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ABSTRACT 

Title: Design and Development of a Combined Cardiovascular Assist 
System for Support in Severe Ventricular Failure 

Author: Robert L. Peterson 

This thesis work documents the design and testing of a ventricular 

assist system combining intra-aortic balloon pumping (IABP) with partial 

veno-arterial bypass (VABP), both pulsatile and nonpulsatile. A series of 

animal experiments was carried out after verification of the concept on a 

mock circulation. Although statistical significance was not obtained, the 

results were encouraging. This system combines the beneficial features 

of the two devices in a synergistic manner to obtain a system capable of 

total body support while at the same time improving the viability of the 

damaged myocardium. IABP, itself incapable of supporting the circulation 

in severe heart failure, is used to reduce the afterload caused by VABP, 

which can provide more profound circulatory assistance. Diastolic 

augmentation by pulsatile VABP enhances that due to IABP, and there is 

further enhancement of IABP function due to increased mean arterial 

pressure. A decrease in heart preload pressure was seen which reflected 

the decreased venous return brought about by bypass. Thus, in spite of 

increased total body perfusion, cardiac output was diminished. The decrease 

in cardiac output was sufficient to reduce heart flow work even though 

there was an increase in afterload pressure. Finally, the state of the 

animal seemed to be improved by the assist system in that arrhythmia and 

mortality were decreased during combined assistance. 
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1. 0 Introduction 

CHAPTER I 

THEORY AND BACKGROUND 

Despite the progress that has been made in recent years, heart disease 

remains one of the biggest problems facing modern medicine, both because 

of the large number of people involved and because of the debilitating nature 

of the disease. Over 600, 000 people a year die of heart disease, making it 

the nation1 s biggest killer, and many more are incapacitated. Much of the 

damage done to the heart following an acute myocardial infarction (heart 

attack) is done in the first half-hour, underlining the importance of early 

treatment. If it were possible to assist the heart in the first few hours 

following infarct, then the damage done to the myocardium would be reduced 

and the patient would stand a much greater chance of survival. Such an 

assist system would have to be easy to use, yet provide sufficient hemo¬ 

dynamic and metabolic support to aid even severely failing hearts. This 

work is concerned with the design and testing of a system that meets both of 

the above criteria; it is a new form of ventricular assistance that combines 

an intra-aortic balloon pump with a venoarterial bypass system. The effec¬ 

tiveness of this combined assist system is demonstrated in a series of 

animal experiments and conclusions are drawn regarding the potential 

clinical utilization of this system. Before discussing the merits of this 

assist system, however, we must review the problem it is meant to solve-- 

the problem of heart failure. 

1 



1. 1 Acute Myocardial Infarction Leading to Congestive Heart Failure: A 
Description of the Problem 

The term myocardial infarction refers to the death (necrosis) of heart 

tissue resulting from the total blockage or severe diminishment of blood- 

flow in the coronary artery serving the affected region. The cause of 

myocardial infarction is usually occlusion of a coronary artery by a throm¬ 

bus in a region significantly narrowed by arteriosclerotic plaques; con¬ 

sequently, the patient is said to have suffered a coronary thrombosis. 

Pronounced electrophysiological and contractile changes occur in acute 

myocardial infarction (AMI), and these are discussed bélow. 

Electrophysiological Changes 

As a crude model of myocardial infarction, consider Fig. 1. 1 

which shows a central necrotic region, surrounded by a region of diminished 

vascular supply (ischemic zone), which in turn, lies adjacent to normal 

ventricular tissue. Typical bipolar electrograms monitoring ongoing 

electrical activity in these regions are also shown. One will note in Fig. 

1. 1A that the R wave of the electrogram (denoting ventricular activation) 

is sharp and distinct, and is produced by well-synchronized activity on the 

part of individual cardiac cells in this region. This is in contrast to the 

highly desynchronized activity seen in the recording from the necrotic region 

(Fig. 1. 1C), or the abnormal, somewhat desynchronized waveform obtained 

from the ischemic zone. Boineau and Cox have demonstrated that such 

abnormal, desynchronized electrograms lead eventually to ventricular 

arrhythmia. The ischemic and necrotic zones exhibit slowed conduction of 

electrical activity, and the size of these zones is a very important factor in 

determining whether the desynchronized activity of these regions will be 

successful in bringing about global ventricular arrhythmia. Histologically 
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Fig. 1. 1. Typical bipolar electrograms (BE) from various regions of the 
free left ventricular wall during AMI in dog; A: normal region, B: peripheral 
region of ischemia, C: epicenter of ischemic region (presumably necrotic 
region). 
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speaking, Fig. 1. 1 represents a lumping of the ventricular wall muscula¬ 

ture into functional grouping; in reality, the ischemic and necrotic regions 
7 

tend to be fairly diffuse and inhomogenous in their distribution. 

The electrocardiogram (ECG) recorded at the surface of the body 

is an overall manifestation of the electrical activity of the heart, and there¬ 

fore it is a useful tool for diagnosing and localizing general areas of infarct. 

The underlying electrical events producing changes in the ECG during and 

after an AMI are complex and cannot be discussed in any detail here. Rather, 

typical ECG waveform changes during AMI utilizing elements of the standard 

12-lead ECG system of recordings, are shown in Fig 1.2. Shortly after the 

onset of AMI, the altered electrophysiological state of the relatively ischemic 

zones compared with normal tissue causes current flow between these 

regions that alters the potential distribution in the thoracic medium surround¬ 

ing the heart, and subsequently the pattern of ECG activity. A very prom¬ 

inent change is brought about in the S-T segment of the ECG as is indicated 

in Fig. 1. 2. 

Contractile Changes 

The prognosis following acute myocardial infarction clearly reflects 

the functional impairment of the heart. Even with optimal care in a coronary 

intensive care unit (CICU), death rates of close to 90 percent have remained 

the rule when the infarction is initially large and complicated by a signif¬ 

icant loss of contractile function and cardiogenic shock. This is compared 

with mortality rates on the order of 5 percent when hemodynamic complica¬ 

tions are absent and the infarction is small. Fortunately, there are reasons 

for believing that this outlook may be subtantially improved even for patients 

with severe left ventricular dysfunction. Bolder treatment procedures 
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A. Nui mal tracing. 
B. Very Parly Pattern (Hours After Infarction): ST segment elevation in I. aVL. and V3_ft . recipro¬ 

cal ST depression in 11. III. and a VF. 
C. Liter Pattern (Main Hours to a Few Davst: Q waves have appeared in I. aVL. and V5_6. QS 

complexes are present in V3.4. This indicates that the major transmural infarction is under¬ 
lying the area recorded by V3-4 ; ST segment changes persist, but are of lesser degree, and the 
T waves arc beginning to iinert in those leads in which the ST segments arc elevated. . 

D. Lite Established Pattern (Many Days to Weeks): The Q waves and QS complexes persist; the 
ST segments arc isoelectric; the T waves are svmmelncal. and deepiv inverted in leads which 
had ST elevation and tall in leads which had ST depression. This pattern may persist for the 
remainder of the patient's life. • t 

E. Very Lite Pattern: Thiv may occur mans months to years after the infarct. The abnormal Q 
waves and QS complexes persist. The T waves have gradually returned to normal. 

Fig. 1. 2. Typical ECG waveform changes following infarction of the anterior 
portion of the left ventricular wall in man. (From Goldman**). 
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involving the application of mechanical circulatory assist systems, such as 

the one described in this work, earlier in the course of the infarction process 

are occasionally accomplishing reversal of even the gravest complications, 

thus making rehabilitation possible. 

Even without sophisticated electrical and hemodynamic measure¬ 

ments, it is often evident that left ventricular function is promptly affected 

with the onset of AMI. An atrial or ventricular diastolic "gallop" rhythm is 

usually audible upon physical examination; reduced intensity of the first heart 

sound and paradoxical splitting of the second are also common signs. When 

indirect graphic tracings of the ECG, carotid praise pressure and the heart 

sounds are obtained, a prolonged preejection period (PEP) and an increased 

ratio of the PEP to the ejection time may be seen. These simple clinical 

findings reflect acute hemodynamic changes including: (a) decreased rate 

of development of left ventricular pressure (dLVP/dt); (b) decreased left 

ventricular ejection rate; (c) decreased stroke volume, often despite a 

compensatory increase in left ventricular end-diastolic volume. Such find¬ 

ings signify depressed myocardial "pump" function and indeed some degree 

of dysfunction is usually detectable by objective methods. As a matter of 

practical fact, there is a spectrum of left ventricular dysfunction following 

AMI, at one end of which exists some degree of dysfunction even in the 

absence of clinical evidence of cardiac decompensation; at the other extreme 

is full-blown myocardial pump failure. 

To understand the underlying physiological basis of this spectrum of 

myocardial failure, it is necessary to consider the factors capable of 

influencing ventricular performance in the basal state, as well as conditions 

of stress. Classically, analysis of cardiac mechanical function has been 

within the Frank-Starling framework, centering on the relationship between 
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ventricular end-diastolic volume (or pressure) and stroke volume or stroke 

work (Fig. 1. 3(a)). Experiments by numerous investigators, first in isolated 

heart preparations, and later in the intact animal, have shown that stroke 

volume is dependent on muscle fiber length at the onset of systole; fiber 

length in turn being determined by ventricular end-diastolic pressure or 

volume (Fig. 1.3(a)). The "contractility" or "inotropic" state of the myo¬ 

cardium is conventionally defined on the basis of this curve. It has also 

been shown that the contractile state is under automatic nervous control and 

can be augmented greatly by sympathetic neural activity and depressed 

slightly by parasympathetic activity. As seen in Fig. 1. 3(a), an increase in 

the inotropic state shifts the so-called Frank-Starling curve upward and to 

the left, while a depression of contractility as a result of parasympathetic 

stimulation for example, would shift the curve downward and to the right 

(Fig. 1. 3(b)). The failing heart would deliver a less than normal stroke 

volume despite a normal or even increased preload. 

It is possible to test the mechanical performance of the ventricle by 

acutely altering loading conditions on the heart. For example, to test the 

response of the ventricle to changes in preload, a balloon-type catheter 

positioned within the vena cava may be inflated, thereby impeding venous 

return. In patients with normal left ventricular function, decreased venous 

return causes a substantial decrease in the stroke volume output of the heart, 

and left ventricular end-diastolic pressure (LVEDP) is also substantially 

reduced. However, in the presence of chronic left ventricular disease, an 

elevated LVEDP is markedly reduced when venous return is impeded, but 

the initially low stroke volume remains unchanged or only slightly reduced. 
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Fig. 1. 3. Ventricular performance is influenced by two mechanical factors, 

preload and afterload, and also by the inotropic (contractile) state of the 

myocardium. The latter affects the performance of the ventricle at any 

level of preload and afterload. In (a) the effects of preload (end-diastolic 

pressure) and inotropic state on ventricular performance (stroke volume 

output) at constant afterload (mean aortic root pressure) are seen. An 

increase in contractility resulting from augmentation of the inotropic state 

by sympathetic stimulation for example, would shift the normal curve (A) 

upward and to the left (B); a decrease in inotropy would move it downward and 

to the right (C). In (b) the effects of afterload on ventricular performance 

at constant preload are seen. Note that positive (augmentary) inotropic 

influences shift the curve to the right; negative (depressive) inotropic 

influences shift it to the left. 
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This indicates that the Frank-Starling (contractility) curve in disease tends 

to be depressed and flattened relative to the normal contractility curve (Fig. 

1. 4). 

To test the response of the ventricle to changes in afterload, a 

pressor drug such as angiotensin or methoxamine may be infused. Generally 

speaking, the following responses are recorded. In patients without disease, 

no change or an increase in stroke volume is accompanied by a substantial 

increase in LVEDP. With chronic myocardial disease, a significant reduc¬ 

tion in stroke output of the heart occurs despite substantial augmentation in 

LVEDP. Thus, in pump failure, although preload is increased substantially, 

the diseased myocardium is unable to meet the load imposed by an elevated 

mean aortic pressure. 

The contractile state of the myocardium is also influenced by the 

frequency of contraction (heart rate). In the experimental animal, when left 

ventricular end-diastolic volume (LVEDV) is held constant, peak aortic flow 

rate, peak rate of development of left ventricular pressure (dLVP/dt) and 

stroke power all increase significantly with increasing heart rate. Varia¬ 

tions in heart rate can also affect the cardiac minute work. For example, 

with severe tachycardia or with severe bradycardia (HR< 60bpm), cardiac 

output may be reduced substantially. 

Thus, hemodynamic studies on normal and failing hearts have 

permitted the identification of four major factors influencing cardiac con¬ 

tractile performance: preload, afterload, inotropic state, and heart rate. 

Table 1. 1 indicates typical findings for each of these factors in acute MI 

and suggests possible therapeutic steps to combat the general hypotensive 

state seen in AML 
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END-DIASTOLIC PRESSURE 

Fig. 1. 4. Stylized curves indicating the changes seen in the Frank-Starling 

curve for the left ventricle in the normal and diseased heart with significant 

myocardial infarction (MI). 
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TABLE 1.1 

Physiologie 
Variable 

Preload 

After load 

Inotropic 
State 

Heart Rate 

Therapeutic Implications of Altered Hemodynamics in Acute-MI 

Usual 
Findings in 

in Cardiogenic 
Shock Therapeutic Implications 

Increased Maintenance of elevated left ventricular end-diastolic 
volume may be necessary to sustain cardiac output • 

Optimum atrial booster pump function is important 

Normal or Adequate systemic arterial pressure during diastole is 
Low necessary to maintain coronary perfusion 

Elevated systolic arterial pressure may reduce cardiac 
output and will increase myocardial oxygen consump¬ 
tion 

Decreased Acidosis and hypoxia and anti-arrhythmic agents de¬ 
press the inotropic state of surviving myocardium 

Positive inotropic agents augment myocardial perfor¬ 
mance. In excess (particularly with isoproterenol) they 
may increase myocardial O2 consumption and adversely 
affect ischemic areas 

Slightly Mild increased in heart rate may serve to maintain 
Increased minute output of failing heart; mild bradycardia may 

result in decreased cardiac output 

Severe tachycardia increases -myocardial oxygen con¬ 
sumption and adversely affects ischemic areas 
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Clinical Monitoring Techniques to Assess Contractile Performance of 
the Heart in AMI 

Today, cardiac catheterization procedures for the retrograde 

insertion of semirigid catheters into the arterial system and left heart under 

fluoroscopic guidance are routine (e. g. 9). These catheters can be utilized 

to obtain aortic root and left ventricular pressure measurements. Fre¬ 

quently such catheters are also provided with ports for the injection of radio¬ 

paque dye into the left ventricle; the ventricle is subsequently opacified and 

an image of the ventricle is obtained on a fluoroscreen. The fluoroscreen 

is photographed using a movie camera at a relatively fast frame speed. 

Visualizing the ventricular outline in each frame of the movie record, one 

may determine the dimensions of the left ventricle in the viewing plane. 

Assuming a figure of revolution such as a truncated ellipsoid to approximate 

the ventricular chamber, reasonably accurate estimates of left ventricular 

volume (LW) can be obtained. This technique is generally referred to as 

a cineangiographic determination of left ventricular volume. From these 

retrograde catheter and cineangiographic measurements one can obtain 

measures of various indices such as mean aortic load pressure (MAP), 

LVEDP and LVEDV, peak left ventricular pressure (LVP) and dLVP/dt, as 

well as an estimate of aortic root flow from the cineangiographic estimate 

of LVV(t). This procedure offers a clinical picture of \the hemodynamic 

state of the patient in AMI where MAP should be reduced, LVEDP and 

LVEDV elevated, peak LVP and dLVP/dt decreased, and aortic flow reduced. 

The index dLVP/dt is a measurement of the speed of contraction of the 

myocardium. In comparisons of this index with the standard ventricular 

function curve of Fig. 1. 1(a) in animal experiments, it has been shown that 

the former consistently reflects minor alterations in the inotropic state of 
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the myocardium, while the latter often remained unchanged. Subsequent 

exploration of these relationships in patients with and without myocardial 

disease has confirmed that dLVP/dt measured during the isovolumic period 

of contraction is a sensitive index of myocardial contractility and is reduced 

in patients with myocardial disease. 

The catheterization procedures described above are valuable in a 

diagnostic sense, yet many factors may prohibit their full use in clinical 

practice. These procedures are most appropriately carried out in a fully 

equipped catheterization laboratory containing the necessary x-ray equip¬ 

ment. Long-term use of such expensive equipment by a single patient is 

generally impractical. Furthermore, in dealing with critically-ill patients 

with severe ventricular failure, sufficient time may not be available for the 

thorough diagnostic procedure described above. Rather, one would resort 

to the utilization of simpler bedside monitoring techniques. 

First, an ECG can be recorded and an arterial pressure catheter 

inserted. The catheter would usually not be advanced into the left heart to 

record ventricular pressure in the critically ill patient, since the procedure 

carries some risk of exciting cardiac arrhythmias, which is hardly a com¬ 

plication to invite in patients with compromised cardiac function. Thus, the 

arterial pressure measurement serves only to measure the afterload of the 

ventricle. Secondly, to monitor preload conditions of the ventricle, a balloon- 

tipped, flow-directed catheter (developed by Swan, Ganz et al)^ is advanced 

via the venous system into the right atrium; the balloon tip is inflated and 

the catheter is then carried by the blood through the right ventricle and into 

the pulmonary artery (Fig. 1. 5). Once in position in a small arterial branch, 

the balloon is deflated and subsequently reinflated without further manipula¬ 

tion when arterial "wedge pressure" is to be recorded (Fig. 1. 5). With no 
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Fig. 1. 5. For measurement of pulmonary arterial "wedge pressure" a 

balloon-tipped, flow-directed catheter is inserted through the antecubital 

vein and directed under continuous pressure and ECG monitoring into the 

superior vena cava and thence into the right atrium where the balloon tip is 

inflated. Carried downstream into the pulmonary artery, the catheter 

balloon is deflated and advanced further until it is in position for pulmonary 

artery or wedge pressure recordings (as shown in detail at right). When a 

wedge pressure measurement is required, the balloon is simply inflated, 

without need for further catheter manipulation. 
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flow in the small artery, the catheter is in fluid communication with the left 

atrium and the recorded pressure in diastole is considered an indirect 

measurement of left ventricular diastolic pressure. Thus, the method serves 

as an indirect measure of left ventricular preload conditions. 

Cardiogenic Shock 

In cardiogenic shock there is an acute deficiency of blood flow to the 

tissues as a result of a sudden and marked reduction in cardiac output. It 

is initiated by an impairment of myocardial function and is usually associated 

with severe anatomic lesions of the heart. Acute myocardial infarction and 

cardiovascular surgery are common clinical settings in which cardiogenic 

shock occurs. Noncardiogenic shock may be caused by a variety of factors 

including hemorrhage, trauma, anesthesia, etc. Although noncardiogenic 

shock is initiated by factors involving the peripheral vascular system, sec¬ 

ondary myocardial involvement frequently occurs when shock is severe or 

prolonged. Under these conditions functional and anatomic derangements of 

the heart can often develop. Clinical indicators of cardiogenic shock are 

shown in Table 1. 2 and it has become the leading cause of death in patients 

hospitalized for AMI. Histological studies reveal important differences in 

the hearts of patients with AMI and cardiogenic shock compared with patients 

with AMI and dying from other complications such as arrhythmias or emboli. 

The major differences are the amount of myocardium damaged and the fre¬ 

quency of occurrence of coronary arterial thrombi. Several studies of AMI 

have compared the location and size of infarct to the presence or absence of 

cardiogenic shock. The location of infarct has been shown to bear no rela¬ 

tionship to the presence or absence of cardiogenic shock; size of infarct 
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TABLE 1.2 

Criteria for Defining Cardiogenic Shock 

Definition: Inability of the myocardium to maintain the level of cardiac output 
necessary for adequate organ perfusion. 

Features: 1. Evidence of AMI (patient history, ECG, elevated serum enzyme levels). 
2. Shock (systolic blood pressure <90mm Hg) with tachycardia and signs of 

increased catacholamine output. 
3. Evidence of underperfusion of at least one organ system. 

a. ) Brain (disorientation, seizures) 
b. ) Bowel (abdominal pain) 
c. ) Kidneys (oliguria) 
d. ) Lung (cyanosis, decreased PC^) 

4. Hypotension and inadequate organ perfusion responding only transiently, 
or not at all, to therapy including vasopressors. 

correlates very well with the occurrence of shock. The frequency of occur¬ 

rence of thrombi is also much greater in studies on patients with AMI and 

cardiogenic shock as opposed to those with AMI but dying of other causes. 

Myocardial Oxygen Supply and Demand 

Aortic pressure can be considered to play a double role in ven¬ 

tricular function: (a) the load pressure against which stroke volume must 

be ejected (afterload) and (b) the perfusion pressure of the coronary system 

that is necessary to supply adequate nutrition to the heart. These are 

opposing roles in that a low aortic pressure favors ejection of blood from 

the heart, but at the same time may cause insufficient nutrient supply as a 

result of diminished coronary bloodflow. The heart is an aerobic organ, 

and therefore relies almost exclusively on the oxidation of substrates for 

generation of energy. It can develop only a small oxygen debt and thus is 
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vitally dependent on the oxygen-gearing blood that it receives via the cor¬ 

onary vascular system. Unlike other organ systems, oxygen extraction by 

the myocardium is on the order of 65-70 percent of the arterial content 

under basal conditions. Clearly an increase in demand must be balanced 

by an increase in coronary bloodflow (O2 supply) since a rise in extrac¬ 

tion with increased cardiac activity is not possible. However, it is fortunate 

that under normal operating conditions a reduction in mean aortic pressure 

is not accompanied by a reduction in coronary bloodflow due to the fact that 

the coronary vascular system is autoregulated. The relationship between 

the arterial-venous pressure drop across the coronary system (APc) and 

mean bloodflow through it (CBF) is shown in Fig. 1. 6. Here the "plateau" 

region between 60 and 130 mmHg is referred to as the auto regulator y region. 

Within this region coronary bloodflow is constant over a very important 

physiological range of pressures. At lower (<60 mmHg), as well as higher 

(>130 mmHg) pressure, the relationship between CBF and the pressure drop 

across the system is essentially linear and therefore aortic pressure is 

seen to be the main determinant of CBF under these conditions. It is also 

clear that coronary vascular resistance must increase steadily as a function 

of APc over the range 60 ^ A— 130 mmHg if flow is to be held constant. The 

mechanisms contributing to this autoregulatory phenomenon are not yet 

4 
understood. It is interesting to note, however, that Mueller and Ayres 

report that in studies conducted with patients in cardiogenic shock, the 

autoregulatory region of the curve disappears and the relationship between 

CBF and APc is linear over the range 45 ^ APc — 100 mmHg. This effect 

has not yet been demonstrated quantitatively in animal experiments and a 

question remains as to conditions under which the autoregulatory mechanism 
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Fig. 1. 6 Flow-pres sure relationship for the coronary system in dog (from 

[ii]). 

disappears. For example, auto regulation may well be in effect in mild to 

moderate forms of ventricular failure and absent in more severe forms 

that definitely include cardiogenic shock. 

The basal oxygen consumption of the heart has been shown to be 

small and is approximately 20 percent of that of the contracting heart. The 
i 

oxygen of depolarization is very small, amounting to approximately 0. 5 

percent of the total oxygen consumed by the normal working heart. There is 

a far greater oxygen cost of "pressure work" (work done in bringing the ven¬ 

tricular blood to pressure) as opposed to "flow work" (work done on the 

blood during ventricular ejection). A close relationship has been shown 
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to exist between the area beneath the left ventricular pressure curve (called 

12 the tension-time index, TTI) and myocardial consumption although it 

is not the only determinant of the heart’s metabolic requirements. The 

velocity of contraction during the isometric contraction phase (measured in 

terms of dP^y/dt) has also been shown to be a major factor in myocardial 

13 consumption. Heart rate is yet another factor. The relative oxygen 

cost of isometric and isotonic contractions of isolated cat papillary muscle 

are shown in Fig. 1. 7. The stippled area represents the increment in O^ 

consumption at any given afterload which may be attributed to fiber shorten¬ 

ing (isotonic contraction). In extrapolating data to the intact ventricle, the 

relative importance of pressure work relative to flow work is manifest in 

this figure. Although a variety of factors are known to affect myocardial 

C>2 consumption, no comprehensive model incorporating these factors has 

been formulated to date. It is common practice to use the tension-time 

index to obtain some idea of O^ consumption under various hemodynamic 

manipulations, with little thought being given the accuracy of doing so. 

Thus, the demand of the ventricle in meeting its contractile 

task is qualitatively measured in terms of the TTI. The O uptake of the 

myocardium (more frequency termed on supply) is linearly related to 

the coronary bloodflow. This, in turn, is assumed to be proportional to the 

area under the arteriovenous pressure difference curve during diastole. 

This is frequently called the diastolic pressure time index DPTI. This 

calculation is made during diastole since the majority of bloodflow in the 

coronary vascular occurs during that period, that is, the strong compressive 

influence of contraction is not present to alter the resistance to flow in a 

time-varying manner. The ratio DPTl/TTI is therefore related to the 

balance between myocardial oxygen availability and consumption and has 

19 



Fig. 1. 7 Comparison of consumption of isometric contractions (closed 

circles) with that of isotonic afterloaded contractions at equal levels of 

tension development (open circles) in an isolated cat papillary muscle 

associated with shortening and external work in afterloaded contractions. 

From Coleman et al [14]. 

been called the endocardial viability ratio (EVR) by Phillips et al. ^ A 

value of 1. 0 signifies a normal supply/demand balance. Patients assessed 

as having a value of less than 0. 7 usually suffer serious outcomes, with not 

infrequent mortality. 
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It must be stressed that although the EVR index is currently being 

used clinically, it is only a qualitative measure of the supply/demand 

ratio. The TTI index reflects mainly flow work and not pressure work, 

although the majority of myocardial energy expenditure is in performing 

pressure work; furthermore dP^y/dt is a much more sensitive indicator of 

changes in the contractile state of the myocardium and the accompanying 

changes in pressure work and consumption. Likewise, the DPTI is 

subject to error particularly in pump failure, since under those conditions 

systolic ventricular pressure is decreased and a greater portion of coronary 

bloodflow occurs during the systolic period. One will recall that this index 

is computed on the basis of the diastolic arteriovenous pressure drop across 

the coronary vascular system. 

1. 2 Cardiovascular Assist Devices 

Over the past 20 years various research teams have undertaken the 

development of mechanical devices to assist the failing heart, spurred on by 

the high incidence and mortality rate of heart disease and our present lack 

of knowledge concerning its etiology. Areas of investigation include temp¬ 

orary and permanent support, nonimplantable and implantable devices, and 

partial and total heart replacement.^ ^ ^ * Today, some of these devices 

are only of research interest; others have successfully undergone testing 

in both animal experiments and clinical trials and have gradually come into 

routine clinical use in hospital surgical suites as well as intensive care 

units. The development of modern techniques for coronary revascularization 

surgery had resulted in ever-increasing numbers of critically ill patients 

undergoing heart surgery. To deal with the increasing number of patients 

undergoing heart surgery both pre-and post-operatively, a spectrum of 
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cardiovascular assist measures ranging from simple infusion of a vasoac¬ 

tive drug to the employment of invasive mechanical circulatory assist 

devices have been employed. The most successful of these mechanical 

devices are the well-known heart-lung machine and the intra-aortic balloon 

pump. 

The problems associated with the development of temporary card¬ 

iovascular assist devices are much less complex and are generally closer 

to solution than those encountered in the development of an artificial (total 

replacement) heart. Considerable emphasis has been placed on developing 

these temporary assist devices prior to the development of a total artificial 

heart. This emphasis seems warranted in that (a) an immediate clinical 

need is served; for example, such temporary circulatory support frequently 

offers patients adequate time to recuperate from an acute cardiac insult, 

and (b) the experience and knowledge gained with routine use of such devices 

provides valuable information leading to the further development and control 

of the total replacement heart. This section will therefore deal only with 

cardiovascular assist devices, of which there are two main types, series 

and parallel. These latter terms refer to the operating position of the assist 

device relative to the heart, e. g. "in series" or "in parallel" with the heart, 

and more specifically, with the failing left ventricle. The chapter will be 

divided so as to discuss representative series, parallel and combined 

(series-parallel) forms of cardiovascular assistance in current clinical use. 

The Intra-Aortic Balloon Pump (IABP) 

This is a clinically successful form of series cardiovascular assist¬ 

ance. The device itself is rather simple, consisting of a small polyurethane 

balloon mounted on one end of a catheter that serves as a gas supply line; 
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the catheter is inserted into the systemic arterial system via an incision in 

the common femoral artery of the leg and is advanced to the level of the 

descending aorta (Fig. 1. 8). The balloon is then inflated out-of-phase with 

the heart by means of a pneumatic pumping source attached to the catheter. 

By having the inflation occur shortly after aortic valve closure, the sudden 

increase in volume in the proximal systemic arterial tree causes increased 

pressure and this is commonly termed diastolic pressure augmentation. 

Fig. 1. 8 Schematic representation of the intra-aortic balloon positioned in 

the arterial system. A dacron graft may be sutured to the common femoral 

artery, and the graft and balloon catheter snared so that the distal extremity 

can be perfused during the period of cardiac assistance. 
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Conversely, deflation of the balloon toward the end of the diastolic period 

causes a presystolic reduction in pressure. Two physiologic variables are 

monitored continuously; the ECG and systemic arterial pressure. These 

variables provide imput timing information for the electronic unit control¬ 

ling balloon pumping during the diastolic period. 

Fig. 1. 9 indicates the desired hemodynamic effects that one wishes 

to bring about as a result of properly timed intra-aortic balloon pumping. 

Here left ventricular and central aortic pressure waveforms are shown in 

temporal relation to the ECG, in both the unassisted (solid lines) and assisted 

(dashed lines) cases. The balloon is inflated shortly after the dicrotic notch 

of the central arterial pulse pressure waveform (the beginning of diastole) 

and remains inflated throughout most of the ensuing diastolic period; it is 

evacuated shortly before aortic valve opening (the beginning of the next 

systolic period). The particular time of balloon deflation can be seen to 

have a pronounced effect on the pressure and time at which the aortic valve 

opens. As shown in Fig. 1. 8, proper timing of deflation produces an arterial 

pressure at end-diastole (EDP) that is below the unassisted value of end 

diastolic pressure. Subsequently, the pressure afterload of the failing 

ventricle is reduced, as well as peak left ventricular pressure (P^y) an<^ 

d Pj^y This implies a reduction in heart work. Yet, one will notice from 

this figure, that the mean central aortic pressure during diastole (MDP) 

Note that consistent with the literature on this subject, the terms systole 

and diastole are defined relative to the arterial pressure waveform, and not 

the left ventricular pressure waveform. 
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Fig. 1. 9 Desired hemodynamic effects of intra-aortic balloon pumping 
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is elevated relative to the unassisted case, which implies an increase in 

driving pressure for blood flow to the peripheral circulations, particularly 

the vital carotid and coronary circulations which stem from the central 

aortic region. 

Should balloon deflation occur later in the diastolic period, the end- 

diastolic pressure at valve opening would be elevated and peak and 

dP^y would be increased due to this increased afterloading of the ventricle. 

Although this condition would augment mean diastolic pressure and improve 

flow to the vital circulations, it would also increase myocardial O^ demand 

and heart work. Since the myocardium is in a partial state of failure and 

presumably ischemic, this myocardial demand for O^ may exceed any 

increase in supply brought about by the increase in MDP and the attendant 

improvement in coronary blood flow. When balloon deflation occurs earlier 

in the diastolic period, MDP drops as does EDP. Flow to vital circulation 

necessarily diminishes. 

Preload conditions are also affected by appropriately timed balloon 

pumping as can be seen from Fig. 1. 10. Here pulmonary wedge pressure 

(ameasure of left ventricular preload) is elevated in the unassisted case 

consistent with clinical findings in congestive heart failure. As balloon 

pumping is instituted, pulmonary wedge pressure decreases toward more 

normotensive levels. Thus, with appropriate timing of balloon pumping one 

seeks to (a) produce a greater perfusion of the vital circulations via diastolic 

pressure elevation and (b) achieve a reduction in the work of the heart 

principally by means of a reduction in pressure afterload. 

Assuming that the optimal size balloon has been introduced, and 

inflation and deflation pressure preset, the main operational variable is 

timing of the balloon. Logically, inflation is timed to occur shortly after 
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HEMODYNAMIC EFFECTS OF BALLOON PUMPING 
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Fig. 1. 10 A stylized diagram of the theoretical effects of IABP on cardiac 

dynamics in a patient with severe ventricular failure. The lead II ECG is 

shown along with the arterial blood pressure (B. P. ), coronary blood flow 

from the left anterior descending coronary artery (C. B. F. ) and pulmonary 

artery wedge pressure obtained by means of a Swan-Ganz catheter (P. A. 

Wedge). 

aortic valve closure; however, optimal timing of balloon deflation is not 

that obvious. Relatively early deflation of the balloon provides maximal 

lowering of the presystolic pressure (EDP) while late timing of deflation 

provides maximal diastolic pressure augmentation. Timing of deflation thus 

represents a compromise. Choice of a suitable deflation time is usually 

made on the basis of visual observation of an oscillographic pressure tracing. 
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Thus, in routine clinical practice, control of IABP is manual or open-loop 

in nature, requiring regular attention by an operator. An experimental 

56 closed-loop form of IABP control has been reported by Clark et al. 

Results with coronary occlusion experiments in dogs, in which 

IABP was combined with administration of a vasoconstrictive drug (thus 

elevating arterial blood pressure), suggest that increasing coronary per¬ 

fusion is, under these circumstances, therapeutically a more important 
17 

factor than decreasing the afterload of the left ventricle. Thus, the two 

objectives of balloon pumping, namely to increase coronary and carotid 

perfusion and to reduce heart work, should not necessarily be weighted 

equally, and the hemodynamic state of the patient should dictate which of 

these objectives is to be emphasized. 

Left Ventricular Bypass Pumping (LVBP) 

This is a parallel form of temporary cardiovascular assistance that 

utilizes an extracorporeal blood pump to remove a variable volume of well- 

oxygenated blood from the left atrium and reinfuse it at some point in the 

systemic arterial system (Fig. 1. 11). It is generally desirable to avoid the 

risks associated with thoracotomy and therefore the technique of jugular 

100,110 
trans-septal left atrial cannulation has been proposed. (Note the 

position of the left atrial cannula in Fig. 1. 11 to get access to left atrial 

blood). Here a slightly curved, metal cannula with a reasonably sharp tip 

and side ports at the end for convenient access to blood is inserted into the 

external jugular vein and advanced into the right atrium. When properly 

positioned using fluoroscopic guidance, it is advanced through the interatrial 

septum into the left atrium from which blood is removed for bypass. 
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Jugular Vein 

Fig. 1. 11 Left ventricular bypass using the jugular trans-septal left atrial 

cannula in conjunction with an inflow line reservoir and extracorporeal 

(roller) pump. This technique does not require thoracotomy. 

Reinfusion of this blood is into the right femoral artery in this figure and 

here a roller pump is used as the extracorporeal blood pump. The location 

of the output cannula in the femoral artery makes continuous flow permissable 

and there is little need to synchronize the delivery of blood by the assist 

pump with the diastolic period of the cardiac cycle. If, however, the rein¬ 

fusion cannula is moved more centrally to the level of the aortic arch region, 

a better distribution of the well-oxygenated blood delivered by the assist 

pump is possible, but requires pulsatile, synchronized control of the assist 

pump. Returning to Fig. 1. 11, one will note that a reservoir has been 

incorporated in the pump inflow line. It performs three functions: (1) it 
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acts as a reservoir for blood drained by gravity; (2) it acts as a trap for 

air or gas bubbles; and (3) it acts as a compliant element that separates 

the blood drainage source (L. atrium) and the roller pump-- it "decouples" 

them. The reservoir is typically a 300 ml. flexible plastic bag which is 

kept full. 

In the past, polyvinyl chloride tubing has been employed in this 

system and unfortunately, because of the thrombogenicity of this material, 

continuous heparinization was required, complicating treatment and making 

it unsuitable for use in some patients. Recently, however, hemocompatible 

roller pump tubing and cannulae have become available, making it possible 

to employ roller pump support without need for the administration of an 

84 anti-coagulant. Nonthrombogenic reservoirs are voider development. 

Theoretically, this form of ventricular assistance can be very 

effective since the preload of the failing ventricle can be reduced signif¬ 

icantly if the bypass pump can handle adequate volume flow rates. In prac¬ 

tice, however, the size of the cannula that can be successfully employed in 

the jugular trans-septal cannulation technique may limit the range of achiev¬ 

able flow rates and, hence, the degree to which left ventricular preload can 

be reduced (i. e. the pump becomes "inflow-limited"). Of course, the left 

atrium may be cannulated directly with a relatively large bore cannula via 

the left atrial appendage. However, this involves thoracotomy performed 

on a patient that may already be critically ill. In summary, then, the 

strengths and weaknesses of this technique are: 

Strengths 

1. It uses blood oxygenated by the patient' s lungs, does 

not require an oxygenator. 
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2. It can decrease the preload of the failing left ventricle 

considerably. 

3. It is theoretically capable of bypassing large quantities 

of blood, improving the patient's chances for survival. 

4. With the development of non-thrombogenic pump 

circuitry, anti-coagulation may not be necessary. 

Weaknesses 

1. It requires puncture of the inter-atrial septum, causing 

a shunt which will require future repair. 

2. Like all extra-corporeal circuits, the trans-dermal 

blood lines increase the risk of infection and can cause 

vessel damage. 

3. Use of the extra-corporeal circuit requires constant 

vigilance, usually on the part of a pump technician, to 

insure that no air is pumped into the patient. Air 

embolism, with subsequent blockage of vessels, would 

be a major and potentially lethal complication. 

4. Although decreasing preload, this technique also raises 

the mean arterial (afterload) pressures of the heart, 

reducing the improvement in heart work. 

5. At the present time, heparinization is required, with 

all of its associated problems. 

6. Finally, there is sometimes a practical limitation in 

the amount of blood being taken from the patient. 

Although the weaknesses far outnumber the strengths, there are no 

perfect solutions to the problem of the failing heart and for some patients, 

this may still be the method of choice. 

31 



Veno-Arterial Bypass 

The use of veno-arterial bypass to help the failing heart is a fairly 

85 25 old concept. Salisbury concluded in I960 that it was unacceptable for 

use in heart failure because, although it decreased preload pressure, it 

increased afterload pressure. It is interesting to note that these are exactly 

the same conditions that Feola and Glick^ use in 1975 to tout the effect¬ 

iveness of combining IABP with pheny ephrine. This, plus the improve¬ 

ment of the membrane oxygenator, has rekindled the interest in veno¬ 

arterial bypass in recent years. 77, 81-84 

Partial veno-arterial bypass involves the withdrawal of blood from 

a peripheral vein (or from a catheter inserted into the vena cava from a 

peripheral vein) and reinfusion into a peripheral artery (or into the aorta 

through an arterial catheter). As in the physiological situation the blood 

must be pumped to arterial pressure and it must be oxygenated. Until 

recently, bubble oxygenators were used almost exclusively, and these 

78 92 oxygenators cause a great deal of blood trauma, ’ enough trauma to 

make long term bypass clinically impossible. With clinical application of 

8 7 93 the membrane oxygenator * the safe long term bypass seen in exper¬ 

imental animals ^ can be hoped for, and bypass can become another 

addition to the repertoire of assist systems for heart failure. In taking 

the blood from the venous system and reinfusing it into the arterial tree, 

the venous return to the heart is reduced, the flow work of the heart is 

reduced while maintaining or increasing total body perfusion, and arterial 

pressure is increased. In addition, the returning blood is well oxygenated, 

which would be of great benefit if there are pulmonary complications of 
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the heart failure, as is seen, in congestive heart failure. The major hemo¬ 

dynamic strength, that of raising the blood pressure, is also the major 

hemodynamic drawback, for it also increases the afterload pressure. 

The relative strengths and weaknesses of the system, then, are: 

Strengths 

1. It can increase total systemic perfusion and arterial 

pressure. 

2. It can increase arterial oxygen content. 

3. It reduces venous return and can reduce preload of 

the heart. 

4. By reducing preload, it can help to reverse pulmonary 

edema. 

5. The use of peripheral vessels makes this technique 

less invasive than ALVAD, and allows quicker applica¬ 

tion. 

6. It does not cause direct mechanical damage to the 

myocardium. 

Weaknesses 

1. It increases the afterload pressure of the heart. 

2. Trans-dermal lines increase the risk of infection, 

as above. 

3. It cannot take over the complete load of the left heart. 

4. It requires the use of an oxygenator, with its attendent 

risks. 
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5. The extracorporeal circuit requires vigilance and 

trained personnel to use it with the present state of 

the art. 

6. The requirement for heparinization, as always, is a 

major drawback. 

Abdominal Left Ventricular Assist Device (ALVAD) 

The ALVAD is a single-chambered implantable blood pump actuated 

by an external pneumatic drive console (Fig. 1. 12). The pumping chamber 

is symmetric about a central axis; it weighs 470 g., measures 17 cm. in 

length with a maximum diameter of 6. 3 cm. and has a displacement of 

300 ml. It consists of a polyurethane bladder that collapses in three seg¬ 

ments or lobes when pneumatic pressure is applied to the space between the 

bladder and the titanium housing. Unidirectional flow is imparted by caged 

silicon rubber disc valves at the inflow and outflow orifices. The design 

stroke volume is 100 ml. and flow rates in excess of 10 1. /min. have been 

measured in vivo. Polyester fibers coat all of the blood contact surfaces 

providing a matrix upon which a bio-derived blood compatible surface 

develops (i. e. a neointima on a substrate of fibrin and erythrocytes). 

The ALVAD is designed for abdominal placement to allow implanta¬ 

tion without compromising the lungs, as well as to permit eventual removal 

of the pump without thoracotomy. The inlet side of the pump is connected to 

the apex of the heart via a semiflexible, transdiaphragmatic tube. Blood is 

reinfused into the infra-renal abdominal aorta via a woven low-porosity 

polyester graft (Fig. 1. 12b). Acute and chronic experiments in dogs and 

calves have indicated that the ALVAD is hemodynamically effective in 
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Fig. 1. 12 The abdominal left ventricular assist device (ALVAD): (a) cut¬ 

away illustration; and (b) outflow graft to the infra-renal abdominal aorta. 
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unloading the left ventricle. It is a parallel form of assistance, but it is 

theoretically capable of pumping the complete filling volume of the ventricle. 

As such, it is a very profound form of ventricular assistance but is neces¬ 

sarily very invasive. The pump may be operated in a variety of modes both 

synchronously and asynchronously with the ventricle. 

The strengths and weaknesses of the ALVAD can thus be summed up 

as follows: 

Strengths 

1. Direct unloading and consequent decompression of the 

left ventricle; decreasing heart work considerably. 

2. It is capable of assuming the entire work load of the 

left heart, both pressure work and flow work, and 

will thus keep the patient's other circulations well 

perfused while assisting the heart. 

3. It uses the patient's own oxygenated blood, thereby 

obviating the requirement for an oxygenator. 

4. It does not require anti-coagulation, has a small 

priming volume and a small surface area. 

5. It mimics the physiological situation well. 

Weaknesses 
\   

1. It requires very invasive major surgery on a poor risk 

patient. 

2. It requires putting a fairly sizeable hole in an already 

damaged myocardium further diminishing the size of 

the remaining viable, contractile tissue. 
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3. The trans-dermal line is still present, with its 

increased risk of infection; it provides the pneumatic 

drive signal. Due to the high air line drive pressures, 

rupture of the air line or the bladder would be disas¬ 

trous. 

4. The major weakness with ALVAD so far has been the 

development of right heart failure in patients on 

ALVAD. 

ALVAD is thus a potentially very profound and effective source of 

assistance. The practical uses of the device still remain dubious, however, 

after 10 years of research, due to practical problems. Implantation of an 

ALVAD is seen to be a hazardous procedure and ill-advised for patients who 

can be managed on other assistance systems. As these other assist systems 

get better, the only patients requiring ALVAD maybe those with irreparable 

myocardial damage. These patients will never make it off the pump because 

their hearts will never be capable of assuming the load. 

In summary, it is seen that there is a continuum of cardiac assist 

devices ranging from balloon pumping to temporary mechanical heart replace¬ 

ment and that the profoundness of support possible generally corresponds to 

a certain amount of invasiveness and risk. (For a more exhaustive treat¬ 

ment see references 96-111. ) Because of this, the physician must weigh 

carefully the risks and benefits to be gained from each assist system and 

also weigh in the risk associated with inadequate assistance. Although it 

might seem that the least invasive system sufficient to see the patient 

through the acute period of danger would be the best choice. This is not 
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necessarily the case. By utilizing a slightly more invasive and profound 

assist system, the physician might be able to better preserve the damaged 

myocardium, ameliorating the patient1 s long-term prognosis. As better 

methods of evaluating the state of the patient' s myocardium are developed, 

and as clinical experience increases, these decisions should become more 

clear cut and quantitative. 

It is also seen that a place in the continuum exists for an assist 

system if it is intermediate in risk and in degree of support between two 

currently employed systems or if it offers greater support for the same 

risk or the same support for less risk than a currently used system. Such a 

system would expand the options available to the physician in choosing 

therapy; and a system of this nature is proposed in this paper, as outlined 

in Section 1. 4. 

1. 3 Gas Exchange Devices 

Oxygenators are devices which are meant to increase the amount of 

oxygen in the blood, just as the lungs do. These devices are also expected 

to remove CO^, and so the term gas-exchange device is probably more 

appropriate, but more cumbersome. All oxygenators currently on the 

market perform the gas-exchange functions adequately, and thus other 

characteristics of the devices, such as blood compatability, have become 

more important criteria for judging them. There are three basic approaches 

to the problem of getting the blood to exchange its gases, and these three 

philosophies are embodied in the three types of oxygenators: bubble oxygen¬ 

ators; membrane oxygenators; and the new teflo oxygenators. 
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Bubble Oxygenators 

A simple way of getting the blood to exchange gases and pick up 

more oxygen is to put the blood in direct contact with a gas of the desired 

constituency. It is common knowledge, for example, that blood outside 

one' s body is always red, whether it comes from a vein or an artery. A 

device which bubbles oxygen through blood would thus seem to be a very 

efficient manner for oxygenating the blood, because there would be a large 

surface area for exchange. This is, in fact, true, and is the basis for the 

bubble oxygenator. By bubbling oxygen through the blood, carbon dioxide 

is also removed. As simple and efficient as this device is, however, there 

are many problems with it that render it undesirable for all but very short 

duration oxygenations. The first problem is that the bubbles must be 

removed. This is accomplished by a mesh of material much like a sponge 

that the blood must pass through before reentering the body. Unfortunately, 

as ultrasonic evidence shows quite readily, not all of the microbubbles are 

removed, and there is thus a large amount of microembolisation directly 

attributable to the use of the bubble oxygenator. Another undesirable effect 

which results from this direct blood-gas interface is a substantial amount 
92,94 

of blood damage. Studies have indicated that there are quite large 

amounts of hemolysis and destruction of the more fragile platelets and white 

blood cells. In addition, it has been proposed that the blood-gas interface 

may lead to the dissociation of lipoprotein complexes in the blood or surface 

dénaturation of other blood proteins. 

Despite these disadvantages, the bubble oxygenators are commonly 
l 

used in surgery where it is felt that the length of time that the blood is being 

passed through the oxygenator is sufficiently short that the blood trauma is 

not dangerous. In addition, there is a large amount of blood damage due to 
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the suction used for autotransfusion during surgery and it is felt that this 

is responsible for more blood damage than that caused by the bubble oxygen¬ 

ators. Thus, due to their ease of use (it is very easy to adjust the blood 

gases to the desired valves by merely changing the gases flowing through 

the oxygenator) and their low cost, bubble oxygenators still play an important 

role. For long-term bypass, however, such as that proposed in this study, 

they would be totally unacceptable. 

Membrane Oxygenators 

The blood in the body never comes in direct contact with gases 

under normal circumstances, even in the lungs, because there is always a 

thin membrane separating the liquid phase from the gas phase. Membrane 

oxygenators attempt to mimic this situation by having the gases exchange 

across a membrane. Rather than a tissue membrane, as in the lungs, these 

oxygenators use a synthetic membrane, usually silicon rubber. Silicone 

rubber has many properties that make it desirable for this purpose, the 

two primary ones being its long-term biocompatibility and its excellent 

oxygen transfer characteristics. By providing a large surface for exchange 

of the gases across the membrane, the blood can be throughly oxygenated 

and the carbon dioxide can be removed. The membrane oxygenators are a 

far cry from being artificial lungs, however, in the lungs, the capillary beds 

are only one red blood cell thick. In a membrane oxygenator a blood path 

this thin would lead to excessive resistance, and thus wider blood films are 

used. This thicker blood film reduces the resistance to flow and makes the 

oxygenator easier to use, but it severely restricts the amount of oxygen 

transfer. Oxygen permeates the silicon rubber membrane quite easily, but 

it does not penetrate the plasma as well. Thus, one ends up with a layer of 
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well-oxygenated blood at the surface near the membrane, but there is a 

gradient of decreasing oxygenation as one moves into the blood film away 

from the membrane. After admixture, the blood is not as saturated with 

oxygen as it would be if it were in a thinner layer as in the lungs. Use of 

secondary flow has been proposed to mix the blood in the blood film and lead 

to more uniform oxygenation, thereby improving the efficiency of the oxygen¬ 

ators. Other problems encountered with oxygenators are the familiar 

problems encountered any time blood is removed from the body: infection, 

clotting, and blood trauma. Use of silicon rubber limits the amount of blood 

trauma, infection can be minimized by use of sterile technique, and clotting 

can be avoided by use of anticoagulation. Blood trauma can be further red¬ 

uced by careful hydraulic planning of the blood flow paths in order to min¬ 

imize the shear stresses placed on the individual blood elements. Because 

of their better blood compatability, membrane oxygenators can be used for 

long term perfusion®^’ ^ and use of them is being advocated for even 

short-term bypass. ^ 

Teflo Oxygenators 

A new type of oxygenator has been developed in which the gas 

exchange takes place across a microporous teflon membrane. It is not clear 

whether the principle involves direct blood gas exchange or trans-membra- 

nous exchange, and hence, it is not included in either of the above categories. 

These oxygenators are quite efficient, as one would expect from a mem¬ 

brane with many small holes for gas exchange, but it has not yet been 

demonstrated that they have the low blood trauma associated with the tradi¬ 

tional membrane oxygenators. One of the early problems with the oxygen¬ 

ators was the seepage of fluid across the membrane by ultrafiltration, this 
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has been resolved by decreasing the size of the pores, but it would seem 

reasonable that if fluid could get across that air would be in direct contact 

with the blood. Recent advances have decreased the pore size considerably 

and use of hydrophobic teflon may make these oxygenators safe for long¬ 

term use. 

1, 4 Specific Aims of Proposed Research 

The overall goal of this research is to develop and test a new form of 

mechanical circulatory assistance that combines intra-aortic balloon pump¬ 

ing (a series form of assistance), with a venoarterial bypass system that 

incorporates a membrane oxygenator (a parallel form of assistance). This 

"combined" assist system is relatively noninvasive, yet is theoretically 

capable of supporting the patient in severe ventricular failure. The rationale 

for designing such a system is as follows. The balloon pump, like other 

forms of arterial counter pulsation, has a limited stroke volume and when 

employed alone is of little use in profound ventricular failure. The bypass 

system on the other hand is capable of moving much larger quantities of 

blood from the venous to the arterial side of the systemic circulation, there¬ 

fore helping to elevate central arterial pressure and providing more adequate 

tissue perfusion. However, as a result of increasing central aortic pressure, 

the afterload on the failing left ventricle is increased; this is controlled to 

acceptable levels by proper cyclic timing of the deflation of the intra-aortic 

balloon pump, as well as the pause in pulsatile bypass pumping just prior 

to the ejection period of the ventricle. Consequently, the failing ventricle 

and the overall synergistic behavior of the combined assist system (balloon + 

bypass) is in the direction of decreasing the excessive pulmonary blood 

volume seen in congestive heart failure. 
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The theoretical strengths of this new system are: 

1. Surgery requires only the use of peripheral vessels. This has 

three advantages: (1) general anesthesia is not required; (2) 

there is less surgical trauma; (3) the patient can be put on 

assist very rapidly. The speed with which assistance can be 

initiated is especially important in saving the areas of the 

myocardium with borderline viability. 

2. Both preload of the heart and afterload are assisted. Preload 

is diminished by the bypass, but bypass increases afterload. 

This afterload increase is diminished by the balloon pump. 

3. Both right and left hearts are assisted. 

4. Perfusion of the body is increased by the bypass, and the 

prefusion of vital circulations is augmented further by balloon 

pumping. 

5. Extra-corporeal membrane oxygenation is beneficial for 

patients whose blood is not reaching oxygen saturation in the 

lungs, a common occurrence in congestive heart failure. 

The weaknesses and practical limitations of the system are to be shown 

by experience. 

In this thesis, an attempt was made to quantitate the extent to which 

this combined ventricular assist system actually benefits the failing vent¬ 

ricle as well as the entire circulatory system. To this end, dog experiments 

designed to answer critical questions regarding the efficacy of this form 

of assistance were conducted. Ventricular failure was induced and the 

animal preparation was instrumented in such a manner as to provide data 

that clearly indicated the functional state of the myocardium, as well as 
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the adequacy of perfusion of peripheral tissues, under a variety of assist¬ 

pumping protocols (e. g. unassisted, IABP alone, venoarterial bypass pump¬ 

ing (VABP), IABP + YABP). Aspects of experimental design and data 

acquisition and processing will be discussed in Chapter 2, while the results 

of the study are presented in Chapter 3. 
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CHAPTER 2 

EXPERIMENTAL WORK 

2. 0 Introduction 

A series of 10 animal experiments was undertaken to demonstrate the 

effectiveness of intra-aortic balloon pumping combined with partial veno¬ 

arterial bypass in assisting Heart failure in an animal model. Preliminary 

testing of the concept on a mock circulatory loop had shown the principles to 

be sound. Animal testing prior to clinical trials was essential for several 

reasons. The first is ethical: even though the system performed as 

expected in a mock circulatory loop, this was no guarantee of its effective¬ 

ness in the considerably more complex physiological situation. The second 

reason for animal testing is that manipulations can be carried out and 

measurements taken (i. e. experimentation) which would be unacceptable on 

a patient yet which are necessary to completely characterize and understand 

the system. Finally, animal experimentation would bring to the surface any 

unforeseen difficulties involved in the actual use of the system in a pressure 

situation. 

The setup utilized in these experiments is schematized in Figure 3.1. 

The eight physiological measurements (five pressures, two flows and the 

EKG) are shown as an output bus on the right side of the figure and are 

referred to their transducers. The two assist devices are represented: the 

balloon pump with its arterial pressure input and the bypass circuit with 

oxygenator, heat exchanger, bypass pump and shunt pathway. The additional 

support equipment (respirator, drug infusion line and pacemaker/stimulator) 

and the blood sampling port localization complete the diagram. Anatomical 
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Figure 2. 1: Scheme of Experimental Setup 
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relationships are represented in stylized fashion. The balloon catheter is 

shown extending from the left femoral artery to the upper descending aorta. 

Bypass flow is shown from the right juglar vein and reentering in the right 

femoral artery. The pacemaker lead is represented in the right heart, the 

aortic flow probe around the aortic root and the EKG leads are across the 

heart. 

The overall plan of the experiment involved instrumentation of the 

animal, creation of a model of heart failure using successive ligation of 

branches of the left anterior descending coronary artery, and then testing 

the effects of the various assist systems on this preparation. Instrumenta¬ 

tion of the animal usually took about three hours and is discussed further in 

Subsection 2.1. Creation of the model of heart failure required a variable 

amount of time and the most delicate surgical maneuvers: it is also discus¬ 

sed further in 2.1. Testing the effects of the assist systems was the purpose 

of the experiments, and the rest of this chapter deals with the processing of 

the raw data obtained from the experimental physiological preparation; this 

processing yields the results of chapter 3. Sections 2.2 and 2.5 deal with 

the data acquisition scheme, sections 2.3 and 2.4 discuss the variables 

observed in the experiments and their calibration, and finally section 2.6 

deals with the off-line data analysis. 

To compare the effects of the various assist systems, unassisted, 

balloon assistance only, bypass assistance only and combined assistance sets 

of data records are taken as each assist mode is tried in turn. Complete 

sets of records were taken in as short as possible a period of time to mini¬ 

mize any possible fluctuations in the failure state of the animal. The data 

records thus obtained are compared against each other in chapter 3 and 

against expected results and published values in chapter 4. 
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2. 1 Experimental Protocol 

Surgical Aspects - Large (greater than 20 kg. ) dogs are anesthetized 

using 0. 6 mg/kg of Nembutal given IV and intubated by mouth with an 

appropriate endotracheal tube. Large dogs are used primarily for ease of 

inserting the large bypass catheters and the intra-aortic balloon. A 

femoral artery and vein cutdown is made on the left side, and a drug infusion 

line placed in the vein. The intra-aortic balloon is prepared by evacuating 

the air witha 35 cc syringe. It is then dipped in heparinized saline, inserted 

in the left femoral artery, and advanced to a position in the upper descend¬ 

ing aorta. The catheter and the balloon are tied in place, and the wound is 

closed using clips. The left carotid artery is exposed and a pressure 

catheter is inserted, flushed, and tied in place. The catheter consists of 

about 20 cm of polyethylene tubing attached to a blunted 18 gauge needle. 

The needle is attached to the pressure transducer. The wound is closed 

and the left jugular vein is exposed and cleared of facia. A Swan-Ganz 

catheter is inserted about 20 cm, flushed, and the balloon inflated. While 

monitoring the pressure at the distal port, the catheter is advanced through 

the right ventricle (usually at about the 30 cm mark) and into the pulmonary 

artery to the wedge position. The balloon is then deflated to record 

pulmonary artery pressure. If the pressure continues to show wedge pres¬ 

sures, the catheter has been advanced too far and should be pulled back 

until pulmonary artery pressure can be seen. When this has been accom¬ 

plished, the balloon should be reinflated to insure that the wedge position 

can still be attained. Once both pressures can be obtained, the catheter is 

secured and the wound is closed. 
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The chest is opened using a midline sternotomy. Once the chest is 

opened, the dog is respirated with oxygen using a Bird respirator. The 

heart is exposed and a pericardial cradle is made to support the heart; an 

electromagnetic flow probe is placed in the aortic root. The heart is 

allowed to recover for a few minutes, and a metal cannula connected to a 

pressure transducer via polyethylene tubing is inserted into the apex of the 

left ventricle for the purpose of recording left ventricular pressure. This 

metal cannula consists of about 25 mm of the shank of a 16 guage needle. 

Initial incisions for the bypass catheters are then made at the right femoral 

artery and the right jugular vein. Ventricular fialure is induced via succes¬ 

sive ligation of branches of the left anterior descending coronary artery as 

well as distal and apical branches of the left circumflex artery. Five to 

seven minutes are allowed between ligations, and the heart is inspected for 

regions of ischemia, which appear as a darker color. Following the fourth 

ligation, there is a pause of 15 minutes to observe the effects of the ligation. 

If the pressures are sufficiently low, a bolus of fluid is administered through 

the left venous catheter. The pressures are monitored, and if there is an 

elevation in left ventricular end-diastolic pressure, the preparation of 

failure is complete. 

The right femoral artery and right jugular are now prepared, and the 

dog is heparinized using 300 units of heparin per kg. Some heparin is 

placed in the bypass catheters and they are filled with saline, and inserted 

into the vessels. The withdrawal catheter is inserted into the right atrium; 

the infusion catheter is inserted about 4 cm into the right femoral artery. 

After insertion, the catheters are secured and the incisions are closed. The 

right jugular vein is used because of the particularly small size of the lower 

extremity in the animal used (Dog). The position of the balloon is checked 
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to see that it is in the upper descending aorta. This completes the surgical 

aspect of the preparation, but the dog must still be monitored to keep the 

heart and lings moist, to make sure that there is no bleeding from any of 

the cutdown sites, and that the respirator is functioning properly. If 

necessary, a stimulating electrode catheter is inserted into the right atrial 

appendage, tied securely, and used in conjunction with an electronic stimu¬ 

lator to control arrhythmia and to make the rate more stable for improved 

data acquisition. 

Assist Devices 

1. The balloon pump - A Datascope System 80 balloon pump is 

used in these experiments with a 15 cc Datascope balloon. The ballon is 

inserted through the left femoral artery and advanced to a position in the 

upper part of the descending aorta. Vacuum is applied to the balloon when¬ 

ever the pump is not being used, in order to minimize the resistance of the 

balloon to blood flow in the aorta. The balloon is timed in the Pressure/ 

Exhaust mode by careful attention to the arterial pressure waveform. An 

initial delay of about 150 msec is used, and an initial setting of 150 msec is 

also used for the "primary interval" setting. The delay is then adjusted 

until the rise in arterial pressure due to balloon augmentation corresponds 

to the dichrotic notch. This is most easily visualized with the pump 

controller in the 1:2 mode. With the delay properly adjusted, the primary 

interval (the time that the balloon remains inflated) is adjusted until the end- 

diastolic pressures cannot be decreased any further. Finally, the fill time 

is adjusted until the diastolic augmentation starts to decrease. At this point 

the balloon controls are properly set, but must be modified with each 
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change in heart rate. The pump controller must be in the 1:1 mode 

whenever records are being taken digitally. 

2. Partial Bypass Circuit - The partial bypass circuit consists of 

the two cannulae (the jugular venous catheter and the right femoral arterial 

catheter), the oxygenator, the bypass pump, and the associated tubing. An 

electromagnetic flowmeter is placed in the bypass loop to determine bypass 

flow, and sampling ports are included in the line to allow for blood gas 

sampling. 

The bypass circuit is flushed through with large quantities of 

tap water, running typically for one-half hour, and is then filled with saline 

which is allowed to recirculate. Just prior to bypass, one unit of dog's 

blood is added to the priming volume of the circuit to minimize the trauma 

to the dog upon institution of bypass. Warm water from the sink is run 

through the heat exchanger to warm the blood in the extra-corporeal circuit. 

A shunt pathway between the arterial and the venous sides of the bypass 

circuit is included; this pathway is clamped off during bypass, but it allows 

recirculation of the blood during the periods when bypass is not used. This 

recirculation is necessary to keep the blood from coagulating in the 

oxygenator. 

For all of the dogs except the tenth one, a pulsatile bypass 

pump was used which consisted of a hard plastic shell with a membrane in 

the middle. On one side of the membrane was the blood, on the other side 

was a pneumatic drive signal. There were inlet and outlet valves to insure 

unidirectional flow. The pneumatic drive signal was provided by a pump 

console which was synchronous with the heart. It was thus possible to phase 

the bypass return to coincide with heart diastole. The maximum drive 

51 



pressure was limited to 200 mm Hg, and a small amount of vacuum (15-20 

mm Hg) was used to aid in filling the pump ventricle. For the tenth dog, 

a Sarns roller pump was used. The roller pump is non-pulsatile, and the 

amount of flow is determined by the speed of the roller. Pressures (both 

positive and negative) were limited somewhat by incomplete occlusion of 

the tubing in the rollers. This is done for safety. The roller pump was 

used to compare the effects of pulsatile with non-pulsatile pumping, and to 

make it easier to regulate the amount of blood in the oxygenator. 

For the first six experiments, the oxygenator used was the 

Lande-Edwards membrane oxygenator. It was the oxygenator of choice, but 

limited availability forced us to use Bentley bubble oxygenators in dogs 

seven and eight, and Optiflo bubble oxygenators in dogs nine and ten. The 

Bentley and Optiflo oxygenators are identical in principles of operation, 

function, and use, and will not be differentiated further. 

The membrane oxygenators had to be washed out before use to 

clear the membranes of the salt layer that was put on at the factory to keep 

the membranes from sticking together. The membrane oxygenator had 

several advantages apart from the smaller amount of blood trauma: it was 

easier to use; it had a small, constant priming volume of about 300 cc; and 

it did not require constant attention to prevent introduction of bubbles into 

the arterial line. The work involved in use of membrane oxygenators in the 

bypass circuit was minimal. 

They were connected into the bypass loop as shown in Figure 

2. 3 by connecting the venous blood flow line to the blood input of the oxygen¬ 

ator and the pump line to the oxygenator output. The oxygenator resistance 

is low, and the hydrostatic pressure gradient between the animal on the 

table and the oxygenator on the floor is enough to drive reasonable amounts 
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of blood through the oxygenator. If greater flow through the oxygenator was 

desired, the operating table could be raised to increase this hydrostatic 

pressure gradient. The complete circuit, not yet connected to the dog, was 

then rinsed with lukewarm tap water for 15 to 30 minutes to rinse the salt 

out of the circuit. Four 1.5 liter washes of 0.9%saline were then put into 

the circuit and allowed to recirculate for several minutes with attention paid 

to eliminating bubbles. At the end of these washings, 1500 units of heparin 

are added. The bypass circuit is now primed with physiological saline and 

bubble free, ready to be connected to the animal. Because the priming 

volume of this circuit is quite small (about 0.5 1), the hemodilution effects 

were not considered serious, and priming the circuit with blood was not 

necessary. 

At this point, the input and output lines were clamped, the input 

line connected to the catheter in the jugular vein, and the output line con¬ 

nected to the catheter in the femoral vein. The shunt line for use in recir¬ 

culation was clamped off. The dog could now be assisted with bypass at any 

time after systemic heparinization. Just prior to assistance, the perfusion 

circuit fluid was slowly equilibrated with the blood to insure gradual hemo¬ 

dilution. Blood was allowed to diffuse into the circuit by unclamping the 

catheter lines and the reservoir bag was greatly squeezed five or six times 

to circulate the saline into the dog and prime the bypass circuit with blood. 

The valves in the pump ventricle prevented retrograde flow from the 

higher pressure arterial side into the venous side. Bypass was then 

brought on by turning on the pneumatic drive line source and turning the 

oxygen flow through the oxygenator up to 5 l/min. Once blood had been run 

through the priming circuit, the pneumatic drive source was never turned 

off, to avoid clotting in the oxygenator. To take the animal off bypass, the 
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inflow and outflow lines were clamped simultaneously with unclamping of the 

shunt line. To conserve oxygen, the oxygen flow through the oxygenator was 

eliminated when the dog was not on bypass. Putting the dog back on bypass 

merely involved reclamping the shunt line, unclamping the inflow and outflow 

lines, and turning the oxygen flow back up. 

These basic procedures were modified slightly for use with a 

continuous bypass pump (another pump) or bubble oxygenators. With bubble 

oxygenators, priming was a matter of filling the lines with saline and 

pouring some into the oxygenator. Once the oxygenator was primed, how¬ 

ever, oxygen flow could never be reduced to less than three liters/min. In 

addition, the larger priming volume of the bubble oxygenator circuit (about 

1.3 liters) required use of donor blood in the priming circuit to avoid the 

consequences of extensive hemodilution; one liter of donor dog blood was 

added to the priming circuit. 

The other major difference between the use of the membrane 

and the bubble oxygenators was that the bubble oxygenator priming volume 

had to be very carefully regulated. An outflow reservoir was provided in 

the oxygenator design, and this reservoir had a capacity of 3 liters. Since 

a change of 100 ml in priming volume of the oxygenator engendered a change 

of 100 ml in the animal's blood volume, the priming volume in the oxygen¬ 

ator could not be allowed to vary much. In fact, variations of 200 ml were 

seen to have significant effects in the animal's systemic pressure. Attempts 

were made, therefore, to keep the priming volume constant to within 30 ml, 

and all measurements were taken in this range. Keeping the priming volume 

constant was accomplished by raising and lowering the oxygenator (raising 

decreases priming volume, lowering increases it) and varying pump speed 

or pump inflow line resistance. In the case of synchronous pumping, the 
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pump speed could not be changed and so the inflow line resistance had to be 

varied. With the roller pump, small variations in roller rotation speed could 

be used to regulate priming volume. The interactive nature of the fluid shifts 

between animal and the oxygenator made regulation of the priming volume a 

time-consuming and delicate process, but equilibrium, when reached, was 

fairly stable. 

Pharmacology 

1. The animals were anesthetized using 0.6 mg/kg of Nembutal. 

Maintenance anesthesia was accomplished by alternate injections of one- 

half cc of Innovar-vet and Nembutal as needed; Anesthesia was maintained 

at a level sufficient to inhibit eye reflexes and to keep the animal from 

fighting the respirator. The dog was respirated with room air and a Bird 

respirator until the chest was opened, at which point oxygen respiration was 

begun. 

2. Sodium bicarbonate was mixed up in 1 M concentration, and was 

added to the blood in quantities of 25 to 35 ml. in times of hypoxia. 

3. Propanolol was mixed up in a 5 mg/ml solution, and adminis¬ 

tered at 1 mg/kg prior to placing the dog on assistance. Propanolol is a 

beta-adrenergic blocker and was used to slow the heart somewhat as well 

as to decrease mycardial contractility. Slowing the heart was necessary for 

use of the assist devices in their effective ranges-they cannot track the high 

normal heart rate of dogs. (Rates over 150 bpm are common.) 

4. Heparin was administered prior to the onset of bypass at a 

dosage of 300 units/kg to insure anit-coagulation, which was necessitated 

by the extra-corporeal circuit. In addition, heparinized saline (1 unit/ml) 
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was mixed up to be used for flushing the catheters; this was especially use¬ 

ful for flushing the catheters that were used in the withdrawal of blood gas 

samples. Samples of blood for blood-gas analysis were drawn in 1 cc 

tuberculin syringers which has a very small amount of heparin in them. 

These syringes were prepared by withdrawing a small amount of heparin and 

then reinjecting it into the heparin bottle. The amount that stayed in the tip 

of the syringe was sufficient for anti-coagulation of the sampled blood. 

2.2 Data Acquisition 

A generalized picture of the data acquisition scheme is given in Figure 

2.2. The major components of the system are: 

Measurement - This stage consists of the transducers, amplifiers, 

and analyzers which measure the physiological variables of the dog and con¬ 

vert them into analog electrical signals for use in further processing. At 

the end of the instrumentation stage all signals are electrical, continuous, 

real time, and have 1 V peak magnitude. There are 8 input signals and 10 

output signals. 

Switching - In this stage the 10 channels of information at the output 

of the measurement stage (Bus A) are sent out to the storage devices by 

means of a 10-channel multiple-connection patch panel. Also in this stage 

there is possible attenuation to allow for calibration of the various signals. 

The three storage devices used in this experiment are: a 14-channel FM 

tape recorder, a 6-channel Gould brush chart recorder, and a 6-channel data 

acquisition scheme (DAISY) for use with a PDP-12 computer. 

All three devices are hard-wired to the patch panel. All ten of 

the signals of interest are continuously available to the FM tape recorder on 
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Bus B. Six out of ten must be selected individually for the brush recorder and 

six out of ten selected for digital storage. Two double-pole, single-throw 

switches make it possible for four of the channels to be switched. Thus, 

at any time six cahnnels are available for digitizing; the other four are 

available at the flip of a switch. 

Storage - Data were acquired and stored in three forms: 6 channel 

strip chart, 14-channel FM-tape, and digital tape. The 6-channel strip 

chart contains the arterial pressure, left ventricular pressure, Swan-Ganz 

pressures, aortic flow and bypass flow for the course of the experiment. It 

is keyed to the digital data records and the time of day is written in on it. 

The FM tape contains the output of all 10 data channels for the time that the 

recorder was on. The digital tapes contain 55 records of 16 tape blocks 

apiece. Each tape block contains 256 data points taken 4 msec apart. The 

resolution of each data point is 12 bits. The first two tape blocks in each 

record contain the trigger signal, in this case the derivative of the ECG; 

the last two tape blocks contain a threshold for triggering. Each of the 

data blocks can be accessed by software routines in Fortran. 

Continuous hard copy of the experimental data is provided by the 6- 

channel brush recorder and continuous-time analog data from the experiment 

is stored on FM tape. Both of these methods have the advantage of being 

able to trap transient effects and to reveal continuous shifts in the data. 

Neither has any trouble storing data in the presence of arrhythmia. The 

digital storage, on the other hand, allows for use of software analysis 
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routines, and is therfore indispensible. The combination of the digital 

and analog information storage thus allows for easier and more complete 

data analysis than either method alone. 

2. 3 Observed Variables 

There are a large number of variables that are of interest in charac¬ 

terizing the state of the animal at any time. They are: 

l.a. Arterial Pressure - This gives an indication of the state of 

the dog's heart and vascular system. The dynamic waveform reveals the 

effectiveness of balloon pumping for diastolic augmentation and for lowering 

end-diastolic pressure. It also shows the afterload into which the ventricle 

must eject its blood, and is used to characterize the state of the dog with 

respect to hypotensiveness. This is measured using the carotid arterial 

catheter, which recording from the central aortic arch region. 

1. b. Mean Arterial Pressure - This measurement gives an indica¬ 

tion of the effectiveness of assistance, because mean arterial pressure 

reflects the perfusion pressure for the body and especially for the carotid 

and coronary circulations. Once again, this is measured by the carotid 

arterial catheter. 

2. Left Ventricular Pressure - Measured using the short, stiff 

catheter transversing the apex of the left ventricle, this measurement yields 

much direct information about the functioning of the heart. The left ventri¬ 

cular end diastolic pressure measurement is useful in characterizing ventri¬ 

cular filling and the ability of the ventricle to eject, while the peak left 

ventriculator pressure reveals the extent to which the heart must contract 
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to meet the afterload. In addition, the shape of the waveform reveals much 

about the contractile nature of the heart. This is also reflected in the 

upstroke and relaxation velocities, LV dP/dt. 

3. Derivative of Left Ventricular Pressure - The LV dP/dt is an 

indirect measurement in that it is not measured directly from the dog. The 

left ventricular pressure is passed through an analog differentiator before 

digitizing to give LV dP/dt. The peak positive values of LV dP/dt gives the 

maximum velocity of rise in LVP, upstroke velocity. The peak negative 

value of EDP gives the maximum velocity of drop in LVP, the relaxation 

velocity. Both parameters have been shown to be related to the contractile 

state of the heart, as mentioned above. This signal is calibrated off-line by 

examining the rise in LVP in a known time interval (20 msec) and comparing 

it to the recorded value of LV dP/dt. 

4. Swan-Ganz Pressures - The Swan-Ganz pressures are pulmon¬ 

ary artery pressure (PAP), pulmonary capillary wedge pressure (PCW) and 

central venous pressure (CVP). The PAP and PCW are both measured 

through the distal port, the CVP is measured through a port 20 cm from 

the end of the catheter. The three pressures are obtained one at a time 

from the Swan-Ganz catheter, necessitating three data records for the set. 

5. a. Aortic Root Flow - Measured at the aortic root by the aortic 

flow probe, this is a dynamic indicator of cardiac output. The flow wave¬ 

form reveals much about the state of the heart. The time from onset of 

systole to the beginning of flow, the PEP or pre-ejection period, is an indi¬ 

cator of myocardial function, as is the duration of flow. 
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5. b. Mean Aortic Flow - The mean aortic flow is important in 

determining perfusion. In the absence of bypass, the mean aortic flow is 

the perfusion flow. With bypass, bypass flow mean aortic root flow is the 

perfusion flow. 

6. a. Bypass Flow - Measured in the bypass return line, the flow 

waveform is timed to coincide with hear diastole. This would be especially 

important in avoiding competition with the heart if reinfusion were more 

central. 

6. b. Mean Bypass Flow - This plus mean aortic root flow specify 

the animal's perfusion. 

7. EKG - The shape of the electrocardiogram reflects the state of 

the myocardium, as discussed above. It is obtained by amplifying the voltage 

seen between two leads placed on the chest on opposite sides of the heart. 

8. dEKG/dt - The derivative of the EKG is obtained by analog 

differentiation of the EKG. Although of no interest in itself, it is useful as 

a trigger signal because it is less prone to respiratory variation and other 

baseline shifts than the EKG. 

9. Bypass Pressure - This pressure is measured at the reinfusion 

(arterial) catheter of the bypass loop. When bypass is off, this pressure 

reflects distal arterial pressure, when bypass is on, it is useful for observ¬ 

ing pump timing and pump drive line pressures. ^ 

10. Balloon Drive Line Pressure - This pressure is measured in 

the balloon drive line and useful for recording pump timing. 

It is thus seen that 8 input lines are used to generate 16 elec¬ 

trical signals to be recorded as shown in Table 2.1. The 16 signals require 

the use of 5 records to completely document the bypass situation, and 4 to 

completely document the physiological state of the animal with bypass off. 

61 



Table 2-1: Signals derived from each transducer 

 Transducer  

1. - Arterial Pressure Transducer 

2. - Left Ventricular Pressure 
Transducer 

3. - Swan-Ganz Pressure Transducer 

4. - Balloon Drive Line Pressure 
Transducer 

5. - Bypass Reinfusion Line 

6. - Aortic Root Flow Meter 

7. - Bypass Flowmeter 

8. - EKG Amplifier 

Signal 1 Signal 2 Signal 

PA PÂ 

PLV PLV dPLV/dt 

PAP PCW CVP 

PBAL 

PBYP 

QA QÂ 

QB QB 

EKG dEKG/dt 

In addition to these 16 electrical signals, blood gas measure¬ 

ments are made separately during the course of the experiment at selected 

times and are correlated chronologically to the rest of the data. The par¬ 

tial pressures of oxygen (Pn ) and carbon dioxide ) in the blood are 
. 2 ÜU2 

measured to get an idea of the relative state of oxygen balance in the tissues. 

Samples are taken in three places: 

1. From the carotid arterial catheter-to measure the gas 

content of blood perfusing the vital coronary and carotid circulations and to 

assess the performance of the lungs. 

2. From the distal port of the Swan-Ganz catheter-to 

measure the blood gas content of mixed venous blood. 

3. From the bypass return line sampling port-to assess 

the performance of the oxygenator. 
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2.4 Calibration 

In order to insure accuracy in the measurements, all pressure and 

flow transducers were calibrated during each experiment, and the calibra¬ 

tion signals were recorded. The derivative-of-left-vetricular-pressure 

calibration was obtained from off-line analysis of the left ventricular 

pressure data. The bioelectric signals, EKG, and dEKG/dt, were not cali¬ 

brated because their actual magnitude is unimportant. The blood gas ana¬ 

lyser was calibrated between samples, using a calibration gas of known 

composition. 

Pressure Calibration - Calibration of the pressure transducers 

involved application of two known pressures to the pressure transducers, 

which are assumed to be linear over the physiological range. For con¬ 

venience, in these experiments one of these pressures was chosen to be 

zero defined as atmospheric pressure. For maximum accuracy and to 

insure that the pressure amplifiers did not saturate the other pressure was 

chosen to be about the same as the maximum pressure expected on that 

channel during the experiment. For these experiments, the calibration 

pressures for the arterial and LV pressures were 150 mm Hg, for the Swan- 

Ganz pressure the calibration pressure was 30 mm Hg, and for the balloon 

and bypass pressures a 200 mm Hg pressure was used. Calibration signals 

were provided from bottles containing heparinized saline which were in fluid 

contact with the pressure transducers. All transducer domes and the fluid 

level in the bottles were adjusted to the same height, which was the height 

of the right atrium. All air had been cleared from the transducer lines 

before insertion into the dog, and they were kept free from bubbles for the 

duration of the experiment. 
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The zero calibration signal was obtained by closing the fluid 

line from the pressure transducer to the dog and opening the one to the 

bottle. The bottle was depressurized and opened to the atmosphere, giving 

a pressure of Omm Hg. The digital voltmeter feature of the DAISY data 

acquisition scheme was used to observe transducer outputs. The outputs 

were set at 0.00 volts by adjusting the DC offset of the pressure amplifiers. 

The 6-channel recorder was adjusted so that arterial pressure and LVP 

zeroes were one block (0.4 cm) from the edge, and so that the Swan-Ganz 

pressure zero was two blocks (0. 8 cm) from the edge. The zero signals 

were then recorded; records 00 and 02 of the digital records were used. 

The second calibration signal, the peak expected pressure, was 

then established in the pressurized bottles. Sphygmomanometers were used 

to pressurize the bottles and measure bottle pressures. One bottle was 

used to give the 150 mm Hg calibration signal used for LVP and for the 

arterial pressure. The other bottle was used to give the 30 mm Hg calibra¬ 

tion signal for Swan-Ganz pressure calibration. Using the digital voltmeter 

feature of DAISY again, the output of these amplifiers was adjusted to 0.75 

volts by varying the attenuation of the appropriate channel on the patch panel. 

This accomplished, the gain of the strip chart recorder was adjusted so that 

150 mm Hg represented a deflection of 6 blocks (2.4 cm) for the arterial and 

LV pressures, and 30 mm Hg on the Swan-Ganz catheter represented a 

similar defelction of 6 blocks. The calibration signals were then recorded, 

using record 01 of the digital data tape. 

Finally, the calibration pressure of 200 mm Hg used for the 

balloon and for bypass pressure calibrations was established in one of the 

bottles, and applied to the transducers. Using the digital voltmeter, the 

output of the pressure amplifiers was attenuated to 0.95 volts for the bypass 
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pressure signal, and to about 0.5 volts for bàlloon pressure signal. These 

calibration signals were then recorded on record 03 of the data tape, com¬ 

pleting the calibration of the pressure transducers. 

Flow Calibration - Calibration of the flowmeters involved 

establishment of a steady, known flow through the flow probes, in addition 

to a zero flow measurement. This is rendered difficult by the fact that the 

probes have to be in the same environment that they were in during the 

experiment: for the aortic root flow this requires excising the aorta. It 

was thus not possible to calibrate the flowmeter until after the termination 

of the experiment. 

After the end of the experiment, the heart and aorta were 

excised and cannulated. The left ventricular cannula was connected to the 

arterial line of the bypass circuit, and the venous line of the circuit was 

connected to the water faucet. The heart was immersed in a water bath 

which was grounded to the flowmeter. The aortic flow probe was replaced 

in its position at the aortic root (visible by damage to the vessel). With 

zero flow through this extended circuit, the zero flow recording was taken. 

Next the faucet was turned on, and steady flow established. Note that since 

the two flowmeters were in series, both measured the same flow. A 10 

second sample of water was collected during recording of the calibration 

signal. This sample was measured in a volumetric flask (1 liter) and the 

flow calculated; giving the flow calibration value.. 

Blood Gas Calibration - Calibration of the blood gas machine 

is straightforward but tedious. Two gases of known concentrations of oxy¬ 

gen and carbon dioxide are alternately bubbled through the sampling cham¬ 

ber. The slope and offset oi the oxygen and carbon dioxide circuits are 
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adjusted until the analyzer reads correctly for both calibration gases. Once 

set up, the calibration stays fairly stable, but should be checked periodically 

during the course of the experiment. 

2.5 Protocol for Data Acquisition 

The protocol for acquiring data can be broken into three parts: data 

acquisition by the pen chart recorder, data acquisition by FM tape, and data 

acquisition on digital tape. 

Strip Chart Recording - The strip chart recorder was used to 

record the arterial, left ventricular and Swan-Ganz pressures, as well as 

the aortic and bypass flow waveforms. The channels were calibrated the 

night before the experiment to permit monitoring of the animal in the early 

stages of the experiment. They were recalibrated prior to taking data to 

correct for movement of the transducers and drift in the amplifiers. The 

recorder was not turned on until the insertion of the Swan-Ganz catheter in 

order to save paper. It was used for minotoring the Swan-Ganz pressures 

to fascilitate proper positioning of the catheter, then turned off. Following 

complete instrumentation of the animal, the recorder was turned on and 

left on for the remainder of the experiment. The sixth channel of the paper 

was used to record time, the assist mode being used (unassisted, LABP, 

VABP, combined IABP and VABP), numbers of the digital records being 

simultaneously taken and any other pertinent information. 

FM Tape Recorder - The FM tape recorder was used to capture 

transistions and was thus turned on for only brief periods during switching 

from one assist modality to another. The numbers on the analog tape 

corresponding to these intervals were noted. All ten channels were recorded 

simultaneously. 
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Digital Data Tape - The Daisy data acquisition scheme designed by 

Kane was used to store the data on digital tape. Data records of 6 channels 

apiece containing 512 12-bit digital samples were taken. A seventh channel 

was used for triggereing and an eighth for the trigger threshold. Samples 

were taken every 4 msec, corresponding to a sampling frequency of 250 Hz, 

which was adequate to meet the Nyquist criterion for all signals to be moni¬ 

tored. Because of the limited amount of data storage on tape (only 55 

records), digitization could not be continuous in time, and a careful protocol 

had to be designed to insure complete documentation of all necessary infor¬ 

mation. A copy of this protocol is given in Appendix B. 

Examination of this protocol reveals that the first ten records were 

dedicated to calibration signals. The next 15 records document the normal 

state of the dog and any deviation from the normal state due to the opening of 

the thoracic cavity. Records 26-28 are taken as soon as all monitoring 

devices are in place; it is the first set of records to completely document the 

animal's physiological state and serves as a baseline for comparison with 

later conditions. The balloon pump is then turned on and a set of records 

taken to document the balloon assistance case. Four records are necessary 

in each of these cases - three records for the three Swan-Ganz pressures 

and one for the EKG and balloon pressure. (Because of the way the switch¬ 

ing was wired, the EKG and Swan-Ganz pressures could not be taken simul¬ 

taneously. ) The redundancy in the arterial pressure, left ventricular pres¬ 

sure, and aortic root flow waveforms allow for mean pressures and flows to 

be recorded. 

After balloon pumping has been tested, bypass is turned on. Five 

records are necessary for documentation of the situation with bypass or com¬ 

bined assist; the additional record is necessary for mean bypass flow. 
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After sufficient data about the effects of assistance had been 

gathered, the failure preparation was begun. Several branches of the coro¬ 

nary arteries were ligated, time for a stable state to develop allowed, and 

the effects of the various assist moadalities assessed and recorded. This 

procedure of coronary artery branch ligation, stabilization, and data 

gathering was continued until the heart fibrillated or stopped. Stabilization 

was always done with combined assist, because the animal's state was 

generally precarious following the initial ligations. 

In later experiments, this protocol was modified slightly because 

enough data about the effects of assistance in the normal case had been 

accumulated. In these experiments, the failure preparation was undertaken 

immediately following complete instrumentation, and data were not taken 

until an acceptable failure state had been reached. 

2. 6 Data Analysis 

Data analysis is accomplished off-line using several data analysis 

routines and the analog records. A schematic representation of the data 

analysis routines is given in Figure 2.3, the Fortran listings for the rou¬ 

tines are given in Appendix A. 

Data Calibration - This program serves to link the electrical sig¬ 

nals stored on the tape in digital form with the physiological variables they 

represent. The data blocks of the recorded zeroes and calibration signals 

are read in three at a time. The value of the calibration signals in mm/Hg 

or l/min are next read in for the corresponding signal. The program cal¬ 

culates the offset and gain to be applied to the three signals and goes on to 

the next three. Cycling three times, it can calibrate 9 signals, which is 
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more than the number of signals requiring calibration. Finally, an array 

of the calibrated offsets and gains is given, for use in the other Fortran 

programs. 

Data Display and Printing: ASSIST, DPLY, PRNT - In this routine 

assist is the main program and display and print are subprograms; Assist 

is really just a subroutine handler. DPLY is the routine that allows for 

graphical display of the data, two blocks at a time. The size of the wave¬ 

forms can be adjusted by changine the display factors, the position can be 

varied by varying NOff. The limitation to display of two data blocks at a 

time is due to the simultaneous display of the axes. It is not too severe a 

restriction, however, because the Tektronix hard copy printer and storage 

screen combination allows for waveforms to be "stacked up" for viewing or 

making hard copy. 

The PRNT subprogram allows for six data blocks, four calibrated 

and two uncalibrated, to be printed out simultaneously. The uncalibrated 

columns are used for printing out ECG, dECG, and LV dP/dt, which are not 

calibrated. The printout lists the values of the data points. There are 256 

data points per block; therefore a complete listing would be superfluous for 

slowly changine signals. By printing only points separated by a certain 

interval, specified by the choice of L, the routine prints out points which 

are separated by L points from each other. Since the data samples are 

taken every 4 msec, the printout data points will be separated by 4 L msec, 

this simplifies calculation of time intervals considerably. 

Digital Filter Routine: FLOADJ. ZEADJ. FLTFLO - This routine 

is a digital filter (FIR) of length 32 with a cutoff frequencey of 30 Hz. This 

is necessitated by excessive noise in some of the records. As before, 
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FLOADJ is mainly a service routine, it reads in the data blocks and calls 

the subroutines. ZEADJ allows the signals to be shifted relative to zero. 

This allows for realignment of the aortic root flow signals which drifted 

slightly during the experiments and it allows for waveforms at be positioned 

so as to minimize the Gibbs phenomenon. FLTFLO does the digital filtering. 

After filtering, the signal can be shifted back to its original position or left 

at the new, zero-adjusted position. 

Power and Stroke Energy Calculation: POWWRK. PW.CALC - The 

power and work done by the heart are interesting parameters to study in 

assisted circulation, and they can be calculated from the available data. 

The POWWRK and PWCALC routines carry out this calculation. The power 

is calculated by multiplying arterial pressure times aortic root flow; energy 

is calculated by integration of the power. 

Analog Data Analysis - In addition to the software analysis routines 

used for analysis of the digital tape records, a large amount of information 

can be garnered from careful examination of the strip chart, since it 

continuously records the entire experiment. The effects of each transition 

from one assist mode to another can be studied and the short-term effects 

separated from the medium and long-term effects, whicy may be complicated 

by slowly drifting changes in the dog's physiological state. The strip chart 

also contains many more transitions from one assist mode to another than 

the digital tapes because it took so long (15-20 minutes) to take the four com¬ 

plete sets of data records necessary to completely specify the changes in para¬ 

meters of interest during one cycling of the assist modes. Thus, the larger 

numbers of manipulations and the possibility direct comparison make the strip 

chart record more suitable for computing statistical averages. 
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CHAPTER 3 

RESULTS 

3. 0 Introduction 

The results may be broken into several sections according to the 

experimental design used in obtaining them and the type of data they are 

meant to portray. These sections are: the ventricular failure preparation, 

a complete documentation of one set of manipulations, a direct comparison 

of various assist modes, a tabular summary of several blood gas data, 

and averaged data. 

3.1 Ventricular Failure Preparation 

Figures 3. 1-3. 3 are taken from the same dog and are meant to demon¬ 

strate the preparation of a failure model. Figure 3. 1 shows the dog' s 

state at 12:30, prior to coronary ligation; figure 3. 2 shows the same dog 

at 3:00, two hours after the coronary artery ligation, and figure 3, 3 shows 

this dog at 7:30, seven hours after coronary artery ligation. All three 

figures have the same format: in the top graph the arterial and left ventri¬ 

cular pressure waveforms are plotted against time and the scale for these 

pressures is given on the left ordinate. Aortic root flow is also given in 

the top graph, and its scale is given on the right ordinate. The abscissa for 

this graph is time, and the scale, which is the same for the bottom graph, 

is given at the base of the figure. The bottom graph contains only the 

ECG in each case. Note the hump which follows the QRS spike in the ECG 

waveforms in figures 3. 2 and 3. 3» denoting S-T segment elevation, which 

is indicative of myocardial ischemia. Also note the decrease in LVP and 

arterial pressure seen in the progression to failure which, along with the 
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timing relationships, serve to emphasize the increasing sluggishness of 

the heart as failure progresses. The time between the spike of the QRS 

complex and the rise in LVP (the electro-mechanical delay) increases 

from figure 3. 1 to figure 3. 3, as does the time between the rise in LVP 

and the onset of aortic flow (the isovolumic contraction period). It follows 

that the time between the QRS complex and the start of aortic flow (the pre¬ 

ejection period, or PEP) is increased. As failure progresses from figure 

3. 1 to 3. 3, the slope of LVP decreases and the flow waveform flattens out. 

This is again indicitive of myocardial contractility loss; the heart is no 

longer able to quickly build up pressure or eject blood. The rounding of 

the flow waveform is particularly prominent in figure 3. 3, showing an 

almost total absence of the early rapid ejection phase which is character¬ 

istic of the healthy heart in figure 3. 1. Finally, it should be pointed out 

that the left ventricular and arterial pressure tracings are slightly out of 

phase due to the propagation time of the pressure signal through the 

compiant-inertial-resistive system. 
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Figure 3. 1 : a) arterial (A) and left ventricular (B) pressures 
and aortic flow (C) are plotted against time, b) the ECG 
is plotted against time. Both are taken from dog 10. 
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Figure 3.2: a) arterial (A) and left ventricular (B) pressures 
and aortic root flow (C) are plotted against time, b) the ECG is 
plotted against time. Both are taken from dog 10 two hours 
post-ligation. 
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Figure 3. 3 : a) arterial (A) and left ventricular (B) pressures 
and aortic root flow (C) are plotted against time, b) the ECG is 
plotted against time. Both are taken from dog 10 seven hours 
post-ligation, and demonstrate severe ventricular failure. 
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3. 2 Documentation of One Comnlete Set of Experimental Manipulations 

Figures 3. 4-3. 10 indicate the relationships between the various wave¬ 

forms during each mode of assistance. These records were taken sequen¬ 

tially and allow a comparison to be made between various modes of assist¬ 

ance. The first figure of the set, figure 3. 4, demonstrates the unassisted 

case; figures 3. 5 and 3. 6, the hemodynamic alterations when IABP is 

instituted; figures 3. 7 and 3. 8, those with VABP alone; and figures 3. 9 

and 3. 10, the changes seen in combined assistance (IABP + VABP). The 

format of presentation in these figures is similar to that of figures 3. 1-3. 3. 

The unassisted case is depicted in figure 3. 4 by plotting arterial, left 

ventricular, and pulmonary artery pressures versus time in the upper half 

of the figure while the waveforms for aortic root flow and the ECG are plotted 

in the lower half. These five waveforms provide a fairly complete picture 

of the ventricular mechanical state of the heart at the time that the records 

were taken: The arterial and left ventricular pressures reflect the hyps- 

tension of heart failure, the pulmonary artery pressure is somewhat 

elevated, the slope of LVP is low, and the flow peaks at about 6 i/min. All 

of the variables are scaled with the exception of the ECG; the arterial and 

left ventricular pressures share the scale on the left ordinate at the top, 

the pulmonary artery pressure scale is on the toj? right ordinate, and the 

aortic root flow scale is on the lower right ordinate. The time scale, which 

is used for all five waveforms, is given at the base of the figure. The 

format for data presentation is identical for figures 3. 5, 3. 7, and 3. 9. 

These latter figures indicate alterations in the hemodynamic and contractile 

state as the result of the utilization of one or more forms of mechanical 

circulatory assistance (IABP, VABP, IABP + VABP). 
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Figure 3. 5 shows that state of the heart during the balloon assisted case; 

in comparing figures 3. 4 and 3. 5 one will note the pronounced increase in 

mean diastolic pressure produced by ballon inflation, as well as the fact 

that a near-optimum ballon timing has been achieved. Note particularly 

that the pre-systolic pressure level is quite low and the ventricle is not 

severely afterloaded. The temporal course of balloon driveline pressure 

is shown in figure 3. 6 for comparison with the left ventricular and central 

aortic pressure waveforms. The scale for this pressure is given on the 

right ordinate, but the scale is of much less importance than the timing. 

Note the relative timing of the balloon inflation and deflation (signalled by 

the rise and fall in balloon pressure, respectively) relative to the ECG, 

and also relative to the flow and pressure waveforms. Note that balloon 

deflation, begins about lOOpsec before the QRS spike, but that the arterial 

pressure drop starts at the same time as the QRS. This demonstrates the 

necessity of anticipitory balloon deflation (before QRS detection) for optimal 

timing. Note that balloon deflation coincides with heart systole, as shown 

by the left ventricular pressure waveform. Comparing figure 3. 4 with 

figure 3. 5 reveals that the flow is unchanged by IABP. The other pressure 

scales are the same and located on the left ordinate of the upper graph, as 

before, and are of the same magnitude. 

Figure 3. 7 illustrates the contractile and hemodynamic changes associated 

with the utilization of venoarterial bypass pumping alone. One will note the 

increase in mean arterial pressure attended by an increase in peak left 

ventricular pressure and a reduction in aortic root flow. Left ventricular 

LVdP/dt is also elevated. In the lower half of figure 3. 8, aortic root 

flow and bypass flow (arterial infusion flow via the veno-arterial bypass 

circuit) are plotted versus time. The scale for bypass flow is on the left 
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ordinate of this figure and the proper phasic relationship between the flow 

output of the left ventricle and the veno-arterial bypass pump is quite evident 

(the pumps act out of phase to avoid pump competition during systole). It 

is clear that even though the stroke output of the ventricle has been reduced 

compared with the unassisted case (figure 3. 4), tissure perfusion has been 

substantially increased. In the interests of clarity, the ECG was placed 

in the top half of this figure along with the arterial and left ventricular 

pressures. The scale for the pressures is on the upper left ordinate, as 

always, and the ECG is unsealed. It should be noted that the increases in 

pressure are substantial and that they are greater than the pressure increases 

due to IABP; this is consistent with the view that VABP is a more profound 

assist system than IABP. Note also that the pulmonary artery pressure is 

substantially reduced by VABP in figure 3. 7 as compared to IABP in 

figure 3. 5 and the unassisted pressure in figure 2. 

The hemodynamic and contractile state engendered by the combination of 

IABP with VABP is demonstrated in figures 3. 9 and 3. 10. Note that in 

addition to the rise in mean arterial pressure due to VABP, as seen in 

figure 3. 7, there is further diastolic augmentation and a pronounced pre- 

systolic dip due to IABP. The diastolic augmentation and systolic unloading 

due to IABP are more pronounced here than in figure 3. 5, due to the increased 

mean arterila pressure, indicating the syergistic effect of VABP on IABP. 

This synergism is also seen in the flow waveforms. In figure 3. 9 it is seen 

that the aortic root flow is much larger than that seen in figure 3. 7, and is 

almost as high as in figures 3. 4 or 3. 5. Thus, balloon pumping has increased 

aortic root flow in combination with VABP while it did not without it. 

Bypass flow and pulmonary artery pressure are changed little if any from 

figures 3. 7 and 3. 8. It is thus obvious form a consideration of these graphs 
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that VABP and IABP do indeed complement each other and work synergis- 

tically. It would also appear that the hemodynamic and contractile state 

presented in figure 3. 9 and 3. 10 is the best of the series, and that the 

combined assist system would be the system of choice for therapy. 
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Figure 3.4: a) arterial (A) and left ventricular (B) pressures, 
scale on left, and pulmonary artery pressure, (C) scale on 
right, are plotted against time, b) aortic root flow and the 
ECG are plotted against time. Records were taken from dog 
9 in the unassisted mode. 
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Figure 3.5: a) arterial (A) and left ventricular (B) pressures, 
scale on left, and pulmonary artery pressure, scale on right, 
are plotted against time, b) the aortic root flow and the ECG are 
plotted against time. Records were taken from dog 9 in the balloor. 
assist mode. 
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Figure 3.6: a) arterial (A) and left ventricular (B) pressures, 
scale on left, and balloon drive line pressure (C), scale on right, 
are plotted against time, b) aortic root flow and the ECG * 
are plotted against time. Records were taken from dog 9 in the 
balloon assist mode. 
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Figure 3.7 a) arterial (A) and left ventricular (B) pressures, 
scale at left, and pulmonary artery pressure (C), scale at 
right, are plotted against time, b) the ECG and aortic root 
flow are plotted against time. Records are taken from dog 
9 in the bypass assist mode. 
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Figure 3.8 a) arterial (A) and left ventricular (B) pressures 
and the ECG are plotted against time, b) bypass (D), scale 
at left, and aortic root (E), scale at right, flows are plotted 
against time. Records are taken from dog 9 in the bypass assist 
mode. 
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Figure 3.9 a) arterial (A) and left ventricular (B) pressures, 
scale at left, and pulmonary artery pressure, scale at right, 
are plotted versus time, b) aortic root flow and the ECG are 
plotted against time. Records are taken from dog 9 with both 
assist devices operating. 
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Figure 3.10 a) arterial (A) and left ventricular (B) pressures, 
scale at left, and balloon drive line pressure (C), scale at right 
are plotted against time, b) bypass (D), scale at left, and 
aortic root (E), scale at right and the ECG are plotted against 
time. Records are taken from dog 9 with both assist devices 
operating. 
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3. 3 Direct Comparison of Various Assist Modes 

Figures 3. 11-3. 18 serve to illustrate the effects of the various assist 

modes, separately and in combination, on variables of physiological interest. 

The figures were obtained by comparing records taken in one assist mode 

with those in another taken shortly thereafter and are plotted together on 

the same graph in order to emphasize the differences. 

Figure 3. 11 compares arterial pressure with balloon assistance to 

arterial pressure in the unassisted case in dog number 9. Note that the 

arterial pressure measured during IABP assistance is higher in the diastolic 

interval ( the period from 400 to 700 msec on the time axis) yet lower during 

the systolic interval (300-400msec). Figure 3. 12 compares the aortic root 

flow for the same two heartbeats as those illustrated in figure 3. 11. Notice 

that there is practically no difference between the two waveforms. 

Figures 3. 13-3. 15 compare arterial pressure, left ventricular pressure, 

and aortic root flow, respectively, in the bypass assistance case (VABP) 

with the unassisted case in dog number 10. In figure 3. 13, one will note 

that the arterial pressure during YABP is always higher than the unassisted 

arterial pressure. In figure 3. 14 it is important to note that pëak left 

ventricular pressure in the bypass case is higher but that minimum pressure 

is lower than in the unassisted case. Figure 3. 15 indicates that aortic root 

flow in the unassisted case is always higher than during VABP. 

Figure 3. 16 compares the data obtained in combined assistance with that 

obtained under VABP alone, so as to demonstrate the effect of balloon pumping 

during venoarterial bypass. Here the balloon is inflated soon after the 

dicrotic notch and when deflated results in a presystolic arterial pressure 

that is lower than that achieved with VABP alone. 
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To better illustrate the effects of balloon pumping under these conditions, 

two strip chart records taken during dog number 9 are presented in figures 

3. 17 and 3. 18. In each of these figures, the balloon has been timed to assist 

on only one-half of the heart cycles, so that a direct comprison may be made 

of combined assistance cycles with those cycles where VABP is the only 

form of assistance. In figure 3. 17 temporal records of central arterial 

pressure, left ventricular pressure, and aortic flow are shown for the case 

where the balloon pump is on every other heartbeat. At the top of the page, 

arrows indicate the time of balloon inflation; balloon deflation is always 

one block (0. 5 cm) later. Diastolic augmentation is thus achieved during 

the time shortly after the arrow, systolic unloading occurs on the following 

beat. Examination of the left ventricular pressure waveforms on this 

following beat reveal them to be about 5 mm Hg smaller in size, consistent 

with the reduced systolic afterload. Examination of the flow waveforms re¬ 

veals that there is an increased aortic flow during the systolically unloaded 

beat. Figure 3. 18 reveals a similar effect. Once again, time on the abscissa 

serves central arterial pressure, aortic flow, left ventricular pressure, 

and bypass flow on the ordinate, each with its own scale. Once again, there 

are arrows to indicate the beginning of balloon inflation, once again deflation 

occurs about one block (0. 5 cm) later. Even though this rate was too high 

for maximally effective balloon pumping, there is a pronounced increase 

in the aortic flow in the unloaded systole. 
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Figure 3.11: arterial pressure in the balloon assisted case (A) 
is compared with arterial pressure in the unassisted case (B). 
Records are taken from dog 8. 
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Figure 3.12: Balloon assisted aortic flow (A) is compared to the 
unassisted aortic flow (B). Records are taken from dog 8. 
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Figure 3.13: arterial pressure during veno-arterial bypass (A) 
compared with arterial pressure in the unassisted case (B). 
Records are taken from dog 8. 
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Figure 3.14: left ventricular pressure with bypass assistance 
(A) compared with left ventricular pressure in the unassisted 
case (B). Data taken from dog 8. 
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Figure 3.15: aortic root flow with bypass assistance (B) 
compared with aortic root flow in the unassisted case (A). 
Records are taken from dog 8. 
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Figure 3.16: Arterial pressure with both assist devices 
operating (A) is compared with arterial pressure when only 
bypass assistance is operating (B). Records are taken 
from dog 8. 
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Figure 3.17: A comparison of central arterial pressure, 
left ventricular pressure and aortic root flow when balloon 
pumping assistance occurs on half of the beats of the heart. 
The time of balloon inflation is indicated by the arrows 
at the right hand edge of the figure. 
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Figure 3.18: A comparison of central aortic pressure, 
left ventricular pressure, aortic root flow, and bypass 
flow when balloon pumping assistance is added to bypass 
assistance on half of the heart beats. The time of 
balloon inflation is indicated by the arrows at the right 
hand edge of the figure. 
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3. 4 Tabular Summary of Several Experiments 

Presented in tables 3. 1 to 3. 3 are tabular summaries of 14 physiological 

variables from three different dogs. Table 3. 1 is taken from the fourth dog 

in the series, table 3. 2 from the ninth and table 3. 3 from the tenth. There 

are many interesting things to note in these tables. 

Examination of the mean arterial pressure in tables 3. 1 and 3. 2 reveal 

that the mean pressure is augmented only slightly by the addition of balloon 

pumping assistance. This measurement was not conducted in the tenth dog 

experiment because by that time experience had shown that there was sight 

or non-existant augmentation in arterial pressure with balloon pumping.In 

contrast to this, it is seen in the tables that bypass led to significant 

increases in mean arterial pressure. Finally the tables show that the increase 

in mean arterial pressure due to bypass is tempered to some extent by the 

combination of balloon pumping with the bypass pump. In table 3. 1 the 

increase of 2 1 mm Hg is reduced to 60 percent of the augmentation caused 

by bypass alone, in table 3. 2 the increase of 9 mm Hg is 75 percent of that 

due to bypass only and in table 3. 3, an increase of 10 mm Hg, 67 percent 

of the increase due to bypass pumping alone, is seen. 

Left ventricular pressure measurements reveal similar fingings. In 

table 3. 1, balloon assistance is seen to have an insignificant effect on peak 

left ventricular pressure, whereas in table 3. 2 the peak pressure is lowered 

slightly. In both cases note, however, a slight dip in the left ventricular 

end diastolic pressure (LVEDP). As would be expected from the increased 

arterial pressures and the increased afterload, bypass increased the peak 

LYP considerably in all three cases, yet in each case also led to a decreased 

end-diastolic LVP. As above, the addition of LABP decreased the afterload, 

reducing peak LYP by 11-13 mm Hg relative to bypass alone. In addition, 
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note that consistenly low values of LVEDP (4. 1 to 4. 3 mm Hg) were obtained 

in the combined assist mode, and that these were the lowest end-diastolic 

pressures observed. 

The three pressures obtained by way of the Swan-Ganz catheter (pulmonary 

artery pressure, capillary wedge pressure, and central venous pressure) are 

consistent with the data already presented on the left heart, and expand the 

measurements to include the right heart. One would expect capillary 

wedge pressure to reflect the trends seen in the left ventricular end-diastolic 

pressures presented above, but the correlation is poor. Although in table 

3.3 the pulmonary wedge pressure does indeed drop when bypass is insti¬ 

tuted, in table 3. 2 the changes are slight. This is perhaps due to the very low 

control wedge pressure of this dog. Similarly, central venous pressure 

shows a marked drop only in dog 10, where the venous pressure was rela¬ 

tively high in the unassisted state. The right heart pressures ( as reflected 

by the pulmonary artery pressure) reveal a much more coherent pattern. In 

each case the PAP is lowered slightly by balloon pumping yet is lowered signi¬ 

ficantly by bypass. There seems to be no significant change in PAP when 

balloon pumping is added to bypass. The decreased right heart pressures 

lead to a decreased right side demand. 

The change in the dog's flow work and perfusion is represented by the 

next four variables: peak aortic flow, mean aortic flow, bypass flow, and 

total perfusion. It is interesting to note that with pulsatile bypass (tables 

3. 1, 3. 2) the peak aortic flow, which represents the peak flow output of 

the heart, is unchanged by balloon pumping but lowered dramatically by 

bypass. With continous bypass, on the other hand, the peak aortic flow 

is unchanged. Note that mean aortic flow is equally unpredictable, in some 

cases it increases, in others it decreases. In all cases, however, the total 
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perfusion, obtained by adding mean aortic flow (cardiac output) to mean 

bypass flow, it increased to at least normal levels. 

The last four measurements (maximum upstroke velocity, maximum 

relaxation velocity, maximum power, and stroke work) are derived values 

which were obtained by processing of the physiological variables. Maximum 

upstroke velocity is the maximum value of the derivative of the LVP during 

pressure increases, where as maximum relaxation velocity is the maximum 

value of the derivative of the LVP during the pressure decrease at the end 

of systole. It is seen from the tables that the maximum upstroke velocity 

stays pretty much the same in table 3. 2, increases with bypass in table 3. 3, 

and decreases with bypass in table 3. 1. Relaxation velocity follows a similar 

pattern. 

The maximum power and stroke energy values in tables 3. 1-3. 3 show 

that in all cases the maximum power expenditure of the myocardium was 

higher in the unassisted case than in combined assit. Note, however, that 

in tables 3. 2 and 3. 3 the maximum power developed by the myocardium with 

bypass assistance alone was essentially the same as the control, as was the 

maximum power in the balloon assistance case from table 3. 1. Stroke 

energy in all cases was similary lowest in the combined assist mode and 

highest in the unassisted mode, with the single assist systems showing greater 

or lesser degrees of decrease. 
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TABLE 3. 1: Comparison of 10 Parameters in the 
Four Assist Modes from Dog Number 

PARAMETER UNASSISTED BALLOON 
ONLY 

BYPASS 
ONLY 

COMBINED 
ASSIST 

Mean Arterial 
Pressure-mm Hg 

52 62 

i 
l 

88 | „ 

Peak Left Vent. 
Pressure-mm Hg 

64 65 „ ! 

Left Vent. 
Diastol ic 
Pressure-mm Hg 

" ■ — 1 "■ 

9. 1 

1 

7. 9 

! 

7.4 4. 1 

Pulmonary Art. 
Pressure-mm Hg 

12. 5/7. 6 13. 3/8. 3 6. 6/4. 9 8. 8/6. 0 

Capillary Wedge 
Pressure-mm Hg 

Central Venous 
Pressure-mm Hg - - 

1 
i 

i. . 

t 
\ 

1 _ i 
P 

Peak Aortic 
Flow-1/min 

7 A. 7 ?.. A V7, 
Mean Aortic 
Flow-l/nin 

! 
2. 0 2. 0 0. 9 1.1 

Mean Bypass 
Flow-1/min ; 

j 

i o 

i 

! o 

r 
i i 
! 2.0 

! 

! 2. 1 

Total Per- 
f^sicr-l/min 

i 
i 

i 2. 0 

I 
\ 

1 
I 2. 0 

r 1 1 ■ 1 ,r ■ 

i 2,9 

t 
I 

3. 2 

Max. Jos*voo 
Vel -rTi Hg/sec 1 310 

Î 

1 260 

s 

! 288 
t 
! 240 

Max. Relaxation 
„ —/rxr'. M 3 / 

I -255 ! 188 

l 
i 
! 235 

| Ml 1 ” ' " 
j 
i 
! 210 

‘•'aximj^ mm Hg- 
rower- i/sec2 i 4.6 

t 
i j 
i 4. 5 

f 
! 
! 2.4 

t 

! 2. 3 

Strode- mm Hg- 
Energy- i/sec 

t i 

! 2.3 

i 

■ 2.3 

I i 
1.5 

!" ■",l " " 
! 

! 1.5 
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TABLE 3.2: Comparison of 10 Parameters in the 
Four Assist Modes from Dog Number 

PARAMETER 
• 

UNASSISTED BALLOON 
ONLY 

BYPASS 
ONLY 

COMBINED 
ASSIST 

Mean Arterial 
Pressure-mm Hg 89 88 101 98 

Peak Left Vent. 
Pressure-mm Hg 109 104 119 106 

Left Vent. 
Diastolic 
Pressure-mm Hg 6.7 5.9 i i 5. 1 4.3 

Pulmonary Art. 
Pressure-mm Hg 17/14 15/11 10/7 9/7 
Capillary Wedge 
Pressure-mm Hg 5. 1 4. 3 4.3 4. 8 
Central Venous 
Pressure-mm Hg 4. 0 4. 5 3. 5 3. 1 
Peak Aortic 
Flow-1/min 8.7 8. 8 6.3 

1 

7. 3 
Mean Aortic 
FIow-1/min 2. 2 ,2.3  2. 7 2. 8 
Mean Bypass 
Flow-:/min i • I 

0 j 0 | 1.4 : 1. 4 
Total Per¬ 
fusion- 1 /min 

1 1 i 

! 1 !  2^2 >. 2. 3 ' 2.7 1 2. 8  
Max. upstroke 
Vel.-mm Hg/sec ins<s 

J i 

• j 
1 032 j 104-5 1112  

Max. Relaxation 
vei.-fBn Hc/sec 1588 

i i 
i 

.1508 | 1340 i 1454 

Maximum mm Hg- j 

Power- i/sec2 | g 

i i 
! ' 1 

14. 9 ! 16. 1 ! 12. 7 

Stroke mm Hg- 
Energy- i/sec 

i 
2. 1 

! ! 
i j 

! 1. 8 ! 1. 9 1 1. 4 
1 1   i  
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TABLE 3*3: Comparison of 10 Parameters in the 
Four Assist Modes from Dog Number 

PARAMETER UNASSISTED BALLOON 
ONLY 

BYPASS 
ONLY 

COMBINED 
ASSIST 

Mean Arterial 
Pressure-mm Hg 

44 - 59 55 

Peak Left Vent. 
Pressure-mm Hg 63 - 73 62 l 1 

Left Vent. 
Diastolic 
Pressure-mm Hg 

6.7 - 5. 9 4.3 - | 
! i ; 

Pulmonary Art. 
Pressure-mm Hg 

20. 5/18 - 13. 5/12.1 
1 ] 

6 13/11.5 i 
1 1 : 

Capillary Wedge 
Pressure-mm Hg 

8. 8 - 6. 1 6.6 ; 

........ i 

Central Venous 
Pressure-mm Hg 

9. 1 - 5. 9 6.2 > 

  
Peak Aortic 
Flow-!/min 

5.0 - 4.9 i 4.9 i 
! 1 

Mean Aortic 
Flow-!/min 

1.8 - 1.5 1.6 I 
1 
J 

Mean Bypass 
Flow-l/min 

0 1 | | 
2. 1 

; 

Total Per¬ 
fusion-! /min 

1.8 i 3.6 ! 3.7 

 ! ! , 
Max. Upstroke 
Vel.-mm Hg/sec 

799 i 949 
i 

891 

Max. Relaxation i 702 
Vel.-rr. Ho/sec j 

    l   - 
1 

1088 980 ; 

Maximum mm Hg- j 5. 8 
Power- i/sec2 j 

- 5.9 5.0 ; 

Stroke mm Hg- 
Energy- £/sec 

i - 
2.1 s 1. 8 

i : 
i 

1.7 s 
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3. 5 Blood Gas Data 

Blood gas data from dog number eight are given in table 3. 4; several 

things can be seen clearly from this data. The oxygenator PQ was always 
2 

in excess of 280, the maximum value on the scale of the blood gas analyzer. 

Thus, the blood was being completely oxygenated in passing through the 

oxygenator. Due to the low flow of oxygen being bubbled through the 

oxygenator, however, the P-A was not lowered to as great an extent as 
C°2 

that of the blood passing through the lungs, where ventillation was presum¬ 

ably higher. The PçQ of the oxygenated blood could have been decreased 
2 

to lower levels, but the levels were already below the baseline levels, and 

were lower than the normal CO^ levels seen in the dog. These low levels of 

carbon dioxide were probably the result of a respiratory compensation 

(hyperventilation) in respose to the metabloic acidosis caused by inadequate 

perfusion of the tissues. (Inadequate perfusion would lead to ischemia which 

would lead to anaerobic respiration and the release of the acidic by-products 

of anaerobic respiration, causing acidosis. ) Bicarbonate was added 

periodically to the bypass fluid in order to alleviate this problem. Unfortun¬ 

ately, it was not possible to obtain pH with the gas analyzer that was used; 

as a consequence it was not possible to quantify the degree of acidosis. 

In addition, it is not possible to calculate the saturation of the blood 

from the Pn data, nor is it possible to calculate the degree of physiological 
U2 

shunting. Nonetheless, the PQ measurements do give some indication of 
2 

the state of oxygentation in the dog, and again, some interesting trends are 

evident. 

Whenever bypass was used, the level of oxygen inarterial blood increased, 

and whenever bypass was taken off the level of oxygen in the arterial blood 
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decreased. Furthermore, during bypass the levels stabilized at a 

higher level than without bypass. When bypass was turned off for the 

second time, the animal could no longer maintain adequate arterial oxygen 

tension and the deteriorated until death. Finally, it can be seen that 
2 

the venous PQ was higher with bypass assistance than without it, as expected, 
2 

because the higher perfusion flows made less oxygen extraction per ml 

necessary for the same total delivery. That the difference is not even 

more pronounced is probably due to the fact that the tissues were very ischemic 

and were probably in positive oxygen balance during bypass to make up for 

debt incurred during unassisted episodes. 
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Table 3.4: Blood Gas Data from Dog 8 

Time Arterial, p
0 

pco2 Assist 
Venous or 
Oxygenated 
Blood 

°2 Mode 

3:10 V 48.2 41.3 unassisted 
A 92.2 35.0 II 

4:00 0 280+ 25.0 bypass 
V 31.6 33.5 II 

A 115 20 II 

4:40 A 94.5 21.2 bypass 
V 42.6 17.6 II 

0 280+ 22.4 II 

4:50 0 280+ 30.6 combined assist 
A 97.5 20.0 II 

V 31.6 34.5 II 

5:10 A 92.8 21.0 balloon 
V 31.1 33.5 II 

5:30 A 92.3 24.5 unassisted 
V 29.6 38.7 II 

5:45 A 94.2 27.3 balloon 
V 29.2 35.8 It 

6:10 A 109.2 19.2 combined assist 
V 37.8 28.9 11 

0 280+ 25.6 II 

6:30 A 104.2 17.1 bypass 
V 26.3 33.0 II 

0 280+ 28.7 

7:10 A 100.5 18.3 combined assist 
V 30.3 26.6 II 

0 280+ 23.3 ll 

7:30 A 100.0 17.5 bypass 
V 28.8 30.1 it 

0 280+ 25.2 ll 

7:55 A 85.9 22.8 balloon 
V 21.2 30.2 ll 

8:05 A 81.5 21.5 unassisted 
V 17.1 38.6 ll 
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3. 6 Averaged Data Taken from Analog Records 

In tables 3. 5 and 3. 6 are presented data taken from the analog records, 

presented as mean ± one standard deviation. This data refects the short¬ 

term changes in several variables that were observed after manipulations 

of the mode of assistance. These records are useful for several reasons. 

The first is that it was possible to make these manipulations more often 

over the course of the experiment than it was possible to take a complete 

set of digital records since this is a dynamic, not a steady-state, measure¬ 

ment. In addition, since what was observed was only the transition, any 

problems of slow, long-term drift were avoided. Both tables average data 

obtained in transistions observed in dog number 10. Table 3. 5 presents a 

summary of the changes in several physiological variables when bypass is 

switched on or off. Table 3.6 examines the changes due to fhe addition of 

balloon pumping when bypass is already being used. 

In table 3. 5, note that mean arterial pressure is raised by bypass 

assistance, and drops when bypass is turned off. Note also that the pul¬ 

monary wedge pressure, which reflects LVEDP, is slightly higher without 

bypass than it is with it, as is peak aortic flow. In table 3. 6 it is seen that 

the addition of balloon pumping decrease the mean arterial and left ventri¬ 

cular pressures, yet has almost no effect on pulmonary capillary wedge pressure 

or on mean aortic flow. Thus, perfusion and preload are not helped by the 

addition of the balloon, but after load pressures are decreased. 
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CHAPTER 4 

DISCUSSION 

4. 0 Introduction 

In this chapter the results presented in Chapter 3 are discussed and 

interpreted using similar sectional groupings to those that were employed 

in Chapter 3: the ventricular failure preparation, discussion of data, a 

comparison with other assist systems, and a discussion of possible exten¬ 

sions. 

4. 1 The Ventricular Failure Preparation 

To assess the performance of the combined assist system in support 

of the severely failing left ventricle, it must first be demonstrated that a 

severe failure preparation was achieved. Examination of Figures 3. 1-3. 3, 

taken from the same dog at various stages in the failure preparation, reveal 

that this is indeed the case. The normal ECG appearing in Figure 3. 1 dete¬ 

riorates to that seen in Figure 3. 2 over 2 hours post-ligation. The latter 

waveform exhibits a pronounced S-T segment elevation and a broadening of 

the QRS complex. In Figure 3. 3, taken 4 hours later, the S-T segment ele¬ 

vation is slightly more pronounced. Similarly, the pressure and flow wave¬ 

forms seen in these figures are indicative of a progression to heart failure. 

In Figure 3. 1, the left ventricular and central arterial pressure are slightly 

hypotensive, with peak values of about 90 mm Hg. This mild hypotension 

could be expected due to anesthesia and the surgical trauma associated with 

thoracotomy. ” The aortic flow is still strong, with a peak value of over 
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10 liters/minute, until after ligation, when both the pressures and the flow 

decrease considerably. For example, in Figure 3. 2 peak pressures are 

barely 60 mm Hg, and peak flow just above 5 L/min. These values are 

clearly indicative of severely depressed myocardial function. The failure 

preparation is stable, yet slowly deteriorating, as shown by Figure 3. 3. In 

the intervening four hours between Figures 3. 2 and 3. 3, the pressures 

dropped approximately 10 mm Hg, with peak pressures not quite reaching 

50 mm Hg. Aortic root flow also decreased slightly and although the peak 

magnitude remained close to 5 L/min, the ejection period is shortened so 

that average flow is decreased. The decrease in ejection time and prolon¬ 

gation of the pre-ejection period is also characteristic of a ventricle in myo¬ 

cardial failure. 

The cardiogenic shock which was produced by serial coronary artery 

24 
ligation thus clearly fulfilled the four criteria for shock proposed by Agress: 

1. There was a reduction of greater than 30% in mean arterial 
pressure. 

2. This reduction was maintained for at least 30 minutes with no 
upward trend. 

3. There was clear electrocardiographic evidence of ischemia. 

4. There was an absence of arrhythmias which could account for 
the reduction in pressure. 

Careful inspection of Figures 3. 1 - 3. 3 reveals the tendency of the heart 

to congestion under conditions of myocardial failure. The left ventricular 

diastolic pressures are seen to increase between Figures 3. 1 and 3. 2, as 

well as between Figures 3. 2 and 3. 3. Although never reaching the levels of 

15-30 mm Hg seen clinically in humans in congestive heart failure, this trend 

towards congestion is evidence of a good failure preparation in the dog and 

is consistent with the small increase in this pressures reported in heart 
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failure models elsewhere. ^ To date, there has been no acute animal 

model reported in the literature that accurately mimics the chronic con¬ 

dition of human congestive heart failure, ^9-50 ancj contractile and hemo¬ 

dynamic data reported in Chapter 3 is consistent with the data of other inves¬ 

tigators who have attempted to produce an animal model of ventricular 

failure.29’33' 41 

32 The model of serial coronary artery ligation of Ellis et al with the 

29 autonomic blockade suggested by Feola et al was chosen from among the 

several admittedly limited models of cardiogenic shock for several reasons: 

1. It was felt that this method, being gradual, would allow for the 

greatest control of hemodynamic variables and the state of the myocardium. 

This was important for repeatability and in preventing premature death of 

the animal due to fibrillation. We had very good success in this regard, 

losing animals only after hours of failure, avoiding the high early mortality 

51 52 
(70-90%) reported by other investigators. ’ 

2. It was felt that a greater degree of ischemia could be achieved 

in a safer way with the serial ligation. 

3. Our group had previous experience with coronary artery liga¬ 

tion and was confident of its ability to reproduce the model. Unlike Ellis 

and Kennedy, we found a reduction in mean arterial pressure using this 

29 method, but got little rise in LVEDP. We agree with Feola et al that the 

model has the following weaknesses: 

1) The development of left ventricular failure requires at 

least 4-6 hours. 

2) Each suture ligature causes a condition of very unstable 

equilibrium progressing either to recovery of arterial pressure or to 

ventricular fibrillation. 
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3) The failure state is itself unstable, requiring great vigi- 

lence in experimental protocol to insure that conditions are comparable when 

comparing therapeutic interventions. 

4) The occurrence of ventricular fibrillation terminates most 

of the experiments. 

Due to these problems with the coronary artery ligation failure model, 

and the lack of a better alternate model work was done attempting to model 

cardiogenic shock in a closed-chest animal by pharmacological means. 

Monocrotoline (90 mg. kg) was administered to several dogs following the 

observation by Miller at the University of Texas Medical School in Houston 

that this drug caused reduced arterial pressures and reduced cardiac out¬ 

put, in addition to causing pulmonary edema. This approach was eventually 

abandoned when it was determined that monocrotoline seems to merely cause 

increased disseminated vascular permeability, and would thus serve as a 

better model of septic shock than of cardiogenic shock. 

4. 2 Discussion of Data 

The data obtained in these experiments and presented in Chapter 3 are 

discussed in this section, compared to expected results and compared with 

published results. The section is divided by assist system into discussions 

of: IABP, VABP, IABP and VABP, and oxygenators. 

The hemodynamic state of the animal in heart failure, which has already 

been discussed in Section 4. 1, is represented graphically in Figure 3. 4 for 

purposes of comparison. Arterial and left ventricular pressures in the 

range of 50-60 mm Hg, pulmonary pressure of about 10 mm Hg, and aortic 

flow of about 2 L/min as seen here are consistent with the values reported 

by other authors, ^ and will not be discussed further in this section. 
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I AB P 

The use of IABP as presented in Figures 3. 5 and 3. 6 leads to a 

slight augmentation in diastolic arterial pressure. As was pointed out by 

Weber^ and reiterated by Feola^^' ^ and Maloff ^ the augmentation is 

quite small (10 mm Hg or less) in the severely hypotensive situation, due 

to the nonlinear compliance of the aorta. Augmentation of the mean arterial 

pressure by VABP is seen to increase the effectiveness of balloon pumping 

in Figures 3. 9 and 3. 10. 

Comparing Figure 3. 4 with 3. 5, we see that although the balloon 

pump timing would be considered perfect (see for example Reference 56 or 

73), the cardiac output is not substantially higher in Figure 3. 5 with IABP 

than in Figure 3. 4 without it. Absence of flow augmentation is shown even 

more dramatically in Figure 3. 12 in which the aortic flow with IABP is 

virtually superimposed on the unassisted aortic flow. Although there was 

much early debate about the potential of IABP to increase cardiac output, 

677071 57 ’ ’ the current belief agrees with our data that IABP does not 

63, 

change aortic flow. There was a similar debate over the ability of IABP to 

57 lower pulmonary pressures, but it is now established that it will not. 

This agrees well with our finding that pulmonary artery pressure is seen 

to be similar in Figures 3. 4 and 3. 5. Similar conclusions are drawn from 

a consideration of Tables 3. 1 and 3.2, where balloon pumping elicits slight 

changes in mean arterial pressure, left ventricular and pulmonary pressures 

and has almost no effect on flow. It does, however, improve the LV dP/dt 

values, reduce the stroke work, and reduce the stroke energy, as one would 

expect from its ability to reduce afterload. 
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Our results thus lead us to the conclusion, consistent with the view 

presented in Chapter 1, that balloon pumping, while very safe and very use¬ 

ful in mild shock, is inadequate to effect any major improvement in the 

hemodynamic profile in situations of severe ventricular failure. 

VABP 

A consideration of VABP in Figures 3. 7 and 3. 8 shows that VABP 

can augment arterial pressures and also increase total perfusion flow, and 

is thus better able to assist severe failure. While it is seen that the pres¬ 

sure augmentation moves the animal from a state of severe hypotension 

(60 mm Hg or less) to one of mild hypotension (about 90 mm Hg), it does 

not bring the animal back to the baseline normotensive state. This could be 

due to the fact that in these experiments the baseline was hypotensive (about 

80 mm Hg) due to anesthesia and opening the chest (Section 4. 1), but it is 

more likely to be due to the inability of bypass to bring an animal back to 

57 76 77 normal pressures in the absence of a normally functioning heart. ’ ' 

This inability is especially obvious in Figure 3. 13 and in Table 3. 3, where 

the animal remains quite hypotensive despite substantial bypass flows, although 

85 the increase in MAP is a respectable 50%. Winston argued that this 

increase in afterload pressure would make bypass unacceptable for assis¬ 

tance of the failing myocardium, even though he noted a decrease in LVEDP. 

More recently Feola et al^ have argued that augmented arterial pressure 

(and thus, increased afterload pressure), in combination with IABP, will 

help the heart. Clearly, whether the increase in arterial pressure helps or 

hinders the heart depends on a number of complex factors, chief among them 

whether or not the increase in heart 0^ demand due to the increased arterial 

pressure is matched by the increase in 0^ supply due to the same increase 
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in pressure. Thus, increased afterload pressure cannot be considered in 

itself beneficial or detrimental to the heart, but be weighted by other factors. 

Accompanying the increased mean arterial pressure due to VABP 

is decreased aortic root flow, as seen in comparing Figures 3. 7 and 3. 8 

with Figure 3. 4. This feature is also shown quite prominently in Figure 

3. 15 where the flow waveform with VABP assistance is lower than the unas¬ 

sisted waveform. The decreased aortic flow is due both to the increased 

afterloading and to the decreased venous return; the shift of the ejection 

period in the VABP waveform in Figure 3. 15 to later in the systolic period 

is a reflection of greater afterloading. Flow during VABP is also seen to 

be decreased in Tables 3. 1 and 3. 3. The decrease from 2 1/min to 1. 5 or 

1 l/min, agrees well with values reported elsewhere. ' ’ The para¬ 

doxical increase in cardiac output seen in Table 3. 2 is presumably due to 

an improvement in the state of the myocardium. These changes in flow are 

reflected in the power and stroke energy figures in the three tables as well. 

In Table 3. 1 the aortic flow was decreased so much (because bypass flow 

decreased venous return) that the stroke work and maximum power were 

decreased a great deal even in the face of much increased arterial pressures. 

In Tables 3. 2 and 3. 3, the change in flow was balanced by other factors, and 

the maximum power and stroke work were not changed significantly. 

As a consequence of the increased arterial pressure engendered 

by bypass assistance, the peak left ventricular pressure is increased, as 

can be seen in Figures 3. 7, 3. 8, and 3. 14. It is especially interesting to 

note that although peak LVP is increased in Figure 3. 14, the LVEDP is 

lower. This is also shown in Tables 3. 1 to 3. 3, where left ventricular dia¬ 

stolic pressures and pulmonary capillary wedge pressures are consistently 

25 lowered by bypass assistance, consistent with other reports. The 
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effectiveness of assistance is indicated in part by the changes in LVEDP, 

because helping the heart reduce preload is an important function of an 

assist system aimed at reversing congestive heart failure. (Recalling the 

Franck-Starling mechanism, it is seen that this will improve the supply/ 

demand ratio of the heart). In addition to lowering LVEDP, it is seen in 

Tables 3. 1 - 3. 3 that the decreased venous return led to decreased right 

heart pressures, as reflected by the pulmonary artery pressure. This 

demonstrates the two-sided effectiveness of bypass in unloading the heart. 

Our work with VABP thus reconfirmed the reported hemodynamic benefits 

of VABP in assisting the failing heart. The improvements in blood gasses 

are discussed in the next part. A nonquantitative feeling for the beneficiality 

of VABP was also gained during these experiments; it was felt that the animal 

was more stable during VABP support and that arrhythmia was markedly 

decreased, a finding also reported by Vasku. 

It would thus seem that VABP is a more profound means of support 

than IABP. It should be pointed out, however, that pulsatile bypass (which 

was used in all dogs in the series except the tenth) is superior to nonpulsatile 

bypass, and it may be necessary to achieve the maximum 

benefit from VABP. By combining IABP with VABP, the VABP is not 

only rendered more pulsatile, but the additional advantage of systolic unload¬ 

ing is achieved. 

IABP and VABP 

Figures 3. 9 and 3. 10 document the effects of adding IABP to VABP. 

There is pronounced diastolic augmentation, seen also in Figures 3. 16 - 

3. 18, and a pre-systolic dip, most prominent in Figure 3. 16. It is not 

surprising to find that IABP is capable of improving the arterial pressure 
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characteristics, but it is nice to note that IABP is more effective at higher 

pressures, demonstrating the synergistic effect of combining it with VABP. 

Even more surprising is that IABP can effectively augment aortic root flow 

when used in combination with VABP. This is seen by comparing Figure 

3. 9 with Figure 3. 7. Note that the aortic flow waveform is larger in Figure 

3. 9, although not as large as in Figure 3. 4 because VABP is still decreasing 

the venous return. The increase in flow due to IABP is also seen in Figures 

3. 17 and 3. 18; during the heart systole coinciding with balloon deflation, 

the aortic flow increases while peak LVP decreases. This is also reflected 

in Tables 3. 1 - 3. 3, where the mean and peak aortic root flows were uni¬ 

formly higher with IABP and VABP than with VABP alone. This contrasts 

sharply with the situation without VABP, in which IABP cannot raise aortic 

flow, and is another argument for the synergistic behavior of the combined 

assist system. It is thus clear that the addition of IABP improves the hemo¬ 

dynamic situation with VABP and that VABP functions better when combined 

with IABP. The combination of IABP plus VABP is thus seen to give more 

profound support than either, with slightly greater risk, and has thus ful¬ 

filled the criteria for being a useful assist system. It remains to be shown 

that IABP and VABP is more therapeutic than leaving the patient alone. 

A look at Figures 3. 4, 3. 9 and Tables 3. 1 - 3. 3 reveals that this 

is so. The hemodynamic profile is clearly better: arterial and left ventric¬ 

ular pressures are raised towards normotension levels. Perfusion is much 

greater, yet right heart and LVEDP pressures are reduced. Even with an 

improved systemic hemodynamic state, and improved myocardial supply 

(due to greatly increased diastolic arterial pressure) the heart1 s work is seen 

to be decreased in Tables 3. 1 - 3. 3.' Thus the myocardial supply/demand 

ratio has been improved both by increasing supply and by reducing demand. 
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In addition, oxygenation can be improved by the use of the membrane oxy¬ 

genator, as discussed in the next section. This improvement in the myo¬ 

cardial O2 supply/demand gives promise of myocardial viability, and could 

be the first step in breaking the vicious downward spiral of congestive heart 

disease. 

Oxygenation 

As presented in Table 3. 4, the oxygenator improved the oxygen 

content of the animals' blood. This result is not too surprising in view of 

the well-documented efficacy of oxygenators. What was mildly surprising 

was the small extent to which the oxygen content was improved. This is 

probably due to the fact that the animal still had viable and functioning lungs, 

but it is also a reflection of the fact that the highly oxygen-rich blood being 

reinfused by bypass did not make it up to the vital coronary or carotid 

regions by retrograde flow. In order to achieve maximum benefit from this 

rich blood, it must be infused more proximally to the heart. A more prox¬ 

imal infusion site would absolutely necessitate synchronous pulsatile bypass, 

which could enhance diastolic pressure augmentation considerably. This 

would also complicate the surgery necessary for use of this system, creat¬ 

ing another situation where risk-benefit analysis is needed. 

It should be pointed out that although the improvement in oxygen 

content of the cardiac outflow was not spectacular, it was sufficient to 

reduce arrhythmia dramatically and also to stabilize the state of the animal. 

Many animals deteriorated rapidly to death following the removal of bypass 

assistance. The situation thus seems to warrant addition of two assist 

systems to the spectrum available for cardiac care. The first would be 
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the one presented in this thesis with its advantages of rapid application and 

benign surgery. The second would involve a more proximal reinfusion site 

but would necessitate more invasive and more lengthly surgery. As always, 

the system of choice would depend on the state of the patient and the decision 

would be made by the physician. 

4. 3 Comparison of the Results with Theory 

Qualitatively, the results are in pretty close agreement with what would 

be expected from theoretical considerations, although there were some mild 

surprises in the degree to which assistance changed the physiological state 

of the animal. As expected, balloon pumping proved to be inadequate for 

support of severe ventricular failure because of its inability to improve 

perfusion or heart work by very much. Bypass assistance was effective 

in increasing perfusion, arterial pressures and blood gasses, however, 

mean arterial pressures were rarely raised more than 20 mm Hg, even 

with bypass flows representing over half of the animal's normal cardiac 

output. It should be noted that this is not necessarily bad. Indeed, a rise 

in arterial pressures with increased perfusion was expected due to the 

increased volume of blood being pumped into the arterial tree, but the 

magnitude of the rise required to maintain an adequate perfusion level 

depends on the starting unassisted mean pressure level. At a minimum, 

the desired mean pressure level should be in the neighborhood of 70-80 mm 

Hg since this is into the auto regulatory range of the special circulations 

(e. g. renal, coronary, etc.). Thus, if the unassisted mean pressure level 

(MPL) is 55 mm Hg an augmentation of 20 mm Hg using combined assistance 

is quite adequate. Larger increases if desired could be accomplished via 

the simultaneous infusion of a pressor drug lower pressures would be obtained 
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by infusion of a vasodilator. In addition to increasing arterial pressures, 

the bypass circuit also improved blood gas content slightly, but once again, 

the improvements shown in the mixed venous blood and the arterial blood 

were smaller than had been hoped for. 

4. 4 Comparison with other Assist Systems 

In Chapter 1 a summary of the strengths and weaknesses of various 

assist systems were given. A more complete assessment of the combined 

assist system of this thesis is now possible in similar terms, using knowl¬ 

edge gained from the experiments. Since there are so many other assist 

systems, individual comparisons will not be made. Rather, a comparison 

of the strengths and weaknesses of the system vis-a-vis strengths and 

weaknesses of assist systems in general is given. 

Strengths 

1. The combined assist system can be used without invading any 

major body cavity. In the experiments, combined assistance utilized only 

three vessels, and only minor cut-downs were necessary, although the chest 

was opened for purposes of instrumentation. 

2. The combined assist system can be rapidly and easily instituted. 

A skilled team of surgeons could probably have a patient on combined assist 

within 15 or 20 minutes of the time of diagnosis if the assist devices were 

ready for use; this is a major strength in light of the importance of early 

treatment in limiting damage to the heart. 

3. Both the right and the left heart are assisted. Experimentally, 

right heart assistance, was demonstrated by the drop in PAP, left heart 

assistance by a battery of measurements, as discussed above. 
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4. Total body perfusion is increased, helping preserve the periph¬ 

eral tissues, the kidneys and liver, and helping to reverse the cyanosis and 

metabolic acidosis resulting from generalized oxygen starvation. 

5. Total body oxygen content is improved by the oxygenator. 

6. This assist form is very flexible and varying amounts of assis¬ 

tance could be given. This would simplify the process of allowing the 

patient* s heart to assume the load of perfusing the body, a process refered 

to as "weaning" the patient from assistance. 

Weaknesses 

1. Long-term vascular access is necessary for long-term bypass 

and balloon pumping. This problem is not unique to combined assist, but 

may be complicated by the samll size and fragility of the peripheral vessels 

used in this assist system. 

2. The use of the membrane oxygenator would require systemic 

heparinization until nonthrombogenic oxygenators are perfected. Heparini¬ 

zation greatly complicates patient care and renders some patients unsuitable 

candidates for this assist form. This problem is unique to the combined 

assist system. 

3. The need for transdermal lines increases the risk of infection, 

as it does for all assist devices. 

4. A large amount of equipment is needed at one time, which 

increases the chances of malfunction, and increases the cost and the com¬ 

plexity of use of the system. Use of currently marketed equipment would 

mandate constant attention of the assist system by a trained pump technician. 
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These are problems shared by all of the present-day heart assist systems, 

but the technology exists to design a simple, safe, inexpensive device capa¬ 

ble of providing partial bypass with membrane oxygenation. 

5. The arterial pressures cannot be increased to normotensive 

levels by bypass alone. As was mentioned above, this may be a blessing 

in disguise. 

6. The left heart is not unloaded directly. This, again, is a 

mixed blessing because it means that the right heart and lungs are also 

decompr e s s ed. 

7. There is some blood trauma associated with the bypass circuitry. 

This trauma can be minimized by appropriate selection of pump and oxy¬ 

genator, but not completely eliminated. 

Compared to the other assist systems considered earlier, this 

combined assist system has the advantages of being able to assist the entire 

cardio-pulmonary and vascular systems, and it is quickly and benignly 

applied. It is thus well suited to the class of patients with severe congestive 

heart failure who are poor candidates for major surgery. The principle 

disadvantages are due to the membrane oxygenator; the requirement for 

heparinization and the associated blood trauma. These disadvantages render 

this system unsuitable for patients with bleeding problems of any sort. 

It is thus seen that this combined assist system fills a space in the 

continuum of possible assist systems, and could play a valuable role in the 

treatment of the patient with myocardial power failure. In addition, it seems 

to be a system that could be very nicely adapted to use as a temporary assist 

device in patients requiring transplantation, allowing time for location of an 

appropriate donor. 
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4. 5 Possible Extensions 

This thesis has shown that the combined assist system developed in 

this work shows enough promise to warrant further investigation; it could 

engender an almost limitless number of investigations in clinical, basic 

science, and engineering areas, A few examples of possible extensions in 

each of these areas are given below; 

1. The differences between pulsatile and nonpulsatile blood pumps 

could be studied at great length, and from a number of viewpoints; 

- the amount of blood that can be reinfused with each kind 

of pump could be studied. 

- blood damage due to each could be evaluated. 

- new catheters, possibly different for the different kinds 

of pumps, could be developed. 

- ways of converting pulsatile flow into nonpulsatile and 

vice versa could be expanded. 

- the physiological effects of pulsatile versus nonpulsatile 

perfusion could be studied. 

2. The site of blood withdrawal and reinfusion could be changed, 

and the physiological differences noted. This would lead to other consider¬ 

ations ; 

- clinical criteria describing the theoretical best place for 

catheter placement could be developed. 

- new, longer catheters, or catheters with balloons or 

catheters with larget diameters could be imagined and developed for with¬ 

drawal and reinfusion more centrally. 
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- Reinfusion in a more central location would require syn¬ 

chronization of the bypass if bypass were pulsatile, and pulsatile bypass 

would reduce competition with the heart during systole. This would require 

EKG monitoring and control circuitry. This controller could be expanded 

to be a closed-loop controller which automatically regulates pump and 

balloon timing so as to minimize heart work and maximize benefit to the 

body. 

- Comparisons of reinfusion into the central part of the 

arterial tree with the distal part would have to be made. 

3. Work on improving the present state of the art in oxygenators, 

bypass pumps, and balloon pumps could be done. 

- nonthrombogenic surfaces could be developed. 

- atraumatic bypass developed. 

a more compact form of bypass requiring less vigilance 

could be developed. 

4. More animal experiments could be done to build up the statis¬ 

tical data base. 

5. More extensive experiments involving flow measurement on 

the carotid artery, and pressure measurements in the lower extremity 

could be carried out. Along these same lines, left atrial pressure could be 

measured directly using another pressure channel, and myocardial O^ 

supply/demand assessed directly by cannulation of the coronary sinus blood 

gas measurements. 

6. Other physiological areas could be looked into: lung water could 

be measured to get an idea of pulmonary edema due to congestion, electro- 

physiological recording with microelectrodes made of the subnecrotic regions 

of the ischemic zone to look for improvement during assistance. 
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7. The effects of various cardiotonic agents and of vasoactive 

drugs as adjuvant therapy could be assessed. 
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APPENDIX A 
FORTRAN LISTINGS OF DIGITAL DATA 

ANALYSIS PROGRAMS 



This appendix presents the Fortran listings of the programs 

that were used in the off-line data analysis of the digital data 

tapes obtained during the experiments- There are four main programs 

and five subprograms. The first main program is the calibration program, 

which is listed in figures A. la and A. lb. This program yields an array 

of nine zero offsets and nine gain values which allow the electrical signals 

stored on tape to be scaled to the physiological variables that they 

are meant to represent. The second main program is listed in figures 

A.2-A.4. This is the Assist program which allows the data to be put into 

hard copy form. There are two subprograms from this program which allow 

for printing of the data on the printer display on a graphics terminal. 

The printing subprogram is listed in figure A.3 and the display subprogram 

is listed in figure A.4. Hard copy was obtainable from the graphics 

terminal directly by means of a Tektronix thermal paper device. 

The third program listed is the digital filtering program, listed in 

figures A.5-A.7. This program specifies the use of an FIR filter, listed 

in figure A.7, to smooth the data and eliminate some of the noise picked 

up by the transducer leads during the experiment. A zero adjustment feature 

of the program, listed in figure A.6, allows for minimization of the 

Gibbs phenomenon and readjustment of any signals that may have drifted during 

the experiment. Because the filter writes back on tape, the smoothed 

waveforms may be accessed from any of the othe r programs. The final 

program is the program to calculate energy and power data, listed in 

figures A.8 and A. 9. These programs take the flow, in 1/sec, and 

multiply it times the arterial pressure to get the instantaneous work of 

the heart. By summing the instantaneous work over the entire cycle, the 

stroke work is calculated. 



*L 
DIMENSION G(9)?ZE(9)ïIX1(25ô)y1X2(256)y 1X3(256) 

700 FORMAT('Cl='?F10.4/'C2='*F10.4/'C3='*F10.4) 
702 F0RMAT<I3»2(3XfF10/4>) 
704 FORMAT (' IE<1 = ' yI3/'IB2=' * 13/'IB3='*13) 
707 FORMAT(F10*4y2(3XyF10.4) ) 
708 FORMAT('IP = '*I3> 
709 FORMAT ('IS IP O.K.?') 
710 FORMAT('IND = *713) 
711 FORMAT< 'N = '*I3/'DCH * '7FIO.4) ■ 
712 FORMAT('RESET SWITCHES'> 
715 READ(1 * 711)N y DCH 

DO 762 1=1*3 
716 READ(1 ? 704 >IB1y ÏB2 ?IB3 

READCl7710)IND 
IF(IND)715 ? 716 ? 720 

720 CALL RLINC<1»IB1»1*IX1>N) 
CALL RLINC<1*IB271 y 1X2 y N) 
CALL RLINC(17IB3? 171X37N) 
DC=.7674*DCH 

724 . READ<17708)IP 
IQ1=IP 

723 CALL DISP3(N ? 1X1) • 
CALL DISP5(IQ1) 
IF(ISEN5 < 0 ) )732 ? 728 ? 732 ' 

732 • WRITE(17709) • . ■ 
PAUSE 
IF(ISENS(1))736 7 724y736 

736 READ<1*708)IP ’ 
I02=IP 

733 CALL DÏSP3(N ? 1X2) 
CALL DISP5(102) 

. IF(ISENS( 2)> 740 ? 733 ? 740 ' 
740 WRITE(1 ? 709) ‘ 

PAUSE 
' .IF ( I SENS < 3 > ) 742 * 736 «742 

742 .PEA0C1» 70S) IP 
Î 03 = 19 ■ 

744 CALL DISP3<N,IX3) 
CALL DÎSP5(IQ3) • 
IF<I3ENS<4))746 7 744 ? 746 

746 ■ WRITE<1 *709>. 
PAUSE- ‘ 
IF Cl SENS (5). >748 * 742 * 748 • 

748 WRITER 1*712) ‘ 
. , ■ PAUSE ' • 

Figure A.la: Fortran listing of the calibration program used in digital 
data analysis. (CAL program) 
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750 READ (1, 710 >IN0 
IF(IND>751,751,753 

751 Z1“FLOAT( IQ1 ) 
Z2=FL0AT < IQ2) 
Z3*FL0AT(IQ3) 
WRITE<1,707)Z1,Z2,Z3 
GO TO 716 

753 READ<1,710)IND 
IF(IND)751,755,755 

755 Y1-FL.0AT£IG1)-Z1 
Y2=FL0AT(IQ2)-Z2 
Y3=FL0AT <103)-Z3 
WRITE(1,707)Y1,Y2,Y3 

756 READ(1,700)C1,02,03 
READ(1,710)IND ' 
IF <IND)756,756,757 

757” G1--C1/Y1 
G2=C2/Y2 
G3-C3/Y3 
WR I TE ( 1,707 ) G1, G2 .* G3 
G(3*1-2)=G1 
G (3*1-1) =G2 
G< 3*1)=G3 
ZE<3*1-2)=Z1 
ZE<3*1-1)=Z2 

762 ZE(3*1)-Z3 
Z E ( 2 ) ~ Z E < 2 > -• D C / G 2 
D 0 764 J —1 ? ? 
Zl-ZE(J) 
G.1.-G ( 2 '> 

764 URITE <1,702)J,Z1,G1 
GO TO 715 
END 

Figure A. lb: Continuation of the Fortran listing of the Calibration program 

* 11 A-3 



96 
97 
98 
99 
100 
101 

102 

103 

104 

106 

108 

DIMENSION-G(9),ZE<9) 
FORMAT< '1=', 13) 
FORMAT<' Z= ',F10 *4/'&=',F10 ^ 4) 

!"3ïï* J(/J1*'»I3/'N1»',13/'12*',I3/'N2=',13) r ORMAT < ' Dl-' » F10» 4/'D2S! ' »F10«4//N= / ,13/'NOFF*' , 15 ) 
FORMAT<'IND - ',13) 
DO 102 .1 = 1,9 
WRITE(1,96)I 
READ <1,97)ZE(I ) , G < I ) 
READ<1,100)IND 
IF(IND)101,103,106 
READX1,96)1 
PAUSE. 
IF <ISENS ( 5 ) )104,103,104 
READ( .1,97 ) ZE < I ) ? G ( I ) 
PAUSE • 
IF(ISENS(4> >106,103,106 
READ ( 1 * 93) IB1,NI, IB2,N2 ■. 
READ(1,99)D1,D2 ?N,NÛFF 
READ(1,100)IND > 
IF<IND)101,106,108 " 
21 =ZE <N1 ) 
Z2-ZE(N2) , • 

G1*G(N1) 
02=0(N2) 
CALi- n::"-V(N?Zl ,Z2 ?(31 ,G2,D1,D2,'TB1,IB2,N0F~) 

• READC i , 100) IND. • . . 
Ir(IND)101fî0àf110' 
CALL £W(G>ZE*N) • 
WRITE-: IK 12 > ' ' : ■ 
FORMAT'' -' ANOTHER - RUN ?') • ’ 
PAUSE. ' . . • ‘ • . . • 
•READ a, 1000 IND ■ 
I FI.INü ) 3.01,110 ? 106 ■ ' . 
END'. 

Figure A. 2: Fortran listing of the Assist main program for use in displaying 
and printing of the digital data. 
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SUBROUTINE DPI.Y(NfZl»Z2*Gl»G2»Dl*D2fIBlrIB2rNOFF) 
DIMENSION IX<256>JIY(256)y X(256)> Y<256) 

4 FORMAT('L='y 13) 
* F0RMAT(I3y2<3XyF10»4) ) 

FORMAT('IND«'» 13) 
CALL RLINC(lylBlylylXyN) 
CALL RLINC(1 yIB2 y 1 y IY y N) 
DO 21 J=lyN 
X(J)=D1*<FLOAT<IX<J))-Zl> 
Y<J)=D2*<FLOAT(IY(J)>~Z2> 
IX<J)=IFIX<X<J))+NOFF 
IY<J)=IFIX<Y<J))+NOFF 
10=0 
IE=510 
CALL DISP3<Ns> IX) 
CALL DISP3 < N y IY ) 
CALL DISP5(NOFF) 
CALL DISP6 <• IQ ) 
CALL DISP6< IE ) 
IF < I SENS < 0 ) ) 25.* 24 y 25 
READ< 1 y 4 ) L 
READ <1 y 6)IND 
IF(IND)25 ? 25 ? 26 
DO 27 J=1? N ? L 
Ui=<Gl#X<J))/Dl 
W2=<G2*Y< J) )/D2 
U] PIT E- < .1 f 5 ) J * W1 ? w 2 
E E T U R N 
END 

Figure A.3: Fortran listing of the disply (DPLY) subprogram used in 
display of the digital data. 

18 

21 

24 
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SUBROUTINE F'RNT(GKZEKN) 
DIMENSION G<9)»ZE<9>?IZ1(256)KIZ2<256> *IZ3<256) 
DIMENSION IZ4<256>>IZ5<256)»IZ6<256> 

800 FORMATC'IBLK =•'KI3) 
801 F0RMAT(F10*4K5<3XKF10.4)> 
802 FORMAT('NCAL = ',I3> 
803 FORMAT('INDX « ',13) 
804 FORMAT('L » "» 13) ' 
810 READ(1 y 800)IBLK 

READ <1 » 802)Nl 
READ <1r800)IB2 
READ(1>802)N2 
READ(1,800)IB3 
READ<1*802>N3 
READ(1,800)IB4 
READ(1*802>N4 
READ(1 ? 800)IBS 
READ<1K800)IB6 
READ C1f803)INDX 
IF(INDX)810K810K 820 

820 CALL RLINCdrIBLK» IKIZIKN) 
CALL RLINC ( 1, IB2 * 1 K IZ2 .* N ) 
CALL RLINC<1KIB3K1?IZ3?N> 
CALL RLINC ( 1 > IB4 K 1 ? IZ4 .* N ) 
CALL RLINC<i»IB5»l*IZ5fN> 
CALL RLINCddBéf li-IZ6»N) 
Z1=ZE<N1) 
Z2-ZE(N2) 
Z3-ZE(N3) 
Z4-ZECN4) 
G1=G(N1) 
02-0(N2) 

i 33=0 < N3 ) 
G4~G < N4) 
READ<IK 804)L 
DO 330 J=1KNKL 
W1=G1*(FLOAT(IZ1> J))-Z1) 
W2~32*<FLOAT(IZ2(J))-Z2) 
W3»G3* ( FLOAT ( IZ3 ( J ) > -Z3 ) 
W 4 • • - G 4#<" L 0 A T < IZ 4 ( J ) '> - Z 4 > 
W5-FL3AT(125(J)) 
W6=FL0AT(IZ6<J?) 

330 WRITE \T? 801> W1? W2 ? W3 ? W4 :» W5 ? W6 
READ (11- 803) INDX 
IF <INDX)810 K 810 K 832 

332 RETURN 
END 

Figure A.4: Fortran listing of the print (PRNT) subprogram used in printing 
the digital data in off-line data analysis. 
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D X ï’ i C N wlü ri X i’* % X. w O ^ / j. A.1 v. i'C 9 il Ju ) 
4 r OR HA T ( ‘ i.c;ui\ — * / •b ‘.c y 

w * 1“ It,' t r WiM n-fi * w JD L. i\ — y 13/ * 
•à i“ wPiVlA i i 1 x.' CL À -- 13/ * 
7 FOR H A T < * ii -= y IS / ' u 
10 — a. 

READ(1 ? 6)IDEX 
1 i" *v à J £ X ) o 2 ï w 0 / .L 

■! -**5 
J* X CL A D ( 1 ? 4 ) x 3 L i s 

C ALRL INC ■. i ? ± 3 LK ? 1 y I P ? 2 5 Q ) 

1.3 
DO 13 J;~ 1 ? 256 
Ï D ( i 9 J ) — IP ( J ) 
I = I f 1 
READ \ i ? 6 ) I DcX 
IF ( 11; E* X ) 1C ? *•> 2? 14 
R E A D ( 1 ? 5 ) J E LI \ 
READ(1 ? 7)H 
R E A D ( i y 6 ) ID E X 
J* »T \ Ji i*lfc.À / •!•<£.? .1. 4 ^ i O 
Hi «1 
M2“0 
JB1-J3LXTH2 
^ O O ' ** J* 9 A* w 
.j. P ( J ) - Z D -I ii i ? w / 
0 A L u W L J. N C( i y J£i ? 
Hi--Mir 1 

.J. r*< D "" j” *■'* j*i J, 

.j. r ». .i. t \ / .u y ? / / «ï. / 

A CL M .%.* \ j. / w v* '.J Ci i\ 

A CL i**i jL‘ v j. 

A CL r*. j..* -, u. •' j,.- C A 

y à r 9 J o / • 

Ju r *, ,jw/\ .J „■ ? .& / .i. 7 

-.vi 

Figure A.5: Fortran listing of the main program for the filtering routine 
(FLOADJ) used in digitally filtering the data stored on 
digital tape. 
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SUBROUTINE ZEADJ<NBLK>IZE) 
DIMENSION IQ(256) 

100 FORMAT ( ' IBLK=' y 13) 
101 FORMAT('IP=' > 13 ) 
102 FORMAT(' IS IP OK') 
103 FORMAT('IND='? 13) 
104 FORMAT('RESET SWITCHES') 
105 FORMAT<'NBLK='f13) 

NQ=0 
READ(1 » 104) 
PAUSE 

110 READ ( 1 ? 100 ) IBLK 
111 READd» 103)1 ND 

IF(IND)110 ? 110 » 112 
112 READ(1 y 101)IP 

CALL RLINC<1 » IBLK11 ? IQ*256) 
113 . CALL DISP3(256» IQ) 

CALL DISP3(256 y IQ) 
CALL DISPS(IP) 
IF ( I SENS (0) ) 114 ? 113.114 

114 WRITE(1>102) 
p \ J g p 

IF (ISENS(1))116 » 112 y 116 
116 DO IIS J=1f256 
118 IQ ( J ) ~ IQ ( J ) ~ IF' 

IZE=IP 
10 ( .1. ) = 10 < 1 ) / 2 

130 CALL DISF’3 ( 256 » IQ ) 
CALL DISF’3( 256 » TO ■ 
CALL riSP5(WiV' 
IF< ISENSt 2) ) 132-130. '.32 

132 READ ( 1 * 105 ' N S' !... N 
READ-; i 103'-1 N 
IF(IND)110r132*134 

134 CALL WLINC<1 ? NBLK- 1 - !Q ? 25o * 
RETUFN 
END 

Figure A. 6: The zero adjustment subprogram (ZEADJ) of the digital filtering 
program. Zero adjustment Was used to minimize the Gibbs 
phenomenon and to realign signals that drifted during the 
experiment. 
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SUBROUTINE FLTFLG<NBLKrIZE) 
DIMENSION PC2S8) UP<256> .*12(256) 

4 FORMAT<'LBLK ='rI3> 
6 FORMAT(UNO ='vI3) 

CALL RLINC<1»NBLKU»IF»256> 
DO 20 1=1t32 

20 PU) =0.0 
DO 22 J=l>256 
I=J+32 

22 PU >=FLOAT<IP< J) ) 
6=1.1 . 
01=-0.10978565E-01 
C2=-0.85136741E-Ü2 

. C3=-0.1Q171257E-01 k- 
04=-0.10519020£~0i " " ' 
C5=~0.83958517E-02 
C6=-0♦47314130E-02 
07=0.23407508E-02 
C8=0.12421735E~01 
09=0.25297657E-01 
010=0♦4034876SE-01 
CU=0.56697220£-01 
012=0.73172927E-01 
013=0.88483579E-01 
014=0.10135168E+00 
015=0.11063552E+00 
016=0.11549902E+00 

25 DO 30 1=33 ? 23S 
Zi=Cl*P<I>+C2*P<I-i)+C3*P.< 1-2) +C4*Pi 1-3) 
Z2=C5*PU-4)+C6*PU"5>+C7*PU“-6)-vC8*PU-7) 
23=09j^P < I-S)+C,10*P < 1-9) +CU*p ( I~10 ) +012*.-' ( 1-11 ) 
Z4=C13*P U-12 ) +CI4&P U~i3) +C15&P U~i 4 > + 01 é*P Ù-15) 
25=016*PU-16)+015#PU-17 )+C14*P U-1S)+013*P<I-19) 
26=012*P < I-20 ) +011 *P< 1-21 ) + 0 J. 0*P < I -22 > +09*P ( I -23 ) 
Z7=CS*P < 1-24 ) +C7>KP < 1-25 ) +C6*P ( 1-26 > + C3#P • 1-27 > 
Z 8=0 4*P(1-28)+03* P<1-29)+02* P<£ -30)101* P<I-311 
J-I-32 
Z-*<Z1+Z2TZ3TZ4+Z5+Z6+Z7+Z3)/3 

30 IZ\w)“IF IX(Z> 
30 3.L w:î=I7?25ô 

o4 .w* W w w 

J. 1 1 w / — 

35 :Z;J;= 
36 READ(1 

i ’, £ A D \ I 
IF(IND 

IT *.«• ; w H L u. /V 

3 a C H L- L R 
40 L. (’** U. r.„ A.* 

J 4 ÎM. Î.Î 
D 

I F i I 5 £ 
4 w r\£7Ui*ÏN 

<*-4i 
... v« Z 40 • 
* o: SD 
/ 3 4 7 J *4 :3à 
w — 1 7 2 3 Ô 
1 r \ w / -t IZ 3 
IZ'.Jjr IZE 
7 4 ,■ L3Li\ 
7 0 7 IWO 
w 3 .*■ 3 o 7 3 7 

L 1 W V I 7 7 * ? 
LI JN C ■. 17 3 4 ! \ 7.1 ? 
I or i ( k S 6 7 IZ * 
L* o 3 \ 2 3 w 7 I Z / 
15r 3 < 256 7 J.’ r ) 
N3•3)/43 7 40 7 43 

» A 

Figure A.7: Fortran listing of the 
FIR filter subprogram (FLTFLO) 

lS . used in the digital filter program 

C.N...: 
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r *. hO 
*t lO 'O 

fx 

10 

12 

4 
16 

ip 

Lij.i1fc.NS IGN P<2s6Jl »F(256) »PW<256) »IP<25S> »IFL<256) » IPW<256) 
FORMAT('IBLKP»'» 13/'IBLKF*'? 13) 
FORMAT('INB*' y 13 ) 
FORMA T < y OP- ' i>F10»4/'GF=y ? F10 ♦ 4 ) 
FORMAT?y'IR='y13) 
FORMAT?'IS ’IR OK'»/) 
FORMAT ( 'jpFl^ ' J» F10 ♦ 4/ ' DF2~/ y F10 *.4/' BF3=/ yF!G*-4> 

N3*0 * ‘ ^ 
SI*. 004 
READ ? 1^ 4)OP y OF * 
READ?!y 2)IBP yIBF ' ’ . ! 

READ<1»7)BF1»BF2»DF3 ‘ ' 
REA!;? 1 j»3) IND 
IF ( INI: .i 8 > 10^12 
CALL RLINC(1 ? IBP ? 1 y IP y 256) 
0ALL R,...INC ? 11IBF f 1 > IFL ? 256 ) 
DO 4.4 J*l»256 
Wi«FLOAT?IP?J)) 
W 2 ~ FL 0A T <IFL(J)) 
P<J)*DF1#W1 
F?J)=BF2*W2 
P«KJ)*BF3*W1*W2 
I?<JJ*IFIX(PCJ)> 
IFL Ç J> =IFIX(F ? J)) ' 

IPUiC J) = IFIX?PW? J)) 
CALL DI3P3<256»IP> 
CALL DISP3?256?IFL) 
CALL DISP3 < 256 ? IPW) 
CALL BISP5(NQ) 
Ir \ A DcKS 0} ) 1 0 ? 16 ? 18 

READ <1 ? 3)IND 
I < ■ ? IN D ) 3 ? 10 719 
READ ?.? ? 3; IR.L 
C0--2J£IRA 

.*! ■  A* „ -3 r* « ? 2 5 O A F i... .■ 
4.2 l- J.3," \ X 2 

3 -3 ; X > 22 ?22 r 21 

• * -*• J i i o •. AL *4 ? x r / ■*+ 
.*’* -•» A.. * ... P Cf é 2„„ 
.» >.* *D - £ f! AL ■ 

L • - af3 \ 2JC> IFL.) 

♦Jrtuj- 3I3F6 \ 22 ) 
4 / . 2 62N3 2 ) ) 2B 26 ^ 23 

i 2 .* à / 
F* '2 £ C 

Bc/iB ' 4 ) > 3C / 24 P 32 
,’K 2 L F .1 

2 2 r ^ u '‘M w ^ ? 3! 2 r ? 3 r ? 3 F j 2 A j. :* 2! R 2 /11: ? BI ;> 
-1 2 ? - / - i 

J.*” 

Figure A. 8: Fortran listing of the stroke work calculation program. (POWWRK) 



it 

1 «J . r 

SUBROUTINE PWCALÔ(I BP y IBF y GP y OF y IR1 y I R.2 » ID y SI > 
DIMENSION P<256) f F(2§6) f E<256)'»Ipi(256> » IFL<256> 

46 FORMAT(*INDX=/y 13) ; , ’ 
47 FORMAT <7TSW~'tFIO.4/}APW*'yFiO.4> 
48 FORMATC -'1.= ' >13) ' ' 
49 FORMAT <13 y 3 <3XyF10♦4)) 

CALL RLINC(1 y IBP y 1 y IP y 256) 
CALL RLINC(1 y IBF y 1 y IFL y 256) 
DO 50 J—1 y 256 
P(J)-OPAFLOAT<IP < J)) 
F< J)~GFAFLOAT <IFL< J)) 

50 E\J)=F<J)*F<J) 
Du 51 J-ly256 

31 P < J)=E < J) 
IRO=IRi-l . . 
DO 52 J^lylRO . . - . 

52 E<J)«0. 
DO 54 J—IR1yIR2 

34 E C J)-E < J-1)+SI*P < J-1) 

IR3=IR2+1 
DO 5o J ~ ï R 3 y 256 

EU i) = 0 ♦ 

i‘C iz. i*r lliv 1 y 43 ) L 

K C P ilu' X f 4 o / J. N DX 

J. r < IN 
\ r 
A / ? 0 2.» 6 

CO 64 w ■“ .il y tto W 6 y L 

0-4 wK 1 ~c \ i y -t'9 J y Zi y Z2 y Z3 
.w c: — ^ K r u :w H . '.4. u 
TSw -£ C I A 2 ) 

r'ï r U#::: £ ( I £ 2 ) / I? c 
îvK J. - c. ( I ? 4 / 7 i’5w ? AP W 
Kw;wKN 
i£N2 

Figure A.9: Fortran listing of the stroke power and energy calculation 
subprogram (PWCALC) • 
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APPENDIX B 

SAMPLE DIGITAL DATA ACQUISITION FORMAT 



This appendix gives a sample format for digital data acquisition. Data 

•were acquired on digital data tapes using the DAISY data acquisition scheme 

designed by Gerald Kane. Each data tape contains 55 data records. Each 

record contains 8 blocks of 512 12-bit words. Of these 8 blocks, only 6 

are available for recording signals because one of them records the trigger 

signal and another records the threshold level. Two tapes were allotted 

per experiment and the signals stored in each block in each record were 

noted. A typical sequence is given in this appendix. 

The first 10 data records were used to record signals that would later 

be used in calibration. (See CAL in appendix A. ) The next 16 records were 

used to adequately document the baseline state of the animal and the prepara¬ 

tion of an acceptable failure model. The rest of the data records were used 

to record sets of data as the various assist devices were used in turn; this 

is the data that was analysed to yield the results presented in Chapter 3. 



List of Symbols Used in Sample Digital Data Acquisition Format: 

DEKG: Derivative of Electrocardiogram 

dp/dt
: Drivative of Left Ventricular Pressure 

EKG: Electrocardiagram 

P • 
^A* Arterial Pressure (dynamic waveform) 

P • Mean Arterial Pressure 

P • 
B* 

Bypass Pressure 

P 
•^BAL’ 

Balloon Drive Line Pressure 

PLV : Left Ventricular Pressure (dynamic waveform) 

PLV: Mean Left Ventricular Pressure 

PSG: Swan-Ganz Pressure. There are three pressures taken from 
the Swan-Ganz catheter: 

PAP: Pulmonary Artery Pressure 

PCW: Pulmonary Capillary Wedge Pressure 

CVP: Central Verdus Pressure 

Q
A

: Aortic Root Flow (dynamic waveform) 

Qa
: Mean Aortic Root Flow 

Q
B

: Bypass Flow (dynamic waveform) 

Qb
: Mean Bypass Flow 
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Record 
Number 

Channel Number 

1 2 3 4 5 6 

The first 4 records store signals used in off-line calibra¬ 
tion of the transducers. This involves equating the re¬ 
corded voltages with physiological stimuli of known 
magnitude. Calibration pressures are given in mmHg 
and are chosen to represent the maximum value expected 
during the experiment. Gains on the transudcers were 
set so that the calibration signal was approximately 1 Volt, 
which was full scale deflection. 

0 DEKG 

o
 II 

0? PLV=° Qa=0 PSG=° dp/dt=° 

1 DEKG QB=O PB=0 PBAL=0 EKG 

2 DEKG PA=150 PLV=1S° - PSG=30 - 

3 DEKG - Pb=200 PBAL=200 i 

Records 4-7 are a repeat of records 0-3 taken at the end 
of the experiment. This allows for assessment of tranducer 
stability and for correction of drift during the course of the 
experiment. 

4-7 Same as 0-3 

Records 8 and 9 provide steady flow signals of known 
magnitude for calibration of the flow signals. The aortic 
and bypass flow probes are put in series and known steady 
flows at a high rate (Fj) and an intermediate rate (F£) are 
recorded. 

8 Trigger Qg'Fj - QA'F1 

9 Trigger Qg=F2 - QA*F2 

All of the data needed for calibration is thus conveniently 
grouped into the first 10 records. The remaining 45 records 
of this tape and additional tapes as needed contain experi¬ 
mental data. 
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Channel Number 

Record 
Number 1 2 3 4 5 6 

Records 10-13 contain a closed chest baseline set of 
physiological measurements. Since the chest is closed, 
only arterial and Swan-Ganz pressures and the EKG are 
available for recording. This set of records is taken 
early in the experiment. 

10 DEKG PA * " PAP ■ 

11 DEKG - - PCW - 

12 DEKG - - - CVP - 

13 DEKG EKG 

A second set of closed chest measurements are taken 
just prior to thoractomy. This set of 4 records is taken 
in the same way as records 10- 13. 

14- 17 Same format as 10- 13. 

A third set of records using this protocol is taken shortly 
shortly after opening the chest to assess the effects of 
thoractomy. 

18-21 Same format as 10-13. 

Once the animal has been fully instrumented, the first set 
of records documenting the total hemodynamic state is 

22 

taken. 

DEKG PA PLV Q
A 

PAP dp/dt 

23 DEKG p7v GZ PCW dp/dt 

24 DEKG - CVP dp/dt 

25 DEKG - - Q
A 

- EKG 

The failure preparation is begun and the assist devices 
readied. When an acceptable failure model has been achieved, 
just prior to experimentation with the assist devices, a final 
baseline set of records are taken that document the complete 
hemodynamic state as in records 22-25. 
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Channel Number 

Record 
Number 1 2 3 4 5 6 

26-29 Same format as 22-25. 

At this point experimentation with the assist devices is 
begun in an attempt to evaluate the relative hemodynamic 
consequences of balloon assistance, bypass assistance, 
and the combination of the two balloon pumping is under¬ 
taken first. 

30 DEKG PA PLV Q
A 

PAP df/dt 

31 DEKG PA PLV Q
A 

PCW df/dt 

32 DEKG CVP dp/dt 

33 DEKG - - p 
BAL 

EKG 

Following the balloon pumping data set, bypass assistance 
is begun slowly. When it is fully operational, balloon 
pumping is discontinued and a bypass assistance set of 
data records is taken. Note that 5 records are necessary 
here because two records are necessary to store the dynamic 
and averaged bypass flow waveforms. 

34 DEKG PA PLV Q
A 

PAP dp/dt 
35 DEKG PA PLV Q

A 
PCW dp/dt 

36 DEKG 7 p7v <7 CVP ep/dt 
37 DEKG Q

B PB Q
A 

- EKG 

38 DEKG Q
B 

PB 
Q7 - EKG 

After these records are taken, balloon pumping assistance 
^ is combined with the bypass. When the transient effects have 

died down and a steady state is reached (usually about 15 min) 
a set of data records documenting combined assistance is 
taken. As in records 34-38, 5 records are necessary in 
order to completely document the situation. 
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Channel Number 

Record 
Number 1 2 3 4 5 6 

39 DEKG PA PLiV Q
A 

PAP dp/dt 
40 DEKG PA PLV Q

A 
PCW de/dt 

41 DEKG ^V 
QT CVP dP/dt 

42 DEKG Q
B 

PB Q
A 

p 
BAD 

EKG 

43 DEKG PB 
p 
^BAL 

EKG 

From this point on the several forms of assistance are tried 
in turn. A typical sequence is given here but variations are 
permissiable. When balloon assistance is employed, data 
records similar to 30-33 are taken. When bypass is used, 
data records similar to 34-38 are taken. When the assist 
devices are combined, the protocol of records 39-43 is 
used. Finally, when unassisted records are taken for 
comparison, the format of records 22-25 is followed. Data 
records are taken until sufficient data has been gathered 
(usually two sets of manipulations using each assist mode) 
or until the animal expires. If it is necessary or desired 
to wait between manipulations, combined assist should 
be used to achieve maximum stability of the animal. An 
example of the rest of the experiment follows. 

From combined assist the balloon pump is turned off, and 
bypass assistance continues alone. Data records similar 
to 34-38 are taken, once stability is attained. 

44-48 Same format as 34-38. 

Bypass assistance is discontinued while balloon assistance 
is reinstituted. 

49-52 Same format as 30-33. 

The final 3 records on the tape are saved for interesting 
results or for use in processing. 

53-55 Optional use 

This represents the end of the first data tape. A second 
is started. The balloon assistance is discontinued, leaving 
the animal unassisted. 
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Record 
Number 

BO-3 Same format as 22-25. 

Bypass assistance is reinstituted and data records taken 
following stabilization. 

B4- 8 Same format as 34-38. 

Balloon pumping is combined with bypass and when the steady 
state is attained, data records are taken. 

B9- 13 Same format as 39-43. 

Bypass is discontinued, leaving only balloon pumping. 

B 14-17 Same format as 30-33. 

Balloon pumping is stopped, leaving the animal unassisted. 

B 18-2 1 Same format as 22-25. 

Balloon pumping is brought back in. 

B22-24 Same format as 30-33. 

Bypass assistance is combined with balloon pumping. 

B25-29 Same format as 39-43. 

Bypass assistance is removed, leaving only balloon assistance. 

B30-33 Same format as 22-25. 

Bypass is recombined with balloon assistance. 

B34-38 Same format as 39-43. 

Balloon pumping is discontinued, leaving only bypass assistance 

B 39-43 Same format as 34-38. 

Balloon pumping is recombined with bypass assistance. 

B44-48 Same format as 39-43. 

Both assist forms are stopped, leaving the animal unassisted. 
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Record 
Number 

Same format as 22-25 B49-52 

Both assist devices are added again to give combined assist. 

B53 Same format as 39. 

B54 Same format as 40. 

B55 Same format as 42. 

This is the end of the 55 blocks of the second tape and 
the termination of the experiment. Additional data 
records may be taken as desired on an ad hoc basis. 



APPENDIX C 
PACKAGE INSERTS 



This appendix contains the package inserts from three of the 

devices used in the experiments. These inserts are included to give 

a better idea of the use of these devices. The first insert is from 

an Optiflo membrane oxygenator. It has two parts: a diagram of the 

oxygenator and instructions for use. The second insert is from the 

Lande-Edwards membrane oxygenator. This insert gives detailed priming 

instructions and instructions for use of the oxygenator and provides 

a diagram of its appearance. The final package insert details the 

use of the Swan-Ganz flow-directed catheter and the principles of 

its operation. 
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Operating instructions: 
TheCobeOPTIFLO 
Disposable Oxygenator 

Figure C.l: Package Insert for the OPTIFLO oxygenator 

Model 42-201 

Setting Up: (Call-out letters refer to diagram) 

1- Unpack OPTIFLO and inspect for possible 
shipping damage. 

2. Record serial number printed atop volume 
indicator (A). 

3. Hang unit on mounting assembly and adjust to 
desired height. OPTIFLO mounting bracket may 
be used. Unit should hang approximately 2" 
above floor for maximum venous return. 

Connections: Heat Exchanger 

4. Connect water input and outflow tubing {V2 " 
!.D.) to either the OPTIFLO mounting bracket or 
directly to the OPTIFLO heat-exchanger 
tubing fB). 

5. Water tubing connections should be tightly 
clamped around heat exchanger tubes (B) as no 
pressure reduction devices are required. The 
OPTIFLO will withstand pressures to 50 PSI. 

Connection: Sump Return 

6. If Left Ventricular sump is to be used in bypass 
procedure, connecting tubing {1 A" I.D.) should 
be connected at point (C). If sump return is not 
to be used, place length of 'U " I.D. tubing 
on connection and clamp to occlude tubing. 

Connection: Cardiotomy Return 

7. Cardiotomy return inlet (D) is provided with a 
blue cap cover, Cardiotomy return tubing 
(3/B" I.D.) should be connected upon removal 
of cap cover. 

Connection: Arterial and Coronary 
Perfusion Outlets 

8. Arterial outlet (E) is provided with a red cap 
cover. Arterial outlet tubing (3/s" I.D.) should 
be connected upon removal of cap cover. 

9. Coronary perfusion outlet (F) is provided with 
a red cap cover. Coronary perfusion tubing 
(’A" I.D.) should be connected upon removal of 
cap cover. If coronary perfusion is not required, 
place a short length of " I.D. tubing on 
outlet and clamp to occlude tubing. Warning: 
Do not use red cap cover to occlude outlet (F). 

Connection: Venous Inlet 

10. Venous inlet (G) is provided with a blue cap 
cover. Venous inlet tubing (V2" I.D.) should be 
connected upon removal of cap cover. 

Connection: Gas Inlet 

11. Gas inlet (H) is provided with a green cap cover. 
Gas inlet tubing ('A " I.D.) should be connected 
upon removal of cap cover. 

Connection: Sampling Ports/Stop-Cocks 

12. Remove Luer-Lock caps on arterial sampling 
port (J) and on venous sampling port (K) and 
mount stop-cocks. 

The OPTIFLO is now ready for priming and 
operation. 

Operating Suggestions and Cautions: 

1. OPTIFLO should be primed using priming ports 
(L). The minimum operating level (black-lined on 
each unit) is 400cc. 

2. Turn on 98% O? and 2% COa at a minimum 
flow rate of two liters per minute. Do not let the 
gas flow rate drop below this level to avoid 
the possibility of plugging the gas diffuser plate. 

3. Recirculate prime and remove any air bubbles 
in the OPTIFLO by tapping the unit with a blunt 
instrument. 

4. Normally, the OPTIFLO should not be operated 
below its minimum black-lined blood level of 
400cc. Allow additional volume in the oxy¬ 
genator (depending upon flow) for adequate 
perfusionist reaction time in the event venous 
return is interrupted. This additional volume 
should be equal to one-third of the blood 
flow rate. 

5. Prior to the start of bypass, increase gas flow to 
2.5 times the anticipated blood flow rate. 

6. To increase the arterial pO, increase the gas 
flow rate. 

7. To increase the venous pOs, increase the venous 
blood flow rate. 

8. Non-recoverable blood volume of the OPTIFLO 
is 50cc. Dynamic priming volume is 700cc. The 
maximum volume in the blood reservoir 
is 3500cc. 

Packaged with each OPTIFLO is an OPTIFLO 
Evaluation Form in a prepaid self-mailing 
envelope. We would appreciate your com¬ 
pleting this form and returning it to COBE. 
The unit serial number should be noted 
on that form. 
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TheCobeOPTIFLO 
Disposable Oxygenator 

Model 42-201 

Priming Ports (L) 

OPTIFLO Serial Number (A) 

Arterial Sampling Port ()) 

Venous Sampling Port (K) 

V2" i.D. Venous Inlet (G) 

3/a" I.D. Cardiotomy 
Return Inlet (D) 

I.D. Arterial Outlet (E) 
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