.
Although difficult to prove, it is reasonable to believe that appropriate
haemodynamic monitoring is likely to reduce the incidence of cardiovascular
complications leading to improved outcome.

A vast range of monitoring devices is currently available. Some of these
devices are completely noninvasive, such as an electrocardiogram (ECG) and
pulse oximeter, whereas others are more invasive such as pulmonary artery
catheter (PAC). In an experienced hand, there are few complications related
to the invasive monitoring and therefore, they are used liberally in critically
ill patients. However, the anaesthesiologist must have enough knowledge to



understand the interpretation of these complex data, so that maximum benefit
is derived from them.

Standard monitoring that is generally employed in patients undergoing
cardiac surgery includes ECG, invasive blood pressure, central venous
pressure (CVP), urinary output, temperature, pulse oximetry, capnography
and intermittent arterial blood gas analysis. However, PACs, cardiac output
(CO) measurements along with mixed venous oximetry and transoesophageal
echocardiography (TOE) are being increasingly used. Some of the more
recent monitoring tools include continuous CO measurements by different
techniques such as pulse contour analysis.

Electrocardiogram

Continuous monitoring of ECG is routinely performed in almost all types of
surgery. In cardiac surgery, it is of exceptional value and permits
instantaneous identification of rate, rhythm and ST segment abnormalities.
Not only the diagnosis, but also the efficacy of corrective treatment can be
judged. The cardiac anaesthesiologist relies heavily on the “on-line”
information obtained from the ECG to make important decisions during
cardiac surgery. He has a special advantage of looking at the heart to confirm
his “on-line” diagnosis of some of the arrhythmias such as atrial fibrillation
(AF), atrioventricular (AV) blocks and AV dissociation.

A standard bipolar lead IT which measures differences in potential between
the right arm and the left leg is utilised to differentiate ventricular from
supraventricular arrhythmias. This is so because its axis parallels that
between the sino-atrial (SA) and AV nodes, hence, the P wave is larger and
easier to identify. Myocardial ischaemia of the inferior wall can be detected
by ST segment depression in lead II, but the more common anterior and
lateral wall ischaemia may be missed. Selecting a lead near the cardiac apex
(V5: left fifth interspace at the anterior axillary line) is necessary to detect the

anterior or lateral wall ischaemia.l

Arrhythmias

Cardiac arrhythmias are one of the most frequent cardiovascular
abnormalities that occur during perioperative period. In fact, the cardiac
anaesthesiologist can observe a wide spectrum of cardiac arrhythmias during



the immediate period following the release of aortic cross clamp when the
myocardium is recovering from ischaemic insult and trying to regain normal
sinus rhythm.

Conduction system anatomy

The action potential originates in the SA node, which is located at the right
atrial sulcus terminalis and traverses via a discrete specialised tissue pathway
to the ventricular myocardium (Fig. 4.1). The orifices of superior vena cava,
inferior vena cava, the fossa ovalis, and ostium of the coronary sinus divide
the atrium into muscle bundles. The impulse travels more rapidly through
these thick atrial muscle bundles. The impulse is conducted rapidly down to
AV node that is located in the triangle of Koch, which is formed by the
tendon of Todaro, tricuspid valve annulus, and the ostium of the coronary
sinus.2 The conduction velocity through the AV node is only 20 to 25 percent
of that through the atria. This mechanism permits completion of the atrial
conduction before ventricular activation.

The bundle of His originates at the inferior margin of the AV node. It
divides into the right and left bundle branches at the upper margin of the
muscular interventricular septum (IVS). The right and left bundles divide
further into the Purkrnje system. The right bundle supplies the IVS near the
apex and the right ventricle (RV). The rest of the IVS and the left ventricle
(LV) are supplied by the left bundle. The conduction velocity through the
bundle of His and Purkinje system is very rapid and this assures rapid
synchronous activation of the ventricles. The normal conduction of impulse
through this pathway results in a normal sinus rhythm (Fig. 4.2). The
conduction system has some safety features. The atria and ventricles are
electrically insulated by fibrous rings and the electrical conductivity is
established only via the AV node-His bundle region. The AV node functions
as a protective barrier delaying the AV conduction and controlling the
ventricular rate.
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Figure 4.1: Diagram showing cardiac conduction system.
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Figure 4.2: Normal sinus rhythm.

Diagnosis and Treatment

It must be remembered that several factors related to anaesthesia such as
anaesthetic agents (especially inhalational agents), electrolyte and acid-base
abnormalities, temperature and depth of anaesthesia may be responsible for
some arrhythmias. Therefore, before any pharmacological treatment of
arrhythmias is instituted, it must be ensured that these problems are ruled out
or corrected.

Common arrhythmias during perioperative period

Supraventricular arrhythmias



Premature atrial contraction: An ectopic pacemaker site in the right or left
atrium (LA) initiates the premature atrial contraction. The shape of the P
wave is different and may be inverted. There is no compensatory pause
between the premature atrial contraction and the next sinus beat that
differentiates it from the premature ventricular contraction. The premature
atrial contractions have little clinical significance and treatment is rarely
necessary.

Sinus or junctional bradycardia: The normal sinus rate slowed down to
less than 60 beats/min. is sinus bradycardia (Fig. 4.3). In junctional
bradycardia, the sinus rate decreases below that of the atrioventricular
junction so that the atrioventricular junction takes over (Fig. 4.4). Causes of
this slowing include vagal stimulation or patients receiving beta-blockers
[patients with coronary artery disease (CAD)] or digoxin toxicity (patients
with valvular disease). It can also be frequently seen during hypothermia.
Junctional bradycardia is more likely to cause haemodynamic compromise as
the atrial contribution to the ventricular filling is lost. Treatment is required
only if the bradyarrhythmia is accompanied by haemodynamic compromise
(hypotension and low CO). Atropine in increments of 0.4 to 0.5 mg can be
used, but if bradycardia persists, isoprenaline bolus (5 to 10 pg) followed by
an infusion can be used.

Figure 4.3: Sinus bradycardia; heart rate of 58/min.

Figure 4.4: Junctional bradycardia.



Sinus tachycardia: It is defined as an increase in the sinus rate to more
than 100 beats/min. (Fig. 4.5). It can be seen very commonly following
stressful stimuli, such as endotracheal intubation, skin incision, and
sternotomy. It is especially undesirable in patients undergoing coronary
artery bypass grafting (CABG), as it increases the myocardial oxygen
demand. It should therefore, be treated with beta-blockers (metoprolol,
atenolol or esmolol) particularly when accompanied by hypertension. It
should however, be ensured that the patient is adequately anaesthetised
before the treatment of tachycardia is instituted. Hypovolaemia and terminal
heart failure can also lead to tachycardia that should not be treated with beta-
blockers.

Atrial flutter: It usually results due to a circus movement of excitation
within the atrium. The atrial rate ranges between 250 and 350 beats/ min.
Conduction into the ventricles is usually at a constant rate, thereby resulting
into 2:1 or 3:1 block (Fig. 4.6). It can lead to haemodynamic compromise, if
the ventricular rate becomes fast or atrial contribution is lost. However, this
type of arrhythmia is relatively rare during cardiac surgery. The increasing
incidence of postoperative atrial flutter following CABG that is reported, can
occur on the postoperative day 2 or 3.24 Although, medical therapy with
digoxin, verapamil or beta-blocker can be used, synchronised direct current
(DC) cardioversion may be used if the chest is open. However, facility of
pacing also should be ready as cardioversion may sometimes result in an
asystole. Overdrive atrial pacing using atrial pacing wires can also be used to
convert atrial flutter to sinus rhythm. This involves pacing the atrium at rates
more rapid than the tachycardia. This results in AV block of more atrial
impulses that results in reduction of the ventricular rate.

Atrial fibrillation: It is caused by re-entry of the atrial impulse and is usually
present as a chronic disorder in patients undergoing valve surgery. It can also
be present in the elderly patients with or without CAD. It can occur acutely
during RA handling or cannulation. There is a rapid atrial electrical activity
(400-700 beats/min.) and the ventricular response is irregular (160-180
beats/min.-Fig. 4.7). Therapy is generally not required in the preby-pass
stage, if blood pressure is maintained. However, cardioversion (5 to 10
joules, mono-phasic) can be used if the chest is open and there is an
associated haemodynamic compromise. It is the most common form of
arrhythmia seen in patients with rheumatic heart disease undergoing valve
surgery. It is a usual practice in the author’s institution to cardiovert these



patients following cardiopulmonary bypass (CPB). However, it has a limited
success rate in patients who have chronic AF with a large LA.
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Figure 4.5: Sinus tachycardia.
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Figure 4.6: Atrial flutter.

Esmolol, an ultra-short acting beta adrenergic blocker is reported to be
effective in the treatment of AF.2 However, it may not be effective in the
treatment of chronic AF that is present in valvular heart disease. Increasing
incidence of AF following CABG is reported which is possibly related to age.
This, however, commonly occurs on the second or third postoperative day.>#

Paroxysmal supraventricular tachycardia: Re-entry mechanism is
responsible for this arrhythmia that is characterised by a regular rhythm with
rates of 160 to 200 beats/min. (Fig. 4.8). The re-entry circuit may be in the
SA node, AV node, atrial muscle or an atrioventricular bypass pathway
(Wolff-Parkinson-White syndrome) or within the bundle of His.2 In addition,
abnormal automaticity in the atrial tissues may also be responsible.

The arrhythmia is identified as supraventricular in origin because the QRS
complexes are of normal duration (narrow complex tachycardia). Vagal
stimulating manoeuvres such as carotid sinus massage or eyeball pressure
and pharmacological treatment with verapamil, beta-blocker, etc. may be
tried in the operating room, provided there is no alarming haemodynamic



compromise. In the event of haemodynamic instability, synchronised DC
cardioversion that is nearly always effective must be used.

While using verapamil or beta-blockers, it must be remembered that their
use can lead to hypotension. In the rare instance when both pharmacological
cardioversion and electrical cardioversion have failed, rapid overdrive pacing
can be used.
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Figure 4.7: Atrial fibrillation. Lower waveform is the simultaneous recording of arterial pressure.
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Figure 4.8: Paroxysmal supraventricular tachycardia.

Atrioventricular block

First degree AV block can be defined as a PR interval of 210 milliseconds or
greater, without failure of atrial impulses to capture the ventricles? (Fig. 4.9).
It usually reflects excessive vagal blockade or drug effects such as digitalis
toxicity. The treatment is usually not necessary, however, the patient should
be carefully observed for progression to a higher degree of block. It is also
justified to place a temporary pacing wire before sternal closure so that
pacing can be instituted quickly in the event of a further block.

Second degree atrioventricular block, Mobitz type I (Wenckebach’s
phenomenon): It is characterised by failure of some supraventricular
impulses to cross the AV junction. In this type of second degree block, there



is a progressive prolongation of the PR interval leading finally to a dropped
beat (Fig. 4.10). The cycle is then repeated. This type of block can be seen
following acute infarction with ischaemia and oedema in the region of AV
junction or with agents that depress AV nodal conduction (digitalis, beta-
blockers, verapamil, etc.). Unless the ventricular rate is very slow, treatment
is usually not necessary. Isoprenaline or atropine can be used.

Mobitz type II block: In this type of second degree block, there is no
progressive lengthening of the PR interval prior to dropped beats (Fig. 4.11).
QRS widening is usually present. It may progress suddenly and unpredictably
to complete heart block. It is a clear indication for the placement of a
temporary pacemaker.

Third degree (complete) atrioventricular block: There is a complete
disruption of the conduction between atria and ventricles. The P waves and
QRS complexes bear no constant relationship to each other (Fig. 4.12). In
acquired complete heart block, the impulse generation is idioventricular in
location and QRS complex is wide with a slow rate (35-40 beats/minute). It is
not uncommon to notice it after the closure of ventricular septal defects
(VSD) and aortic valve replacement (AVR). Pacing is indicated in this
situation to maintain the normal haemodynamics.

Figure 4.9: First degree heart block; note the increased PR interval.



Figure 4.10: Mobitz type I Heart block (Wenckebach’s phenomenon); note the progressive
prolongation of PR interval leading finally to a dropped beat. The cycle then resumes.

Figure 4.11: Second degree atrioventricular block. The PR interval of conducted beats is normal but
some P waves are not conducted.

Ventricular arrhythmias

These arrhythmias are seen frequently in patients undergoing cardiac surgery.
Ventricular ectopic beats: They result from ectopic pacemaker activity
arising from below the AV junction that results in a wide (0.12 sec) bizarre
QRS complex (Fig. 4.13). Manipulation of the heart by the surgeon or
insertion of a guidewire through internal jugular vein (IJV) during central
venous cannulation often provokes ventricular ectopic beats. Hypokalaemia
in patients with valvular heart disease receiving diuretic therapy is another
common cause of ventricular ectopics. In patients with CAD, an acute
imbalance between myocardial oxygen supply and demand can lead to
ectopic activity. An ischaemic focus can discharge ventricular premature
depolarisation necessitating treatment with antiarrhythmic drugs. Ventricular
ectopic beats occurring frequently (> 5 beats/min.), multifocal in origin and
occurring in succession should be actively treated as these can turn into more
dangerous arrhythmias such as ventricular tachycardia or ventricular
fibrillation (VF). Lidocaine is usually the treatment of choice with an initial
bolus of 1.5 mg/Kg followed by an infusion (1 to 4 mg/min.), if ventricular
ectopics are recurrent. In addition, esmolol, propranolol, atenolol,
disopyramide, amiodarone etc. can be considered.



Figure 4.12: Complete or third degree heart block; note total dissociation between atrial and ventricular
complexes with a very slow ventricular rate.

Ventricular tachycardia: It is a run of 3 or more consecutive ventricular
ectopic beats that are potentially life threatening (Fig. 4.14). The heart rate
(HR) varies from 100 to 200 beats/min. that is usually regular. The P waves
have no fixed relation to the QRS complex that is wide (> 0.12 seconds).
Immediate treatment is usually necessary. Lidocaine bolus followed by an
infusion is useful, but cardioversion may also be needed.

Figure 4.13: Ventricular ectopic beat.

Figure 4.14: Ventricular tachycardia.



Ventricular fibrillation: It is an irregular rhythm that results from a rapid
discharge of impulses from one or more foci in the ventricles. There are no
defined QRS complexes and there is no CO (Fig. 4.15). It is frequently
observed following release of the aortic cross clamp. Spontaneous reversion
is sometimes observed but, DC cardioversion is generally necessary. Other
important causes include myocardial ischaemia, hypoxia, hypothermia and
electrolyte imbalance.

Diagnosis of ischaemia

Presence of CAD is an important prerequisite for the occurrence of
preoperative ischaemia. CABG is a frequently performed cardiac surgery so
that the cardiac anaesthesiologist must be familiar with the diagnosis of this
important ECG abnormality. There is a high incidence of ECG evidence of
ischaemia (20 to 80 percent) in patients with CAD undergoing cardiac or
noncardiac surgery.®? The criteria for diagnosis of ischaemia include: 1.
horizontal or down-sloping ST segment depression of 0.1 mV; 2. ST segment
elevation of 0.1 mV in a non-Q wave lead; 3. slowly upsloping ST segment
depression of 0.2 mV (all measured from 60 to 80 milliseconds after the J

point)!? (Fig. 4.16).

Figure 4.15: Ventricular fibrillation.

Computer assisted ECG interpretation

It is reasonable to believe that during prolonged visual observation of ECG
on the monitor, certain abnormalities may go undetected. Computers have,
therefore, been designed for the automatic detection of arrhythmias and ST
segment abnormalities. One such system (Philips India) is shown in Figure
4.17 that analyses ST segment by analysing the first 16 beats in all the leads.
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Figure 4.16A: ST elevation.
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Figure 4.16B: ST depression.

Arterial Pressure

Cardiac surgery is frequently associated with wide swings in the arterial
pressure. This may be due to surgical manipulation, effects of anaesthetic
agents or deterioration in cardiovascular performance of the patient. In
addition, there is a loss of pulsatile flow during CPB. Therefore, it is essential
to measure arterial pressure directly and continuously in patients undergoing
open-heart surgery. Although, several arterial cannulation sites are available,
radial artery is the most preferred site because of accessibility, size, ease of
cannulation and lack of complications. However, one or both radial artery
conduits may be used for arterial vascularisation in patients undergoing
CABG. Therefore, if one radial artery is being used by the surgeon (usually
left), right radial artery should be cannulated and if both are being used,
femoral arterial cannulation is performed. Allen’s test is performed to check
that the collateral circulation to the hand is adequate and that the circulation



will not be compromised in the event of radial artery occlusion. The test is
performed by occluding both the radial and ulnar arteries by compressing
them and exercising the hand until it is pale. The ulnar artery is then released
and the time required to regain the normal colour of the hand is noted.! If the
colour returns to normal within 5 seconds, the collateral circulation is normal.
If it takes longer than 15 seconds cannulation of the radial artery on that side
should be avoided. The fingers should be open loosely, should not be hyper-
extended or widely spread apart. A Doppler probe or a pulse oximeter may be
used to document the collateral flow.1213
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Figure 4.17: Philips intelliVue Mx 800 patient monitor.

The predictive value of Allen’s test to identify patients at high risk of
ischaemic complications from radial artery cannulation has remained
questionable. This may be due to the fact that the test requires patient
cooperation and the results can be subjective. It has been shown to have high
false positive and false negative rates.1# The use of a digital blood pressure
monitor may prove to be an acceptable alternative to the Allen’s test.12

The Favaloro retractor used for harvesting the internal mammary artery
may impede radial arterial pressure. Therefore, some anaesthesiologists
prefer to cannulate right radial artery when the left internal mammary artery
is used for myocardial revascularisation.

Technique of cannulation



Direct cannulation

The hand is supinated and dorsiflexed sharply over a support (pack of
sponges). The skin is prepared with an antiseptic solution and local
anaesthetic is infiltrated if the patient is awake. The radial artery is palpated
proximal to the wrist, where it is just below the subcutaneous tissue and
anterior to the radius. A small skin nick may be made with a 20 G needle.
The arterial cannula is inserted through this skin hole. By doing so, fraying of
the tip of the catheter as it passes through the skin is avoided. A 22 G Teflon
or polyurethane catheter is advanced through the skin hole towards the radial
artery at an angle of approximately 30° (Fig. 4.18). No syringe should be
attached to the cannula and the blocker at the hub of the cannula should be
removed so that the blood flows back freely in the event of an arterial
puncture. When the artery is punctured, bright red blood can be seen in the
hub of the cannula. The blood will not be red in patients suffering from
cyanotic heart disease. At this time the angle between the cannula and the
skin is reduced and the outer catheter is advanced over the needle to enter the
arterial lumen.

Transfixation

In this technique, the artery is transfixed by passing the cannula through and
through the artery. The needle is then removed and the cannula is slowly
withdrawn. When the cannula tip enters the lumen of the artery, blood flow
emerges from the cannula. At this time the cannula is advanced into the
artery.
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Figure 4.18A: Showing percutaneous radial artery cannulation; note the flashback of blood in the hub
of the cannula after arterial puncture.

Figure 4.18B: The cannula has been threaded into the radial artery.



Seldinger Technique

In this technique, the artery is localised with a needle and a guide wire is
passed through the needle into the artery. The needle is removed and an
appropriate sized cannula is then passed over the wire into the artery. The
catheter is secured by a sterile occlusive dressing and is connected to the
monitor via a pressure transducer to obtain a continuous waveform of the
blood pressure (Fig. 4.19). A normal arterial pressure waveform is shown in

figure 4.20.

Heparinised saline under pressure

——— [0 the
patient’s
artery

Transducer

T the monitor

Figure 4.19: Transducer assembly: Heparinised saline for flushing is prepared by addition of 500 units
of heparin to 500 mL of 0.9% saline. This is pressurised to 300 mm Hg for continuous flushing of the



transducer dome and pressure monitoring line via a flush device that regulates the flow at 3 mL/ hour.
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Figure 4.20: Normal arterial pressure waveform (radial artery); note the dicrotic notch (arrow) that
signifies closure of the aortic valve.

Central Venous Pressure

CVP monitoring is used to measure the filling pressure of the RV and to give
an assessment of the intravascular volume. The central venous catheter is also
useful for infusion of the inotropes. The catheter tip should lie within one of
the large intrathoracic veins close to the RA. The catheter should not be
inserted into the RA, to avoid the rare complication of perforation by the tip
of catheter. The RA waveform has three upward deflections (A, C and V) and
two downward deflections (x and y descents) (Fig. 4.21). The A wave is a
result of atrial contraction, the C wave occurs due to closure and bulging of
tricuspid valve into the RA and the V wave occurs during passive atrial
filling during ventricular systole. The x descent is caused by pulling away of
the tricuspid valve from the RA as the RV systole progresses and the y
descent occurs as the tricuspid valve opens.

Technique

Cannulation of the internal jugular vein (IJV) is commonly preferred because
of its reliability in obtaining the central venous access. The right IJV is
preferred because of its short straight course to the RA, the right cupola of the
lung is lower than the left, and the thoracic duct is on the left side. Figure
4.22 shows the anatomical landmarks that are useful for the cannulation of
IJV. The IJV is located under the medial border of the lateral head of the
sternocleidomastoid (SCM) muscle. The carotid artery is deep and medial to
the IJV.
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Figure 4.21: (A) Diagrammatic representation of the central venous pressure tracing and its relation to
ECG in normal sinus rhythm. (B) Actual recording of the central venous pressure and simultaneous
ECG. Refer to the text for description of A, C and V waves and x and y descent.
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Figure 4.22A: Anatomical landmarks for the cannulation of internal jugular vein. Note the triangle
(dotted line) formed by the sternal and clavicular heads of sternocleidomastoid muscle.
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Figure 4.22B: Diagrammatic representation of the various anatomical landmarks in the cannulation of
internal jugular vein.

Middle Approach

The 1JV is punctured at the apex of the triangle formed by clavicle and the
two heads of SCM. The patient is placed in a 10 to 20 degrees Trendelenburg
position with head turned to the left side. The skin is prepared and draped in a
sterile fashion. The Trendelenburg position may not be necessary in some
patients with valvular heart disease who have a history of recurrent
congestive heart failure (CHF) and in whom the 1JV is dilated and full. It
should also be used with caution in patients having poor LV function, as the
increase in preload may not be well tolerated. The fingers of the left hand are
used to palpate the two heads of the SCM and the carotid pulse. Although,
these anatomical landmarks are helpful in locating the 1IJV, an experienced
operator often relies on his ability to feel the vein by balloting it under his
fingers. This is particularly useful when the 1JV is abnormally placed, in
obese patients or in patients with severe aortic regurgitation, in whom the
dilated carotid artery may push the vein laterally.

A22 G ‘finder’ needle is placed at the apex of the triangle. This reduces the
risk of inadvertent arterial puncture as well as tissue trauma, if localisation of
the vein is difficult. The needle attached to a syringe is held at an angle of 45
degrees and directed towards the ipsilateral nipple before making the
puncture. It is then advanced forward to puncture the vein. Venous blood is
aspirated if the IJV is punctured. The ‘finder’ needle is then withdrawn and
the puncture is repeated with an 18 G needle in a similar fashion. A
successful venous puncture can be judged by aspiration of dark blood or
measurement of venous oxygen saturation in the aspirated blood. However,



the absolute confirmatory method is to transduce the catheter and obtain
venous waveform and pressure on the monitor. Therefore, some
anaesthesiologists attach a three way tap to the needle with one end attached
to a syringe and the side port connected to the transducer. The venous
puncture is confirmed by aspirating venous blood and simultaneously
observing venous waveform on the monitor. On successful puncture of the
vein, the syringe is removed and a guidewire is inserted and a single or
multilumen catheter is inserted by the Seldinger technique. Alternatively, one
or two single lumen catheters (16 G) can also be inserted through a 14 G

cannula (Fig. 4.23).

Figure 4.23: Showing insertion of two 16 gauge catheters into the internal jugular vein.

Although middle approach is the most commonly used approach, some
other approaches have also been described. In the anterior (high) approach,
the puncture is performed along the medial border of SCM but at the level of
the laryngeal cartilage.l® The posterior approach to 1JV is performed at the
intersection of external jugular vein (EJV) and the lateral border of SCM./
As the needle is aimed in the direction of the carotid artery, the incidence of
arterial puncture may be higher. A lower approach describing the point of
entry much closer to the clavicle with a high success rate has also been
reported.l® Cote and coworkers!? however, discourage this approach because
they encountered pneumothorax and intrapulmonary haemorrhage in two
children. This method is contraindicated in patients with previous Blalock-

Taussig shunt?? and complete transposition of great arteries.2!



Complications
17,22,23

Although a high success rate has been reported with IJV cannulation,~*
the technique is not without complications. There are reports of injury to
almost every structure in the neck while performing the 1JV puncture.24-31
This may lead to pneumothorax, hydrothorax, chylothorax and pericardial
effusion. The carotid artery puncture is by far the most common complication
and if the artery has been punctured with a small bore needle, manual
compression of the area for some time is usually sufficient to avoid any
serious problem. However, if the artery is unintentionally punctured with a
very large cannula (e.g. 8 F), surgical exploration and repair is recommended.
Although complications are rare, the anaesthesiologist should be aware that
they can occur and may be life threatening.2* Malposition of the catheter can
also occur. Figure 4.24 (A to C) depicts some of the manners in which the
catheter can be malpositioned. Air can also be aspirated through the IJV
catheter, if left open, especially, if the patient is breathing spontaneously.
This is particularly important in patients having patent foramen ovale or atrial
septal defect as it may lead to paradoxical air embolism.

External jugular vein

It can also be used for reaching the central circulation. However, the success
rate with this approach is lower due to the tortuous path of the vein. The main
advantage of this technique is that the puncture of deeper structures of the
neck are avoided. A ‘)’ tipped wire should be used to negotiate the tortuous
course of the vein. Although, one study has reported a success rate of 90
percent,> 2 cannulation of EJV is not popular amongst cardiac
anaesthesiologists.

Subclavian vein

It has also been used for central venous access. However, the success rate is
lower than IJV cannulation, but higher than EJV cannulation. It is also
associated with a higher incidence of complications than IJV approach.22
Usually an infraclavicular approach is performed. The patient is placed in the
Trendelenburg position with head turned to the contralateral side. A folded
sheet is placed between the scapulae. The puncture is performed 1 cm below
the midpoint of the clavicle and advanced towards the suprasternal notch
under the posterior surface of the clavicle. Anew approach using



coracoclavicular line (from the lower border of the coracoid process to the
upper border of the medial head of the clavicle) as a landmark has been
described with a high success rate.2* One of the most common misplacements
of the subclavian catheter is into the ipsilateral IJV. Ambesh et al have
described a simple manoeuvre (Ambesh manoeuvre) to prevent and diagnose
the misplacement of the catheter into 1JV.223% They described that manual
occlusion of the ipsilateral IJV in the supraclavicular fossa during and after
insertion of subclavian vein catheter is successful in preventing and
diagnosing the misplacement of the subclavian vein catheter into the IJV
respectively. Due to the fear of higher complication rate, the cannulation of
subclavian vein is generally not preferred except in situations such as carotid
artery surgery or prolonged CVP access because the site is easily dressed and
well tolerated by the patient.

Figure 4.24A: X-ray chest showing malposition of the central venous catheter that was inserted in the
right external jugular vein. Note that the catheter has gone to the left side via innominate vein (arrows).
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Figure 4.24B: Malposition of the central venous catheter that was inserted in the left internal jugular
vein. Note that the catheter has gone to the right innominate vein (arrows).
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Figure 4.24C: Double backing of the central venous catheter that was inserted in the right internal
jugular vein (arrows).

Antecubital Veins

Basilic and cephalic veins provide alternative routes for monitoring CVP.
However, due to a low success rate in the placement of catheter in the central
vein, these are rarely cannulated by cardiac anaesthesiologists.

Ultrasound Guided Central Venous Access

Traditionally, the central venous catheters are inserted blindly using the
anatomical landmarks as described in the preceding paragraphs. However,
ultrasound provides the operator the benefit of visualizing the target veins
and the surrounding anatomical structures. This is expected to minimize the
complications and increase the speed of placement. With the availability of



portable ultrasound machines in the operating room, it is being used at some
centres for placement of the central venous catheters. The IJV can be
visualized in the transverse as well as the longitudinal sections (Figs 4.25 A
and B). It is seen as a lateral oval, nonpulsatile structure that can be easily
compressed by pressing the transducer. The internal carotid artery is
identified as a pulsatile structure medial and deeper to the IJV. Doppler
interrogation can further help to identify the vein. Ultrasound guidance can
be used in different ways during central venous catheterization. For instance,
two dimensional (2-D) ultrasound can be used to confirm vessel location and
mark it on the skin, and then the catheterization can be performed using the
marks in the usual fashion. Alternatively, the ultrasound can be incorporated
into the procedure itself to provide real-time visualization of vessel
cannulation. Investigators have shown that ultrasound guidance reduces the
time required for catheterization, increases overall success rates, and results
in fewer complication.2” The technique can be especially useful in infants and
children in whom the percutaneous cannulation of the IJV may be technically
difficult and can lead to complications. However, a recent meta-analysis has

failed to show any benefit of ultrasound during IJV access in terms of

increasing the success rate and in decreasing the complications.38
Nevertheless, it may be beneficial in some difficult situations such as

atypically placed or small sized veins.

Figure 4.25: A: Ultrasound image showing transverse section of the right internal jugular vein seen as
a central oval structure. The internal carotid artery (arrow) is seen medial and deeper to the vein. B:
Pulsed wave Doppler profile obtained in the longitudinal section of the internal jugular vein. Note the
continuous low velocity venous waveform

In clinical practice, the use of ultrasound for placement of central venous
catheters continues to be low (less than 15 percent of the time).22 One of the



questions that is raised is, whether increased dependence on this technique is
desirable, as the traditional landmark technique will still be required in
clinical settings where ultrasound is not available. This is especially so in the
developing countries. Another view point is that, since the technology is
available, it should be used and eventually will complement the conventional
landmark technique. It is reasonable to conclude that routine use of
ultrasound guidance during central venous cannulation is not required and
that it should be reserved for difficult situations.

Pulmonary Arterial Pressure
Monitoring

The flow directed PAC was introduced in the 1970s.2? It has provided a
means of obtaining invaluable diagnostic information at the bedside. The
PACs are used with the intention of measuring pulmonary capillary wedge
pressure (PCWP) and pulmonary artery diastolic pressure (PADP). However,
other parameters such as pulmonary artery systolic pressure, mean pulmonary
artery pressure (MPAP), mixed venous blood gases, and CO by
thermodilution can also be measured. In addition, special purpose PACs for
continuous CO and mixed venous oximetry, pacing and thermodilution right
ventricular ejection fraction (RVEF) are also available. Despite providing
these haemodynamic measurements that cannot be estimated clinically, it
remains uncertain whether PAC monitoring leads to improved patient
outcome. !
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Figure 4.26: Diagram showing a five lumen pulmonary artery catheter.



PADP and PCWP are measured because they are indirect estimates of the
LA pressure, which in turn is an estimate of the LV end-diastolic pressure
(LVEDP). In the presence of pulmonary vascular or mitral valve disease, the
PCWP and PADP do not accurately estimate the LVEDP. In addition, the
distal port of the PAC should be placed in the dependent portion, i.e. zone III
of the lung (pulmonary venous pressure exceeds the alveolar pressure in this
zone) so that vascular channels distal to the port of PAC are patent. In this
situation, the LA pressure has a close relationship to PCWP and PADP. The
PAC is a flexible, flow directed, balloon tipped catheter (Fig. 4.26) that is
available in various sizes (e.g. 5, 7 and 7.5 F) and number of lurnina (2 to 5).
The standard catheter is 110 cm long and has marks every 10 cm to indicate
how far it has been inserted. The distal lumen is placed in the pulmonary
artery (PA) and is used to measure PCWP, and PA pressure (systolic,
diastolic and mean). The second lumen connects to the 1.5 mL capacity
balloon at the tip of the catheter. Inflation of this balloon with air allows the
catheter to float in the blood stream (flow directed) and advance it to the
point where the diameter of the PA equals that of the balloon. In this
situation, the forward flow through the PA is obstructed and the distal lumen
measures the pressure distal to it (PCWP). Since the pulmonary veins
communicating with the LA are valveless, and have rruriimum resistance,
PCWP reflects LA pressure in the absence of pulmonary vascular disease.

The third lumen transmits the electrical signal from the thermistor probe
positioned approximately 2 cm proximal to the catheter tip. This is utilised
for the CO measurements by thermodilution technique.

The fourth lumen terminates 30 cm proximal to the catheter’s tip and is
positioned in the RA in most adults, when the catheter tip is in a wedged
position. It is used for the measurement of RA pressure and injection of the
injectate necessary for the computation of CO. An additional fifth lumen is
provided that can be used for infusion of the medicines. A fibreoptic lumen
for measuring continuous oxygen saturation at the distal end of the catheter
(mixed venous oxygen saturation) is also provided in some catheters.

Technique

The catheter is inserted percutaneously under sterile conditions and requires
the aid of a skilled assistant. The assistant flushes all the lumens with
heparinized saline to de-air them and attaches the distal port hub to the



transducer. The balloon is tested by filling it completely with 1.5 mL of air
from a volume-limited syringe. Like CVP catheter, 1JV is the most preferred
site of cannulation of PAC. EJV, subclavian, cubital or femoral veins can also
be used. After puncturing the IJV with an 18 G needle, a flexible guide wire
is passed into the vein and the needle is removed. The skin puncture site is
then enlarged with a knife and an 8 F sheath with the vein dilator is passed
over the guide wire. The guide wire and the dilator are then withdrawn
leaving the sheath in the IJV. The progress of PAC via its sheath to the PA is
followed by continuously monitoring the pressure waveform from the distal
port of the catheter that is connected to the transducer. After the catheter tip
has been advanced 15 to 20 cm (approximate distance of the RA from the IJV
puncture site), the balloon is inflated. The further course of catheter is guided
by the pressure waveform and measurements.

The pressure waveforms seen during advancement of the catheter are
shown in Figure 4.27. The RA pressure waveform with a mean pressure of 5
mm Hg (range 1 to 10) confirms that the catheter has reached the RA. As the
catheter negotiates the tricuspid valve and enters the RV, there is a sudden
increase in the systolic pressure but little change in the diastolic pressure
(systolic, 15 to 30 mm Hg and diastolic, 0 to 8 mm Hg). Premature
ventricular contractions can usually be observed at this time. The right
ventricular tracing is generally obtained at 25 to 35 cm of catheter insertion.
The catheter is advanced further towards the PA. As it enters the PA, an
increase in the diastolic pressure is observed that is accompanied by a dicrotic
notch on the pressure waveform. The PA waveform is generally obtained at
40 to 50 cm of catheter insertion. The PCWP tracing is obtained by passing
the catheter 3 to 5 cm further until there is a change in the waveform to that
of the LA waveform with associated decrease in the mean pressure. Deflation
of the balloon results in reappearance of the PA waveform. If the catheter
does not enter the RV by 40 cm and PA by 50 cm, it should be withdrawn up
to 20 cm (if there is a failure to enter the RV from the RA) and up to 30 cm
(if there is a failure to enter the PA from the RV) and another pass made.
According to one study, the RV is reached at 24.6 + 3 cm, PA at 36 + 4 cm,
and wedge position at 42.8 + 5.7 cm.*2 The study further showed that the
length of catheter to reach the RV, PA and wedge position was significantly
more in patients undergoing valve surgery as compared with those
undergoing CABG. These landmarks form a useful guideline for accurate
placement of the catheter and minimizing the complications related to coiling



of the catheter.
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Figure 4.27A: Standard pressure waveforms obtained during insertion of the pulmonary artery
catheter; note right atrium (RA), right ventricle (RV) and pulmonary artery (PA) progression.
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Figure 4.27B: Pulmonary artery pressure waveform and wedge pressure after balloon inflation. (RV:
right ventricle, PA: pulmonary artery, PCWP: pulmonary capillary wedge pressure).

Difficulty in negotiating the tricuspid valve may be encountered in patients
with tricuspid regurgitation. Excessive coiling of the catheter in the right
atrium should be avoided to prevent knotting of the catheter. The PA
waveform should be continuously monitored to ensure that the catheter does
not migrate to a constant wedge position. Similarly balloon should be inflated
only for short periods of time to measure the PCWP. In some patients, PAC
may migrate distally, especially during CPB because of the repeated cardiac
manipulations. Therefore, proper catheter position must be ensured
throughout by frequent observation of the pressure waveform. If PCWP trace
appears without balloon inflation, the catheter should be withdrawn a few
centimeters to reduce the risk of pulmonary vascular injury. A few useful tips
may help successful positioning of the PAC. The air-filled balloon floats to
non-dependent regions, hence, positioning a patient head-down will aid
flotation past the tricuspid valve, and right-sided tilt with head-up position



will aid flotation out of the RV.43

Indications

The effective use of PACs requires a great deal of expertise and clinical
experience. Unfortunately, a wide-spread knowledge deficit exists among the
practitioners who use PACs.##> Furthermore, misinterpretation of the PAC
derived data by the clinicians is also not unknown.?®4Z The controversial
outcome related data regarding PAC use should be viewed in this
background.

Since the time, a strongly worded editorial calling for a moratorium on
PAC use has been published8, a great deal of work has been performed to
know whether patients are being helped or harmed by the use of PACs. Two
meta-analysis of 11 and 13 published randomized controlled trials involving
PAC use have reported a higher incidence of adverse events, but no effect on
mortality or on hospital or ICU length of stay.2220 Conversely, some
investigators have reported a treatment benefit from PAC use, especially in
high-risk group of patients.21->2

In 2007, the American Society of Anesthesiologists published an updated
practice guideline for pulmonary artery catheterisation.22 According to this,
use of a PAC may be reasonable in patients at risk for major haemodynamic
disturbances that are easily detected by a PAC. However, the decision must
be based on patient disease, surgical procedure (i.e. intraoperative and
postoperative fluid shifts), and practice setting (experience in PAC use and
interpretation of results). Indications of using PAC vary from place to place
and although, their routine use is controversial, there is no denying that it
provides valuable information in very sick patients such as patients with
recent myocardial infarction (MI) or unstable angina, patients with poor LV
function (CHF), and patients in hypovolemic or cardiogenic shock. Its use is
therefore, recommended in such situations.

Contraindications
Absolute

PAC should not be used in patients with tricuspid or pulmonary stenosis,
patients with RA, RV or PA masses (tumour, thrombus) and tetralogy of



Fallot.

Relative
Arrhythmia, coagulopathy and bundle branch block are relative
contraindications for the use of PAC.

Complications

Arrhythmias (usually premature ventricular contractions) are the most
common complications associated with the PAC insertion.2* They are usually
benign and disappear as the catheter enters the PA. However, fatal
arrhythmias have also rarely been reported.2> Complete heart block,
endobronchial haemorrhage, pulmonary infarction, catheter knotting and
entrapment, valvular damage, thrombocytopaenia, thrombus formation,
incorrect placement and balloon rupture are some other rare complications of
the PAC placement. Amongst these, endobronchial haemorrhage due to PA
rupture is the most dangerous complication. It is more likely to occur if the
patient has pulmonary artery hypertension (PAH) or coagulopathy.
Correction of the coagulopathy, if present, and protection of the uninvolved
lung by tilting the patient to the affected side or placement of a double lumen
endobronchial tube may be necessary.2® Sometimes pulmonary resection may
be needed.??
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Catheter knotting and entrapment in the surgical suture are well known.2°
Rarely knotting and entrapment can occur in the same patient.2? Several
nonsurgical measures including untying a knot®2%3 or tightening a knot2?
have been described to solve this problem. Frequent manipulations of the
catheter should be avoided to prevent the knotting.

Right Ventricular Ejection Fraction

The standard PAC has been modified to incorporate a rapid response
thermistor and ECG electrodes. The catheter is placed so that the injectate
port is positioned in the RA. With each injection, the thermodilution curve is
plotted. The RVEF is calculated from the exponential decay of the
thermodilution curve. The R wave signal is used to identify the end-diastolic
temperature points in the thermodilution curve. The computer is able to
measure the HR, RVEF, right ventricular end-diastolic (RVEDV) and end-



systolic (RVESV) volumes. The volumetric measurements along with RVEF
can be useful in the management of patients who have RV dysfunction or
PAH (patients with right coronary artery disease, mitral valve disease).
However, these catheters are rarely used during cardiac surgery. They have
been found to be useful in critically ill patients, especially those with
respiratory failure®92, but the benefit in terms of patient outcome remains

unproven.5®

Mixed Venous Oxygen Saturation

Continuous monitoring of mixed venous oxygen saturation (SVO,) has
become possible due to the addition of fibreoptic bundles to the PACs.
Changes in SVO, reflect changes in the CO, if oxygen consumption and
arterial oxygen content remain constant. Thus, SVO, has been shown to

provide a valuable measure of CO.%” It indicates the balance between oxygen
delivery and consumption and has been found to have a prognostic value.
In general, SVO, of < 50 percent has a bad prognosis. It is also useful for

knowing the efficacy of the therapy that has been instituted for the treatment
of low CO state.

Pacing Pulmonary Artery Catheters

Temporary endocardial pacing can be performed with specialized PACs that
may have combinations of electrodes permanently implanted along its length
to allow bipolar ventricular, atrial, or atrioventricular pacing.ﬂ) Some other
catheters have a special lumen that opens in the RV, or have separate atrial
and ventricular lumens through which pacing wires can be inserted for
endocardial ventricular pacing and bichamber sequential pacing,

respectively.”

Left Atrial Pressure Monitoring

During operation, a catheter can be placed by the surgeon into the LA directly
or through the right superior pulmonary vein. The catheter is brought out
through the skin in the epigastric area before sternal closure. The LA pressure



monitoring is very informative and provides an accurate estimation of the
left-sided filling pressures. However, it requires extreme caution in its use.
There is a possibility of air embolism (coronary/cerebral) or clot formation
and embolisation. Continuous heparinised flushing system is required for its
use in the postoperative period. There is also a risk of bleeding leading to
cardiac tamponade when the catheter is removed. It is therefore, advisable to
remove it when the chest tubes are still in place.

Due to these problems, as well as a wider application of the PAC, LA lines
are rarely inserted, e.g. in children, and in situations where PAC insertion has
failed or PCWP does not accurately estimate the LA pressure (pulmonary
vascular disease). In today’s practice, direct LA pressure monitoring has
largely been replaced by PAC monitoring.

Cardiac Output

The CO is the amount of blood pumped by the heart each minute and reflects
the overall performance of the cardiovascular system. Therefore, its
measurement is of vital importance in patients with cardiac disease. Amongst
the several methods that are available (dye dilution, Fick method,
thermodilution, Doppler, and pulse contour analysis), thermodilution
technique is considered the clinical standard and is most widely used.

Thermodilution Technique

Presently, CO measurement using thermodilution PAC is the method of
choice. Frequent CO measurements are possible with this method. A bolus of
iced or room temperature fluid (usually 10 mL of normal saline) is injected
into the RA and the resulting temperature change is detected by the
thermistor in the PA. A temperature time curve is plotted, and the CO that is
inversely proportional to the area under the curve is calculated by the
computer.

In clinical practice, a series of 3 to 5 measurements of CO are obtained and
a mean is calculated to improve the precision. For additional accuracy, the
rate and duration of each injection should be kept as constant as possible. In
addition, the timing of the injection in respiratory cycle should also be the
same. Patients with tricuspid or pulmonary regurgitation pose additional
problems due to recirculation of the indicator across the incompetent valve.



The measurements obtained in the presence of severe tricuspid or pulmonary
regurgitation are not reliable.

The present day computers have the ability to calculate all the
haemodynamic parameters such as systemic vascular resistance (SVR),
pulmonary vascular resistance (PVR), left ventricular stroke work (LSW),
right ventricular stroke work (RSW), etc. based on the CO and pressure
measurements.

Continuous thermodilution cardiac output

PAC and monitors that are able to perform continuous CO measurements are
available. The PAC has a 10 cm heating element incorporated into the RV
portion of the PAC. The thermal energy is delivered to this heating element
from the outside source and the thermodilution temperature curve is plotted
to obtain continuous CO measurements. The heating filament is cycled on
and off in a random sequence and the displayed value of CO is updated every
30 to 60 seconds and represents the average value for the CO measured over
the previous 3 to 6 min. It has been shown that changes in continuous CO are
markedly slower than changes detected by other methods such as ultrasonic

flow probe, blood pressure or SVO,.Z! These catheters are more expensive,

but have some practical advantages. Since, bolus injections are not required,
nursing workload and potential risk of fluid overload or infection are
reduced. However, as already emphasized, acute changes in CO are detected
more slowly by continuous CO monitoring.

Interpretation of haemodynamic data

The current monitors are capable of calculating the various derived
haemodynamic parameters. These monitors have an inbuilt online facility to
calculate these parameters with the help of standard formulae. The formulae
and the normal values of the various haemodynamic parameters are shown in
Table 4.1.

Table 4.1: Standard formulae and normal values of haemodynamic parameters
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(CI: cardiac index, CO: cardiac output, BSA: body surface area, SV: stroke volume, SI: stroke index,
LVSWTI: left ventricular stroke work index, RVSWI: right ventricular stroke work index, MAP: mean
arterial pressure, PCWP: pulmonary capillary wedge pressure, MPAP: mean pulmonary artery pressure,
CVP: central venous pressure, SVR: systemic vascular resistance, SVRI: systemic vascular resistance
index, PVR: pulmonary vascular resistance, PVRI: pulmonary vascular resistance index).

These values can be used to interpret the ventricular function. Determining
an ideal CVP or PCWP in often a clinical challenge as the pressure-volume
relationship of the LV is not linear. At the extremes of high and low values,
the interpretation is more obvious, but things are rarely so clear-cut in a sick
patient. Hence optimal CVP or PCWP is often chosen empirically. A fluid
challenge (250 to 500 mL of crystalloid or colloid given over 15 min.) can be
useful in determining the optimal filling pressure. Small increases in PCWP
suggest that the ventricle is operating on the flat portion of the diastolic
filling curve (can take more volume), and large increases in PCWP suggest
that the steep portion of the curve has been reached (no more volume
required). The Starling curve can be used to interpret the data and institute



therapy. Figure 4.28 merely illustrates the relationship between systolic blood
pressure, CVP or PCWP and the normal or failing heart. The curve can be
utilized by choosing empirical values as follows:

Marmal

100

— ————

Failing

Systolic blood pressure (mm Hg)

PCWP = 15
CVP = 10

Figure 4.28: Diagram illustrating the relationship between systolic blood pressure (presuming it is
directly related to the cardiac output) and pulmonary capillary wedge pressure (PCWP) or central
venous pressure (CVP) in normal and failing heart. For details refer to the text.

The patient needs transfusion, if the systolic pressure is less than 100 mm
Hg when the CVP is less than 10 mm Hg or PCWP is less than 15 mm Hg.
Inotropic support is required, if the systolic pressure is less than 100 mm Hg
when the CVP is more than 10 mm Hg or PCWP is more than 15 mm Hg.
Cardiac tamponade, however, should be ruled out in this situation. In
addition, diuretics may be required. Vasodilators may be used, if there is an
associated increase in the SVR. The SVR is used to assess the response to
inotropes, vasodilators and vasoconstrictive agents. A patient who is
hypotensive in the presence of a normal CO has a low SVR. Thus, depending
upon the various haemodynamic parameters, appropriate therapy can be
instituted.

Other methods for monitoring cardiac output

Over the years, some other less invasive methods of monitoring CO have
been described. These include ultrasound based methods, (oesophageal
Doppler and suparsternal Doppler), bioimpedence, pulse contour analysis,



partial CO, rebreathing, and lithium dilution. Amongst these, oesophageal

Doppler and pulse contour analysis that provide continuous CO
measurements have been used in cardiac surgery.

The oesophageal Doppler measures the Doppler shift frequency, which is
directly related to the velocity of blood in the descending thoracic aorta. The
SV is calculated by the formula

SV = VTI x CSA where SV is stroke volume (mL), VTT = velocity time
integral and CSA = cross-sectional area of the aorta. Since the method
interogates blood flow in the descending thoracic aorta, it measures only a
fraction of total CO. Therefore, in order to calculate the CO, some
assumptions are made such as blood flow in the descending thoracic aorta is
70 percent of total CO and cross-sectional area of the aorta remains constant
throughout systole. The device is easy to use, minimally invasive and can be
useful in a tracheally intubated patient, if PAC cannot be inserted or is
contraindicated. The technique has been validated in comparison with
thermodilution by several studies.”2Z# The limitations are that it provides
only an estimate of total CO, is inaccurate in patients with aortic valve
disease or thoracic aortic disease, and is not easy in awake patients.
Furthermore, the assumption that aortic blood flow is 70 percent of total CO
is not valid in patients with redistribution of blood flow, e.g. pregnancy and
post-cardiopulmonary bypass.

The pulse contour analysis techniques for the measurement of CO are
attractive because they provide beat-to-beat CO. However, these techniques
usually require frequent calibration to remain accurate over time. The
calibration can be obtained by using transpulmonary thermodilution
(PiCCO™, Pulsion, Germany) or lithium chloride dilution (Pulse CO™,
LIDCO, UK). This increases the invasiveness, the cost, and the complexity of
the procedure. A new self calibrating arterial pulse contour CO monitoring
system (Flo Track/Vigileo™) is now available. It is less invasive than the
PAC and needs a flow sensor that is connected to the standard arterial line.
Controversies exist among studies regarding the ability of this technique to
provide reliable stroke volume estimation.Z2 Three different versions of the
Vigileo software have been used, and the exact algorithm remains
undisclosed by the manufacturer. A reasonable quality of arterial pressure
waveform is needed for accurate identification of systole and diastole. This
might not exist in patients with severe tachycardia or dysrhythmia.



Transoesophageal Echocardiography

The use of TOE during intraoperative as well as postoperative period has
advanced greatly during the last decade. The echocardiographic imaging
system along with simultaneous representation of intracardiac blood flow in
real time (Doppler colour flow imaging) has transformed the field of
noninvasive diagnostic cardiology. It has been found to be very useful
particularly during cardiac surgery and numerous applications have been
developed including its ability to alter surgical management and to predict the
outcome.”® In addition, it can also be used in cardiac patients undergoing
non-cardiac surgery as well as in the intensive care units.

In echocardiography, the heart and great vessels are probed with
ultrasound (sound with frequency above 20,000 Hz) which is the sound
above the human audible range. The ultrasound is partially reflected by the
cardiac structures. From these reflections, information on distance, velocity
and density of objects within the chest is derived. Perioperative TOE was
introduced in cardiac anaesthesia in the late 1980s in the USA, and it
extended to the UK and European cardiothoracic centres in the mid-1990s.7Z
In India, it was introduced in the cardiac operating room in the late 1990s (in
1998 in the author’s unit). Since then, its use has expanded enormously and is
now a recognized perioperative diagnostic tool rather than just a monitoring
device providing new and important information guiding through both the

surgery and anaesthesia.”®

Imaging techniques

The most simple form of ultrasound imaging is M-mode echocardiography.
The density and position of all the tissues in the path of a narrow ultrasound
beam are displayed as a scroll on a video screen. As only a limited part of the
heart is being observed at any one time, and because the image requires
considerable interpretation, M-mode is not used as a primary imaging
technique. The mode is, however, useful for the precise timing of events with
the cardiac cycle. Quantitative measurements of size, distance and velocity
are also easily performed in M-mode.

Two-dimensional mode
In this mode, rapid repetitive scanning along many different radii within an



area in the shape of a fan (sector), generates a 2-D image of a section of the
heart. The image thus formed resembles an anatomical section and is more
easily interpreted. Images are displayed in “realtime” on a monitor screen and
by altering the position or angle of the ultrasound beam, the operator can
produce several cross-sectional images of the heart and great vessels.

Doppler Technique

Most modern machines combine Doppler capabilities with 2-D imaging.
After the desired image of the heart has been obtained by 2-D
echocardiography, the Doppler beam represented by a cursor is superimposed
on the 2-D image. The cursor is positioned as parallel as possible to the
assumed direction of blood flow to optimise the audio and visual
representations of the reflected signal.

The blood flow velocities are quantified by measuring the Doppler shift,
which is a shift in the frequency of a wave when the source of wave (moving
red cell) is moving. This is achieved either by the use of pulsed-wave (PWD)
or continuous-wave Doppler (CWD) techniques. Pulses of sound are emitted
and received by a single crystal in the PWD, and two separate crystals; one to
emit ultrasound and another to receive it continuously are used in the CWD.

Colour Doppler

Colour Doppler imaging permits sampling of the Doppler shift
simultaneously in a wide area of the sector scan. A colour code is used to
denote flow towards (red) and away (blue) from the transducer. Relatively
faster and slower velocities are depicted by lighter and darker shades of red
and blue respectively. When the ultrasonograph detects two different
velocities within the same sample volume (as in the turbulent flow produced
in mitral regurgitation), a mixture of colours (mosaic) is displayed, which is
commonly termed as “colour jet”. Colour Doppler is useful in the recognition
of valvular abnormalities and intracardiac shunts.

Equipment

Because fat, bone and air containing lung interfere with sound wave
penetration, clear transthoracic echocardiogram views are difficult to obtain
in patients with obesity, emphysema or abnormal chest wall anatomy. TOE
transducers were developed to avoid these problems. Sound waves emitted
from an oesophageal transducer only have to pass through the oesophageal



wall and pericardium to reach the heart, thus there is less likelihood of image
distortion. In addition, there are potentially new echocardiographic windows.
The other advantages of TOE include a steady transducer position and a
possibility of obtaining continuous recordings of the cardiac activity for
prolonged periods of time. 2-D TOE was first performed with a mechanical
system in 1977.22 Subsequently, phased array transducers were mounted on
the gastroscope®®8l allowing greater flexibility and control. These probes
allowed 2-D scanning of the heart through many planes and became the
prototypes of the currently used models. The simplest TOE probe has one
phased array transducer. The ultrasound beam is oriented at right angles to
the gastroscope to create transverse imaging planes of the heart. Biplane
transducers integrate a second transducer mounted proximal and at right
angles to the first one. This offers longitudinal imaging plane. The currently
available TOE probes employ a multiplane 3.7 to 7.5 MHz transducer that is
mounted on the tip of a gastroscope housing. The tip can be manipulated by
the adjustment of rotary knobs (wheels) placed at the proximal handle. One
of the wheels anteflexes and retroflexes the transducer and the other flexes
the transducer rightward or leftward. In addition, the multiplane transducer
can be made to spin on its axis within the transducer housing from 0 to 180
degrees with the help of buttons on the handle. This helps to provide many
echocardiacgraphic windows. The TOE console and the probe are shown in
figure 4.29, and the movement of the transducer beam at various levels is
show in figures 4.30A to E.

The American Society of Anesthesiologists and the Society of
Cardiovascular Anesthesiologists established the task force to develop
evidence based guidelines on the proper indications for performing TOE in
the operating setting in 199682, these were updated in the year 2010.83

Procedure

In the operating room, the TOE machine is positioned behind the patient’s
head placed on the left side. The probe should be inserted smoothly without
application of undue force. The biting block should be used in all patients
except in the edentulous so that injury to the probe by the teeth is prevented
during its movement. It is a good practice to aspirate the stomach (air and
gastric secretions) in order to improve the acoustic window and the picture
quality. The operator gently introduces the lubricated (with lignocaine jelly)



transducer tip into the oropharynx. Once in the oropharynx, the probe is
anteflexed (by the control wheel on the handle) and advanced into the
oesophagus. This blind technique of probe insertion is almost always
successful, however, in some patients, direct laryngoscopy may be required.
It is preferable to use a laryngoscope rather than applying undue force to
insert the probe so that unnecessary injury to the structures is avoided. Once
into the oesophagus, the probe is advanced approximately 30 cm from the
teeth and is connected to the console. Ahyperinflated cuff of the endotracheal
tube may offer resistance high in the oesophagus, while stenosis or stricture
of the hiatus may do so lower down in the oesophagus. It must be
remembered that undue force should never be applied to overcome any
resistance at any stage of insertion of the probe.



Figure 4.29: A: Adult TOE Probe. The probe is a 100-cm modified gastroscope. There are two control
knobs present on the handle of the probe. The larger inner knob (arrow 1) controls anterior and



posterior flexion and the smaller outer knob (arrow 2) controls leftward and rightward angulation. B:
Close up of the tip of the probe. C: The TOE console.
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Figure 4.30A: Diagrammatic representation of the transverse ultrasound beam in the mid-oesophageal
view directed through the aortic valve.



Figure 4.30B: Diagrammatic representation of the longitudinal ultrasound beam in the mid-
oesophageal view.



Figure 4.30C: Diagrammatic representation of the longitudinal ultrasound beam through the ascending
aorta, aortic valve and left ventricular outflow tract.




Figure 4.30D: Diagrammatic representation of the transverse ultrasound beam through the left
ventricle at the level of papillary muscle (transgastric view).
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Figure 4.30E: Diagrammatic representation of the ultrasound beam in the deep transgastric view.

Table 4.2: Showing the 20 standard cross-sectional views and their abbreviated names

Upper- Mid-oesophageal Transgastric
oesophageal
UE aortic arch LAX  ME four-chamber TG mid SAX

UE aortic arch SAX

ME Two-chamber

ME LAX

ME mitral commissural
ME AV SAX

ME AV LAX

ME bicaval

ME RV inflow-outflow
ME asc aortic SAX
ME asc aortic LAX
desc aortic SAX

desc aortic LAX

TG two chamber
TG basal SAX
TG LAX

Deep TG LAX
TG RV inflow




(UE: upper-esophageal, ME: mid-esophageal, TG: trans-gastric,
LAX: long-axis, SAX: short-axis, AV: aortic valve, RV: right
ventricle)

TOE views

The practice guidelines of the American Society of Echocardiography (ASE)
Council for Intraoperative Echocardiography and the Society of
Cardiovascular  Anesthesiologists Task Force for Certification in
Perioperative Transesophageal Echocardiography recommend 20 standard
views for comprehensive TOE examination (Table 4.2).84

In clinical practice, most practitioners believe that unless urgency
precludes, all patients should have full and comprehensive examination of the
heart and as much of the great vessels as can be seen. This should include the
pulmonary veins, and the vena-cava and hepatic veins.

The order in which the examination proceeds may vary from examiner to
examiner. In general, the mid-oesophageal views are obtained first. With the
TOE imaging plane at 0°, a four-chamber view demonstrating the basal and
mid segments of the inf ero-septum and anterolateral LV wall is obtained
(Fig. 4.31) at 30-35 cm depth at upper incisors. This view demonstrates the
mitral valve (MV), tricuspid valve (TV), LA, right atrium (RA), RV, inter-
atrial septum (IAS), and the inter-ventricular septum (IVS). Colour Doppler
is applied to assess the valvular regurgitation ensuring that the colour sector
includes the LA portion of any mitral regurgitation (MR) jet as well as the
ventricular aspect to detect any flow convergence caused by the MR. The
transmitral flow velocity profile can be examined using the spectral PWD.
The fourchamber view also demonstrates the septal leaflet of the TV, and if
the probe is retroflexed, the posterior leaflet of the TV. By advancing the
probe little further by 1 to 2 cm, coronary sinus opening into the RA can be
seen (Fig. 4.32). The mid-oesophageal two-chamber view (Fig. 4.33) is
obtained by rotating the multiplane angle to between 80° and 100° until the
LA and LV appear. This cross-section shows the basal, mid, and apical
segments of the LV in each of the anterior and inferior walls. It also shows
the LA appendage. The mitral commissural view (Fig. 4.34) is obtained at
60° to 80° and shows the P;-A, and A,-P; coaptation points. The mid-

oesophageal long-axis view (Fig. 4.35) is obtained by rotating the transducer
to 135°. It shows the antero-septal and infero-lateral wall segments of the LV.
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Figure 4.31: Mid-oesophageal four-chamber view (0°). A: Diagrammatic representation. B: This is the
standard four-chamber view with both atria and both ventricles. The lateral free walls of both ventricles
and the infero-septal portion of the inter-ventricular septum are seen. The mitral valve is close to the
transducer and can be examined in detail. (RA: right atrium, LA: left atrium, RV: right ventricle, L'V:
left ventricle).
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Figure 4.32: Coronary sinus. A: Diagrammatic representation. B: By advancing the probe a little
further (1 to 2 cm) after obtaining the four-chamber view, the coronary sinus can be profiled opening
into the right atrium (LA: left atrium, RA: right atrium, RV: right ventricle, LV: left ventricle, CS:
coronary sinus).
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Figure 4.33: Mid-oesophageal two-chamber view. A: Diagrammatic representation. B: By rotating the
plane to 90°, the two-chamber view with the left atrium at the top and the left ventricle below is
obtained. The view helps to examine the mitral valve and the left ventricular wall motion abnormality
of the inferior wall (left of the sector) and anterior wall (right of the sector). The left atrial appendage

can also be seen (LA: left atrium, LV: left ventricle, LAA: left atrial appendage).

Figure 4.34: Mid-oesophageal mitral commissural view showing 2 coaptation points (arrows). Please
refer to the text for details (LA: left atrium, LV: left ventricle).

The mid-oesophageal five-chamber view is obtained by gently
withdrawing the probe from the four-chamber view till the appearance of the
left ventricular outflow tract (LVOT) and the aortic valve (AV) (Fig. 4.36).



The A, segment of the anterior mitral leaflet is to the left and the P; scallop
of the posterior mitral leaflet is to the right of the imaging sector.
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Figure 4.35: Mid-oesophageal long-axis view (130—150°). A: Diagrammatic representation. B:
Rotation of the plane to 130-150° shows the long axis view of the left atrium, left ventricular outflow,
aortic valve and a part of the ascending aorta (LA: left atrium, LV: left ventricle, RV: right ventricle,
AOQ: aorta, AV: aortic valve).

Figure 4.36: The mid-oesophageal five-chamber view showing the left ventricular outflow tract
(LVOT). (LA: left atrium, LV: left ventricle, RV: right ventricle).

Next, the mid-oesophageal AV short-axis view (Fig. 4.37) is obtained by
withdrawing the probe by 3-5 cm and adjusting the multiplane angle to 20°
to 30°. The probe may have to be rotated clockwise in order to display the
AV. The image depth is adjusted to 10-12 cm as required to position the AV
in the centre of the display screen. By increasing the angle to 60°-80°, the RV
inflowoutflow view is obtained (Fig. 4.38). This is an excellent view to



examine the RV outflow as well as the RV free wall contractility. Finally, the
mid-oesophageal AV long-axis view (Fig. 4.39) is obtained by rotating the
multiplane angle to between 120° and 160°, until the LVOT, AV, and the
proximal ascending aorta come into view. The mid-oesophageal bicaval view
(Fig. 4.40) is obtained from the mid-oesophageal AV long-axis view by
turning the probe clockwise until both SVC and the IVC come into view.
This view provides an excellent image of the IAS as well as the body and
appendage of the RA and the vena-cavae. It is particularly useful for
diagnosing the superior sinus-venous type of atrial septal defect (ASD). By
withdrawing the probe upwards, the SVC-RA junction and the cross-section
of the right pulmonary artery can be seen. Colour Doppler examination at this
point reveals the right upper pulmonary vein draining into the LA (Fig. 4.41).

Trans-gastric views

Next, the multiplane angle is set at zero and the probe is advanced into the
stomach to obtain the trans-gastric views. By anteflexing the tip and
clockwise rotation of the probe, the transverse section of the LV comes into
view. The mid-papillary view shows the two papillary muscles clearly (Fig.
4.42). This cross-section shows the six mid-level segments of the LV and is
the most popular view for monitoring the LV function, as it simultaneously
shows portions of the LV supplied by the right, the circumflex, and the left
anterior descending coronary arteries. The view is also used for assessing the
LV chamber size and the wall thickness at end-diastole. Normal LV short-
axis diameter is less than 55 mm, and the L'V wall thickness is less than 1.2
cm. By withdrawing the probe upwards, the basal trans-gastric view of the
LV (showing cross-section of the MV) is obtained (Fig. 4.43). Next, the
multiplane angle is rotated to 90° to show the trans-gastric two-chamber view
showing LV in long-axis with the apex to the left and mitral annulus to the
right of the display (Fig. 4.44). This view shows the basal and mid segments
of the inferior and anterior walls, but usually not the apex. The subvalvular
apparatus of the MV also can be examined in this view. The trans-gastric
long-axis view is obtained by increasing the angle to 120° and withdrawing
the probe a little bit (Fig. 4.45). The LVOT and the AV can be seen. This
view can be utilized to measure the gradients across the AV, as the Doppler
beam can be aligned with the aortic flow.



Figure 4.37: Mid-oesophageal aortic valve short axis view: 40—60°. A: Diagrammatic representation.
B: This is an important view that images the aortic valve in short axis. The left coronary cusp (L) is on
the right side, the right coronary cusp (R) is at the bottom and the non-coronary cusp (N) lies on the
left. C: The left main coronary artery can be seen originating at this level (arrow) and can be followed
further till its bifurcation (LA: left atrium, RA: right atrium, RV: right ventricle).
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Figure 4.38: Mid-oesophageal right ventricular inflow-outflow view (60-100°). A: Diagrammatic
representation. B: The transverse section of the aorta remains in the centre and left atrium lies at the top




of the screen, while from left to right, the right atrium, tricuspid valve, right ventricle, pulmonary valve,

and the main pulmonary artery are visualised as they circle around the aorta. The view is useful for the

evaluation of the right ventricular outflow tract, especially in the congenital lesions involving the right

ventricle and pulmonary artery. (LA: left atrium, RA: right atrium, AO: aorta, RVOT: right ventricular
outflow tract, PA: pulmonary artery).
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Figure 4.39: Mid-oesophageal aortic valve long-axis view (110-130°). A: Diagrammatic
representation. B: The imaging plane beyond 110° displays the distal part of the left ventricular outflow
tract, the aortic valve and the ascending aorta in the longitudinal axis. (LA: left atrium, LVOT: left
ventricular outflow tract, AV: aortic valve, RV: right ventricle, AO: aorta).
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Figure 4.40: Mid-oesophageal bicaval view (120-130°). A: Diagrammatic representation. B: This is an
extremely important view for evaluating the anatomy of the inter-atrial septum. Inferior vena-cava is
seen on the left, superior vena-cava on the right connected by the inter-atrial septum. Left atrium lies at
the top. The TOE probe needs to be rotated clockwise to obtain this view (LA: left atrium, IVC: inferior
vena-cava, SVC: superior vena-cava, RA: right atrium, RAA: right atrial appendage).



Figure 4.41: Modified bicaval view (colour flow) showing the right upper pulmonary vein (RUPV)
opening in the left atrium (LA) (RA: right atrium).

Figure 4.42: Trans-gastric mid-papillary short-axis view. A: Diagrammatic representation. B: The
standard short-axis view of the left ventricle at mid-papillary muscle level. The inferior left ventricular
wall lies at the top of the section, close to the transducer, and the anterior wall at the bottom. The inter-

ventricular septum is located on the left of the image and the lateral wall is seen on the right side.
(PMPM: postero-medial papillary muscle, ALPM: antero-lateral papillary muscle, IVS: interventricular
septum, LV: left ventricle, RV: right ventricle).



Figure 4.43: Trans-gastric basal short-axis view. A: Diagrammatic representation. B: Actual image.
(AML: anterior mitral leaflet, PML: posterior mitral leaflet).

Figure 4.44: Trans-gastric two-chamber view. This view is derived from the mid-papillary short-axis
view of the left ventricle by rotating the imaging plane from 0 to 90° and beyond. At 90 degrees, the
long-axis view of the left atrium, mitral valve, two papillary muscles and the left ventricle are obtained.
The anterior wall of the left ventricle is at the bottom, while the inferior wall is at the top (LA: left
atrium, LV: left ventricle, APM: anterior papillary muscle).

The deep transgastric view is obtained by advancing the probe deep into
the stomach and positioning it adjacent to the LV apex. The probe is
anteflexed to direct the imaging plane superiorly towards the base of the
heart. The probe is then withdrawn gradually until the longitudinal section of
the heart appears (Fig. 4.46). The image depth should be decreased as
required to position the image at the centre of the display screen. The tip of
the probe may have to be moved sideways (by the knob on the handle or by



rotating the probe) to centre the image. This is a difficult view to obtain, but
with a little practice, it can be obtained in most patients. Since, the LVOT,
AV and the ascending aorta can be nicely aligned with the Doppler beam, it
is an important view for measuring the AV gradients and the CO.

Aorta

The aorta can be examined almost completely barring the part of the
ascending aorta where the trachea is interposed between the oesophagus and
the aorta. The AV short-axis view is achieved and the probe is slowly
withdrawn 1 to 3 cm while keeping the aorta in the centre of the screen (Fig.
4.47). As the probe is withdrawn, the sections of the ascending aorta are seen
until the image is lost due to interposed trachea. The probe is reinserted and
the multiplane angle is increased to 100 to 120 degrees to view the ascending
aorta in long-axis (Fig. 4.48). These views are useful for the diagnosis of
aortic dissection and aortic atheromas. Next, the transducer is returned to zero
degree and the probe turned anti-clockwise to reveal the descending thoracic
aorta in short-axis (Fig. 4.49A). The probe is advanced while maintaining the
aorta at the centre of the screen until the entire descending aorta is examined.
The manoeuvre is repeated with the transducer at 90° to examine the
descending aorta in longitudinal section (Fig. 4.49B). Next, the transducer is
returned to zero degree and the probe withdrawn until the distal aortic arch is
reached when the circular aortic image changes to oval (Fig. 4.50). Rotating
the transducer to 90° reveals the distal arch in short-axis with the pulmonary
artery in long-axis (Fig. 4.51). The probe is turned anti-clockwise until the
aorta just disappears from view and then slowly turned clockwise to visualize
the take-off of the left subclavian artery. All these aortic views are useful for
the diagnosis of aortic dissection and atheromas.



Figure 4.45: Trans-gastric long-axis view. A: Diagrammatic representation. B: At 110 to 120 degrees,
the left ventricular outflow tract is seen to open into the aorta in its longitudinal course. This view can
be used to evaluate the subvalvular apparatus of the mitral valve and the anterior and inferior wall of
the left ventricle (LA: left atrium, LV: left ventricle, AML: anterior mitral leaflet, PML: posterior
mitral leaflet, LVOT: left ventricular outflow tract, AV: aortic valve, RV: right ventricle).

Figure 4.46: Deep trans-gastric view. A: Diagrammatic representation. B: With the imaging plane at
0°, a three chamber view with the left ventricular outflow tract, aortic valve and a proximal portion of
the ascending aorta in the centre (left of the left atrium) is obtained. As this view allows an excellent
alignment of the ultrasound beam and the blood flow out of the left ventricle, it remains the best view
for Doppler measurement of cardiac output and the Doppler quantification of aortic stenosis (LV: left
ventricle, LVOT: left ventricular outflow tract, AO: aorta, LA: left atrium, RV: right ventricle).
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Figure 4.47: Mid-oesophageal ascending aortic short-axis view (AO: aorta MPA: main pulmonary
artery, RPA: right pulmonary artery).




Figures 4.49: Descending aortic short-axis view (A) and long-axis view with
colour flow (B).

Pulmonary veins

The left upper pulmonary vein (LUPV) is the easiest pulmonary vein to
image. From the AV short-axis view at 20 to 30 degrees, the probe is turned
counter-clockwise and pulled up slightly, the LUPV lies above the LA
appendage. (Fig. 4.52) The left lower pulmonary vein (LLPV) is the most
difficult pulmonary vein to image. One technique is to image the LUPV,
keeping it in view, the transducer angle is increased to 90°, the left-sided
veins can be visualized as an inverted ‘V’ (Fig. 4.53). The right pulmonary
veins can be visualized by turning the probe clockwise from the AV short-
axis view at 20° to 30°. The right lower pulmonary vein (RLPV) is imaged
above and perpendicular to the LA and the right upper pulmonary vein
(RUPV) is imaged below to the RLPV (Fig. 4.54). The RUPV can also be
visualized in the bicaval view at 120° by withdrawing the probe to see the
SVC-RA junction. The application of colour Doppler shows the RUPV blood
flow draining into the LA (Fig. 4.41).
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Figure 4.50: Upper-oesophageal aortic arch long-axis view at zero degree.



Figure 4.51: Upper-oesophageal aortic arch short-axis view with colour flow at 95 degrees: It shows
the transverse section of the aortic arch and longitudinal section of the pulmonary artery (AA: aortic
arch, PA: pulmonary artery, PV: pulmonary valve).

Figure 4.52: Left pulmonary vein view (20 to 40°). A: Diagrammatic representation. B: At 0-30°
imaging plane, the left pulmonary vein can be visualised above the left atrial appendage. The left upper
pulmonary vein has a more vertical and the lower one has a more horizontal course. This view can be
used for Doppler interrogation of the pulmonary veins (L A: left atrium, LV: left ventricle, LUPV: left-
upper pulmonary vein).



Figure 4.53: Colour flow mapping showing the left upper pulmonary vein (LUPV) and left lower
pulmonary vein (LLPV) at 112° appearing as an inverted ‘V’

RLPV

A iﬁup
i g

-

Figure 4.54: Upper oesophageal view with colour flow at 11° showing the right upper pulmonary vein
(RUPV) and right lower pulmonary vein (RLPV). (SVC: superior vena-cava)

Clinical Applications

The TOE has become an important diagnostic as well as monitoring tool
inside the cardiac operation theatre (OT) over a period of time. As proper
imaging is essential to draw clearcut conclusions, the operator must be
experienced in the technique. The cardiac anaesthesiologists are gradually

taking over this job (after obtaining adequate training).82



TOE Evaluation of the Heart

A comprehensive TOE examination during cardiac surgery is an accepted
practice nowadays and an increasing number of cardiac centres follow it. In
general, the following can be evaluated.

Evaluation of the ventricular function

Evaluation of the valvular anatomy and function

Evaluation of the aorta

De-airing and separation from the CPB

Other uses: Evaluation of congenital heart defects, prosthetic valves for
valvular malfunction and/or vegetations, intracardiac masses, pericardial
thickening, effusion, or tamponade.

A detailed description of each of these is beyond the scope of this book
and the reader is referred to the standard books on the subject. A brief
overview of the subject in presented.

Evaluation of the ventricular function

Regional wall motion abnormalities

The 17 segment LV model was created by the American Heart Association in
the year 2002 that is used to describe the LV regional wall motion.8® This
model divides the LV into three levels from the base to the apex: basal (six
segments), mid (six segments), and apical (4 segments). The 17th segment in
the true apical segment devoid of cavity (Fig. 4.55). The trans-gastric basal
and mid-papillary views are commonly employed to examine these segments.
The individual myocardial segments are observed for systolic thickening and
for endomyocardial movement. Areas, which do not thicken in systole or
which do not move towards the centre of the ventricle in systole are described
as regional wall motion abnormalities (RWMA). The recommended
qualitative grading scale for wall motion is : 1 = normal (> 30 percent
thickening), 2 = mildly hypokinetic (10 to 30 percent thickening), 3 : severely
hypokinetic (< 10 percent thickening), 4 = akinetic (does not thicken), 5 :
dyskinetic (moves paradoxically during systole).2TOE can detect LV
RWMA before other modalities such as ECG8Z with the potential to resolve
such problems in the OT itself. The RWMAs have been shown to take place
within seconds of insufficient blood flow or oxygen supply.88 Immediate



improvement of regional myocardial function of a previously dysfunctional
segment has been demonstrated after CABG.8220 In addition, prebypass
compensatory hypercontracting segments have been reported to revert
towards normal immediately following successful CABG.2! Persistence of
RWMA s following CABG is related to adverse clinical outcome and absence
of RWMAs following CABG has been shown to be associated with
postoperative course without cardiac morbidity.22
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Figure 4.55: Diagrammatic representation of the left ventricular segments with blood supply (Bl: basal
inferior, BIL: basal infero-lateral, BAL: basal antero-lateral, BA: basal anterior, BAS: basal antero-
septal, BIS: basal infero-septal. Ml: mid-inferior, MIL: mid infero-lateral, MAL: mid anterolateral,
MA: mid anterior, MAS: mid antero-septal, MIS: mid infero-septal, Al: apical inferior, AL: apical

lateral, AA: apical anterior, AS: apical septal, LAD: left anterior descending artery, L.Cx: left
circumflex artery, RCA: right coronary artery)

Systolic Function

Quantitative assessment of the LV systolic function can be made by
measuring different systolic indices. The most commonly used parameter of
systolic function is ejection fraction (EF), which is calculated using the
formula: EF = EDV - ESV/EDV, where EDV is end-diastolic volume, and
ESV is end-systolic volume. The mid-oesophageal 4-chamber and 2-chamber
views are utilised for the volume measurements. An echocardiographer may



become efficient in visually estimating the EF, however, accuracy depends
upon the individual’s skill and inter-observer measurements may vary
considerably. =~ The ASE recommends that even experienced
echocardiographers should regularly cross check quantitative evaluations
against calibrated measurements.23 Fractional shortening (FS) is calculated
using the formula, FS = LV end-diastolic diameter - LV end-systolic
diameter/LV end-diastolic diameter. The transgastric view (2-D or M-mode)
is used for the measurements. FS only assesses mid or basal segments and is
a poor reflection of the overall LV function. The fractional area change
(FAC) in calculated from the formula: LVEDA-LVESA/LVEDA, where
LVEDA is left ventricular end-diastolic area, and LVESA is left ventricular
end-systolic area. The area is measured in the trans-gastric mid-papillary
short-axis view using eye ball technique for largest end-diastolic and smallest
end-systolic size. Normal global function with no RWMA is assumed. Some
other quantitative measurements of the LV systolic function are, LV wall
thickness, LV mass, and rate of ventricular pressure rise (dP/dT).

Diastolic Function

The diastolic function of the LV is determined by the PWD recording of the
trans-mitral diastolic flow velocity and the pulmonary venous flow velocity.
In addition, the isovolumetric relaxation time is also used. The trans-mitral
diastolic flow velocity is obtained by placing the sample volume at the tip of
the mitral valve leaflet. A typical velocity pattern is biphasic, an initial peak
flow velocity (E wave) occurs during early diastolic filling and a later peak
flow velocity (A wave) occurs during the atrial systole. The interposed period
of diastasis usually has rninirnal or no flow (Fig. 4.56). The pulmonary
venous flow velocity is obtained by placing the sample volume within one
cm of the opening of the pulmonary vein into the LA (Fig. 4.57). The
diastolic dysfunction progresses from impaired relaxation to restrictive
pathophysiology. During this transition, the transmitral flow profile may
assume a pseudonormal pattern with normal E/A ratio. This can be
differentiated from the normal by pulmonary venous flow velocity that shows
obtunded systolic wave. Table 4.3 shows the phases of diastolic dysfunction
as determined by the echocardiography.
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Figure 4.56: Trans-mitral flow on pulsed wave Doppler in a patient with normal left ventricular
function. Note the early diastolic filling (E) and late diastolic filling (A) waves, with a normal E/A ratio

Figure 4.57: Pulsed wave Doppler from left upper pulmonary vein. Note the normal waveform
(antegrade systolic S, diastolic D, and retrograde A waves).

Evaluation of ventricular filling and cardiac output

TOE reveals changes in LV preload very reliably. The trans-gastric mid-
papillary view can be used to measure the end-diastolic area (EDA), an area
of < 12 cm? indicates hypovolemia. Such quantitative measurement of LV

volume is well validated,2* but it is tedious to perform intraoperatively.
Clinicians, therefore, assess the LV filling by ‘eyeballing’ the image. TOE



can precisely measure the CO by measuring both velocity and cross-sectional
area of the blood flow at the LVOT or aorta. The product of these
measurements gives the stroke volume. It has been shown to have a good
agreement with the thermodilution method. A deep trans-gastric view is used
for the measurements that are performed by the built-in software of the TOE
machine.

Evaluation of valvular anatomy and function
TOE has profoundly influenced valvular heart surgery by providing
intraoperative evaluation of the native valves as well as replaced or repaired
valves so that revisions if any, can be performed immediately. This has been
especially so in patients undergoing mitral valve repair.22 TOE can identify
the mechanism of failure as well as complication such as systolic anterior
motion (SAM) and guide therapy.2® During valve replacement surgery, TOE
is useful in detecting the paravalular leaks, immobilized leaflets and any other
abnormality.2Z

The mitral valve can be evaluated easily with TOE on mid-oesophageal
four-chamber, two-chamber, commissural, long-axis or basal trans-gastric
short-axis views. In mitral stenosis, the 2-D imaging reveals thickened and
doming leaflets with poor opening. Colour Doppler reveals flow acceleration
into the stenotic orifice (Fig. 4.58). PWD and CWD show characteristic flow
pattern (Fig. 4.59). The software for performing the calculation of the mitral
valve area by pressure half-time is built in the machine. In addition, LA
enlargement and spontaneous echo contrast in the LA can be seen (Fig. 4.60).
Thrombus in the LA and LA appendage should be carefully evaluated in all
patients with mitral stenosis.

Table 4.3: Phases of diastolic dysfunction as determined by the echocardiography

Parameter Normal Impaired relaxation Pseudo normal Restrictive filling
filling

E wave DT (ms) 160-240 > 240 160-200 < 160

IVET (ms) 70=00 =90 <90 =70

E:A 1=2 <1 1-1.5 =15

Am : Ap duration Am = AP Am > Ap Am < Ap Am << Ap

PV, PV PV >FV Y. > PV FV <PV PV, << PV,

DT: deceleration time, ms: milli second, IVRT; isovolumetric relaxation time, Am : Ap ratio : ratio of
mitral (Am) and pulmonary venous inflow (Ap) “A” wave duration, PVg: Pulmonary venous systolic

flow, PVpy: Pulmonary venous diastolic flow.

The presence and degree of MR are evaluated in the same views as



described for the evaluation of mitral stenosis. Typically, the reguigitant jet
width at the origin (vena-contracta), jet area and the jet depth into the LA are
evaluated. Severe regurgitation is diagnosed on the basis of wide vena-
contracta (more than 6 mm), jet area more than 8 cm? and extending deep
into the LA into the pulmonary veins (Fig. 4.61). Eccentrically directed jet
should be generally considered severe necessitating closer evaluation before
labeling otherwise. Systolic reversal of pulmonary venous flow can be
present in severe MR (Fig. 4.62).

Figure 4.58: Mid-oesophageal view at 120° in a patient with mitral stenosis showing turbulent diastolic
flow with flow acceleration across the mitral valve (arrow). (L A: left atrium, LV: left ventricle).

Figure 4.59: Continuous wave Doppler across the stenosed mitral valve showng increased velocity and
the decceleration time. The pressure half-time method to calculate the mitral valve area can be used
with this trace.



Figure 4.60: A patient with severe mitral stenosis. Note the doming of the mitral leaflets (arrow) and
the dense left atrial spontaneous echo contrast (SEC).

Mild regurgitation is characterized by a narrow vena-contracta (< 3 mm),
jet area of < 4 cm? and occupying < 20 percent of LA cross-sectional area.
Moderate regurgitation has a vena-contracta of 4 to 6 cm, jet area of 4 to 8
cm?, and occupying 20 to 40 percent of LA cross-sectional area.

There are several other criteria described for evaluating the MR. Amongst
these, the quantitative measures such as the reguigitant orifice area based on
proximal isovelocity surface area are less frequently used in the OT because
of time constraints.

The degree of aortic stenosis can be evaluated easily in mid-oesophageal
AV short-axis view where the extent of leaflet opening can be estimated
visually or the orifice area can be measured by planimetry. Marked leaflet
thickening and calcification leading to severely restricted valve opening (< 1
cm?) is present in severe stenosis (Fig. 4.63). The gradient across the valve
can be reliably measured by CWD in deep trans-gastric view (Fig. 4.64). A
peak gradient of > 60 mm Hg signifies severe stenosis. Other valuable
information that can be obtained includes dimensions of the annulus,
sinotubular junction and ascending aorta (mid-oesophageal AV long-axis
view). The same view is useful for evaluating the aortic regurgitation. The
regurgitation jet can be visualized in the LVOT during diastole. The vena
contracta (> 6 mm) and the ratio of jet width to the LVOT diameter (70
percent) are utilized for estimating the severity of regurgitation (Fig. 4.65).



Figure 4.61: Mid-oesophageal 4-chamber view showing severe mitral regurgitation, central jet (A) and
eccentric jet (B) Note the vena contracta at the level of the mitral valve and the flow convergence (B)
(LA: left atrium, LV: left ventricle).

Figure 4.62: Pulsed wave Doppler from left pulmonary vein in a patient with severe mitral
regurgitation. Note the systolic reversal (S).



Figure 4.63: A patient with congenital bicuspid aortic valve. Note the eccentric orifice of the valve
(panel A transverse section and panel B, longitudinal section). Panels C and D show the turbulent
systolic flow across the valve due to severe degree of aortic stenosis.



Figure 4.64: Trans-gastric view showing continuous wave spectral Doppler across the aortic valve with
a flow velocity of around 4 m/s giving a peak gradient of around 64 mm Hg.

Figure 4.65: A patient with severe aortic regurgitation. Colour flow across the aortic valve shows the
regurgitant flow in diastole (LA: left atrium, LV: left ventricle, AO: aorta, RV: right ventricle).

TOE as intraoperative diagnostic tool

TOE can reveal new diagnostic findings before incision leading to changes in
the surgical management. A study involving 5016 patients revealed that
prebypass TOE evaluation led to modification of the surgical procedure in 27
percent of patients undergoing coronary surgery and 11 percent undergoing



valve surgery.28 Subsequent studies have reported similar findings, but the
percentage of patients requiring change in the surgical plan have been
variable 22100

The diagnostic capabilities of TOE are also useful in rapid assessment of
patients undergoing emergency surgery without adequate prior evaluation.
Diagnosis of pericardial effusion, atrial septal defect, pulmonary venous
drainage, atrial thrombi, valvular anatomy, aortic dissection and aneurysm
can be made in the OT.

Examination of the aorta

The thoracic aorta can be divided into 4 sections; aortic root (AV to
sinotubular junction), ascending aorta (sinotubular junction to innominate
artery), arch (innominate artery to left subclavian artery), and descending
aorta (distal to the left subclavian artery). The ascending aorta measures 7 to
11 cm, the aortic diameter is 35 + 2 mm and the wall thickness is 1 to 2 mm.
Evaluation of the athermatous disease of the aorta is extremely important
during TOE examination. The presence of atheromas, especially grade 4
(protrudes > 5 mm into the aortic lumen), and grade 5 (mobile atheromas of
any size), and the location is an invaluable piece of information to the
surgeon. It can help the surgeon modify the technique (change in the site of
aortic cannulation or cross-clamp, or avoiding the cross clamping altogether,
choosing alternate technique of femoral-femoral bypass, total circulatory
arrest or even replacement of the aorta}lY! in order to avoid major stroke.
Figure 4.66 shows a grade 3,4 atheroma. The other important use of TOE is
the diagnosis of aortic dissection. The TOE findings in aortic dissection are
the presence of an undulating intimal membrane (flap) inside the aortic lumen
(Fig. 4.67) that divides the aortic channel into two lumens (the true and the
false lumens).1% False lumen is usually larger than the true lumen. TOE has
been found to be diagnostically superior and faster than aortography for
detection of the aortic injury.1%3 It is also a quicker and superior tool for the
detection of aortic dissection.

Congenital heart disease

The management of congenital heart diseases (CHD) has been transformed
by the noninvasive cardiovascular imaging. The haemodynamic assessment
that is now possible with echocardiography has decreased the need for



invasive procedures such as cardiac catheterisation.

With the introduction of smaller probes to suit infants, TOE has now
become an important investigative tool in the OT as well as ICTJ. Immediate
on-line assessment of the CHD and its repair both intraoperatively and
postoperatively have been greatly enhanced by the TOE.1% The confirmation
of the adequacy of repair of various congenital lesions by looking at the leaks
across the patch repairs, calculation of gradients across the valves and
conduits, diagnosis of any residual defects and haemodynamic monitoring is
of great help in the successful performance of simple as well as complex
surgical repairs. It has been reported that intraoperative TOE reliably detects

residual cardiac defects in patients undergoing congenital heart surgery.1%

De-airing of cardiac chambers and separation from
CPB

It is an important step before unclamping the aorta in patients undergoing
open-heart procedures. Despite careful de-airing methods that are adopted, air
is invariably left in the LV cavity which might lead to systemic air embo-
lisation. This is particularly so in patients undergoing reoperations in whom
the LV cannot be adequately mobilised to assist in de-airing.

TOE can assist the surgeon to completely de-air the cardiac chambers and
separate the patient from CPB. It is common to see cardiac chambers filled
with micro air emboli. These should be removed as much as possible. The
major concern however, is the presence of macroemboli of air inside the
cardiac chamber. The macro-bubble creates at the blood-air interface a linear,
dense and undulating echo-density. In addition, near total reflection of the
ultrasound beam at the blood-gas interface results in complete shadowing
behind the air collection (Fig. 4.68). Such collections of air should be
removed under echocardiographic guidance by the surgeon via the aortic root
vent by gently massaging the cardiac chambers while the aorta is partially
clamped anteriorly. The dynamic tearing away of the small air bubbles from
the surface of the air pocket into the cardiac chamber can be visualised. The

intermittent bursting of microbubbles has been termed as the “Popcorn

Sign”.106
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Figure 4.66: Intra-operative detection of a large aortic atheroma in descending thoracic aorta (arrow) in
short-axis (A) and long-axis (B) views of aorta. Atherosclerotic lesions of aorta constitute a major
cause of perioperative peripheral embolism and ischaemic events.

Figure 4.67: A patient with aortic dissection. Panel A shows the long-axis view of the ascending aorta
with the dissection flap (arrow). Panel B shows the short-axis view; note the true and false lumina
(arrow). (LA: left atrium, LV: left ventricle, RA: right atrium).

Separation from CPB can be facilitated by confirming the adequacy of the
surgical procedure that has been performed. In this respect, identification of
the prosthetic valve dysfunction, paravalular leaks, residual shunt/defects,
MR secondary to ischaemia and SAM are important. Further, evaluation of
the preload, contractility and RWMAs are crucial and can help to make
appropriate choice of therapy before the CPB is terminated.



Figure 4.68: Mid-oesophageal modified 4-chamber view showing a linear echo density (arrow) caused
by presence of air bubble in the left atrium. Also note the acoustic shadowing caused by air bubble that
gives a deceptive appearance of a foreign body.

Other uses

Some other uses of TOE include the diagnosis of endocarditis (vegetation),
intra-cardiac thrombi and masses, some rare defects and pericardial effusion
(Figs 4.69 to 4.73). In addition, it can assist in positioning of the cannulae
and other devices. In this respect, placement of the intra-aortic balloon
catheter and coronary sinus catheter are important. In robotic off-pump
coronary artery bypass procedures, cannulation of SVC, IVC and endo-aortic
cross-clamp is also assisted by TOE.

Figures 4.69A and B: A large right atrial myxoma prolapsing across the




tricuspid valve in diastole (LA: left atrium, RA: right atrium, RV: right
ventricle, LV: left ventricle).

Tissue Dopple imaging
Tissue Doppler echocardiography measures the velocity of myocardial tissue
using low-pass filters to screen out higher velocities generated by blood flow.
Tissue motion creates Doppler shift and the velocities rarely exceed 20 cm/s.
During image acquisition, the temporal resolution is optimized by selecting
as narrow an image sector as possible, which increases the frame rate.
Patients with normal global LV function have systolic velocities greater
than 7.5 cm/st% whereas velocities < 5.5 cm/s indicate LV failure.l%8 The
mitral annular motion is utilised for assessing the diastolic function. The
tissue Doppler velocity measurements (mitral annulus) are less vulnerable to
the effects of acute changes in loading conditions of the heart. The PWD
sample volume is positioned at the lateral mitral valve annulus to obtain the
tissue Doppler profile, which has a biphasic diastolic component that includes
an initial early (E") and a late (A') diastolic tissue velocity (Fig. 4.74). The
diastolic component thus obtained appears as a mirror image of the trans-
mitral diastolic flow velocity except that the tissue velocities are much lower
in magnitude (8-15 cm/s). In healthy patients, the peak E' is greater than A'.
E' and E'/A' decline with age and are reduced in LV hypertrophy. E' remains
reduced in impaired ventricular relaxation and pseudonormalisation
suggesting relative preload independence. Thus, E' can be used as a
discriminator between normal and pseudonormal pattern. This can be
especially useful in the perioperative period when the loading conditions can
vary considerably.
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Figure 4.70: A mobile left atrial myxoma. Note the to and fro movement of the myxoma in the left
atrium in systole (A) and diastole (B) causing mitral valve obstruction (LA: left atrium, LV: left
ventricle, AA: ascending aorta).
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Figure 4.71: Trans-gastric short-axis view of the left ventricle in a patient with inferior wall
myocardial infarction. Note the aneurysm in inferior wall with a thrombus (arrow).

Colour M-mode

Colour M-mode imaging is used to measure mitral-apical propagation
velocity. After obtaining a clear view of LV inflow, colour flow Doppler is
superimposed on the LV inflow. The M-mode scan line is displayed
extending through the mitral valve opening to the LV apex. The propagation
velocity is determined by measuring the slope of the aliasing velocity from
the mitral inflow to about 3 to 4 cm into the LV cavity. The normal
propagation velocity is more than 50 cm/sec, a decrease in velocity is a
marker of LV diastolic dysfunction. It is useful for evaluating the diastolic
function when the other parameters of diastolic dysfunction are inconclusive.

Three-dimensional transoesophageal
echocardiography

Sequential multiplane 2-D TOE images can be used to reconstruct the three-
dimensional (3-D) image. In the beginning, the sequentially acquired 2-D
images were transferred to an off line computer for subsequent 3-D
reconstruction. The present-day TOE machines are capable of 3-D
reconstruction of the sequentially acquired 2-D images. Also, the time taken



to reconstruct the 3-D image has been drastically reduced. In order to
minimise the artifacts in the 3-D reconstructed image, one should acquire
images only in a particular phase of respiration. Editing and cropping of an
image are required for the development of an image that can be used for
interrogation.

PAT T: 37.8C = PAT T: 37.
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Figure 4.72: A: Vegetation (arrow) on the aortic valve in a patient with infective endocarditis. B:
vegetation on the mitral valve in a patient with mitral valve prolapse with infective endocarditis (LA:
left atrium, LVOT: left ventricular outflow tract, AO: aorta, L'V: left ventricle).

Figure 4.73: A patient with ruptured aneurysm of the sinus of valsalva. Note the track of the ruptured
sinus in panel A (arrow). Panel B shows the turbulent flow across the sinus opening into the right
atrium. (LA: left atirum, RA: right atrium, RV: right ventricle).



Figure 4.74: Mitral annular tissue Doppler velocities showing early (E') and late (A") diastolic
velocities.

3-D TOE is superior to 2-D TOE, especially in detection of individual
scallop/segmentprolapse of the mitral valve. Further, the en face view of the
atrial surfaces of both leaflets can be visualised. Thus, 3-D TOE is of
exceptional use during mitral valve repair. Likewise, the assessment of
intracardiac masses, intracardiac defects, aortic dissection, and AV is
remarkably improved. These aspects are of practical clinical importance. For
instance, exact size of an atrial septal defect is crucial during percutaneous
catheter closure of the defect. The en face view is used for guidance of the
catheter across the defect as well as the assessment of device position.

3-D TOE is being increasingly used nowadays. A detailed discussion on
the subject is beyond the scope of this book, and the reader should refer to the
standard text books for the details.

Complications

Most of the complications of TOE occur in outpatient and are related to the
stress response that the patients experience while swallowing the TOE probe.
Minor oropharyngeal injuries and postoperative gastrointestinal complaints
can occur after major surgery. Although, serious pharyngeal or oesophageal
injury following TOE is rare,l22 a case of splenic laceration has been
reported.11? In infants the TOE probe may occasionally obstruct the airway
distal to the endotracheal tubel!, or the subclavian artery.ll2 Recently a 13
cm long submucosal dissection of the oesophageal wall has been reported



following TOE examination in a patient with Barrett’s oesophagus.13

In conclusion, the utility of TOE in anaesthesia practice is largely confined
to the cardiac OT. Confirming the adequacy of surgical repair of various
congenital anomalies and valve repair, detection of aortic atheromas and
monitoring of the myocardial performance and diagnosis of acute myocardial
ischaemia remain the most important intraoperative applications of TOE. It
also helps clear visualisation of the LA thrombus or mass. Although, these
applications are presently being used mostly inside the cardiac OT, some of
them can also be used in cardiac patients undergoing non-cardiac surgery. In
addition, the same applications can be extended to the cardiac ICU as well as
the general ICU.

Since the accurate interpretation is dependent on the quality of image that
the operator is able to generate and some of the interpretations are likely to
change the course of management, it is important that the operator is well
experienced in the technique. The cardiac anaesthesiologist, thus, should
obtain adequate training so that he is able to assist in the patient management
with this fascinating tool.

Monitoring of Respiratory Function

Cardiovascular and respiratory systems have intimate relationship. An
abnormality of one system can affect the performance of another. Due to this
reason, monitoring of the respiratory function is as important as monitoring
of the haemodynamic function.

Arterial blood-gas measurements continue to remain the gold standard for
determining the adequacy of oxygenation and ventilation. The arterial pH,
oxygen tension (PaO, carbon dioxide tension (PaCO,) are measured with the
help of pH electrode, oxygen electrode and carbon dioxide electrode. The
remaining values in a blood-gas analysis are calculated from these three
measured variables.

Bubbles in blood gas syringe may influence the results. The PO, of air is
around 150 mm Hg and the PCO, of air is less than 1 mm Hg. A bubble in

the blood gas syringe will equilibrate with the gases in the blood. Therefore,
the PO, in the sample will be raised, if it is less than 150 mm Hg and

lowered, if it is more than 150 mm Hg. The PCO, of blood will always be
lowered.



Devices are available that are capable of continuous monitoring on a real
time basis, of the blood-gas tension, oxygen saturation, haemoglobin and
haematocrit in the blood passing through the bypass circuit. The cardiac
anaesthesiologist should have thorough understanding of the acid-base
balance because changes in acid-base balance can occur quickly in a patient
undergoing cardiac surgery during the perioperative period. In addition, these
changes may prove to be crucial in the ultimate outcome of the patient as they
may influence important physiological functions of the body. The
interpretation of the arterial blood gases and acid-base balance is briefly
described in chapter 15, however, the reader may refer to the reviews on the
subject for details. 114112

The pulse oximetry provides a reliable, real time estimation of arterial
haemoglobin saturation. Its use, predictably, has led to a considerable
increase in the diagnosis rate of the hypoxaemia (arterial oxygen saturation <
90 percent). The present generation pulse oximeters are extremely easy to use
and require no calibration by the user. Pulse oximeters, thus provide a fairly
accurate estimation of arterial oxygenation. They have gained wide
acceptance mainly due to the reliability and convenience and have become
standard component of anaesthesia monitoring. However, the main
disadvantage is that the PaO, must fall below 100 mm Hg before the

oximeter detects any change and below 60 mm Hg before rapid changes will
occur.1® Thus the device is not sensitive to changes in PaO, over a wide
range.

End-tidal carbon dioxide

Continuous measurement of the expired CO, is possible. End-tidal gas
monitors are now available that measure not only CO,, but also anaesthetic
gases. Accurate estimation of adequate CO, elimination is thus possible by
use of these monitors. CO, has important cardiovascular effects and
therefore, maintenance of CO, levels within normal range or even lower

range is sometimes desirable and can be achieved with the use of end-tidal
carbon dioxide monitor.

In summary, a vast range of invasive and non-invasive monitoring devices
is available. The cardiac anaesthesiologist is equipped to derive
haemodynamic information by using them. He should have knowledge to



understand and interpret these data, so that maximum benefit is provided to
the patient.
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Chapter 5: Anaesthesia for Valvular
Heart Disease

Lesions of the cardiac valves result in profound alteration in the cardiac
loading conditions and ventricular contractility. The loading conditions may
be in the form of either a pressure overload or a volume overload. However,
the human heart possesses significant capacity to adjust and compensate for
the abnormal stressful conditions imposed by the valvular disease. The
compensatory mechanisms include ventricular hypertrophy and/or dilatation
associated with alteration in the ventricular compliance. In addition,
utilisation of the Frank-Starling mechanism and redistribution of the
pulmonary blood flow also occurs. Unlike coronary artery disease (CAD), the
symptoms are not related to the myocardial contractility, which may be
normal or sometimes supranormal. Nevertheless, in due course, the
compensatory mechanisms fail and the myocardial contractility declines.
There has been a significant progress in the management of valvular heart
disease. The techniques of mitral valve repair continue to be refined and the
success and safety of mitral valve repair is well established. In addition,
newer techniques such as minimally invasive mitral valve surgery and trans-
catheter mitral valve repair are evolving. Furthermore, trans-catheter aortic
valve implantation (TAVI) to treat severe aortic stenosis (AS) is emerging as
a viable option for high-risk patients who have high operative mortality for
surgical correction under cardiopulmonary bypass (CPB). The mortality rates
of cardiac valve replacements are much higher than mat of coronary artery
bypass grafting (CABG) (3 to 10 percent for valves and < 1 percent for
CABG).! In the developing countries, due to a variety of reasons, patients are
often neglected during the course of their illness and many of them present at
a fairly late stage at a time when compensatory mechanisms have nearly
exhausted, and the circulatory system is failing. Rheumatic fever continues to



be the most common cause of valvular heart disease (VHD) and the patients
are young and often suffer from cardiac cachexia. Nevertheless, surgery is
still performed on them, as it leads to substantial symptomatic improvement.
These patients, therefore, pose considerable challenge to the anaesthesiologist
during the perioperative period. At G.B. Pant hospital, New Delhi, on an
average 600 patients undergo valve surgery every year with an early
mortality of about 5 to 8 percent.

Pathophysiology

Each valve lesion has a different haemodynamic profile and understanding of
the pathophysiology is of absolute importance. This helps the
anaesthesiologist in choosing the anaesthetic, muscle relaxant, and vasoactive
drugs so that optimum haemodynamics are maintained during the
perioperative period. The left ventricular (LV) pressure-volume loop depicts
both systolic and diastolic ventricular performance and can be used to
understand the pathophysiology of the valvular lesions. Figure 5.1 shows the
normal LV pressure-volume loop that is constructed by plotting the
ventricular pressure against volume during one cardiac cycle.

Mitral valve opens at point ‘A’ and ventricular filling begins. The segment
AB illustrates the pressure-volume relationship during diastole. Mitral valve
closes at point ‘B’ and ventricular systole begins. Segment BC depicts
isovolaemic contraction, which ends when the ventricular pressure exceeds
aortic pressure, and aortic valve opens at point ‘C’ This is followed by the
ejection phase which ends at point ‘D’, when the LV pressure falls below the
aortic and the aortic valve closes. Segment DA represents isovolaemic
relaxation that ends at point ‘A’, when the mitral valve opens again. The
segment AB represents the diastolic pressure volume relationship and point D
represents the end-systolic pressure-volume relationship. Preload, afterload,
ventricular compliance and contractility are frequently used terms, which
must be understood.
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Figure 5.1: The diagram illustrates normal left ventricular pressure-volume loop. Refer to the text for
details. (This is a diagrammatic and not an accurate representation.)

Preload and Afterload

Preload can be equated to the end-diastolic size or end-diastolic volume of
the ventricle. The central venous pressure (CVP), pulmonary capillary wedge
pressure (PCWP) and left atrial (LA) pressure are often taken as the measures
of preload. Afterload is defined as the tension or force per unit of cross
sectional area in the ventricular wall during ejection.? In simple words it is
the impedence to ejection. It is determined in part by the vascular resistance
and points towards the pressure work the ventricle must do to complete the
ejection. It can be calculated on the basis of Laplace’s law2 where the wall

'« R

tension developed in a spherical chamber = where, P is the pressure, R
is the radius, and h is the wall thickness. Thus ventricular afterload
progressively changes as the intraventricular pressure and radius constantly
change during each systole. The stroke volume (SV) progressively decreases
as the afterload increases in the failing heart. In clinical practice, blood
pressure or systemic vascular resistance (SVR) are often used as indicators of
afterload.

Normally, increase in the afterload is compensated by increasing the



preload. Thus, when the afterload increases, the SV is maintained by
increasing the end-diastolic volume (preload). This is called as preload
reserve. However, preload cannot be increased beyond a limit and in an
extreme situation, the ventricle over-distends with a fixed end-diastolic
volume. Any further increase in the afterload cannot be compensated and
leads to a decrease in the SV. This is called as afterload mismatch.

Ventricular Compliance

The relationship between the end-diastolic volume and end-diastolic pressure
is the compliance of the ventricle. In the physiological range, the normal
ventricle is extremely compliant so that there is a small ventricular pressure
rise as the volume increases. In conditions with chronic volume overloading
[mitral regurgitation (MR), aortic regurgitation (AR)], the wventricular
compliance is maintained (by ventricular dilatation) so that substantial
increases in ventricular volume are tolerated with a relatively little change in
the end-diastolic pressure.

Myocardial wall thickness is an important determinant of the diastolic
compliance. For instance, in conditions with chronic pressure overload e.g.
AS, there is an increase in the L'V wall thickness that is associated with a
decrease in the diastolic compliance of LV.

Contractility

Myocardial contractility is an intrinsic property of the cardiac cell and is
defined as the amount of work that the heart can perform at a given load.#
Myocardial contractile function is one of the important determinants of the
prognosis and it is of particular importance in decisions regarding the timing
of surgical correction in patients with VHD. The most widely used clinical
measure of ventricular contractility is the ejection fraction (EF). This method
is popular as it is readily measurable by noninvasive methods such as
echocardiography and radionuclide angiography. These methods are
particularly useful in conditions that do not significantly alter ventricular
loading conditions such as CAD.2 However, they are not so reliable for
assessing the contractile function in patients with VHD and at times may be
misleading. For example, a patient with MR may have normal EF in the face
of a poor contractile state, as a part of the ejection is easily pumped into the
LA that is a low pressure cavity. On the contrary in a patient with AS, low EF



is really a reflection of the high afterload imposed by the stenotic valve. This
means that a large proportion of the ventricular work is used up for pressure
development (to overcome the resistance offered by the stenotic valve) and a
small proportion will be utilised for the actual ejection of blood. Thus after
restoring normal valvular function in patients with MR, the ventricular
performance may be depressed as LLA, the low pressure chamber is no longer
available for ejection. After relieving the AS on the other hand, LV may
perform vigorously, as the high afterload imposed by the stenotic valve is
eliminated.

The use of end-systolic pressure-volume relationship (ESPVR) on the
pressure-volume loop provides a more precise evaluation of the LV
contractility. The pressure-volume loops are obtained at different filling
volumes of the heart and the ESPVR is represented by a straight line
connecting the upper left hand corners of the pressure-volume loops. All the
end-systolic pressure-volume points fall on a single line, provided the
contractility is held constant (Fig. 5.2A). Increases in the contractility are
represented by a steeper line (ESPVR above and to the left of control), and
decreases by rotation of the curve clockwise to the right (ESPVR below and
to the right of control) (Fig. 5.2B). In other words, a stronger ventricle
empties more completely (smaller end-systolic volume).

Mitral Stenosis

Clinical Presentation

As has already been emphasized, rheumatic heart disease is still common in
the developing countries and is the commonest cause of VHD. In about 25
percent of patients with rheumatic heart disease, pure mitral stenosis (MS) is

manifested and an additional 40 percent have combined MS and MR.®



Fressure

T T S

Volume
Figure 5.2A: The end-systolic pressure-volume relationship (ESPVR) is oPtained Py connecting the
end-systolic points measured during a rapid decrease in preload. (This is a diagrammatic and not an
accurate representation.)

ke
=
=
|
|

Pressure (mm HQ)

R

Volume (mL) 100

Figure 5.2B: End-systolic pressure volume relationship. Loop A and ESPVR (A) reflect increases in
contractility. Preload and afterload remain the same as the normal (shaded loop), while stroke volume
increases. Loop B demonstrates decreased inotropy with a decrease in stroke volume with same loading
conditions. (This is a diagrammatic and not an accurate representation.)



Rheumatic inflammation causes thickening and calcification of the leaflets
along with commissural fusion. The subvalvular apparatus can also be
thickened and fused. This results in a narrowed, funnel shaped valve that
obstructs the blood flow. In the developing countries, patients suffer from
inadequate nutrition, sanitation and medical care. Consequently, many of
them suffer recurrent episodes of endocarditis, and severe MS develops
within 5 years of the initial episode. Patients with MS are, therefore, very
young, usually in the second decade of life. In contrast, in the developed
countries, the rheumatic fever is rare and there is a latency period of 3 to 4
decades between the initial bout of rheumatic fever and the onset of
symptoms. Therefore, the patients present with signs and symptoms in the 4th
to 6th decade of life. This is responsible for another major difference in the
presentation of MS in the developing countries versus that in the developed
countries, i.e. associated CAD is rarely present in patients with MS from the
developing countries, as against those of developed countries. The rarity of
MS in young patients in the developed countries was highlighted in an article
in the British Medical Journal under the heading “Lesson of the week”.Z The
doctors failed to diagnose MS in young pregnant women of Asian origin until
it was too late, as MS was not the differential diagnosis in these patients.

Dyspnoea is the most common initial symptom and is generally
precipitated by some unrelated condition such as fever, pregnancy and
thyrotoxicosis, which leads to an increase in heart rate (HR). Patients also
develop pulmonary hypertension that leads to afterload stress on the right
ventricle (RV) leading to RV dilatation and functional tricuspid regurgitation
(TR). The end-stage picture of biventricular failure with pulmonary
congestion, peripheral oedema and ascites follows, if the patient is left
untreated.

Pathophysiology

The basic pathology is obstruction to the blood flow across the mitral valve
generating a pressure gradient between the LA and the LV. This leads to
abnormalities both proximal and distal to the abnormal valve. Due to
restriction of the diastolic inflow to LV, it is underloaded and the preload
reserve is limited (Fig. 5.3). Consequently, the left ventricular end-diastolic
volume (LVEDV) and left ventricular end-diastolic pressure (LVEDP) are
decreased and there is a corresponding reduction in the SV.



The LV contractility may be depressed. This can be seen in the immediate
postoperative period and is attributed to a sudden increase in the diastolic
filling of a chronically underloaded ventricle. In addition, rheumatic carditis
can lead to an intrinsic myocardial depression® and angiographically
demonstrable contraction abnormalities have been reported in 20 percent of
patients.2 The LV dysfunction related to the geometrical changes of LV have
also been described. 12 Intrinsic compliance of the LV may also be reduced
by the rheumatic disease process leading to impaired diastolic function.!

Vasodilators do not help as the diastolic underfilling is aggravated by the
concurrent venodilatation.l2 However, they can be helpful in patients with
severe pulmonary artery hypertension (PAH), where pulmonary
vasodilatation reduces the RV afterload and the transpul-monary contribution
to the ventricular filling is augmented.12 As the LV is relatively thin walled,
the afterload is increased. This also further compromises the LV ejection.
Thus, abnormal loading conditions as well as intrinsic myocardial depression
(due to rheumatic carditis) is responsible for the reduced contractile
performance in patients with MS.
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Figure 5.3: Pressure-volume loop in a patiet with mitral stenosis (clear area) against normal (shaded
area). Note the “underloaded” left ventricle, both in terms of pressure and volume. (This is a
diagrammatic and not an accurate representation.)
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Figure 5.4: Rate of flow in diastole versus mean pressure gradient for three different mitral valve areas

4 cm?,2.5 cm? and 1 cmz). Note that there is a dramatic increase in the pressure gradient as the rate of
flow is increased in a stenosed valve. (This is only a diagrammatic and not an accurate representation.)

Left atrial pressure overload

The area of the normal adult mitral orifice is 4 to 6 cm?. This area is enough
to allow the flow of blood into the LV during diastole without causing much
pressure gradient. If the valve opening is narrowed, the diastolic flow into the
LV can only be maintained by the development of an elevated pressure
gradient across the mitral valve (Fig. 5.4). It can be seen from this figure that
as the valve area is narrowed, the pressure gradient is increased to achieve the

same rate of flow across the valve. As per the Gorlin formula,#

valve area =

transvalvular flow rate
(hydraulic constant x Jpn'.*:.*:.urr. gradient)

the pressure gradient varies directly as the square of the transvalvular flow
rate when the valve area is constant. It is this relationship between the
pressure gradient and the transvalvular flow rate that accounts for the



occurrence of symptoms in the presence of tachycardia in a patient with
MS.15 Tachycardia shortens the diastole, thereby decreasing the time
available for flow across the mitral valve. Thus, in order to maintain the
cardiac output (CO), the flow rate per unit time must increase, and the
pressure gradient increases by the square of the increase in flow rate.l® The
resultant increase in the LA pressure leads to pulmonary congestion. It is
because of this mechanism that tachycardia due to fever, pregnancy or
thyrotoxicosis precipitates the symptoms of dyspnoea in otherwise
asymptomatic patients with MS. As the time passes, the elevated transmitral
pressure gradient leads to dilatation of the LA. In the developing countries,
the patients often present at a very late stage and therefore, massive
dilatations of the LA up to 10 to 12 cm, (normal up to 3.5 cm) can be
observed (Fig. 5.5). The LA distention also distorts the depolarisation
pathway leading to atrial arrhythmias [most commonly atrial fibrillation,
(AF)]. The onset of AF can also be a precipitating factor for the symptoms to
appear. It is, therefore, important to control the HR in patients with MS.

The increase in LA pressure is reflected back into the pulmonary
circulation leading to PAH. Initially, the PAH is passive, but as the disease
progresses, pulmonary arteriolar hypertrophy occurs leading to more
permanent changes in the PAH. The increase in the pulmonary vascular
resistance (PVR) leads to an increase in the RV afterload and RV dilatation
and failure. This can further lead to TR, distended neck veins, hepatomegaly,

peripheral oedema and ascites. The increased pulmonary blood volumelZ and
increased extravascular lung waterl® also lead to decreases in lung
compliance and exacerbation of the ventilation-perfusion inequalities.

The severity of MS can be assessed on the basis of several parameters such
as mitral valve area, severity of PAH, and the LA size. In practice, the valve
area is used to grade the severity of stenosis. Based on this parameter, the
stenosis is graded as mild, moderate and severe, (valve area of 1.6 to 2.5 cm?,
1.1 to 1.5 cm? and <1.0 cm? respectively). It is not uncommon to see patients
having valve area of <1.0 cm? in the developing countries. These patients
have a large LA, severe PAH and low CO. The PAH can often be equal to
systemic pressure and the severity of PAH is evident on the radiological
examination (Fig. 5.6).



Figure 5.5: X-ray chest of a patient with severe mitral stenosis with severe mitral regurgitation and
severe pulmonary artery hypertension. Note the massive enlargement of left atrium and left ventricle.

Echocardiography is the diagnostic modality of choice in MS.2 The two-
dimensional and Doppler echocardiographic techniques are particularly
useful in calculating the pressure gradient as well as the mitral valve area. As
the pressure gradient varies with the flow rate and diastolic period (heart
rate), the severity of MS should be assessed on the basis of mitral valve area.
This can be accomplished by pressure halftime technique, the continuity
equation, planimetry of the valve orifice and proximal isovelocity surface
area analysis. The other information obtained by the echocardiography
includes the size and function of the ventricles and an estimation of the
pulmonary artery pressure. A good correlation has been found between the



continuous wave Doppler calculated pressure gradients and that determined
by the cardiac catheterisation.? With the result, cardiac catheterisation is
almost unnecessary for the assessment of a patient with MS before surgery.1

Anaesthetic Considerations

Balloon Mitral Valvotomy

Percutaneous transvenous balloon mitral valvotomy (BMV), first described in
19842! is now widely performed with satisfactory results.2%23 Encouraged by
the success of this technique, the indications for BMV have widened
considerably and only a thrombus in the LA or an associated severe MR is
considered a contraindication by the cardiologist. However, unsuitable mitral
valve anatomy such as heavily calcified valves or significant MR is likely to
result in suboptimal valvotomy. The anaesthesiologist has a limited role to
play in patients undergoing BMV as the procedure is mostly performed under
light sedation. However, his services are required if the patient develops
acute MR (one of the most serious complications of BMV) that necessitates
urgent mitral valve replacement (MVR). This will be discussed under MR.
The other situation when he is required is during the performance of an
emergency BMV on very sick patients with critical MS (valve area < 0.5
cm?). These patients are in frank pulmonary oedema necessitating ventilatory
support. The medical management does not lead to much improvement in
such patients and often, opening the stenosed valve is the only alternative.
The anaesthesiologist is needed in such situations to execute endotracheal
intubation and initiate ventilation before BMV, and manage the respiration
during transfer to the catheterisation laboratory, during the performance of
BMYV as well as the post-BMV period.



Figure 5.6: X-ray chest showing severe pulmonary artery hypertension in a patient with mitral stenosis.
Note the enlargement of main pulmonary artery and right and left pulmonary arteries, also note
increased pulmonary vascular markings.

BMV shortens the in-hospital stay and eliminates the risk imposed by
thoracotomy and anaesthesia. The major drawback of BMV, however, is the
fact that services of a skilled cardiologist backed by a team of cardiac
surgeon and anaesthesiologist are necessary. Therefore, the number of
centres, where BMV can be performed may be limited in the developing
countries.

Closed mitral valvotomy/Open mitral

valvotomy/Mitral valve replacement
Due to sheer number of patients and economic reasons, closed mitral



valvotomy (CMYV) is still the preferred operation in the developing countries.
The long-term results of this operation are reported to be satisfactory.242° In
a recent report comparing the results of CMV versus BMV at one week and
one year after the procedure, it has been shown that the results of CMV are
significantly better with regard to transmural gradient and mitral valve area at
these times.2® A significant decrease in the mean left atrial diameter and
pulmonary artery pressure was observed in both groups. Open mitral
valvotomy (OMYV) is considered a better operation and is performed
preferentially in developed countries. This is due to the fact that relief of
valvular and subvalvular obstructive elements can be dealt with much better
under direct vision.2Z-30

From the above discussion, it is apparent that in the developing countries,
the choice of treatment for MS should be as follows: 1. BMYV, if the facility is
available; 2. CMYV, if the facility for BMV is not available or there is a
contraindication to BMV; 3. Open heart procedure such as OMV/MVR, if
there is a contraindication to CMV, such as heavily calcified mitral valve or
associated severe MR or other valvular lesion that needs open-heart
procedure.

The main concerns in the anaesthetic management of patients with MS are
to avoid tachycardia and hypovolaemia. Tachycardia should be avoided as it
leads to an increase in the transmitral pressure gradient and hypovolaemia
should be avoided as the patients have a limited preload reserve and it also
leads to tachycardia. Preoperatively, majority of the patients will be in AF
and receiving digitalis. It is necessary to continue digitalis preparations until
the day of surgery and also to maintain normal potassium levels by potassium
supplementation. Adequate premedication is necessary to prevent anxiety and
tachycardia. Over-sedation also should be avoided as these patients may be
sensitive to small doses of narcotics and hypnotics. Appropriate monitoring
and supplemental oxygen therapy should be considered, if necessary.
Morphine (0.1 to 0.2 mg/Kg) along with promethazine (12.5 to 25 mg)
administered intramuscularly 1 to 2 hours before surgery is an adequate
premedication for these patients. A small dose of benzodiazepine can be
combined, but then the dose of morphine should be reduced. Scopolamine is
also another choice as it has a direct action to slow the HR 3!

Anaesthetic agents causing tachycardia or profound vasodilatation should
be avoided. For CMYV, thiopental administered slowly or a narcotic



(morphine 0.5 mg/Kg, fentanyl 5 to 10 pg/Kg) is a good choice. Due to the
common practice of extubating patients at the end of CMV, there is a
tendency to restrict the dose of narcotic to avoid excessive respiratory
depression. However, it has been shown that elective ventilation for a few
hours in the postoperative period should be preferred3? and hence, higher
dose of morphine/fentanyl that provides haemodynamic stability to these
patients should be used for induction of anaesthesia. For selecting a
neuromuscular blocker, it should be remembered that vecuronium when
administered along with narcotics can lead to dangerous bradycardia.23-32
Pancuronium is, therefore, generally preferred by most anaesthesiologists as a
muscle relaxant in these patients, unless the basal heart rate is high.3> Other
muscle relaxants such as atracurium and rocuronium can also be used.
Rocuronium also causes some increase in the HR due to its slight vagolytic
action and has been shown to decrease the PA pressure.2® It thus, appears to
be a good choice for patients with MS. Benzodiazepines such as diazepam
and midazolam should be used cautiously in small increments as they can
lead to profound vasodilatation, especially if used with narcotics.3?
Maintenance of preload is another important goal and appropriate
replacement of blood loss is desirable. For detailed discussion on the
anaesthetic management of CMV, refer to chapter 8.

For patients undergoing open-heart procedures, high-dose narcotic
technique with pancuronium or vecuronium should be preferred. It should be
remembered that maintenance of haemodynamic stability is of prime
importance and that this is more difficult and important if the disease is
severe. Careful selection of drugs and their doses is important while
anaesthetising a patient with severe MS (valve area <1 cm? and severe PAH).
It is a good practice to administer increments of small doses of anaesthetic
agents so that precipitous haemodynamic changes are avoided. It is also
necessary to have a good venous access so that intravascular volume can be
maintained properly and if necessary, quickly.

Intraoperative use of vasodilator therapy (nitroglycerin or nitroprusside,
0.5 to 1 pg/Kg/min.) is desirable in patients having severe PAH as it helps to
off-load the strained RV and improves transpulmonary filling of the LV. It
can be continued in the postoperative period.

Use of vasoconstrictors to treat transient episodes of hypotension should be
performed carefully as it can lead to an increase in the RV afterload and RV



failure. An inotrope (dopamine, dobutamine, epinephrine) along with proper
filling conditions is more appropriate.

Intraoperative monitoring should include electrocardiogram (ECG), direct
arterial pressure and CVP. CVP provides valuable information about loading
conditions, and the CVP catheter offers a means of transfusing inotropes
and/or dilators. Pulmonary artery catheter (PAC) provides very useful
information. PCWP, together with CO measurements offers a very good
estimate of the overall ventricular function. However, PCWP overestimates
the LVEDP because of pressure gradient across the mitral valve. PAC is also
a useful means of monitoring the pulmonary artery (PA) pressure, which is
especially desirable in patients having severe PAH with RV dysfunction. The
PAC helps to evaluate the effects of therapeutic intervention. The use of LA
catheter may be considered in postbypass period in patients in whom PCWP
is not the reliable indicator of LA pressure.

In the postoperative period, it is important to avoid even mild hypercarbia
(up to 48 mm Hg) which causes significant increase in PVR and RV end-
diastolic pressure (RVEDP) suggesting RV stress.3? It is, therefore, desirable
to electively ventilate the patients in the postoperative period (even those who
have undergone CMV) and maintain normocarbia at all times.2? Increased
pulmonary blood volumel? and increased extracellular lung water!® lead to
decrease in lung compliance and exacerbation of ventilation perfusion
inequalities in MS. These are, therefore, additional reasons for elective
ventilation in the postoperative period. The inotropic support and the
vasodilator therapy should be continued for a prolonged period (24 to 48
hours) in patients having severe PAH.

In summary, MS is a common valvular lesion and cardiac anaesthesiologist
will frequently need to anaesthetise patients suffering from severe MS for
cardiac surgery and sometimes for non-cardiac surgery. Avoidance of
tachycardia and hypovolaemia are the key issues on which the selection of
drugs should be based. Narcotic-based anaesthetic technique appears to be
preferable. Aggressive haemodynamic monitoring and postoperative care
may be necessary.

Mitral Regurgitation



Clinical presentation

Structural abnormality of the mitral valve leaflets, chordae tendinae and the
papillary muscles leads to an incompetent valve. Excessive LV dilatation can
produce mitral annular dilatation leading to functional MR. Mitral valve
prolapse has been reported to be a common disease in the developed
countries with the prevalence reported to be 2.4 percent according to the
Framingham heart study.2® In a large recent sample, however, the prevalence
has been reported to be much less, 0.6 percent.22 As already pointed out
rheumatic fever continues to be the most common cause of MR in the
developing countries, and it is frequently associated with MS. Myocardial
infarction (MI) is also an important cause of MR and has been found to be
present in almost one-third of patients undergoing angiography for CABG.%
Although ischaemic MR is amenable to surgical repair, it has been
controversial whether this intervention should be routinely performed along
with CABG. A recent randomised trial has shown that MV repair in addition
to CABG surgery adds a significant outcome advantage in terms of
postoperative haemodynamics, ventricular function and degree of heart
failure.#! However, there was no short-term mortality reduction.

There has been a significant change in the surgical approach to mitral
pathology over the past decade. The success and safety of MV repair has
been established and valve repair is now preferred over valve
replacement.?243 This holds true even in asymptomatic severe MR.# The
application of transoesophageal echocardiography (TOE) has played a pivotal
role in this transition and it is now considered a standard of care for these
procedures.#2 The various techniques employed to repair the MV include,
quadrangular resection, neochordae, and commissuroplasty. These may be
performed singly or in combination. In addition, rigid mitral annuloplasty is
also performed.

Advances have also taken place in minimally invasive mitral valve surgery
via hemisternotomy or limited right thoracotomy.®2 Further, transcatheter
mitral valve repair without CPB has been shown to be safe and feasible.
These techniques include transcatheter edge-to-edge repair with mitral clips
and trans-catheter mitral valve annuloplasty .24/

The advantages of MV repair over MVR include enhanced survival, better
preservation of ventricular function, and longer freedom from endocarditis,



thromboembolism and anticoagulant-related haemorrhage.#8 Therefore,
mitral valve repair is recommended over MVR whenever possible.%8
However, feasibility of the repair and the expertise available should be a
consideration in the final decision, as MVR is a reasonable alternative. There
are patient subgroups that significantly benefit from MVR such as the elderly
and complex mitral valve pathology. Preservation of the subvalvular
apparatus during MVR is currently the preferred technique for improving the
postoperative outcome.

Acute MR may result due to destruction of the valve (chordae) as occurs in
the acute endocarditis and although rare, it can still be found in the
developing countries. In addition, rupture of papillary muscles or chordae
tendinae following acute MI can also lead to acute MR that is a fairly
dangerous condition carrying a high mortality. Lately, however, another
important cause of acute MR has emerged, that is traumatic disruption of the
mitral valve during BMV.2242-21 The number of patients undergoing BMV
has increased considerably. At G. B. Pant hospital alone, about 1000 patients
undergo BMV every year. With about 1 percent incidence of acute severe
MR during the procedure, a sizable number of patients will require surgical
intervention and, hence, the cardiac anaesthesiologist should be familiar with
all the aspects of acute MR in this group of patients.

In chronic MR, the symptoms depend upon the volume of regurgitation as
well as the status of LV contractility. The LA is dilated and due to its
compliance often protects the pulmonary circulation. The symptoms,
therefore, appear quite late and acute pulmonary oedema is a relatively
uncommon initial presentation.2? The initial symptoms are those of a
“forward” cardiac failure such as chronic weakness and fatigability.
However, as the disease progresses, pulmonary congestion leading to
breathlessness appears and is the predominant symptom. In acute MR on the
contrary, LA pressure rises precipitously leading to acute pulmonary
congestion as well as a decrease in CO.

Echocardiography with the capability of two-dimensional and colour-flow
Doppler imaging is the diagnostic method of choice for the assessment of
MR. Cardiac catheterization is rarely required. Some other diagnostic tests
that are usually performed include ECG and chest radiograph. ECG findings
such as AF, LA enlargement (tall or biphasic P wave), and ST segment
abnormalities may be observed, but they are not specific. The chest



radiograph may reveal enlargement of left heart chambers and pulmonary
vascular congestion.

Pathophysiology

Ventricular systole ejects blood into the aorta as well as the LA. The LA acts
as a low pressure vent for the L'V ejection. This blood returns to the LV with
each successive diastole, thus causing volume overload of the LV. The
ejection begins immediately with the onset of ventricular contraction so that
there is no period of isovolaemic contraction (Fig. 5.7). The total SV consists
of forward flow into the aorta and the backward flow into the LA. As the LA
acts as a low pressure vent, EF may be normal even though the ventricular
contractility is subnormal. The ventricular size and compliance increase so
that large end-diastolic volumes can be accommodated without causing
significant increases in the LVEDP. Thus, patients may tolerate the chronic
compensated MR for many years as elevated preload maintains the LV
ejection. The symptoms at this time are often related to reduced forward
output and include fatigue and weakness.
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Figure 5.7: Pressure volume loop of mitral regurgitation. Note that there is no period of isovolaemic
contraction. For details refer to the text (This is a diagrammatic and not an accurate representation.)

The LA enlarges, but the increase in LA pressure is related to the volume



of MR and the compliance of the LA. In some patients there is a dramatic
increase in the LA compliance so that large increases in the LA pressure and
pulmonary venous hypertension are prevented. If the disease is left untreated,
however, eventually there is an increase in the LA pressure leading to
pulmonary vascular congestion, PAH and RV dysfunction. Figure 5.8
demonstrates the radiological evidence of severe PAH in a patient suffering
from severe MR. In such patients, the ventricular compliance also decreases
and raised LVEDP along with massively dilated L Vs are present. Ventricular
dysfunction develops, but is often not apparent as the ventricular ejection is
helped and accommodated in the LA that is a low pressure chamber.
Therefore, EF may be a misleading estimate of myocardial contractility. In
patients with severe MR, an ejection fraction in the range of 50 to 60 percent
may represent significant LV dysfunction and is an indication for surgery.2
The intrinsic depression of contractility is often not apparent until after MVR,
when the competent prosthetic valve makes the L'V contract against systemic
resistance. This afterload mismatch imposed on a ventricle having significant
preoperative contractile dysfunction can account for the decreased EF in the
postoperative period.2* Indeed, a marked impairment in global systolic pump
function that correlated with the left ventricular afterload has been observed
with the help of TOE.22 However, the issue is controversial as some studies
have not been able to document the expected increase in the end-systolic
volume, if the afterload is increased.2%27 Therefore, other aetiologies such as
residual effects of past myocarditis and technical aspects of the operation
itself may be operational .28



Figure 5.8: X-ray chest showing severe pulmonary artery hypertension in a patient with severe mitral
regurgitation. Note the prominent main pulmonary artery and increased pulmonary vascularity.

There is a significant decrease in the heart size as well as the pulmonary
hypertension (Fig. 5.9) following surgery in patients with severe MR.22:50
However, the operative as well as the postoperative morbidity and mortality
rates are higher for patients with MR.21-83 In acute MR, there is no chance for
the LA and LV to compensate for the acute volume load. Therefore, sharp
increases in the LA and PA pressures are produced leading to acute
pulmonary oedema. This may cause pulmonary hypertension and right
ventricular failure that is often accompanied by catastrophic haemodynamic
compromise.

Ischaemic Mitral Regurgitation

The MR occurring in patients with ischaemic heart disease without
significant abnormalities of the valve leaflets or chordal structure is labeled
as ischaemic MR. The incidence is quite common, and is detected by

echocardiography in 39 to 75 percent of patients with acute MI.24 The most



common pathophysiological basis of ischaemic MR is outward papillary
muscle displacement.®* The outward displaement of papillary muscles leads
to apical displacement of the point of mitral leaflets coaptation resulting in
valve tenting. Another cause is scarring and retraction of the papillary
muscles leading to mitral leaflet feathering and incomplete leaflet coaptation.
Papillary muscle rupture leading to acute severe MR is also included in the
ischaemic MR, although a clear organic defect of the mitral valve is present.

Figure 5.9: Postoperative chest X-ray of a patient who has undergone mitral valve replacement for
severe mitral regurgitation. Note the decreased pulmonary vascularity.

Anaesthetic Considerations

The anaesthetic management is aimed at maximising the forward flow and
reducing the regurgitant flow. In addition, RV function should be optimized
by avoiding increases in PVR and pulmonary hypertension. A patient who
experiences dyspnoea at rest or with minimal activity may have pulmonary



vascular congestion and compromised RV function. Right ventricular systolic
pressure reported in the preoperative transthoracic echocardiography can help
to identify such patients. Vasodilatation can improve the forward flow and
significantly decrease the regurgitant flow. Both nitroprusside and
nitroglycerin infusions can be used for this purpose. They can also produce
sustained vasodilatation in the pulmonary circulation in a dose-dependent
fashion®® and therefore, can be useful in patients with PAH to lower the
afterload of the RV. Prostaglandin E; is a better and more effective agent in

this respect.® Inhaled nitric oxide is another alternative available for the
treatment of RV failure in the setting of pulmonary hypertension. Nitric oxide
dilates the pulmonary vasculature and is then immediately bound to
haemoglobin and inactivated. It has an advantage that it does not cause
systemic hypotension.®? However, pulmonary vasodilators are not very useful
once the RV failure sets in due to severe PAH. Therefore, strictly following
the basic principles of anaesthesia, i.e. avoidance of hypoxia, hypercarbia and
acidosis (all cause increase in PAH) are very important.

A slightly increased HR (80 to 100 beats/min.) is desirable as slower heart
rates allow for larger filling volumes that can lead to LV distention and mitral
annular dilatation. Thus, regurgitant volumes may increase at slower heart
rates. Therefore, pancuronium bromide is the preferred muscle relaxant in
these patients. Hypovolaemia should be avoided, in fact, it is preferable to
have a slightly ‘fuller’ patient so that adequate preload is maintained at all
times. This is particularly important as vasodilators are preferred in these
patients and therefore, patients are susceptible to become hypovolaemic.

Another important consideration is the fact that afterload is increased after
MVR as the low pressure chamber (LA) is no longer available for LV
ejection. The LV dysfunction can therefore be precipitated in the
postoperative period. Use of inotropes (to improve contractility) and
vasodilators (to reduce the afterload) are quite important during the early
postoperative period. It is a practice in the author’s unit to start infusions of
nitroglycerin and inotropes (usually epinephrine) well before the bypass is
terminated and the infusions are continued in the postoperative period.
Alternatively phosphodiesterase inhibitors such as enoximone, milrinone or a
combination of dobutamine and nitroglycerin may be used during this period.
It has been shown that enoximone infusion causes increases in CO, blood
pressure and HR that are similar to those caused by a combination of



dobutamine and nitroglycerin.8 In addition, enoximone is more effective in
reducing the PA pressure.58

Light premedication is preferable and a large-dose narcotic induction (due
to its relative lack of myocardial depression) is used, as intrinsic myocardial
dysfunction may be present in these patients. Alternatively, a combination of
opioids and benzodiazepines can also be used to provide adequate
haemodynamic stability. Combination of fentanyl and midazolam or
sufentanil and midazolam administered either as a continuous infusion or
intermittent bolus can be used. It has been shown that induction with
sufentanil (up to 2 pg/Kg) and midazolam (0.05 to 0.15 mg/Kg); followed by
a continuous infusion of sufentanil 3.6 pg/Kg/hour and midazolam 0.08
mg/Kg/hour provided haemodynamic stability similar to those of bolus
administration.®? This suggests that other drugs can also be utilised in the
form of an infusion without compromising the haemodynamic stability. As
has already been mentioned, pancuronium bromide is the preferred
neuromuscular blocking agent but atracurium or vecuronium may be used
depending upon the basal HR of the patient. Inhalational agents (halothane,
isoflurane) may be used as both can produce vasodilatation. The use of
nitrous oxide has declined in the USA and narcotic-oxygen technique is
widely used.”? Nitrous oxide can cause an increase in PVRZ and therefore,
should be used with caution in patients who have severe PAH. It is not used
after the institution of CPB mainly due to the fear of expansion of air
bubbles, but it can be used cautiously before CPB is instituted. This is
possible after a good anaesthetic induction which leads to a decrease in the
PA pressure. The CVP and PA pressure monitoring are important. The CVP
is important to assess the RV function. The PA pressure measurements are
useful for assessment of the intravascular filling and measurement of the CO.
It is particularly useful in patients with severe PAH, in the sense that effects
of therapeutic intervention on the PA pressure can be evaluated. TOE is
useful to assess valve repair procedures as well as prosthetic valve function
and LV dysfunction. It is also useful to confirm complete removal of air from
the LV before the release of aortic cross clamp.

TOE is an excellent haemodynamic monitoring tool. It provides an
objective measure of chamber sizes and contractility. In particular,
appearance of systolic anterior motion (SAM) immediately after valve repair
can guide the anaesthesiologist to institute appropriate therapy. SAM results
due to reduced septal-anterior leaflet distance following repair creating a



narrowed channel that leads to pressure gradient across the outflow tract. The
increased blood velocity creates a venturi effect that pulls the anterior leaflet
of the mitral valve or the chordal structures into the outflow tract. This results
in mechanical obstruction of the left ventricular outflow tract (LVOT) as well
as MR. Beta-blockers or phenylephrine can be administered to correct the
haemodynamic compromise. If the haemodynamic compromise persists after
the therapy, the surgeon may choose to further repair or replace the mitral
valve. A recent paper has described how the circumflex coronary artery can
be visualised in the modified mid-oesophageal long-axis view of the aortic
valve.Z2 This can help to diagnose the possible complication of the mitral
valve surgery, i.e. iatrogenic injury to the circumflex artery leading to
compromised flow. The authors suggest that visualisation of the circumflex
artery with their technique should be performed more frequently in patients
undergoing mitral valve surgery.

It has been suggested that a subset of patients with severe PAH who
undergo MVR may be at an increased risk of developing acute, isolated RV
failure in the immediate postbypass period”? Acute pulmonary
vasoconstriction of unknown aetiology leading to increase in PVR has been
suggested to be the precipitating factor. However, in the author’s experience,
such a phenomenon is extremely rare. In fact, it has been shown that
following MVR, in patients having severe PAH, the indices of RV stress such
as PVR, RVEDP, mean pulmonary artery pressure (MPAP), etc. decline
significantly and rapidly.22% Nevertheless, manoeuvres that are known to
induce increase in PVR like protamine administration should be performed
carefully, and factors such as even mild hypercarbia should be avoided in the
postoperative period in patients having severe PAH. This is important as
there is no effective treatment available for the full blown syndrome of acute
severe exacerbation of PAH leading to RV failure. Inhaled nitric oxide,
adenosine, prostaglandins and phosphodiesterase-III inhibitors have been
shown to be helpful in decreasing PAH and can be used in such a situation.

Acute Mitral Regurgitation

Rupture of the papillary muscle or chordae tendinae following acute MI can
cause acute MR. Such a patient may enter the operating room in cardiogenic
shock with pulmonary congestion necessitating intra-aortic balloon pump
(IABP) support. The anaesthetic goals, however, remain similar. Hospital
mortality rate in patients undergoing combined CABG and MVR has been



reported to be very high.Z374 Therefore, some surgeons have advocated a
conservative approach of CABG alone for patients with a moderate ischaemic
MR. However, some authors have reported successful outcome in patients
undergoing elective as well as emergency MVR plus CABG following acute
MI1.2>26

Results of emergency MVR following acute MR during BMV are not well
reported. However, it has been shown that the indices of RV stress (PVR,
MPAP, RVEDP) do not decrease early after surgery and hence, careful
haemodynamic management is necessary for these patients.2!

Finally, “transverse midventricular disruption” is the most dreaded
complication after MVR and is usually fatal. The aetiological features
include, implanting a disproportionately large valve, direct surgical injury
and sudden overdistention of the LV after CPB.

Aortic Stenosis

Clinical Presentation

There is a left ventricular outlet obstruction at the level of aortic valve.
Stenosis of the aortic valve may be either congenital or acquired. The
acquired AS is most commonly of rheumatic origin in the developing
countries. In the developed world however, it is non-rheumatic in origin and
usually results from calcification or degeneration of a congenitally bicuspid
or a previously normal tricuspid valve.® With the increasing longevity of life,
more and more elderly patients are presenting with AS. Functional outcome
after aortic valve replacement (AVR) in these patients is reported to be
good.”Z The classic symptoms of the disease include angina, syncope, and
congestive heart failure (CHF). Although, clinical symptoms do not correlate
with the severity of AS, appearance of symptoms indicate that early treatment
is necessary as the risk for development of complications is increased.”8
Angina and CHF are related to the concentric hypertrophy of LV that
increases the wall thickness and syncope is related to the decreased CO due
to obstruction to the SV. Thus, patients with AS experience angina even
without CAD. However, CAD is known to frequently coexist with AS,
especially in older patients. A large study found that 14 percent of patients

with triple-vessel or left main CAD and AS presented without angina.”



Identification of such patients is crucial, as combined CABG and AVR can
be performed in them for better outcome.& Since, rheumatic AS occurs more
frequently in younger patients in the devloping countries, associated CAD is
a relatively rare phenomenon.

Advances in Doppler echocardiography allow for the completely
noninvasive evaluation of the patients with AS. However, coronary
angiography is indicated in patients over 50 years of age who have significant
AS. Many centres follow the practice of routinely performing coronary
angiogram in patients of > 40 years of age. Concomitant CABG may be
necessary in patients who have CAD.

Pathophysiology

The normal aortic valve orifice is 2.5 to 3 cm? and severe AS is defined as an
area of less than 1 cm2.8! As a result of obstruction to the LV outlet, the LV
has to work against pressure (pressure overload) leading to concentric
ventricular hypertrophy. The muscle mass is increased to cope with the
pressure overload but the cavity size remains the same. It is this limitation of
the cavity size that limits the SV and consequently the CO at the slow HR.
The peak pressure generated during systole is much higher due to a high
transvalvular pressure gradient (Fig. 5.10). The thickened LV wall is also
responsible for decreasing the compliance of the LV and therefore, the
diastolic pressure volume relationship is shifted upward, meaning thereby
that small changes in the diastolic volume produce relatively large increase in
the ventricular filling pressure. The ventricular filling depends upon adequate
intravascular volume and atrial contraction. Therefore, normal sinus rhythm
is very important in these patients as atrial contraction can contribute up to 40
percent of the ventricular filling (normal 15 to 20 percent).
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Figure 5.10: Left ventricular pressure volume loop in a patient with aortic stenosis. The diastolic
pressure volume relationship is shifted upward and peak pressure generated during systole is much
higher. Refer to the text for details. (This is a diagrammatic and not an accurate representation.)

Due to a decrease in the ventricular compliance, LVEDP is often elevated
leading to pulmonary congestion and symptoms of dyspnoea. This is an
example of diastolic dysfunction where symptoms of CHF are caused by the
raised LVEDP due to a stiff ventricle (ventricle unable to relax during
diastole) rather than the inability to empty (systolic dysfunction).

Myocardial ischaemia results because of decreased coronary perfusion
pressure (CPP) due to a raised LVEDP (CPP = diastolic aortic pressure-
LVEDP). With severe outflow obstruction, SV is decreased and the resultant
systemic hypotension can further compromise the coronary perfusion. In
addition, the coronary vascular reserve is decreased due to increased basal
oxygen requirements of a thick pressure overloaded ventricle. Any associated
CAD will compromise the situation further. Structural abnormalities of
coronary circulation (coronary vessels not enlarging in proportion to the LV
hypertrophy) may also be a contributory factor.

Myocardial contractility is usually well preserved with a normal ejection
fraction until very late in the course of the disease. In fact, the hypertrophied
LV is also hypercontractile to maintain SV in the presence of obstruction to
flow. Late in the disease, however, contractility can decrease leading to a
decrease in the gradient across the aortic valve.

Anaesthetic considerations



The anaesthetic management revolves around maintenance of the sinus
rhythm and adequate intravascular volume and avoidance of systemic
hypotension. It must be remembered that patients are susceptible to develop
myocardial ischaemia and that resuscitation is extremely difficult in the event
of ventricular fibrillation (VF).

As has been already highlighted, maintenance of sinus rhythm is crucial.
Any arrhythmias such as AF or junctional rhythm can lead to severe
hypotension. Since the SV is limited, the CO is rate dependent and
bradycardia can cause a decrease in the CO. Tachycardia on the other hand
can be tolerated for short periods but can lead to myocardial ischaemia by
disturbing the myocardial oxygen supply-demand and by decreasing the time
for coronary filling. The use of vasodilators is contraindicated as the stroke
volume is relatively fixed across the narrowed valve. Vasodilatation reduces
the SVR without any increase in the SV and leads to hypotension. However,
it has been shown that vasodilator therapy with nitroprusside leads to
decrease in PCWP and SVR and an increase in SV.82 The dose of
nitroprusside was carefully titrated to maintain mean arterial pressure (MAP)
of 60 to 70 mm Hg in this study. Such a therapy may be used in patients with
severe AS as a temporary bridge to AVR.82

Patients with AS generally have lower systemic blood pressure.
Occasionally, increase in systemic blood pressure during intubation or
surgical stimulus can occur leading to severe increase in the LV systolic
pressure. The severity depends upon the gradient across the aortic valve, e.g.
if the gradient is 80 mm Hg, the LV pressure is 180 at a systolic blood
pressure of 100 mm Hg. Slight increases in the systemic blood pressure can
therefore, cause substantial increases in the LV pressure (presuming that flow
across the valve remains constant) and therefore, increase wall tension in the
LV leading to ischaemia.

Due to the reasons cited above, a very precise control of haemodynamics
during anaesthesia is important in patients with AS. Adequate premedication
with morphine or benzodiazepine is required to reduce the likelihood of
preoperative anxiety and tachycardia. Narcotic based induction is desirable to
avoid haemodynamic disturbances. It ensures good analgesia and adequate
depth of anaesthesia during intubation so that the reflex sympathetic
responses to intubation are blunted. For intubation, a muscle relaxant devoid
of cardiovascular effects is desirable. Metocurine has been found to produce
minimal increase in the HR and mild vasodilatation when used in patients



with AS, who are anaesthetised with morphine and diazepam.23 Pancuronium
can be advantageous if used with narcotics as it counters the bradycardia
produced by narcotics. Vecuronium and atracurium are reasonable
alternatives but they can potentiate bradycardia produced by narcotics. It may
be useful to take into consideration the basal HR of the patient for appropriate
choice of the muscle relaxant. The adverse haemodynamic response to
intubation should be treated by administration of increments of thiopental (if
hypertension occurs) and a beta-blocker (if tachycardia occurs) after
intubation. Low concentrations of inhalational agents may be used and
continued to maintain anaesthesia. Another alternative to control persistent
hypertension is the infusion of nitroglycerin as the risk of myocardial
ischaemia is always present in these patients.

Intraoperative hypotension, regardless of the cause should be aggressively
treated. A direct alpha adrenergic agonist such as phenylephrine or
norepinephrine can be used in order to maintain coronary perfusion pressure.
The primary cause of hypotension (e.g. hypovolemia, arrhythmia), should
also be tackled aggressively. If necessary, CPB should be instituted as soon
as possible.

Induction of anaesthesia can be really dangerous in patients who have
critical AS with LV dysfunction. Such patients have low transvalvular
pressure gradients and the operative mortality is increased. However, AVR is
associated with improved functional status.24 Percutaneous femoro-femoral

bypass under local anaesthesia can be instituted before the administration of

general anaesthesia to prevent the haemodynamic disturbances.2>

Intraoperative monitoring should include standard ECG leads, including
the V5 lead. CVP is a poor estimate of the LV filling as the LV compliance is
reduced. PAC can be very useful in these patients, but can sometimes induce
arrhythmias. Loss of sinus rhythm compromises the diastolic filling of a
poorly compliant LV resulting in hypotension. However, PAC provides the
measurement of PCWP that is a fairly good indicator of LV filling in patients
with AS, and helps in the fluid management of patients. In addition, CO
measurements along with the calculated haemodynamic parameters can also
be carried out. Therefore it, appears worthwhile to accept a small risk of
arrhythmias in these patients. In any case, if there are persistent arrhythmias,
the PAC can be withdrawn and replaced with an ordinary central venous
catheter through the sheath that is used for the insertion of PAC.



The risk of intraoperative myocardial injury in these patients also needs to
be considered and utmost care in the myocardial preservation should be
observed. The retrograde cardioplegia via coronary sinus along with an initial
dose of antegrade cardioplegia can be used.2® Irreversible ischaemic
contracture termed as “stone heart” is reported to occur following AVR in
patients with severe LV hypertrophy.8288 Such a complication is rare these
days mainly due to the improvements in myocardial preservation techniques.
However, in the author’s experience, severe LV dysfunction following AVR
in patients having severe concentric hypertrophy is not unknown. These
patients have a raised LA pressure and need prolonged support on CPB
before it can be terminated. Occasionally, IABP support is also necessary.
Calcium channel blockers (verapamil, nifedipine) are known to improve the
diastolic performance in patients with hypertrophic states®%2? and can also be
helpful. It is also justified not to use calcium to improve the inotropic state of
the heart in these patients.

Percutaneous balloon aortic valvuloplasty

Percutaneous balloon aortic valvuloplasty has limited applications and has
two main indications: 1. very old patients with surgical risks, and 2. critically
ill patients in whom the procedure is most often used as a bridge to surgery. It
has been shown in a large series of 180 elderly patients that the technique is
able to efficiently palliate the symptoms and improve survival.2l Balloon
aortic valvuloplasty is a low-cost and low-risk procedure in experienced
hands requiring only local anaesthesia and a short hospital stay.
Anaesthesiologist is generally requested to remain standby during the
procedure to manage resuscitation, if necessary.

Trans-catheter aortic valve Implantation

The recent development of TAVI to treat severe AS has emerged as a viable
option for high-risk patients, who are likely to have high operative mortality
for surgical correction during CPB. Retrograde transfemoral AVR can be
performed under local anaesthesia plus sedation, whereas antegrade
transapical AVR is performed under general anaesthesia. General anaesthesia
facilitates the use of TOE. Recent clinical studies have proven the feasibility
of TAVI with early improvement of the global LV performance.22 24 Two
major systems are available, the Edwards SAPIEN and the Medtronic Core



Valve.

The procedure involves performance of a balloon aortic valvuloplasty
followed by placement of the valve. The valve containing application system
is positioned under the TOE and fluoroscopic guidance. The wvalve is
instantaneously implanted after rapid inflation of the balloon. The
implantation sheath and guidewire are then retrieved. The correct valve
position is confirmed by a single shot aortic root angiography and TOE.
Rapid ventricular pacing (RVP) with the rate of 180 to 220 beats/min is
initiated both during valvuloplasty as well as valve implantation.

The anaesthesia should include adequate premedication followed by opioid
based induction. In addition to usual monitoring, TOE probe should be

inserted and external defibrillator pads should be placed. The specific

anaesthetic challenges of this procedure are as follows.22

e Preparation for emergency CPB: Femoral venous and arterial wires
should be placed to initiate emergency CPB.

e Avoidances of hypothermia: External convective warming devices and
warm intravenous fluids should be used.

e Haemodynamic and volume management: Adequate volume should be
infused in order to maintain CVP above 10 cm H,O and MAP above 65

mm Hg. Inotropes (epinephrine in presence of LV dysfunction and non-
epinephrine in patients with normal LV function) should be infused in
order to maintain MAP of > 65 mm Hg. The MAP should be increased
to 75 mm Hg before RVP in order to avoid the significant decline in
MAP seen post-RVP.

e Rapid ventricular pacing: The pacing is instituted during balloon
valvuloplasty and aortic valve implantation in order to decrease the
systolic arterial pressure to below 60 mm Hg. The pacing is terminated
once the balloon is adequately deflated.

e TOE monitoring: The entire TAVI procedure should be monitored by
TOE. The mid-oesophageal long-axis view and the mid-oesophageal
short-axis view of the aortic valve are used to assess the valve position
and function. Measurement of aortic annulus diameter is essential for
valve size selection. In addition, volume status and LV function should
be monitored by TOE.

* Postoperative management: This entails maintenance of haemodynamics
and offering adequate pain relief. Early extubation is attempted in all



patients.

As already mentioned, the procedure can be performed via trans-femoral
route and transapical approach using a minithoracotomy incision. In presence
of contraindication for transfemoral TAVI, the procedure can be performed
via transaxillary approach.2® The complications of the procedure include
local bleeding, obstruction of the coronary ostia, and neurological insult due
to embolization of sclerotic material.2Z AR due to paravalvular leak or
inadequate device expansion can also occur. Renal dysfunction may occur if
excessive contrast medium is used. Heart failure and atrioventricular block
requiring a pacemaker are the most frequent cardiac complications. Further,
the success of the procedure depends on a successful valvuloplasty. Thus, if
the valvuloplasty fails, (e.g. densely calcified AV), the procedure may have
to be abandoned or converted to the conventional AVR under CPB.

Hypertrophic Obstructive
Cardiomyopathy

Hypertrophic obstructive cardiomyopathy (HOCM) is a rare familial disorder
in which there is marked hypertrophy of the histologically abnormal
sarcomeres with disproportionate involvement of the inter-ventricular
septum.28 It is a common cause of sudden cardiac death in young people. The
hypertrophy of the basal septum leads to narrowing of the LVOT and a
pressure gradient across it. The progressive compensatory hypertrophy
narrows the outflow tract and worsens the gradient. This can lead to
occurrence of SAM. The degree of LVOT obstruction is dynamic and is
exacerbated by increase in the contractility and heart rate. The other terms
used to describe this condition are, idiopathic hypertrophic subaortic and
muscular subaortic stenosis. However, the term hypertrophic cardiomyopathy
is the preferred description and applies to patients with ventricular
hypertrophy but without an obvious cause such as hypertension or AS.22 The

nonoperative treatment options include placement of an intracardiac
defibrillator and alcohol ablation!?? of the septum. Surgical treatment
includes myotomy-myomectomy, and MVR has also been used with good
results as it abolishers the SAM.1Y Therefore the anaesthetic management

revolves around fluid management and pharmacological interventions to



decrease the degree of obstruction. Generally, inotropic agents should not be
used. The hypertrophied ventricle usually has reduced compliance and is load
sensitive. Optimization of the preload and ventricular filling is important.
Afterload reduction worsens the obstruction and should be avoided. Increase
in the afterload decreases the trans-outflow tract gradient leading to reduction
in SAM and LVOT obstruction. Therefore, vasoconstrictors such as
phenylephrine are useful. Finally, reducing the heart rate by beta-blockers
should also be considered.

Aortic Regurgitation

Clinical Presentation

AR is usually chronic and of rheumatic aetiology in the developing countries.
Non-rheumatic causes of AR are bicuspid anatomy, infective endocarditis,
connective tissue disorders (Marfan’s syndrome) or trauma.

The natural history of chronic AR is characterised by a long asymptomatic
period with a relatively rapid downhill course after the onset of cardiac
symptoms.1% Many indicators for the necessity and timing of valve
replacement have been described, however, there are no gold standards. The
surgical results, both in terms of mortality and reversal of LV dysfunction are
reported to be unfavourable in patients who are in New York Heart
Association class IV before surgery. However, in developing countries,
patients may present for treatment at such a late stage and surgery is
performed on them, as substantial clinical improvement is still possible.

During the asymptomatic interval, the wvalvular incompetence and
secondary ventricular enlargement become progressively more severe.123 The
most common symptoms are those of CHF. Syncope and angina are rare. The
severity of symptoms and their duration may correlate poorly with the degree
of haemodynamic and contractile impairment.l% The life expectancy for
patients with clinically significant AR is about nine years.1%2

The patients with acute AR (endocarditis, trauma) usually present in
intractable pulmonary oedema. They are hypotensive and respond poorly to
medical management. Coronary perfusion pressure may be severely impaired
by the combination of low arterial diastolic pressure and the markedly
increased LVEDP. Immediate surgical intervention is necessary.



Pathophysiology

The blood ejected into the aorta flows back into the LV during diastole
resulting in volume overloading of the V. The degree of volume overload is
determined by the regurgitant flow that depends upon the degree of
incompetence, the aorto-ventricular pressure gradient during diastole and the
duration of diastole. The ventricle adapts to this load by increasing the
chamber size as well as the wall thickness (eccentric hypertrophy). The result
is an increase in the end-diastolic volume and stroke volume (Fig. 5.11). The
end-diastolic volume can increase 3 to 4 times the normal. The stroke volume
is increased in proportion to the regurgitant flow so that the forward stroke
volume is maintained. There is no isovolaemic relaxation as the LV starts
filling during early diastole from the aortic valve before the mitral valve
opens. If the contractility is impaired, ejection fraction and stroke volume
decrease.

The slowly developing volume overload is tolerated much better by the
heart as against the pressure overload (as in AS). The ventricular compliance
is increased and large volumes can be accommodated without causing a
significant increase in the LVEDP until very late stage of the disease. The LV
hypertrophy can be severe in patients with long standing AR. Progressive
volume overload can reach a point where compensatory hypertrophy is no
longer sufficient and a decline in systolic function occurs. Preoperative end-
systolic diameter of > 55 mm (on echocardiography) is taken as a risk factor
in these patients.l%® The ACC/AHA guidelines suggest that ejection fraction
less than 25 percent or the endsystolic diameter greater than 60 mm indicate
that irreversible myocardial changes are likely to have occurred.2? Surgical
treatment before significant ventricular decompenstion offers excellent
recovery with early regressions and remodeling of the LV.23 Therefore valve
surgery is recommended in asymptomatic patients with L'V dysfunction or

LV dilatation with normal ejection fraction.3
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Figure 5.11: Left ventricular pressure-volume loop in a patient with aortic regurgitation (AR). Note the
increase in end-diastolic volume and stroke volume. There is no isovolaemic relaxation, The end-
diastolic pressure-volume relationship is maintained in chronic AR (not so in acute AR). For details
refer to the text. (This is a diagrammatic and not an accurate representation.)

Myocardial ischaemia is relatively rare in patients with chronic AR. The
contractility and wall tension that determine the oxygen consumption are
usually normal (not elevated) in chronic AR. However, ischaemia may
sometimes occur due to reduced oxygen supply caused by abnormalities of
the coronary circulation resulting from LV hypertrophy.

In order to reduce the regurgitant flow, there is usually a compensatory
tachycardia which reduces the diastolic time. A decrease in HR is not well
tolerated as the diastolic time is increased and the LV filling continues to
occur through the regurgitant valve. This might increase the LVEDP
precipitously leading to myocardial ischaemia and arrhythmias.

Anaesthetic considerations

Patients with moderate AR (surgery is usually not performed in mild AR)
without massive cardiomegaly or failure generally tolerate surgery well.
Theoretically, vasodilatation and increase in HR decrease the regurgitant flow
and therefore, should be the goals of safe anaesthesia. In particular, avoidance
of bradycardia is important as it prolongs diastolic time and hence increases
regurgitant flow and LVEDP. Consequently, the coronary perfusion pressure



decreases and a rapid LV dysfunction can set in. Vasodilatation by
decreasing SVR on the other hand, decreases the diastolic pressure gradient
across the aortic valve and reduces the regurgitant fraction of the SV.197.108 1¢
should be remembered, however, that adequate preload should be maintained
during vasodilator therapy, otherwise, decrease in the venous return will
produce further decrease in the SV. In addition, myocardial depressants
should be avoided, if the patient also has LV dysfunction. Inotropic therapy
should be instituted without wasting much time in these patients. Patients
having an end-systolic LV dimension of > 55 mm are likely to be susceptible
to myocardial depressants.

A light premedication will do well for patients with AR as myocardial
depression is avoided and tachycardia, if any, is useful in these patients.
Narcotic based induction is preferred to ensure haemodynamic stability.
Pancuronium is the preferred muscle relaxant as it causes the beneficial
increase in HR. The timing of surgery in patients with AR is controversial
and it is still debated whether asymptomatic patients with AR should be
subjected to surgery. However, in the developing countries, patients may
present very late for surgery. Such patients will usually have long standing
moderate to severe AR with severely hyper-trophied LVs. In addition, the LV
contractility may be decreased necessitating careful management. It has been
shown that 50 percent of patients do well after AVR in spite of preoperative
contractility impairment.1%%110 The remaining 50 percent have a less
satisfactory outcome following AVR. Such patients can be usually identified
preoperatively based on their clinical symptoms and echocardiographic
examination. Severity of preoperative symptoms especially, recurrent CHF
along with a hypertrophied LV (end-systolic dimension of > 55 mm and end-
diastolic dimension of > 70 mm) should alert the anaesthesiologist.

Careful titration of the narcotic dosage and fluid balance are important.
Maintenance of faster HR is especially valuable and bradycardia should be
promptly treated. Either nitroprusside or nitroglycerin infusion can be used
for vasodilatation in these patients. Inotropes (dobutamine, epinephrine)
should be used to improve the systolic function. The LV is prone to distend
before placement of the aortic cross clamp, if it is not ejecting or being
vented. This is so, as during this period, systemic cooling may induce
bradycardia or arrhythmias. Cross clamping the aorta or venting the LV will
correct this problem.

Another peculiar problem that may be encountered in these patients is the



inability to restore rhythm after release of the aortic cross clamp. This leads
to excessive LV distention creating further difficulty in defibrillating the
heart and restoring normal rhythm.1l Use of LV venting through the LA or
directly through the LV apex in order to restore beating empty state of the
heart is recommended in these patients.l! Simultaneous use of high dosage
of inotropes to improve the LV contractility is also desirable. In a rare
situation of persistent VF following aortic cross clamp release, amiodarone
injection in the root of the aorta for successful defibrillation has been
reported.112

As usual, the intraoperative monitoring should include ECG, direct arterial
pressure and CVP. PAC can be useful, especially in patients who are known
to have LV dysfunction. The measurement of CO and other haemodynamic
parameters is also possible with PAC that may provide valuable information
in terms of preload and afterload so that the vasodilator therapy can be
tailored to the patient’s needs. This information provided by the PAC is
especially desirable during termination of the CPB and immediate
postoperative period. TOE is, of course, a fascinating monitoring tool and if it
is available, can be utilised to monitor the LV contractility and LV volumes.

Aortic valve repair

AVR has been the standard surgical management for the aortic valve disease.
However, in the recent times, improvements in the aortic valve repair
techniques have taken place, which provide an alternative to AVR. The
advantages of the aortic valve repair include the avoidance of the risk of
prosthetic valve complications such as thromboembolism, endocarditis,
bleeding and structural deterioration. The choice of surgical technique for
repair is determined by the nature of the AR. For instance, in presence of the
dilatation of the sino-tubular junction (Type IA according to EL Khoury
classification!13), the dilated sino-tubular junction is remodeled to normalise
the aortic cusp coaptation. Other techniques include, excision of the dilated
sinuses of valsalva and a valve sparing root replacement, subcommissural
annuloplasty, sinotubular junction annuloplasty, repair of cusp perforations
by bovine pericardium, correction of the aortic cusp prolapse, shaving and
decalcification of restricted aortic cusps, and sub-commissural
annuloplasty.114-117 Tt has been shown that aortic valve repair is feasible and
safe and offers clinical outcome that is superior to the currently available data



for prosthetic AVRU#4U8 Similar outcome results in terms of 10-year
survival or freedom from reoperation at 5 years and at 10 years have been
reported even in patients undergoing bicuspid aortic valve repairs.112-120

The TOE has been crucial for the success of the valve repair procedures
and the recent guidelines strongly support its role in the aortic valve repair
procedures.12l A study has confirmed the utility of TOE in the aortic valve
repair.122 The risk factors for predicting the aortic valve repair failure are,
residual AR, level of aortic cusp coaptation that is below the aortic annulus,
and a short coaptation length (< 4 mm).122

In summary, aortic valve repair has come a long way and looks promising
especially in younger adults with bicuspid or tricuspid valve. It may not be
useful in patients who have valves with extreme degeneration and
calcification.

Thoracic Epidural in Valve Surgery

Use of thoracic epidural anaesthesia (TEA) has been reported in a relatively
large series of patients undergoing CABG. In contrast, there is a striking
scarcity of patients in whom TEA has been reported during valvular cardiac
surgery. This may be related to the fact that in the absence of coronary
lesions, the benefit from optimisation in the redistribution of coronary blood
flow and reduced demand for oxygen secondary to sympathetic block
produced by TEA, is not necessary. In addition, the patients with valve
disease are often on oral anticoagulants before and after surgery. However,
some authors believe that certain other benefits of TEA such as excellent
analgesia, early recovery of consciousness and spontaneous ventilation,
attenuation of the stress response, early extubation and haemodynamic
stability can still be useful in patients undergoing valve surgery. TEA in
combination with general anaesthesia in patients undergoing valve surgery
has been described. 124126 The authors have reported extubation in the
operation theatre in a substantial number of patients without any neurological
complications. Patients suffering from mitral valve disease often have
accompanying PAH and it is believed that elective postoperative ventilation
is beneficial in them. However, in a series of 305 patients reported by Canto
et al,124 63 percent patients had PAH with 14 percent having severe PAH
(pulmonary systolic pressure > 70 mm Hg). One must be very cautious before



using TEA on a routine basis based on these reports and perhaps await more
prospective randomised studies. TEA has also been used to perform awake

AVR in an elderly patient with severe chronic obstructive pulmonary

diseasel?” and sick octogenarian patients.12® Epidural anaesthesia without

tracheal intubation in these patients permitted the avoidance of general
anaesthesia and allowed continuous evaluation of cognitive function.

Mixed Valvular Lesions

While in clinical practice a single type of valvular lesion can be seen, mixed
and multiple valvular lesions also occur very commonly. The commonest
lesion in the developing countries is MS. Associated functional TR is very
common in these patients. Isolated disease of the tricuspid valve is very rare
and the organic disease of tricuspid valve (usually rheumatic) is almost
always associated with the disease of other valves. By itself TR is not
harmful, and the volume overload imposed on the RV is usually well
tolerated. However, TR in the presence of PAH is not so well tolerated as
regurgitant fraction is increased and the forward stroke volume is decreased.
The functional TR associated with MS resolves after correction of the MS,
and no treatment is generally necessary for TR. However, in the presence of
severe PAH, medical management of PAH is important in order to improve
cardiac performance in the postoperative period. The placement of PAC in
presence of TR may be difficult and hence, may not be available as a
monitoring tool in some patients with mitral valve disease.

The other types of mixed lesions are MS plus MR, MS plus AR, MR plus
AR, AS plus AR etc. Almost all types of combinations can be seen
necessitating replacements of more than one valve at a time. Combined
stenotic and regurgitant lesions impose extra burden on the heart. For
instance in a patient with AS plus AR, the increased stroke volume needs to
be pumped against the resistance of the stenosed aortic valve. Where two
different valves are affected in the same patient, the risk criteria of both the
lesions should be considered during the perioperative management. However,
more severe lesion amongst the two or stenotic lesion (if both are equally
severe) should be given more importance.
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Chapter 6: Anaesthesia for Coronary
Artery Bypass Surgery

The last decade has seen significant advances in the treatment of coronary
artery disease (CAD). The emergence of drug eluting stents and off-pump
coronary artery bypass grafting (OPCAB) have emerged as the alternative
methods of coronary revascularization that avoid the use of cardiopulmonary
bypass (CPB). The avoidance of CPB during OPCAB has made the operation
equivalent to any other major noncardiac surgical procedure. This has led the
cardiac anaesthesiologist to believe that elective postoperative ventilation
may not always be necessary in these patients. The anaesthetic management
has been modified to suit this requirement and a change-over from the high-
dose opioid technique to a low-dose technique and reliance on inhalational
anaesthetic agents or propofol for maintenance of anaesthesia is already
noticeable in the cardiac anaesthesia practice.

The advances in the stent technology have resulted in more and more
patients being subjected to percutaneous coronary interventions (PCI) rather
than surgery. Thus patients who were formerly surgical candidates,, are
undergoing PCIs. This has led to a decrease in the number of patients
undergoing CABG as well as a change in the spectrum of patients undergoing
coronary artery bypass grafting (CABG). In general, older and sicker patients
with multi-vessel disease, often undergoing repeat procedure or having
compromised left ventricular (LV) function associated with many co-morbid
conditions are undergoing CABG nowadays. The newer surgical techniques
such as robotic surgery and port-access surgery have been introduced, and
although, they have not gained wide popularity, they are still being practiced.
All these factors have posed additional challenges to the cardiac
anaesthesiologists. He is expected to keep abreast with the current
developments in the treatment of CAD and be familiar with their anaesthetic



requirements.

The monitoring of the patient inside the cardiac operation theatre (OT) has
also seen a significant change. The most noteworthy being the widespread
application of the transoesophageal echocardiography (TOE). This chapter
deals with the anaesthetic management of patients undergoing CABG
emphasising the recent developments.

Pathophysiology of Coronary Artery
Disease

Anatomy

The right and left main coronary arteries originate from their respective
sinuses of Valsalva at the aortic root. The left main coronary artery bifurcates
into the left anterior descending (LAD) and circumflex branches (Fig. 6.1).
The proximal LAD artery passes along the anterior intraventricular groove
and gives off 4 to 6 septal perforators and continues further giving off
branches (1 to 3 diagonal vessels) to supply the anterior and lateral walls of
the LV. The circumflex artery proceeds in the left atrioventricular (AV)
groove. Up to four obtuse marginal (OM) arteries arise from the circumflex
artery and supply the lateral wall of the LV. When the circumflex gives rise
to posterior descending artery (PDA), the circulation is called as left
dominant and the entire interventricular septum and the AV node is supplied
by left coronary circulation.
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Figure 6.1: Anterior view of the heart showing right and left coronary arteries. The left coronary artery
branches into left anterior descending artery and circumflex artery.
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Figure 6.2: Showing posterior aspect of the heart. Note that the circumflex branch of left coronary
artery running in the left atrio-ventricular groove and giving off marginal branches and continuing as
distal circumflex artery. Right coronary artery descends in right atrioventricular groove and gives off

posterior branch of the right coronary artery.

The right main coronary artery originates from the sinus of Valsalva of the
right coronary cusp and traverses in the right AV groove. It gives off an acute



marginal branch and then continues to bifurcate into PDA and posterolateral
branches (Fig. 6.2). When the PDA originates from distal right coronary
artery, the circulation is referred to as right dominant, which is observed in
about 85 to 90 percent of population.

These large epicardial vessels give rise to small intramural branches that
are located within the myocardium. These small vessels are capable of
altering the resistance of the circulation by altering their dimensions. Venous
drainage of the myocardium is mainly to the coronary sinus, but a small
fraction goes directly into the right atrium or other cardiac chambers via the
thebesian veins.

Myocardial Ischaemia

In a normal individual, coronary blood flow (CBF) is autoregulated.
Autoregulation signifies that the CBF is independent of the perfusion
pressure but is related to the tissue oxygen demand. If there is progressive
obstruction of a coronary artery, dilatation of the capillary bed beyond the
obstruction occurs in order to maintain adequate blood supply. Coronary flow
reserve is eventually exhausted and autoregulation begins to fail. Failure of
autoregulation signifies that CBF is solely dependent on pressure gradients
and the capacity to increase the flow by dilatation induced by metabolic
control is lost. Subendocardial ischaemia is first to occur as autoregulation
fails in the subendocardium first.! Autoregulation of CBF, however, cannot
be maintained at all systemic pressures and at lower systemic pressures, the
autoregulation begins to fail. In animals, this lower limit of pressure has been
found to the be 38 to 40 mm Hg.2 In addition, an increase in the heart rate
(HR) can also affect the autoregulation in the sense that tachycardia increases
the lower level of systemic blood pressure (BP) at which autoregulation fails.
Tachycardia increases the myocardial oxygen consumption as well as reduces
the diastolic time during which coronary perfusion occurs. Thus, both
demand and supply of oxygen are affected.

Coronary Steal

An increase in the myocardial blood flow in one region that causes reduction
in the flow in another is referred to as coronary steal.>* When a coronary
vessel develops stenosis, the microvas-culature distal to it may be maximally
dilated. In addition, collaterals may develop between this ischaemic zone and



an adjacent non-ischaemic area that is supplied by another vessel. The
collateral vessels have a high resistance unless they are fully developed.
When vasodilatation occurs (exercise or pharmacological), it occurs mainly
in the non-ischaemic zone, as the ischaemic zone may be already fully
dilated. This results in a decrease in pressure in the non-ischaemic zone and
flow across collateral vessels that have high resistance is reduced resulting in
coronary steal. Steal-prone anatomy was found in 23 percent of patients in
one study.2

The classical symptom of myocardial ischaemia is pain. However,
myocardial ischaemia frequently occurs withoutpain and is called silent
ischaemia. Silent myocardial ischaemia is known to occur frequently in
preoperative period. In one study as many as 87 percent of preoperative
ischaemic episodes were clinically silent.%

Myocardial ischaemia occurs when there is an imbalance in the
determinants of oxygen supply and demand (Table 6.1). Whether it is silent
or symptomatic, it leads to myocardial dysfunction with depressed contractile
function and characteristic electrocardiographic (ECG) changes. As the
myocardial ischaemia frequently occurs without haemodynamic changes, the
anaesthesiologist must be watchful in detecting and aggressively treating it.

Table 6.1: Factors determining myocardial oxygen supply and demand

Myocardial oxygen supply

Oxygen content Haemoglobin
Haemoglobin saturation

Coronary flow Vascular resistance
Diastolic pressure gradient

Diastolic time

Myocardial oxygen demand

Contractile state Initial fibre length
Intrinsic fibre shortening property

Resistance to shortening



Heart rate

Preoperative assessment of coronary
artery disease

Chest pain is the most common symptom and it is useful to be familiar with
the type of pain that the patient has. He may have uncomfortable sensation,
heart burn or shortness of breath. The location of the discomfort also differs
and the patient’s account of the suffering is an important information. If
similar discomfort occurs on arrival in the OT, it should not be ignored. The
severity of pain does not have relation to the magnitude of the vessel
blockade. However, unstable angina carries a higher risk in terms of
myocardial infarction (MI) or death. Based on simple clinical parameters, it
was shown that the presence of resting ST depression, hypertension, prior MI
or marked limitation of activity in patients with stable angina are associated
with increased mortality.” More recently, it has been shown that the severity
of illness characteristics, such as, LV dysfunction and emergency admission
increase the risk of mortality.8 Physical examination should be aimed at
detecting evidence of LV dysfunction and associated systemic diseases
(particularly respiratory and vascular disease) that might affect the
anaesthetic care. Precordial heave, laterally displaced point of maximal
impulse or presence of fine basal crepitations suggest LV dysfunction.

The patient with CAD is generally investigated in great details by the
cardiologist. The cardiac anaesthesiologist is thus fortunate in the sense that
extensive evaluation of the cardiovascular system has already been done and
sufficient information about the cardiovascular system is available.
Noninvasive studies such as chest radiograph, ECG, echocardiography, stress
testing, nuclear imaging as well as invasive studies such as coronary
angiography have usually been performed on them. Amongst these,
angiography is the ‘gold standard’ for defining the extent of CAD. Vessels
suitable for bypass are identified on the basis of a coronary angiogram. In
addition, the LV angiogram is informative about the contractile function of
the LV. The important information that the anaesthesiologist should look for
is the distribution of lesions, L'V ejection fraction (EF) and LV end-diastolic
pressure (LVEDP). Normal LVEF is 50 to 75 percent. Generally LVEF of <



35 percent is labelled as poor LV function. An enlarged LV size on X-ray, EF
of < 30 percent and presence of areas of abnormal motion, (hypokinesia or
dyskinesia) on echocardiography are suggestive of a high risk.

After completing the physical examination and reviewing all the
investigations, the anaesthesiologist should form an opinion about the nature
and extent of the disease. Information such as number of grafts that will be
necessary, the LV function of the patient and the presence of associated
systemic illness should be noted. Presence of diabetes mellitus, renal failure,
hypertension, vascular disease or pulmonary disease is particularly important.
This helps him to work out a proper anaesthetic plan for the patient. It is
reasonable to believe that more information about cardiac function means
better treatment and improved outcome. Therefore, the cardiac patients
should be fully investigated. The knowledge and understanding of the cardiac
function as well as the management of haemodynamic disturbances form the
basis of successful anaesthetic management of a cardiac patient.

The important risk factors that have been identified in patients undergoing
CABG are, advanced age (more than 75 years), reoperation, emergency state,
female gender, LVEF less than 30 percent, presence of diabetes and dialysis
dependence.212

It is now well known that the population presenting for CABG is changing.
This is mainly due to the advances in the techniques of PCIs. The debate on
the subject such as PCI versus CABG is beyond the scope of this book and it
is sufficient to say that patients with more extensive CAD are now presenting
for CABG surgery.

Preoperative Drug Therapy

Nitrates, beta-blockers and calcium antagonists are the mainstay of treatment
of angina. In addition, anticoagulant or platelet inhibiting drugs are also
prescribed in order to prevent acute thrombotic events at the site of coronary
stenosis. These drugs are likely to be continued up to the time of surgery in
order to prevent episodes of myocardial ischaemia.

Nitroglycerin

Nitroglycerin (NTG) is generally administered sublingually for the treatment
of acute angina. However in patients with unstable angina, an infusion of
NTG can be used. This therapy should be continued up to the time of surgery,



since acute withdrawal can precipitate myocardial ischaemia. The ability of
nitrates to reduce the preload by venodilatation must be appreciated and
induction of anaesthesia by withdrawing sympathetic tone can induce
profound hypotension in these patients.

Beta-blockers

The perioperative use of beta-blockers has been controversial. However, it is
being increasingly utilised particularly in the high-risk group of patients
undergoing major noncardiac vascular surgery. By virtue of decreasing
myocardial oxygen demand, increasing diastolic perfusion time and reducing
the frequency of arrhythmias, beta-blockers are expected to decrease
myocardial ischaemia and hence, perioperative myocardial infarction. The
initial randomized trials by Mangano et al,12 and Poldermans, et all# are the
prominent ones that demonstrated the utility of beta-blockers in providing
long-term benefits to the patients undergoing noncardiac surgery. A reduction
in perioperative mortality in CABG patients by beta-blocker therapy was
demonstrated by a few studies.1>1 The beneficial effect of beta-blockers was
more pronounced in high-risk sub-group of patients.

The controversies regarding the type and dose of beta-blocker as well as
the target heart rate continues, but the use of beta-blockers is beneficial for
most CABG patients. They significantly decrease the myocardial oxygen

demand and the incidence of atrial and ventricular arrhythmias.1

Calcium channel blockers

The utility of calcium channel blockers in decreasing the cardiac events in
patients undergoing CABG is a controversial topic. A metaanalysis has
suggested that they are effective in reducing mortality in CABG patients.18
However, randomised controlled trials in this area are lacking. It appears
reasonable to continue them in patients taking them chronically.

Angiotensin converting enzyme inhibitors

The angiotensin converting enzyme (ACE) inhibitors and angiotensin
receptor antagonist have become an integral part of management of patients
with hypertension, congestive heart failure, and chronic renal disease. They
are prescribed after acute MI and they decrease the damage after ischaemic
reperfusion and cause ventricular remodeling. Many patients undergoing



CABG are receiving ACE inhibitors. The controversy regarding their
perioperative use revolves around the significant hypotension following
anaesthetic induction and after separation form CPB leading to increased
requirement of vasoconstrictors, if they are continued!?, and hypertension
leading to wound bleeding, arrhythmias and increase in ischaemia related
events, if they are discontinued.?? One study in patients undergoing CABG
has reported that omitting ACE inhibitors before surgery did not have
sufficient advantage to be recommended routinely.?l A recent study that
included a cohort of 45,291 patients has shown that ACE inhibitors in
combination with diuretic therapy was significantly associated with
hypotension (mean arterial pressure, MAP < 70 mm Hg) and vasopressor
requirement.22 It seems therefore, that there is not enough evidence to
discontinue ACE inhibitors before surgery, but withholding ACE inhibitors
on the morning of surgery and restarting in the postoperative period only
after the patient is euvolaemic is practiced by many.

Statins

The use of statins in the cardiac patient has increased during the recent times.
They have been shown to decrease cardiovascular morbidity and mortality in
patients undergoing PCI, cardiac surgery, vascular surgery and non-cardiac
surgery. Majority of the studies have been retrospective and observational in
nature. A recent meta-analysis that included over 30,000 patients (mostly
CABGs) has shown that there was a significant reduction in mortality, atrial
fibrillation and stroke23 in patients taking statin. However, there was no
decrease in the incidence of MI. Thus, the decrease in mortality was perhaps,
not due to decrease in the MI. This may be related to variation in restarting
the statins early in the postoperative period, as postoperative statins
withdrawl is linked with an increased risk of cardiac mortality.2* Despite the
beneficial effects of statins, the current use of statins in patients with CAD
admitted for cardiac surgery is suboptimal, with only 40 percent receiving
them.22 The current evidence indicates that statins should be continued is
those patients who are already receiving it, and it should be restarted early in
the postoperative period. There is no evidence to empirically start it in all
patients.

Anti-platelet agents



Patients with CAD are generally administered aspirin for its platelet
inhibiting effects.?® It is a well recognised component of primary and
secondary prevention strategies for all patients with ischaemic heart
disease.?Z Aspirin leads to platelet dysfunction, and CPB induced platelet
dysfunction is considered to be an important cause of post-bypass
coagulopathy. For this reason, at many centres, elective CABG is not
performed on patients who are taking aspirin. However, there are conflicting
reports in terms of postoperative bleeding associated with aspirin therapy.
Some authors have shown an increase in the postoperative chest drainage in
patients receiving aspirin therapy,222 while others have shown no difference
in bleeding or re-exploration rate in patients taking aspirin.2%3l Moreover, it
has been shown that preoperative aspirin use appears to be associated with a
decreased risk of mortality without significant increase in haemorrhage,
blood product requirements or related morbidities.2? The Society for Thoracic
Surgeons guidlines22 recommend that, in high-risk group (those with unstable
angina or recent MI) requiring urgent or emergent CABG, aspirin should be
continued until the time of surgery. For elective patients in whom active
platelet aggregation is less likely to be a critical factor in precipitating
ischaemia, discontinuation of aspirin for 3 to 5 days pre-operatively is
recommended with early reinsti-tution in the postoperative period.

The thienopyridines, ticlopidine and clopidogrel are other anti-platelet
agents that form a part of the standard medical therapy for patients with
CAD. Clopidogrel has replaced ticlopidine, as it has a lower incidence of
thrombocytopenic purpura. It has been shown to be beneficial in patients with
acute coronary syndromes undergoing PCI, if administered on a long-term
basis for a period of 9 months.2* Another study has shown that the freedom
from MI and death can be extended by continuing the clopidogrel for a period
of two years in patients with drug eluting stents.2> The current practice is to
continue dual anti-platelet therapy (aspirin and clopidogrel) for a period of at
least one year after placement of drug eluting stent and 3 months after
placement of bare-metal stent.

Some of the patients with acute MI may be referred for urgent surgery,
while a few others who are taken for stent placement may become surgical
candidates due to failure of the procedure. All these patients would have
received clopidogrel and pose an increased bleeding risk during surgery.
Amongst other patients who are scheduled for elective CABG and who are



receiving clopidogrel, it should be discontinued for a period of 3 to 5 days,
unless platelet aggregation is a critical factor in them. This decision regarding
the need to continue clopidogrel in some patients should be taken in
consultation with the cardiologist and should be based on the nature of the
coronary lesion and the type of angina.

Heparin and thrombolytic therapy

In patients with unstable angina, heparin infusion is administered. It is
generally stopped 6 hours before surgery, but in some cases it may be
continued up to the time of surgery. This might result in excessive
anticoagulation, if usual doses of heparin are administered during surgery. In
some patients, heparin therapy may induce heparin induced
thrombocytopaenia while in others, it may cause a relative deficiency of
antithrombin-III. These factors should be taken into account for the
management of anticoagulation of these patients so that inadequate
anticoagulation or excessive heparin dosage are avoided. In patients with
heparin induced thrombocytopaenia requiring emergent surgery, the results
obtained by using low molecular weight heparin appear promising.3®
Bivalirudin is another safe alternative.37-38 The patients with antithrombin-III
deficiency will need administration of fresh frozen plasma that contains
antithrombin III.

Some patients with acute MI who have received thrombolytic therapy may
be subjected to emergency surgery. Thrombolytic agents (streptokinase,
urokinase) decrease the plasma fibrinogen concentration by activating
plasminogen and these patients are likely to develop coagulopathy after CPB.
Increased postoperative bleeding is known to occur in these patients®2 and
their requirement of fresh frozen plasma and cryoprecipitate (which is rich in
fibrinogen) is also increased. An antifibrinolytic agent such as epsilon
aminocaproic acid or tranexamic acid can also be useful in these patients. The
anaesthesiologist should anticipate all these problems and ensure adequate
supply of blood products well in time.

Premedication

The goals of premedication are to reduce apprehension and fear, to provide
some analgesia for vascular cannulations that are performed before induction,
and to provide some degree of amnesia. A good premedication is essential in



order to prevent the occurrence of potential ischaemic events in the
preoperative period. A commonly used drug combination is oral diazepam
(0.1 to 0.15 mg/Kg), with intramuscular morphine (0.1 mg/Kg) and
scopolamine (0.2 to 0.4 mg).2Y The dosage should be appropriately reduced
in elderly or debilitated patients. On the other hand, if the patient arrives in
the OT with inadequate sedation, supplemental intravenous sedation should
be provided either with benzodiazepines or opiates. Scopolamine provides
amnesia in addition to providing sedation. It is a usual practice in the author’s
unit to administer morphine (0.2 mg/Kg) and promethazine (25 mg)
intramuscularly 1 to 2 hours before surgery. Other opioids such as fentanyl
can also be used for premedication, but due to the short duration of action,
should be administered about 30 min. before the operation. Oral
benzodiazepines alone (diazepam 0.1 to 0.15 mg/Kg or lorazepam 2 to 4 mg)
are also used as effective premedicants, but they may produce significant
hypotension during induction of anaesthesia. In addition to providing
anxiolysis and amnesia, the anaesthesiologist must ensure the administration
of appropriate cardiac medication on the morning of surgery with sips of
water.

Anaesthetic Management: Induction
and Maintenance

Before the patient is wheeled into the OT, the anaesthesiologist must ensure
that adequate preparations for anaesthetic induction are carried out. This
mainly includes, checking the anaesthesia machine, ventilator, laryngoscope,
endotracheal tube and anaesthetic drugs. In addition, facilities to promptly
initiate resuscitation (defibrillator, inotropes and syringe pumps, etc.) in the
event of a cardiac mishap should also be available.

The choice of anaesthetic drugs is wide and the anaesthesiologist is
expected to use the technique which he is most familiar with. Nevertheless,
their usage must be modified according to the good, poor or extremely poor
condition of the LV.

Induction of anaesthesia should take place in a relaxed atmosphere in a
quiet OT. Undue conversation amongst the OT personnel can disturb the
patient and add to his anxiety. It is a usual practice in most centres to initiate
ECG monitoring and establish a venous access and radial arterial cannulation



under local anaesthesia before the induction of anaesthesia. A central venous
catheter (CVC) or a pulmonary artery catheter (PAC) should be inserted and
a wide bore venous access should be established before induction in patients
who have poor myocardial function.

The selection of induction agents as well as their dosage is based on the
objective of preventing an episode of myocardial ischaemia. This includes
avoidance of tachycardia and hypertension as well as precipitous
hypotension. In order to achieve this goal, the LV function should be taken
into consideration. Hypertension and tachycardia is more likely to occur in
patients with normal LV function whereas patients with poor LV function
may require pharmacological support to maintain the blood pressure. It is a
good practice to restrict the doses of anaesthetic agents in patients having
poor LV function, and use modest doses in those having good LV function.
Further doses of anaesthetic agents may be administered in increments to
obtund the hyperdynamic response, if it occurs during stressful stimulation
such as intubation.

High-dose opioid anaesthesia has been a popular technique since the time
the safety of high-dose morphine was demonstrated in patients with
compromised cardiac function ! Vasodilatation from histamine release,
necessitating fluids and vasoconstrictors, prolonged respiratory depression
and lack of amnesia were clear disadvantages of high-dose morphine
technique. In 1979, the use of high-dose fentanyl for CABG was described.*2
This was followed by sufentanil and alfentanil, none of which release
histamine. Amnesia is not guaranteed, however, and surgical stimuli can
cause tachycardia and hypertension. The use of opioids still continues to be
popular, mainly due to its lack of any direct effect on the heart and relatively
pain free postoperative course, albeit at the cost of delayed postoperative
awakening. Opioids also cause bradycardia which is advantageous in patients
with CAD. Nevertheless, superiority of any particular opioid over others in
terms of haemodynamic stability is not clearly demonstrated.

With the rece