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ABSTRACT 

MICROPROCESSOR CONTROL OF A COMBINED ASSIST SYSTEM 
FOR THE PROFOUND SUPPORT OF THE FAILING HEART 

by 

E. Philippe 

Conventional non-invasive mechanical circulatory assist methods such as 

intra-aortic balloon pumping are of little effectiveness in cases of severe 

ventricular failure. The proposed study is concerned with the development and 

testing, on a mock circulatory loop and in a series of dog experiments,of 

an automated combined assist system for the profound support of the failing 

heart. This system is mildly invasive and consists of the synergistic use 

of intra-aortic balloon pumping and partial veno-arterial bypass. Previous 

in vivo studies using this system with no automation have shown that it is 

quite effective in achieving its clinical objectives, and our purpose is 

to investigate the ability of the control systems developed herein to match 

the optimal manual setting of the assist system. The end result of the 

project is a portable compact automatically controlled ventricular assist 

system that can be rapidly and easily instituted, thus improving the chance 

of survival and recovery of acute myocardial infarction and cardiogenic shock 

victims. 
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CHAPTER I. Combined Assistance: Background 

1.0 Introduction 

Cardiovascular diseases afflict more than 40 million people in the 

United States, out of which four million suffer from coronary artery disease. 

Myocardial infaction claims over 600,000 lives a year. This explains the 

tremendous research effort in the field, that has been going on for the 

last two decades, but despite the progress that has been made in pharmacology, 

artifical hearts, organ transplantation, and cardiac assist devices, myo¬ 

cardial infarction (M.I.) and its complications remain the main cause of 

death in the civilized world, where excessive stress, smoking, and ill- 

balanced diet are a way of life. 

Pharmacological treatment of acute rryocardial infarction has often 
1-3 fallen short of providing adequate support, in the sense that some 

drugs that will favorably alter certain parameters (such as myocardial 

inotropic state, for instance) would inevitably worsen others (such as 

myocardial oxygen consumption), which are equally important for the survival 

and recovery of the compromised myocardium. Total heart transplants have 

been considered and carried out when the damage to the myocardium has been 

too extensive for it to be ever able to assume the task of maintaining an 

adequate blood pressure and flow to the systemic circulation; however, this 

technique has had a very low rate of success, because of problems in bio¬ 

compatibility of graft and intrinsic tissues, and transplant rejection. 

Between these two extremes of treatment methods (extremes in the sense that 

the first in non-invasive, and the second, very much so) lies a broad range 

of cardiovascular assist devices, which are more or less invasive, and whose 

role is to reduce the work load of the heart and assume part of its circulatory 

role, while allowing it to recover. Among the better known and the most 
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clinically accepted devices are Intra-aortic balloon pumping (I.A.B.P.) 

and Left ventricular bypass pumping (L.V.B.P.). 

It is most important to realize that most of the damage done to the 

4 5 
heart following an acute M.I. is done in the first half-hour ’ underlining 

the importance of early treatment and agressive institution of a profound 

form of assist system, in order to minimize myocardial damage and thus improving 

the patient's chances of survival. This assist system should be easy to use, 

easy to interface with the patient, be compact enough to fit in an emergency 

vehicle (Ambulance, helicopter, etc.), and yet be able to provide sufficient 

hemodynamic and metabolic support to aid even severely failing hearts. Initial 

work^ has been done at Rice University bio-engineering labs on the design and 

testing of such a system that meets the above criteria; it is a new form of 

ventricular assistance that combines an intra-aortic balloon pump with a 

partial veno-arterial bypass system (20-40% of total cardiac output). The 

initial results derived from acute dog experiments look quite promising, and 

this work is concerned with the microprocessor control of the above system. 

The initially tested system was being used in an open-loop fashion with 

respect to the control of the timing of the I.A.B.P., and the flow and timing 

of the bypass pump. The proposed system will automatically optimize the 

operation of the assist system, and allow the physician to set a desired 

level of mean systemic pressure and end-diastolic pressure. 

The general block diagram of this complete closed-loop system is given 

overleaf. (Figure 1.1) The control algorithm for the I.A.B.P. is based on 

8 9 10 
studies done by J.W. Clark, et. al., * * and the bypass pump control 

algorithm is developed in Chapter 2. Microprocessor technology offers a 

very flexible and cost-effective implementation of the control processes 

as opposed to special-purpose hardware, or minicomputers. An LSI-ll-based 
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system has been used in this study for this purpose, as well as a 

PDP-12 minicomputer for data acquisition and analysis. 

4. 

Before going into the details of the system and the results of its 

testing, we need to have an overview of the problem it is meant to solve 

the problem of acute myocardial infarction and cardiogenic shock. 



1.1 ACUTE MYOCARDIAL INFARCTION AND CONGESTIVE HEART FAILURE 

Myocardial infarction refers to the loss of contractile properties 

of the heart muscle fibers, and a profound departure from the delicate 

biochemical molecular and ionic balance at the cellular level, in specific 

areas of the heart muscle mass. This noncontractile myocardium is not 

necessarily necrotic, and may only be ischemic. Studies by Sobel** further 

subdivide the classification of ischemic tissues into "jeopardized" and 

"blighted" rrçyocardium. Jeopardized muscle may recover in the face of 

subsequent favorable alterations in myocardial oxygen balance whereas 

blighted areas are doomed to become necrotic, regardless of any subsequent 

interventions. There are divided opinions about the time period required 

for the cell damage to become irreversible. Some workers have stated that 

this occurs within 45 minutes after experimental coronary occlusion in some 

4 5 
cells, ’ while others report that the bulk of the damage is irreversible 

12 13 
after 1-2 hours. Maroko, Braunwald et al have shown the reversibility 

in the so-called "twilight" zone is possible even many hours after the acute 

insult. These results all underline the importance of early institution 

of cardiac assist systems in limiting the extent of myocardial damage. 

Myocardial infarction usually results from the total blockage or 

severe dimishment of coronary blood flow in the affected region. The cause 

of acute myocardial infarction (A.M.I) is usually the occlusion of a coronary 

artery by an embolus in the region where the vessel lumen is significantly 

narrowed by atherosclerotic plaques. The embolus itself may have formed at 

a stasis region just distal to another thrombotic site. The formation of the 

latter is due to platelet adherence to an injury site on a blood vessel wall 

14 
and consequent aggregation at this point. Subsequently, the blood coagulation 
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mechanism leads to the formation of fibrin around the platelet aggregate. 

The initial platelet-rich thrombus that forms in response to vessel injury 

is transformed to a mass of fibrin during the 24 hours after the initial 

injury. It is the break-up of this mass from the vessel wall that causes 

blockage of blood flow distal to the initial aggregation site. There have 
15 been reports, however, about the occurence of A.M.I. without acute coronary 

occlusion and it is postulated that this is due to micro-emboli in the vascular 

supply to the subendocardial layer of the myocardium.^ 

Pronounced changes in the electrophysiological and hemodynamic 

properties of the myocardial syncytium result from M.I., which are discussed 

in the following paragraphs. 

ELECTROPHYSIOLOGY OF MYOCARDIAL INFARCTION 

Consider Figure 1.2 which histologically represents a lumping of 

the ventricular wall musculature into functional groups: normal, ischemic, 

and necrotic myocardial tissue. Bipolar electrogram recordings from the 

left ventricular free wall during experimental A.M.I. in dogs, which inte¬ 

grate the activity of the cells in the vicinity of the electrodes, reflect 

the functional changes in the heart muscle. The recordings from the 

unaffected regions display a sharp and distinct R-wave, proof of the well - 

sychronized activity of the cardiac cells in this region. This is in 

contrast to the highly desynchronized activity seen in the recording from 

the necrotic region, or the abnormal, somewhat desynchronized waveforms 

obtained from the ischerninzone.. Figure 1.2: is only a crude model of myocàrdial 

infarction. In reality, histological studies have shown that the boundary 
15 between the infarcted and the non-infarcted muscle is hardly a sharp line 

(see Figures 1.3 a & b). Instead, at the periphery of infarcts (the "twilight" 

zone) and, in some instances, within the general zone of infarction, bundles 

of non-infarcted muscles are present. Studies^? have shown that such tissues 



Major Zones in Acute Myocardial Infarction 

Fig. 1.2. Different zones of myocardial tissue following coronary artery 
occlusion: a central dead zone; a surrounding zone of ischemic, but 
potentially viable tissue; and a zone of nonischemic, "normal" tissue. 

Fig.1.3. Photomicrographs of the peripheral "twilight zone" in two cases 
of acute myocardial infarction, a. In an example of the very early acute 
myocardial infarction, the infarcted fibers stain darkly. Surrounded by 
infarcted tissue are two zones of more lightly stained myocardium (between 
arrows) that represent viable myocardial tissue, b. Within a zone of 
removal of infarcted myocardial tissue are bundles (between arrows) of 
viable myocardial tissue.Inf.= unremoved infarcted muscle. 
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are capable of generating the ventricular arrhythmias that commonly 

occur in association with acute myocardial infarction, and which often result 

in cardiac fibrillation and arrest. Ischemic and necrotic zones exhibit slowed 

conduction of electrical activity (because of desynchronization and electro¬ 

tonic conductivity), and the size rather than the location of these zones 

is the major determinant of the occurrence of ventricular arrhythmias. 

Modification of cell properties are also apparent in ECG recordings. 

Table 1.1 summarizes the three major abnormalities which cause ECG changes 

in A.M.I. The first change, an abnormally rapid repolarization of the 

infarcted muscle fibers, develops seconds after the occlusion of a coronary 

artery in experimental animals. It last only a few minutes, but before it 

is over, the resting membrane potential of the infarcted fibers declines. 

Starting about 30 minutes later, the infarcted fibers also begin to depolarize 

more slowly than the surrounding normal fibers. All three of these changes 

cause current flow that produces ST-segment elevation, which is the single 

18 
most common clinical indicator of M.I. In fact, Maroko et al , in experimental 

studies of the effect of Intra-aortic balloon pumping, used the average S.T.- 

segment elevation as an index of the magnitude of myocardial injury. 

The underlying molecular and ionic perturbations at the sub-cellular 

level that are responsible for the changes in ECG patterns are complex and 

not clearly understood, as yet. For futher details, the reader is 

referred to (86, 87). 

HEMODYNAMIC ALTERATIONS IN ACUTE MYOCARDIAL INFARCTION 

It is generally recogrtizedthat associated with A.M.I. is some 

functional loss in left ventricular pump performance. The resulting heart 



Resultant extra¬ 
cellular Current 
Ho* (Positive Resultant LCO Change 

Abnormalit> Cause to Negative) in Leads Over Infarct 

liuring rcpolarization date) 
- - 4 4 — — 

4 4 — — 4 4 Rapid rcpol.m/nlinn of 
ml'juted tells 

Out of infarct S 1 segment elevation 

4 4 •- — 4 4 
4 4 
At rest 

_ — 

4 4 — — 4 4 
4 4 — — Decreased resting membrane Into infarct T(J segment depression (manl¬ 

— — 4 4 — — potential of inlarctcd cells iest as ST segment elevation) 

4 4 — — 4 4 

During rcpolarization (early) 
— — 4 4 — — 
4 4 “ *■* 4 4 Delayed depolari7ation of 

inlarctcd cells 
Out of infarct ST segment elevation 

4 4 4 4 
— — 4 4 — — 

Legend: 
Ixtracellular fluid 

Normal Infarct ed Normal 
tmiscle muscle muscle 

I Unicellular fluid 

Table 1.1. Summary of the 3 major abnormalities of membrane polarization assoc¬ 
iated with acute myocardial infarction, and the "ECG abnormalities they produce. 
(From Ganong W.F., 1977) 
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failure is considered to be compensated when cardiac output is maintained 

at or near normal level by reserve mechanisms inherent to the ventricle, or 

under C.N.S. control, often with pulmonic and systemic congestion and other 

symptoms attending the operation of these adaptive processes. Decompensated 

heart failure evolves with chronic low cardiac output despite maximal activity 

of cardiovascular protective mechanisms (Cardiogenic shock is an example of such 

a state). 

Cardiac muscle exhibits both intrinsic and CNS-mediated responses which 

contribute to its adaptability as a pump in the normal state. One of these 

intrinsic characteristics is the relation between the resting muscle fiber 

length and the force and velocity of the subsequent contractions, the so- 

called Frank-Starling mechanism (see Figure 1.4a). Its role in the main¬ 

tenance of adequate flow is that at a larger end-diastolic volume (and 

hence longer fiber length) the heart can, over a wide range of afterload, 

increase its stroke output to reduce atrial congestion. Another intrinsic 

characteristic of the heart muscle contributing to regulation is the decrease 

in stroke volume with an increase of its afterload (see Figure 1.4b). One 

of the C.N.S.-mediated regulation mechanisms acts through sympathetic 

innervation of the myocardium to increase its contractility, or inotropic 

state, while parasympathetic activity can also slightly depress it. This 

C.N.S. regulation parametrizes the Frank-Starling curve as shown in Figure 1.4a 

and also the ability of the heart to eject against an increased afterload 

(Figure 1.4b). Finally, heart rate is also under C.N.S. control, and is 

increased under sympathetic stimulation and decreased under parasympathetic 

stimulation. 

In a state of ventricular failure, all these regulatory mechanisms will 

react synergistically to try to maintain a normal cardiac output. Their 

ability to achieve this depends on the extent of myocardial tissue damage, 

and so does the course of the patient's disease. Clinical hemodynamic 
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Fig. 1.4. Ventricular performance is influenced by two mechanical factors, pre¬ 
load and afterload, and also by the inotropic state of the myocardium, which affects 
performance at any level of preload and afterload. The curves in the figure at the 
left (preload) depict the relationship between stroke volume, i.e., ventricular 
performance, and the end-diastolic pressure (an index of muscle fiber stretch). 
An increase in contractility resulting from augmentation of the inotropic state 
by sympathetic stimulation or, say, exogenous norepinephrine would shift the normal 
curve (A) to the left (B), while a decrease in inotropism would move it to the 
right (C). The figure at the right (afterload) shows that with enddiastolic 
volume constant, stroke volume is inversely related to aortic pressure and, via 
the LaPlace relation, to intraventricular pressure and ventricular size(wall 
tension). Note that in thiscontext positive inotropic influences Shift the normal 
curve (A) to the right (B), negative influences move it to the left (C). 
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Fin. 1.5. The “vicious cycle" of cardiogenic shock; rrçyocellular hypoxia 
depresses left ventricular function to affect the lung. Pulmonary oxygenation 
is impaired thus lowering arterial oxygen content, directly decreasing myo¬ 
cardial oxygen supply. 
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evaluations based on such indices as cardiac output, stroke output, 

endocardial viability ratio (E.V.R.), mean arterial pressure, left ventri¬ 

cular end-diastolic pressure, arterial serum lactate, etc..., have reavealed 

myocardial pump function to range from normal to the shock state, in M.I. 

syndrome. Statistically, there is a 50% incidence of congestive heart 
21 failure and 10 to 15% incidence of cardiogenic shock . 

Cardiogenic shock is the main cause of fatality in the coronary care 
20-24 unit, with a mortality rate of around 90% . Associated with it are 

usually sizeable infarct regions, and its pathophysiology includes a 

significant fall in developed tension by the myocardium, decreased cardiac 

output, a decrease in the rate of development of left ventricular pressure 

d Plv/dt and the arterial pressure, an increase in the left ventricular end- 

diastolic volume in accord with a diminished ejection fraction. The Frank- 

Starling curve in shock reflects these changes (Figure 1.4). These are 
or po 

general clinical findings in cardiogenic shock , however, there is by 

no means complete agreement concerning the hewdyfiamlc'patterns of cardiogenic 

shock, resulting from the considerable biologic variability of many systemic 

parameters (inconsistent findings are reported about shifts in blood volume and 

peripheral vascular resistance, for example ). The self-sustaining physio¬ 

logical feedback loops termed "the vicious circle" of cardiogenic shock may 

explain the high occurrence of deaths with this syndrome (see Figure 1.5). 

Myocardial anoxia rapidly brings about ischemia and cell necrosis. The impaired 

left ventricle will not be able to maintain an adequate systemic perfusion 

pressure, and as a result, coronary blood flow is decreased further, and so on. 

Concomittantly, pulmonary function may be affected by myocardial hypoxia, 

through the mechanism of lung congestion and improper blood oxygenation due 

to an increase in pulmonary capillary diameter, and as a result, the arterial 

O2 content decreases, with deleterious effects on body metabolism and further 

decline in 02 supply to the heart. 
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In congestive heart failure, the picture may not be so gloomy. 

Indeed, mortality rates as low as 10% have been reported, when myocardial 
30 damage is not extensive, and no other complications occur . All path¬ 

ophysiological findings in this state are similar to those in cardiogenic 

shock, but are generally less profound. The term "congestive" refers to the 

blood engorgement of the pulmonary circulation and the left heart, because 

of the reduced stroke output of the heart. This condition can chronically 

exist in a patient, who will thus survive single or multiple episodes of 

A.M.I., but is still in a high risk category, and a potential candidate 

for cardiogenic shock. 

It is thus seen that the main cause of systemic performance debilitation 

is the unfavorable unbalance in the oxygen supply and demand ratio of the 

myocardium, in A.M.I. Further sections discuss this unbalance in detail, 

and the desirable effects contributed by cardiac assist devices to correct 

it. 
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1.2 Myocardial 02 Supply and Demand In Myocardial Infarction 

It has become evident, through current research, that the myocardial O2 

balance, usually expressed as the O2 supply/demand rations an important factor 

in the survival and recovery of the jeopardized cardiac muscle. O2 supply is 

generally associated with the magnitude and distribution of coronary blood flow, 

as well as its O2 tension and hemoglobin O2 saturation. O2 demand relates to 

the extraction and utilization of O2 by the cardiac muscle in chemical reactions 

that produce mechanical work, heat, and metabolic by-products. Generally, Og demand 

is a function of heart rate, inotropic state, and isovolumic and flow work. 

Figure 1.6 summarizes the O2 supply/demand to the heart, and the effects of 

its unbalance on systemic perfusion. 

A clinical indicator of myocardial O2 supply and demand has been proposed 

by Phillips et al^. Termed "Endocardial Viability Ratio" (E.V.R.), it is the 

ratio of the diastolic pressure-time index (D.P.T.I.) to the systolic tension¬ 

time index. The D.P.T.I. is the product of mean diastolic pressure minus left 

atrial pressure and the duration of diastole. It thus represents myocardial 

Og supply, since most of the coronary flow occurs during diastole. The T.T.I. 

is the product of mean systolic pressure and the duration of systole, and is 
32 

frequently taken to represent cardiac work, and hence O2 demand . 

Although the E.V.R. is being used clinically, it is by no means an accurate 

estimate of the O2 supply/demand ratio, for the following reasons: 

1. ) The T.T.I. reflects mainly cardiac flow work, and not isovolumic 

pressure work, although the majority of myocardial Og expenditure 
33 is in performing pressure work . There is some correlation between 

isovolumic and flow work, but the relationship is not linear, and 
34 dependent on many systemic parameters . 

2. ) The D.P.T.I. is not an accurate indicator of myocardial Og supply 

in normal ventricular function, where coronary perfusion pressure is 

not indicative of coronary flow, and hence Og supply, because of the 
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Figure 1.6. Factors influencing oxygen availability to the myocardium. 

Heart rate, cjontractïfii ty, and wall tension are the main determinants 
of myocardial 02 demand. Coronary blood flow (CBF), which is a function 
of aortic pressure and coronary vascular resistance (CVR), arterial- 
coronary sinus oxygen difference (A-CS)02* an(t flow distribution in the 
epi- and endocardium determine 02 supply. 
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autoregulation of the coronary circulation (See section 1.3). 

3. ) The D.P.T.I. is not an accurate indicator of 02 supply in ventricular 

failure, since under this condition left ventricular contraction is 

decreased, and a greater portion of cornary blood flow occurs during 

the systolic period, and this is not reflected by the E.V.R., as one 

will recall that D.P.T.I. is computed on the basis of the diastolic 

arterio-venous pressure drop across the coronary vascular system. 

4. ) The arterio-venous pressure drop across the coronary vascular bed 

is approximated in the D.P.T.I. as the difference between mean arterial 

pressure and left-atrial mean pressure in diastole, rather than right- 

atrial mean pressure which would yield a more accurate result since 

coronary venous return occurs in the right atrium and auricle. 

A more precise index of the 02 supply/demand ration should include correction 

factors for the above sources of error, and most importantly should include a 

term reflecting isovolumic pressure work, such as the maximum rate of change of 

left ventricular pressure, d Plv/dt, which has been shown to be a sensitive 
33 35 indicator of isovolumic work and its associated 02 consumption * . 

Extensive research has been undertaken in the field of myocardial 02 

supply and demand in myocardial infarction in the areas of cardiac cell metabolism 

and 02 take-up and efficiency of utilization in the contractile process, but 

these are out of the scope of this thesis, and for further details, the 

reader is referred to (88). 
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1.3 The Autoregulation of Coronary Blood Flow 

Oxygen supply to the myocardium and hence coronary flow are of 

prime importance in acute myocardial infarction for the transitional 

zone of viable but apparently nonfunctional myocardium at the periphery 

of an infarct. It is thus important to understand the phenomena that 

control coronary flow in both physiological and pathological conditions, 

in order to optimize any attempts at cardiac assistance in ventricular 

failure. 

The blood supply to the human heart is delivered through the two 

coronary arteries that arise from the root of the aorta, travel out 

in the epicardial layer of the myocardium while branching extensively 

and ultimately penetrate the muscle to supply the subendocardial layer 

of-the heart. The finer branches of the arterial bed (the so-called 

mural arteries) include anastomotic branches through which blood can 

reach regions whose major artery has been occluded, but relatively 

little blood can be supplied by this route to an ischemic area if a 

36 37 major artery is occluded abruptly, as in acute myocardial infarction, ’ 

An augmentation of coronary perfusion pressure by an assist device 

may heil p to increase this so-called "collateral steal" flow. If the 

occlusion is gradual, as in chronic coronary artery stenosis, enlarge¬ 

ment of these anastomoses often compensates for the impairment of the 

normal flow pathway to a considerable degree. This is one of the 

intrinsic adaptive responses of the coronary circulation to pathological 

38-43 
conditions. There is ample experimental evidence pointing to the 

existence of other autoregulatory phenomena controlling coronary blood 

flow to meet the different metabolic needs of the myocardium under a 

variety of physiological and pathological conditions. 
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38 40 41 Early studies * ’ have shown that a sudden increase in 

coronary perfusion pressure in an experimental preparation produces 

an equally abrupt rise in blood flow but, after a few minutes at 

the new pressure, blood flow gradually falls towards its previous control 

level, provided that the inotropic state of the heart remains unchanged. 

This flow autoregulation which only exists in the physiological range 

of pressures (70-120 mmHg) maintains a relatively constant blood supply 

to the myocardium under basal conditions, but is overridden by other 

mechanisms when increased cardiac work is needed. Above and below this 

range of pressures, autoregulation is lost, and a linear relationship 

exists between pressure and flow, due to the saturation of the control 

system, i.e. maximum vessel dilation and constriction, respectively 

(See Figure 1.7a). It would seem, then, that this autoregulatory 

system tends to decouple coronary blood flow from its driving source, 

the arterial pressure. Several hypotheses have been formulated to 
44 explain the purpose of such a phenomenon. Banka et al have suggested 

that it may be a long term compensatory mechanism for progressive coronary 

artery stenosis, that tries to maintain a constant coronary flow against 

a gradual increase in coronary resistance. Here, the autoregulatory 

system would act' as a reserve mechanism. A more plausible hypothesis, 
45 presented by Beneken et al , and further substanciated by recent 

46 experimental work from Downey , points to the existence of an optimal 

operating point for the system, defined at a given value of mean aortic 

pressure and mean coronary flow. In effect, the experimental results 

from Beneken et al show that in the low preautoregulatory range of 

mean aortic pressure, the coronary flow supplies insufficient nutrients 



ml/lQOg/mm 

Figure 1.7. Pressure-flow dependence in coronary circulation. 

(MAP = Mean Arterial Pressure, CBF * Coronary Blood Flow) 
a. Pressure-flow curve for normal dogs (FromMosher et al), 

showing regulation "plateau region" 
b. Data from humans, showing disapperance of the autoregulatory 

mechanism in cardiogenic shock. 
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to the myocardium, which causes aortic flow to fall instead of rise in 

response to a decrease in the afterload. Concomitantly, Downey's 

results show that myocardial contractile force is highly dependent on 

the coronary flow rate, in the same range of mean aortic pressure, and 

relatively independent of flowat values of flow above that chosen by 

autoregulation (doubling the flow rate above its autoregulation level 

causes only a 15% increase in contractile force). It is thus apparent 

that this autoregulatory mechanism tries to optimize the match between 

systemic blood flow requirements and myocardial nutrition. 
47-50 It has been shown that the autonomic nervous system has a 

relatively weak and paradoxical direct effect on coronary vascular resistance. 

Ordinarily, stimulation of the sympathetic innervation of the myocardium 

is followed by a great increase in coronary blood flow and at the same 
51 time an increase in the contractile force of the heart . Coronary 

vasodilation is thus the normal response to increased sympathetic 

discharge when the heart is functioning normally, but under these conditions 

it is impossible to tell how much of this response is connected with myocardial 

performance and how much with nerve-mediated vasodilation. (The same is 

true of the effects of circulating catecholamines). However, if the 

ventricles are made to fibrillate, so that their external work is negligible 

and no longer influenced by automatic impulses, sympathetic stimulation then 
52 causes a paradoxical weak coronary vaso-constriction . The implication 

that flow in the coronary bed is somehow connected with myocardial metabolism 
53-55 seems inescapable. Indeed, there is ample evidence that adenosine, 

a very potent vasodilator, is a mediator of coronary reactive hyperemia, 

as it has been shown that it is formed in and released from severely anoxic 
ÇC CO 

isolated hearts by ATP degradation due to tissue hypoxia . However, 

it is thought that there are other metabolic factors contributing to coronary 
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vasodilation.^’^ Accumulation of lactic acid due to the switch from 

aerobic to anaerobic metabolism, and potassium release from the anoxic 

myocardium and reduction of oxygen tension of the vascular smooth muscle 

all induce vasodilation. Individually, lactic acid and potassium fail 

to induce maximal vasodilation when given at concentrations that prevail 
54 in ischemia. However, it is not known to what extent they operate with 

other known and unknown vasodilator metabolites in eliciting coronary 

vasodilation in myocardial ischemia. With respect to Po2> there is 

evidence from in vivo experiments that high and low P02 of the perfusion 

medium produce contraction and relaxation, respectively, of the vascular 
fil fi*? 

smooth muscle. ’ It is postulated that this is due to ATP degradation 

to adenosine that occurs in vascular smooth muscle in response to hypoxia 
54 in a fashion similar to that observed in myocardium. There is also some 

evidence pointing to the participation of locally synthetized and released 

protaglandins in vasodilation after relatively long (10 minutes) coronary 
« 

occlusions. This has been shown by the reduction in magnitude of reactive 

hyperemia due to coronary injection of indomethacin, a prostaglandin-synthe- 
64 65 tase inhibitor. Further, a study by Raberger et al ’ on the influence 

of dihydroergotamin (DHE) on adenosine-induced and reactive coronary 

vasodilation shows that adenosine is a mediator of reactive hyperemia 

after long but not short periods of coronary artery occlusion, as 

adenosine-induced vasodilation (by intra-coronary administration) and 

vasodilation after long periods of coronary artery occlusion (25-35 beats) 

were similarly influenced, i.e. decreased by the intravenous administration 

of DHE. By contrast, vasodilation after short periods of coronary artery 

occlusion (4-7 beats) tended to be increased. The authors conclude that 

this difference in response arises from two distinct mechanisms of coronary 

vasodilation after coronary artery occlusion depending on the 
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duration of the occlusion period. The vasodilation after short 

periods of coronary artery occlusion is thought to possibly 

correspond to a physiological autoregulation mechanism, while with 

longer periods of coronary artery occlusion (and consequent tissue ischemia) 

an additional mechanism is called into action to correct the pathological 
54 conditions. Interestingly enough, the work of Berne and Rubio points 

indirectly to the existence of two separate regulatory systems. They 

reason that for adenosine to play a major role in the regulation of 

coronary blood flow it is essential that a significant resting level of 

this nucleoside exist in the tissue. With a disparity in the oxygen 

supply and oxygen requirement of the myocardium leading to a reduced 

myocardial P()2> the adenosine concentration of the tissue would increase 

and elicit coronary dilation. Conversely, if the oxygen needs of the 

heart were reduced below resting level, or if coronary vessels were 

overperfused, then the excess blood flow would reduce the resting 

level of adenosine by washout, and permit a greater expression (i.e. 

vasoconstriction)of the basal tone of the coronary vessels. 

The adenosine hypothesis is predicted on the existence of basal 

tone. The cause of basal tone is not know, but it might be the stretch 

of the vascular smooth muscle by the arterial pressure (the myogenic 

effect) and/or the high oxygen tension of arterial blood in the coronary 

vessels. It is thus seen that the basal tone itself has autoregulatory 

properties. (The so-called physiologic autoregulation), whereas adenosine- 

induced autoregulation occurs only in severe myocardial hypoxia. (The 

so-called pathological autoregulation). This is further accredited 

by the fact that no adenosine was found in the coronary arterial or 

venous blood samples from normal hearts which exhibited autoregulation. 
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In conclusion, numerous critical investigations are still 

necessary for the characterization of the underlying bio-chemical 

regulatory mechanisms in physiological and pathological conditions, 

especially to explain the apparent loss of autoregulation®®’^ in myo¬ 

cardial ischemia (See Figure 1.7b) and clarify the role of metabolites, 

prostaglandins and intrinsic mechanisms and their inter-relations in 

the complex function of coronary flow autoregulation. It is clear, 

however, that coronary perfusion pressure becomes the major déterminent 

of blood flow to the myocardium in cardiogenic shock, due to the apparent 

loss of autoregulation in this condition, and because of a possible 

increase of collateral steal flow with an increased perfusion pressure. 

The ideal therapeutic intervention should increase mean coronary flow 

by an increase in coronary perfuison pressure, while decreasing cardiac 

work. Thus, the myocardial Û2 supply/demand ratio is shifted in favor 

of myocardial recovery. 

1.4 Cardiovascular assist devices 

The high incidence and mortality rate associated with cardiac 

disease has led to the development of intense research programs over 

the past two decades, in the field of cardiovascular assist devices. 

With the development of modern open-heart surgery techniques for card¬ 

iac revascularization, aneurysmectomy, ventricular septum repair, valve 

replacement, and total organ transplant, the need for pre-, peri-; and 

post-operative cardiac support has given birth to various assist devices, 

which are more or less invasive, and are temporary in nature, such as 

Intra-Aortic Balloon Pumping (I.A.B.P.), the Heart-Lung machine, Left 

Ventricular Bypass Pumping (L.V.B.P.)^ and the Pulsatile Assist Device 

(P.A.D.) , to name but a few devices that have gained wide clinical 

acceptance, while many others have never gone past the experimental stage 
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and are only of research interest today. Permanent forms of assist 

devices such as the Abdominal Left Ventricular Assist Device 
69 (A.L.V.A.D.) , have also been developed for use when the extent 

of irreversible myocardial damage would disable the heart from assuming 

its role of maintaining an adequate level of systemic perfusion, even 

in a resting condition. 

Most temporary assist devices have these roles in common: 

a) To assume part or all of the heart pump function, and 

thus maintain adeauate systemic perfusion, which will 

remedy metabolic insufficiency conditions in the peripheral 

tissues, and thus avoid or reverse the complications that 

very often follow M.I., such as renal failure, brain hypoxia, 

or cardiogenic shock. 

b) To reduce the aortic mean systolic and pre-systolic pressures, 

and therefore, the work load of the heart and its oxygen 

corns umption. 

c) To augment diastolic coronary perfusion and thereby improve 

the rnyocardial O2 supply. 

Temporary assist devices will essentially give the myocardium 

the chance to recover from an acute injury by allowing the jeopardized 

zones to regain contractile properties, and breaking the vicious circle 

(See Figure 1.5) that leadsto congestive heart failure and death. 

These devices can be generally classified into two categories: 

series and parallel forms of assist. This classification refers to the 

operating position of the assist device relative to the heart, with respect 

to blood movement. The proposed combined assist system makes use of one 

device of each classification, namely I.A.B.P. and Veno-Arterial Bypass. 

The following is a functional description of these devices, with a synopsis 
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of their clinical benefits and shortcomings, and a discussion of the 

synergistic effects of their simultaneous use. 

Intra-Aortic Balloon Pumping, (Series Assist) 

I.A.B.P. is a form of series assist that has gained wide-spread 

clinical acceptance in the management of cardiogenic shock due to acute 

M.and of critically-ill high-risk operative patients with low 
73 cardiac output state , on which it is used pre-, intra-, and post- 

opertatively. Its effectiveness is mainly based upon its ability 

to increase mean diastolic perfusion pressure, decrease instantaneous 

presystolic pressure (afterload) and to a lesser extent, decrease mean 

systolic arterial pressure, left ventricular end-diastolic pressure 

(preload), mean left artrial and pulmonary wedge pressures, and heart 

rate, due to C.N.S. reflex activity, while slightly increasing cardiac 

output, without any major change in mean arterial pressure. Figure 1.8 

summerizes the hemodynamic effects expected with I.A.B.P. Studies^ have 

shown that blood trauma due to I.A.B.P. is minimal, even for long term 

assist, platelet count remaining at an acceptable level, and both red 

cells destruction and plasma hemoglobin remaining at a low level. Further 
74 experimental evidence shows that I.A.B.P. can effectively delay the 

evolution from ischemia to necrosis and that its effectiveness increases 

the earlier it is applied^*^*^®. However, there is clear indication 

in the current literature pertinent to the insufficiency of I.A.B.P. 
77 79 80 in profound cardiogenic shock ’ * , as the sole means of circulatory 

support, underlining the need for a more profound form of assist. 

The Intra-Aortic Balloon device consists of a uni- or dual chambered, 

cigar-shaped polyurethane balloon mounted on a polyurethane catheter forming 

the conduit for the inflating gas (See Figure 1.9). The balloon is 

introduced through the left or right femoral artery via a sidearm dacron 
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Fig. 1.8 The four main effects of 1ABP: 1) increase in aortic flow, and 
2) reduction of systolic left ventricular pressure due to phasic defla¬ 
tion of the balloon; 3) diastolic aortic pressure augmentation with 4) 
increase in coronary flow due to inflation of the balloon. 

(A) 

(B) 

Fig 1.9. A, "unidirectional" pumping of dual-chambered balloon versus 
"omnidirectional" pumping of single-chambered balloon. B, pumping ac¬ 
tion of dual-chambered intra-aortic balloon. The smaller spherical 
balloon inflates slightly earlier and obstructs peripheral flow in the 
aorta. The larger cylindrical balloon them pumps the blood effectively 
toward the root of the aorta. 
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graft, into the descending thoracic aorta. The balloon is then 

phasically driven by a pneumatic pump, and is inflated and deflated 

out-of-phase with the left ventricle. By having the inflation 

occur shortly after aortic valve closure (i.e. at the dicrotic notch 

on the arterial pulse pressure waveform), the sudden intra-aortic 

increase in volume (about 40 c.c.'s) causes an increase in diastolic 

pressure, which is beneficial to the coronary circulation. Conversely, 

deflation of the balloon just prior to aortic valve opening causes an 

effective reduction in the mechanical load that the ejecting left 

ventricle is trying to overcome, and thus an effective reduction in 

the afterload. 

It is evident from the above that the balloon timing with respect 

to the heart cycle is crucial for proper operation, as deflating later 

in diastole would not reduce the afterload at valve opening, and inflating 

during systole would actually increase this afterload. It is to be noted, 

however, that the ventricle is actually active for only one half of the 

systolic period, and that inflating the balloon just after ventricular 

depolarization may hasten aortic valve closure and, thus effectively 

increase the diastolic period and peak and mean diastolic flow. This is a 

highly speculative idea and is subject to further investigations; here, 

an electrical analog model of the systemic circulation, including the 

I.A.B.P., would be very useful. 

Most of the commercially available I.A.B.P. units have one or both 

modes of balloon timing control, namely the ECG-collaspe mode and the Anti¬ 

cipatory mode. In the ECG-collaspe mode, the balloon in normally ON (i.e., 

inflated) and is turned OFF (deflated) upon the detection of the R-wave 

of the QRS complex, which is always used as a synchronization signal in 

all systems and modes. Thus, the only control parameter the user can 
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adjust is the delay between the R-wave and the onset of balloon 

inflation. In the Anticipatory mode,the balloon is kept ON for 

a set period in diastole, and OFF for a set period in systole. The 

system anticipates the R-wave of the coming systole and deflates the 

balloon before its occurrence. In this mode, thus, there are two 

time parameters to be adjusted by the user, and the advantage of this 

mode of operation over the ECG-collaspe mode is that the latter may not 

be very efficient in decreasing afterload because of the mechanical 

delay between the detection of the R-wave and the actual balloon 

deflation, which may or may not be significant, depending on the size 

of the balloon, the type of gas used to inflate it, airway dynamics, and 

the presence or absence of a safety chamber. It is apparent that neither 

these methods have the ability to self-adjust in the presence of heart 

rate variations, as the ON and OFF periods are optimally set at a particular 

heart rate by visual inspection of an arterial pulse pressure waveform. 

Further, the accuracy and reproducibility of these "open-loop" timing 
81 techniques are poor . A closed-loop computer control scheme developed 

8 9 
at Rice University by J.W. Clark et al * , overcomes the above-mentioned 

problems, though in a sub-optimal fashion. This scheme makes adjustments 

of balloon inflation and deflation times on a beat-to-beat basis, in a 

manner that tends towards the optimum. In this shceme, optimality is 

defined with respect to a performance index which is evaluated by the 

computer, based upon the mean systolic, mean diastolic, and presystolic 

pressures. The performance index reflects the system performance, and 

the balloon timing is continuously adjusted by the computer on a beat- 

to-beat basis so as the maximize this index at any time. This scheme 

is sub-optimal in the sense that assist performance is optimized with 

respect to a performance index that qualitatively reflects actual 
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hemodynamic performance, rather than with respect to systemic performance 

proper, which is much more difficult to define and assess, and requires 

more physiological data to be gathered such as left ventricular pressure 

and aortic root flow, that requires invasive techniques for their monitoring, 

as we are prevented from using the usual cardiac catheterization techniques 

because of the presence of the balloon in the arterial circulation. This 

scheme obeys a bedside measurement constraint in that it only needs two 

physiological signals for operation, the R-wave for timing, and a represen¬ 

tation of central aortic pressure, for systemic performance evaluation. 

Part of this research effort is to develop and test this closed- 

loop control algorithm on a D.E.C. LSI-11 microprocessor system, which 

must concurrently perform the task of controlling the V-A bypass loop. 

Detailed explanations about the structure of the control algorithm are 

to be found in chapter two, while the flow charts are given in Appendix B, 

and the software, in Appendix C. 

Veno-Arterial Bypass (Parallel Assist) 

In Veno-Arterial Bypass, blood is drawn from the venous side 

through a side graft on the left or right femoral vein, passed into 

an oxygenator, a heat exchanger, and is infused back into the arterial 

circulation via the femoral artery by a pulsatile pump. The procedure 

is mildly invasive, in that it only requires two femoral cutdowns and 

cannulation or sidegrafting. With adequate pump pressure, the system 

is able to elevate mean perfusion pressure to more normotensive levels, 

and thus improve the flow to the vital and systemic circulation. It 

is also very effective in decongesting the pulmonary circulation and 

reducing left ventricular preload, since it is decreasing central venous 

return by shunting part of the venous blood extracorporeally. 
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Veno-Arterial bypass has never gained wide clinical acceptance 

in the past, mainly because of the increase in afterload it brings 

about by raising mean pressure. Physicians will argue that no system 

that raises afterload will be able to be beneficial to the ischemic 

myocardium, but our answer to that is that one must look at the over¬ 

all improvement in the myocardial 02 Supply/Demand ratio brought about 

by the assist system, rather than the absolute value of the afterload 

on the left ventricle. Further, an increase in mean systemic pressure 

in severely hypotensive patients is essential to the life of myocardial 

and cerebral tissues that cannot sustain a prolonged O2 "debt". Perhaps, 

the bypass system should not be abruptly instituted, as this will disrupt 

the hemodynamic balance of the system circulation, even when the bypass 

loop is properly primed, because of the abrupt redirection of flows that 

occur at the onset of bypass. Rather, bypass flow should be gradually 

brought up from zero to its final steady state value. 

One last point about the increase in the afterload due to V.A, 

bypass: it is important to realize that although the venous flow out 

of the body is continuous, the arterial return flow is pulsatile. The 

bypass pump is controlled so that the ejection period is out of phase 

with left ventricular ejection, and thus mean systemic augmentation occurs 

preferentially durlirg diastole, and hence afterload augmentation is reduced 

as compared to the continuous bypass situation, while coronary blood flow 

is increased. Physicians have often used continuous flow roller pumps 

for bypass loops and have put V.A. bypass in disrepute because of the 

significant deleterious increase in afterload. 

The next paragraph further discusses the merits and demerits of 

I.A.B.P. and V.A.B.P, when used separately in severe ventricular failure 

and cardiogenic shock, and the benefits derived from their combined use. 
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Combined Assist System 

There is consistent evidence indicating that balloon pumping 

alone is an insufficient means of support in profound ventricular 

failure because of its limited blood displacement volume and hence 
77 79 80 its inability to significantly augment perfusion flow * ’ . Its 

main strengths lie in its abilities to augment flow preferentially to 

the coronary arteries during diastole, when coronary flow resistance 

is at its lowest, due to ventricular relaxation, and to reduce the 

afterload on the ventricle by producing an end-diastolic "dip" in aortic 

pressure. However, both these effects are maximal at or near normotensive 
82 mean systemic pressure, and studies by Feola et al have shown that I.A.B.P. 

benefits decrease with lower mean systemic pressures, due to the particular 

properties of the dynamics of the cardiovascular system (Mainly, the 

non-linearity of the compliance of the aorta with respect to instantaneous 

aortic pressure). Furthermore, there is a definite need to raise and 

maintain a level of mean pressure that is high enough to provide an 

adequate life-sustaining flow to the vital circulation, and veno-arterial 

bypass is capable of achieving this elevation in mean pressure, which 

has the double advantage of augmenting systemic and coronary perfusion 

and providing a more favorable operating point for the I.A.B.P., which 

would in turn contribute to a reduction in the afterload due to the 

elevated mean pressure, with a properly timed balloon deflation. 

Let us now examine the effects of combined assistance on the myo- 

cardial O2 supply/demand ratio.. 02 supply to the myocardium is enhanced 

mainly because of the increase in mean diastolic pressure brought about 

by the veno-arterial bypass and balloon augmentation. Indeéd, increasing 

mean diastolic pressures insures an increased coronary flow, as the auto¬ 

regulation of coronary blood flow is no longer effective 1n ischemic muscle. 
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Further, arterial blood O2 tension will be elevated because of the 

oxygenation in the bypass at loop. It is expected that 02 demand 

which correlates with myocardial work, is decreased by this system. 

It is difficult to exactly predict the change in work with the onset 

of the combined assist system, because of its opposite effects on 

preload and afterload. Here, a mathematical formulation for cardiac 

work, Wc, is helpful in gaining insight into the problem. Cardiac work 

per cycle can be divided into two periods: Isovolumic contraction work, 

and flow work; hence total cardiac work per cycle can be expressed as 

the sum of these two terms, as such: 

Wc Flv. Plv. dt. 

Isovolumic Work Flow Work 

where Vlved is Left ventricular end-diastolic volume 

Pj is left ventricular end-diastolic pressure 

is Left ventricular pre-systolic pressure 

Tj, Tg are the onset and the end of systole, respectively. (See 

Figure 1.10 for the visualization of these parameters). 

It is clear, from this expression, that the value of cardiac 

work with the assist system is not easily predictable. A decrease in 

the preload (and hence in Vlved) is accompanied by a siight decrease in Pj 

and a significant increase in Pdue to the increased afterload. Hence 

there is no way of telling overall, whether isovolumic work will increase 

or decrease. The same reasoning 1s true for the flow work; Flv is decreased 

because the V.A. bypass 1s shunting part of the blood volume from the heart, 

but Plv. is increased, beause of the increased afterload. Ejection time 



Fig 1.10. Stylized diagram of arterial and left ventricular 

pressure showing timing and pressure parameters (see text). 
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(T2~Ti) may also vary. However, we can be assured that the overall 

system is beneficial, because: 

1) Ityocardial 02 supply is greatly enhanced, and 

2) A life sustaining flow is provided to the vital circulation, 

that may help restore organ function and break the vicious 

circle of cardiogenic shock. 

The use of combined assistance is not widespread in the present and it 

is hoped that this research effort will contribute to its clinical 

acceptance. 

1.5 Research objectives 

The main objectives of this research are to implement the 

microprocessor control of the so-called "Combined Assist System" 

previously presented, and investigate it efficacy in achieving 

the clinical objectives of this system, on models of severe ventricular 

failure in acute open-chest dog experiments. 

In particular, several modalities of assistance will be tested 

in mock circulatory loop studies as well as in acute open-chest dog 

experiments: I.A.B.P. alone, V.A.B.P. with continuous and pulsatile 

flow, and the combined assist system. Automatic control of these modes, 

where appropriate, will be compared to the optimally tuned manual modes 

of operation, and the ability of the control algorithm to set the level 

of E.D.P, will be tested. 

The results of the mock circulatory loop studies are presented in 

Chapter 3, while the results of the "in-vivo" studies are presented in 

Chapter 4. 



Chapter II 

Control Aspects of Combined Assist 

2.0 Introduction: 

The assist scheme uses two different types of assist systems, 

whose operation must be individually optimized, for maximum benefit 

from their synergistic effects. In addition to this, adverse inter¬ 

action of these devices is to be avoided. The task of continuous 

manual control of balloon timing, and bypass pump timing and flow is 

complex, requires expertise and constant attention, and is very 

error-prone due to the sheer amount of data to be monitored, 

and parameters to be adjusted. Hence, some kind of automatic 

control is in order. The controller should be able to optimize 

the operation of these devices in some sense, and should not 

allow modes of operation that would be deleterious to the assist 

scheme. (Balloon inflation in systole, for example, is extremely 

harmful to the myocardium, and may rapidly induce ventricular 

arrhythmias). Further, the controller should have a number of 

safety devices which would alert the user to any abnormal occurrences. 

The decision was made to use a microprocessor-based controller, be¬ 

cause of its inherent 'deferred-design' capabilities, i.e., its 

flexibility to developmental design modifications, as opposed to 

special-purpose hardware, its relative low and ever-decreasing cost, 

and the ease and low cost of an eventual mass-production of the 

system. Further, the availability of research funds for the purchase 

of a general-purpose laboratory minicomputer operating system allowed 

us to orient the system design towards the acquisition of a full micro¬ 

processor-based operating system, with readily available peripherals and 

peripheral interfaces, such as the digital-to-analog and analog-to-digital 
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Input/Output interfaces, rather than design a reduced system 

at the chip level. This has tremendously cut down on system 

development time, as both system configuration design and hard¬ 

ware implementation were reduced to a minimum. This also has the 

advantage of reducing program development time, because of the 

high level of software support that is contributed by the operating 

system. 

The organization of this chapter is as follows: 

Section 2.1 discusses the microcomputer system development from 

the viéw-point of task requirements and budget limitations; section 2.2 

discusses the automation of the Intra-aortic balloon pump, in terms of 

its theory of operation and control algorithm development; and finally, 

section 2.3 considers the various modalities of bypass pumping control as 

depending on various bypass pump models, and loop configurations, and 

justifies the control modality used in our particular scheme. 

In addition, Appendix A presents the architecture (in block diagram form) 

of the microcomputer system used, while Appendix B contains the control 

algorithm flow charts, and Appendix C contains its commented listing, 

in PDP-11 assembly languarge. 

2.1 Microprocessor system design 

To accomplish its specified control tasks, the computer should 

meet the following requirements: 

a. ) It should be able to perform fast on-line fixed and floating 

point arithmetic. 

b. ) It should be able to sample electrophysiological and 

hemodynamic data, and digitize it, as well as issue analog 

and digital signals to controlled equipment. 
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c.) It should have a keyboard-video monitor combination, 

with graphics display for user-communication with the 

system and visual signal monitoring. 

Further, the availability of a $15,000.00 research fund dedicated 

to the purchase of a general purpose laboratory minicomputer system 

has allowed us to orient the system design toward a general purpose 

microcomputer operating system, which would have to meet the following 

requirements,above and beyond the previously mentioned control tasks: 

a. ) It should have a full software operating system with high- 

level and assembly language support, and full file- 

management capabilities, to ease and speed up data-gathering 

and data-analysis programs development. 

b. ) It should have a hard-copy unit, for permanent records of 

program listings, data print-outs, and documentation. 

Let us now see how those task requirements specifications are 

translated into specific hardware implementation decisions. It 

would seem at first, from the specifications profile, that nothing 

short of a powerful minicomputeroperating system would be able to 

handle all the required tasks ana have the necessary level of soft¬ 

ware support. Indeed, at the current stage of microprocessor hard¬ 

ware technology, manufacturers are very hesitant about investing 

into costly in-depth software and special-purpose peripherals 

development for any particular microprocessor, as new technological 

breakthroughs are warranting constant CPU architecture and instruction 

set modifications, as well as overall system structure changes, which 

results in new improved, but not upwardly compatible machines. Digital 

Equipment Corporation has come up with a viable alternative, in the 

LSI-11 microcomputer, a four-chip Large Scale Integration system, 
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that emulatesa superset of the instructions set of their PDP-11 

line of minicomputers. The LSI-11 is quite unique in the sense 

that it is one of the very few 16-bit microcomputers on the market, 

and by far the one with the most powerful level of software support, 

because of its software compatibility with the long-established line 

of PDP-11's. As it was felt after an extensive market survey that 

none of the currently available 8-bit machines would offer the 

speed, flexibility, and software support of the LSI-11, the decision 

to base system design on this CPU was unavoidable. The system design 

task was now reduced to the choice of main and bulk memories, and I/O 

peripherals. 

The choice of main memory requires optimizing size and speed versus cost 

for the particular application. It was felt that 20K-words was an 

adequate size, by comparison to several mini-and microcomputers 

running with similar workloads in various research laboratories at 

Rice University and elsewhere. This size would be more than 

adequate for most assembly language control programs, and for 

medium sized computational high-level language programs. Some 

code optimization, and the use of overlay structures would be 

necessary to run longer programs. As for speed, NMOS technology 

offers the most cost-effective solution, as opposed to the slower, 

bulkier and more expensive magnetic core memories, at the cost, of 

course, of volatility. But this is not a problem, provided that the 

overall system has some form of bulk storage, which is non-volatile 

by nature. 

As for bulk memory, it was decided to use a dual floppy disk 

system, with a capacity of 512 K Bytes, as a compromise between 

cost, capacity and speed. Indeed, hard-disk systems offer faster 

access times ( “ lOx) and higher capacities ( “ lOx) but are much 
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more expensive, and really do not match the limited processing 

power of a microcomputer in general. Magnetic tapes offer a higher 

capacity than floppy disks, but much longer access times and slower data 

rates, at a comparable cost, so that floppy disk drives are a preferable 

solution for a time-efficient operating system where bulk data storage 

is not of prime concern. 

For experimental on-line data acquistion, both a multi-channel 

Analog-to-Digital converter, and a Real-time Clock are necessary, 

for the periodic sampling and digitization of electrical signals. 

Similarly, for on-line control applications, both a multi-channel 

Digital-to-Analog converter and a parallel I/O digital bus interface 

are needed to generate and monitor control signals. Two options 

here were open: a) to design and build these devices to suit our 

particular application, along with their corresponding bus interfaces, 

or b) to purchase readily available plug-in modules. We opted for 

the second solution, as the ready-built devices are more general- 

purpose and more reliable than any "in house" designs, and although 

more costly, initially, will certainly turn out to be more economical 

in the long run. No choice was possible with respect to these devices 

specifications, though, as Digital Equipment Corporation (and other 

companies offering compatible products) offer only one model per type 

of device, for these specific products. Fortunately, they all turned 

out to be overspecified for our application, but could still be afforded 

within the budget. 

Finally, a suitable choice had to be made for the console terminal, 

and this was dictated by our need for a so-called "intelligent" display 

terminal, i.e,, one that can be programmed for simultaneous alphanumeric 

and graphic data display. The budget did not allow for a separate alpha 

numeric/graphics line printer, so we opted for an "intelligent" graphics 
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terminal with a built-in electrochemical printer, which is somewhat slow 

(one line per second, 80 character/line), but would print any combination 

of alphanumeric and graphics appearing on the screen, with an adequate 

resolution. 

An extensive search through the market then was made for LSI-11 - 

compatible devices available from independent manufactures, to 

minimize system cost and still provide an integrated and operational 

system. This has yielded a complete and fully compatible system 

constructed from products manufactured by four different companies, 

and to our belief, has insured the maximization of the cost- 

effectiveness of the system. 
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2.2 Intra-Aortic Balloon Pump Control 

The control objectives of IABP are three-fold: 

a) The maximization of mean diastolic pressure, for the benefit 

of the coronary and carotid circulation. 

b) The minimization of arterial end-diastolic pressure, for the 

reduction of the afterload of the heart. 

c) The minimization of mean systolic pressure for the reduction 

of the flow work of the heart. 

Clark et al® have adequately investigated the feasibility of 

automatic control of IABP, and have developed a sub-optimal control 

scheme using a performance index reflecting these general objectives, and 

which is easily assessed at the bedside from the patient's ECG and an 

arterial pressure measurement. The performance index, as used by Clark 

et al is: 

J(D,B) = KlMDP + K2MSP + K4 fi (K3 - EDP)2,(2.1) 

where J is a scalar performance functional which is a function of 

two variables: balloon inflation delay D (with respect to the R-wave 

of the ECG), and balloon inflation duration B. 

MDP is mean arterial diastolic pressure (mmHg) 

MSP is mean arterial systolic pressure 

EDP is arterial end-diastolic pressure 

K3 is the desired end-diastolic pressure (i,e. the pressure 

the controller should try to achieve) 

fi = 1 if (K3 - EDP) < 0 

0, otherwise 

and the constants Ki > 0, and K3, K4 < are weighting coefficients, 

arbitrarily chosen as: 

Ki = 100/MDP K2 = -100/MSPo 

K5 - -500 
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where the subscript zero indicates values for the unassisted case. 

In (2.1), the term K]MDP relates the the circulatory objectives of 

balloon pumping, particularly to enhanced diastolic coronary and 

carotid flow brought about by the maximization of this term. The 

term K2MSP and the penalty function K4<S(K3 - EDP)^ reflect the attempt 

to minimize heart work. With the constants Kl, K2 and K4 assigned 

appropriate signed values, maximization of J implies optimal satisfac¬ 

tion of the stated objectives in some sense. 

The control algorithm developed herein is based upon a beat- 

by-beat computation of a performance index which is similar in form 

to that of equation (2.1), and the adjustment of balloon inflation and 

deflation times in an attempt to maximize this index. However, it was 

felt intuitively that the arbitrary choice of the weighting parameters 

Ki, K2, and K4 could somewhat be improved upon, and the ability to 

preset these to various test values was built into the algorithm. 

The control al gori thm derives its timing information from the 

R-wave of the QRS complex and initiates the computer’s real-time clock 

to generate periodic sampling signals (T = 1ms) at the receipt of each 

ECG trigger signal. These sampling signals control the acquisition phase 

of an Analog-to-Digital converter, which interrupts the processor at the 

completion of each conversion of arterial pressure samples. These samples 

are added to one of two double precision memory buffers or stored in a 

single precision buffer, depending on whether the sample was taken during 

arterial systole, diastole, or at or near end diastole. The computer 

predicts the duration of the pre-ejection period and the systolic interval 

from the R-R interval, using the regression*.equations developed by Leighton 

et al®, and thus determines the nature of each acquired arterial sample. 
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Mean systolic and diastolic pressures are computed at the beginning 

of arterial diastole for the previous beat, and the performance index 

for this beat is then evaluated, and compared to that of the beat before 

it. The computer then implements a modified version of the steepest 

ascent algorithm that adjusts the two balloon timing variables according 

to the sign of the performance index increment in such a fashion as to try 

to maximize this index. The search is done on one of the variables at 

a time, and it is switched to the other variable as soon as a maximum 

with respect to the former is reached. The computer then tests for the 

direction of the search on the new variable that will maximize the P.I., 

and keeps on searching this direction until a maximum with respect to 

this variable is reached, and then switches search variables, and so on. 

In order to reduce convergence time, and minimize distrubances around the 

optimum, a scheme that reduces search steps size as the search proceeds 

from initial values is also incorporated in the algorithm. 

A number of numerical difficulties were encountered in the 

implementation of the algorithm, mainly connected with memory over¬ 

flow in signal averaging and arithmetic division operations, as fixed 

point arithmetic was used throughout, for speed of execution. These were 

solved by the use of double precision arithmetic whenever possible, and 

a careful breakdown and sequencing of multiplication and division 

operations, A worst case design analysis has insured that no overflow 

errors will occur under normal operating conditions, with a adequate 

safety margin. 

A numerical "noise" problem arises from the high sensitivity of the 

performance index to small changes in the sampled value of end-diastolic 

pressure on succesive beats, for high values of the term (K3 - EDP), 
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because of the square law associated with this term. This "noise" 

covers up any changes in the two other terms in the performance index 

and thus randomizes it to variations in MSP and MDP. This problem has 

been solved by the introduction of a deadband of suitable width to the 

sampled value of end-diastolic pressure. 

Finally, a number of safety features have been incorporated in the 

algorithm to guard against untimely balloon inflation in the occurrence 

of abnormal heart beats (arrythmias). The algorithm keeps an eight- 

beat running average of successive R-R intervals, and at the occurrence 

of an R-wave trigger, the current value of the R-R interval is compared, 

within a tolerance band, to this average. Should this value be out of 

range, then an abnormal beat has occurred, and the balloon in immediately 

deflated, and its inflation is inhibited for the current cycle. Also, 

the abnormal value of the R-R interval is excluded from the running 

average. If the new R-R interval is within range, then the balloon is 

still deflated, should it be in the inflated state, however, its inflation 

is not inhibited for the current beat. This guards against balloon inflation 

inhibition due to normal R-R interval variation with respiration. 

This algorithm has been tested on a mock circulatory loop simulating 

arterial pressures in the vicinity of the aortic arch, and on acute dog 

experiments, on its own, and combined with the Veno-arterial bypass system. 

The mock circulatory loop studies are shown in Chapter 3, while the dog 

experiments are presented in Chapter 4, 
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2.3 Veno-Arterial Bypass Control 

The control objectives for VABP are not as well defined as in the 

case of IABP. Ideally, this system would elevate mean arterial pressure 

from severe hypotension to levels comparable with those present in mild 

ventricular failure, for an improvement in systemic perfusion, while 

preferentially augmenting mean diastolic pressure over mean systolic pressure, 

for an increased coronary and carotid flow and a minimization of the increase 

in afterload due to elevated mean pressure. It is thus seen that phasic 

bypass pumping is more beneficial than the conventional continuous flow 

roller pumping, and this has been substantiated by data from previous 

acute dog experiments and the mock circulatory loop (See Firgure 3.5). 

At first glance, it would seem necessary to control mean bypass flow 

as well as flow pulsatility, in order to achieve the above mentioned 

objectives. Indeed, mean flow control would allow us to control mean 

systemic pressure to some extent, and this would seem desirable in a 

clinical context. However, it was found from acute dog experiments^ 

that the bypass loop was never able to raise mean systemic pressure above 

those existing in mild ventricular failure, even at the maximum bypass 

flow which is in-flow limited by the venous cannulae resistance. Hence, 

in the clinical situation, the perfusionist would try to set bypass flow 

manually to the maximum value attainable for each particular case, thus 

insuring that maximum hemodynamic benefits are obtained from the bypass 

loop, provided that its flow is out of phase with the heart. The computer 

automation of the task of finding the maximum flow is a risky procedure 

because of the possible collapse of the cannulated veins, should the com¬ 

puter attempt to exceed the maximum attainable flow, in a search step. 
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Hence there remains the task of controlling the pulsatility of the 

bypass flow, and the control protocol for this depends entirely on the 

type of pump to be used, and its characteristics. The particular pulsatile 

pump we have used in our studies (Bentley Laboratories, model BPP-6000) 

is characterized by a fixed electromechanical coupling time delay T, 

between the receipt of anelectrical trigger signal, and the beginning of 

flow, and by a very narrow impulse-like flow waveform. From mock circula¬ 

tory loop studies, it was found out that under conditions of maximum bypass 

flow (= lL/min), the duration of the flow impulse was still shorter than 

the diastolic period at a heart-rate of 120 beats/min. It was also found 

out that bypass pumping cannot contribute to an end-diastolic pressure dip 

at the cessation of bypass flow, and hence it was concluded that the by¬ 

pass flow can be allowed to occur anytime within the diastolic interval, 

and that there was no need to control its timing via the evaluation of 

some performance index, and a search on the single variable E, which is 

the time delay between the R-wave and the electrical trigger signal to 

the bypass pump. Rather, the control algorithm would determine E by sub¬ 

tracting the electromechanical pump delay T, from its prediction of 

end-systole, and issues the pump activation signal at that time. 

This insures that bypass flow will never start in systole, regardless 

of heart-rate. 

This mode of control has been tested on the mock circulatory loop and 

in acute dog experiments, and for experimental purposes, the bypass loop 

has also included, in series, a continuous flow roller pump that allowed 

us to fix bypass flow to desired values, and also compare pulsatile and 

non-pulsatile bypass pumping. The results of these studies are presented 

in Chapters 3, 4, and 5. 



CHAPTER III. Mock Circulatory Loop Studies 

3.0 The Mock Circulatory Loop Model 

An artificial mechanical circulatory loop that models physiological 

pressures and flows in the systemic arterial system has been built for 

the purpose of aiding in the development and testing of the control algo¬ 

rithm prior to its use in acute dog experiments. This mock circulatory 

loop can be used to simulate the hemodynamic characteristics of various 

physiological states of ventricular failure (e.g. mild and severe ventri¬ 

cular failure). 

The constructed mock loop is based on a lumped parameter model of the 

left arterial circulation, whose electrical analog appears in Fig. 3.1, 

where charge is analogous to volume, voltage to pressure, current to flow, 

inductance to inertance, etc. The lumped inertance, L, of the blood (pri¬ 

marily in the descending aorta) separates the two lumped representatives of 

the proximal and distal circulatory systems. The proximal element models 

the visco-elastic properties of the ascending aorta and aortic arch via the 

compliance C-j and the resistance , while compliance C2 and resistance R2 

model the properties of the descending and abdominal aorta, and R^, the 

systemic peripheral resistance. 

The loop was constructed with compliance and resistance units and was 

driven by a Rice - Baylor pulsatile pneumatic pump. With careful tuning of 

element values and pump driving pressure, normotensive (120/80 mm Hg) as well 

as mildly and severely hypotensive aortic pressures (90/60 and 60/40 mm Hg, 

respectively) were obtained, as evidenced by the unassisted waveforms in Figs. 

3.2a and b and 3.3a. In order to relate the mock circulatory loop studies to 

the eventual clinical use of the combined assist system, intra-aortic balloon 
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Fig. 3.1 Lumped parameter model of left arterial circulation. 
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pumping was attempted at the mild and severe hypotensive states, while 

veno-arterial bypass and the combined assist system were attempted only in 

the severely hypotensive state. The following sections present the re¬ 

sults of these studies. 

3.1 IABP Results 

The purpose of these preliminary mock loop studies is to compare the 

automatic control of IABP in the steady-state to the optimally set normal 

anticipatory mode in simulated mild and severe ventricular failure. Addi¬ 

tionally we wish to investigate the hemodynamic effect of the presence or 

absence of a 'safety chamber' in series with the balloon as well as the 

ability of the automatic control algorithm to seek an optimal point of 

operation under such conditions, regardless of the dynamics of the pumping 

system. 

Simulation of a Mildly Hypotensive State 

Fig. 3.2c shows the aortic pressure waveforms obtained with a manual 

optimal setting of the anticipatory mode, from the control (unassisted) 

waveforms in Fig. 3.2b, while Fig. 3.2d depicts the waveforms obtained 

with the IABP algorithm, when the desired end-diastolic pressure is set 

at 15 mm Hg below control level. These two waveforms appear quite simi¬ 

lar, and one will note that as a result of balloon pumping, peak systolic 

pressure has been lowered, and mean diastolic pressure elevated, as com¬ 

pared with the unassisted pressure waveform seen in Fig. 3.2b. Upon 

closer observation, it will be apparent that the variation in EDP is 

slightly more pronounced under automatic control than under manual control. 

This effect is partly due to the optimum-seeking nature of the algorithm, 

and partly to the mismatch between the regression equation prediction of 
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EDP and its actual occurrence, which varies with the value of the de¬ 

flation variable B. Fig. 3.2e shows the computer prediction of the dura¬ 

tion of systole. For all mock circulatory loop studies, the timing of the 

left ventricular pump has been adjusted so that the duration of systole and 

its delay w.r.t. the simulated QRS complex in the unassisted case match the 

regression equations prediction. 

Simulation of a Severely Hypotensive State 

Fig. 3.3b shows the aortic pressure waveforms in the manual mode, while 

Fig. 3.3c depicts the waveforms obtained with the algorithm set for a 5 mm 

Hg EDP dip, from the unassisted waveforms of severe hypotension (60/40 mm 

Hg) in Fig. 3.3a. Here, it is to be noted that the balloon deflation is 

unable to reduce EDP significantly (6 mn Hg for the manual case, 0-5 for 

the controlled case), a fact that correlates quite well with physiological 

data; however, mean systolic pressure, are elevated in both assist cases 

(manual and automatic), while mean diastolic pressure augmentation is not 

as prominent as in the mildly hypotensive state. It is also to be noted 

that balloon inflation occurs later in the cycle, for the automatically 

controlled case than in the manual mode, in order to match the systolic 

duration prediction (Fig. 3.3d), and thus demonstrating the sensitivity of 

the algorithm to the prediction equations. 

Safety Chamber Effects 

Fig. 3.4a & c show aortic pressure waveforms obtained with the algo¬ 

rithm in the steady-state, with and without the Datascope safety chamber, 

respectively. It is clear from these that the effects of the compliant 

safety chamber are to increase balloon inflation and deflation times, and 

to decrease EDP dip and peak diastolic pressure. The former are affected 
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because of the compliant effects of the safety chamber, while the latter 

are decreased because of their sensitivity to the time rate of change of 

balloon volume. The ability of the algorithm to seek an optimum point 

of operation is unaffected, however, as the algorithm issues its elec¬ 

trical inflation and deflation signals earlier in the cycle, in the pre¬ 

sence of a safety chamber, as evidenced by Figs. 3.4b (with the safety 

chamber) and 3.4d (without). 

3.2 Simulation of Continuous and Pulsatile Venoarterial Bypass Pumping (VABP) 

Our purpose is to compare the hemodynamic effect of pulsatile bypass 

pumping (Fig. 3.5a) to those of continuous pumping with a roller pump (Fig. 

3.5c) on aortic root pressure in the simulated severe hypotensive state 

(characterized by the control waveform in Fig. 3.3a). 

Mean bypass flow is adjusted in both cases to 0.9 1/min. (one third of 

total venous return) for the purpose of comparison, and the pulsatile pump 

is properly timed out of phase with the heart. Under these conditions, mean 

pressure augmentation for both types of pumps is similar ( 14 mm Hg), as 

is shown in Figs. 3.5a and c. However, it is to be noted that the waveforms 

are quite dissimilar in shape, as the effect of the pulsatile pump is to 

preferentially increase mean diastolic pressure by ejecting its load 

during this period as shown by the bypass flow waveform (Fig. 3.5b), 

while the roller pump simply elevates mean pressure by ejecting a contin¬ 

uous flow (Fig. 3.5d) (Note that this flow is not constant, but has a 

phasic variation associated with roller movement, which is asynchronous 

with the heart and is characteristic of roller pumps.) With continuous 

pumping, EDP is elevated by 19 mm Hg from the control level of 40 mm Hg 

seen in Fig. 3.3a, while it is only elevated by 11 mm Hg with pulsatile 

pumping. Similarly, mean systolic and mean diastolic pressures are 

elevated by 15 mm Hg and 12 mm Hg, respectively, in the continuous flow 
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case, while the augmentation is of 8 mm Hg, and 16 mm Hg, respectively in 

the case of pulsatile pumping. 

In order to eliminate the pulsatile fluctuations due to roller move¬ 

ment in continuous flow pumping,a mechanical damper consisting of a com¬ 

pressed air column trapped in a U-shaped tube was used in the acute dog 

experiments. 

3.3 Simulation of the Proposed Combined Assist System 

In this section, our objective will be to compare the hemodynamic 

effects of automatic control of IABP to those obtained utilizing an opti¬ 

mally set manual anticipatory mode in combined assistance, when the mock 

circulatory system is used to simulate a severely hypotensive state. 

Additionally we wish to demonstrate the ability of the algorithm to con¬ 

trol E.D.P. In all instances, pulsatile bypass pumping is used; it is 

manually timed to activate out of phase with the heart, and produces 

a mean flow of 0.9 1 (one third of the total simulated venous return). 

Fig. 3.6a shows the aortic pressure in combined assist, with balloon 

timing adjusted manually to produce an EDP dip to the pre-assistance 

level (40 mm Hg), while Fig. 3.6b shows the effect of the automatic con¬ 

troller set to maximize this dip, by specifying a desired EDP 5 mm Hg 

below the control level. It is seen from Fig. 3.6b that the algorithm is 

capable of controlling EDP at its minimum value within 5 mm Hg, at the expense 

of mean diastolic pressure augmentation, as compared with the manual set¬ 

ting of Fig. 3.6a. It may be desirable clinically to emphasize mean dias¬ 

tolic augmentation rather than EDP dip, and thus the ability of the algo¬ 

rithm to control EDP in order to achieve this is tested. Fig. 3.6c shows 

the aortic pressure waveforms obtained with combined assist in automatic 

IABP control, with the desired EDP set at 52 mm Hg, the value of EDP with 
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Fig. 3.6 Comparison of manual and automatic control of IABP in simulated 

combined assistance arterial pressure waveform. 

(a) Manual control of IABP 

(b) Automatic control of IABP with controller set to maximize 

EDP dip 

(c) Automatic control of IABP with desired EDP value set at its 

value in pulsatile bypass alone (Fig. 3.5a) 
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only pulsatile bypass assist in operation (as in Fig. 3.5a). It is seen 

that the algorithm can indeed control EDP at this setting, within 4 mm 

Hg, and thus allowing a greater mean diastolic pressure than in the 

previous controlled case. It is to be noted that in this instance, 

peak systolic pressure is also elevated and that the algorithm is oper¬ 

ating in or near the EKG - collapse mode. 

3.4 Conclusions 

The mock circulatory loop studies have proven to be very useful, 

although not totally conclusive, for the testing of the control of the 

various assist modalities, and the verification of some of the concepts 

associated with the proposed Combined Assistance scheme. The conclu¬ 

sions of these studies can be stated as follows: 

1) The mock circulatory loop model used is adequate in modelling 

both assisted and unassisted physiological pressures and flows in the 

systemic arterial tree, although the large EDP dips (often greater than 

20 mm Hg) produced by balloon deflation in the mild hypotension state 

and in the Combined Assist studies appear somewhat unrealistic. 

2) The IABP control algorithm is capable of converging to and 

maintaining an optimal operating point which is quite comparable to an 

optimal manual setting in the anticipatory mode, at the mild and severe 

hypotensive states, and in combined assist. 

3) The control algorithm is entirely dependent on accurate predic¬ 

tions for the pre-ejection and systolic duration periods, for the conver- 

gence to the optimum. 

4) The control algorithm is capable of reaching an optimum, regard¬ 

less of the dynamics of the pumping circuit, as evidenced by its ability 

to converge to an optimal steady-state with and without the presence of a 
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safety chamber in the pumping circuit. It may be concluded that this 

controller can be used to control any pumping system, regardless of the 

type and size of the balloon, the type of gas used, and the character¬ 

istics of the pump console. 

5) The control algorithm is capable of controlling EDP to a set 

level within 5 mm Hg. More accurate control is unfeasible, because of 

the continuous beat - by - beat optimum - seeking of the algorithm, and the 

mismatch between the pre - ejection period prediction and the actual 

occurrence of EDP, which is a function of balloon deflation time B (As 

the balloon is deflated earlier in the pre - ejection period, the aortic 

valve opens earlier, and the pre - ejection period is thus shortened). 

5) Finally, the control modality that was proposed in chapter 2 for 

the control of the VABP circuit proved to be adequate. 

These studies have been done as a preliminary to acute open-chest 

dog experiments. The protocol and the data acquisition scheme for 

these in-vivo experiments, as well as their results, are presented in 

Chapter 4. 



Chapter IV. In Vivo Studies: Protocol, Data Acquistion, and Results 

4.0 Experimental Protocol 

Large dogs (> 20Kg) are utilized in these studies, primarily for 

ease in inserting the intra-aortic balloon and the large catheters used 

in association with the veno-arterial bypass system. The animals are 

anesthetized, intubated and a drug line catheter inserted via the left 

femoral vein (Figure 4,1). The left femoral artery is used for insertion 

of the intra-aortic balloon which is subsequently advanced to the descending 

aorta just below the entrance of the left subclavian artery. A pressure 

catheter is inserted via the left carotid artery and advanced to the level 

of the aortic arch for the purpose of recording central aortic pressure. 

A midline sternotomy is performed, the dog respirated with oxygen using 

a Bird respiratory and the heart positioned by means of a pericardial 

cradle. A pacing electrode is sewn to the right atrial appendage; an 

electromagnetic flow probe is placed around the aortic root, and left 

ventricular pressure is monitored via a short, needle-tipped catheter 

(with a flexible coupling) that penetrates the ventricular wall at the 

apical dimple. A catheter is inserted into the left atrium via the left 

atrial appendage for the purpose of volume-overloading the left heart 

(Figure 4.1). A stable state of mild ventricular failure is produced by 

the method of serial coronary ligation. All arteries supplying the apical 

region of the left ventricle are suture-ligated at approximately 7-minute 

intervals, beginning posteriorly with branches of the circumflex artery 

and progressing circumferentially around the obtuse margin of the heart 

over the anterior surface to interrupt the uppermost branches of the left 

anterior descending (LAD) coronary artery. Finally, the LAD itself is 

ligated below the level of the septal branch. Approximately 10-15 ligatures 
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Fig. 4.1 Sketch of experimental set-up. 

= central aortic pressure, P = left ventricular pressure 

P = right femoral artery pressure 
RFA 
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are required to produce an adequate infarct. Left ventricular pressure 

in diastole, which is separately monitored from the left ventricular 

pressure signal by an expanded gain, remains elevated in pump failure, 

and the heart does not respond with a dramatically increased left ventricular 

pressure and stroke output, when a volume-overload condition is produced 

by administration of a large bolus of saline via the left atrial catheter. 

During the relatively slow production of ventricular failure via 

serial coronary artery ligation, the venoarterial bypass (VABP) system 

is made ready. The VABP system consists of a Lande-Edwards membrane 

oxygenator in series with a Travenol Mi ni prime heat-exchanger, a poly¬ 

urethane blood reservoir, a roller pump and finally a Bentley pulsatile 

pump (Figure 4.2). A mechanical damper consisting of an air column trapped 

in a U-shaped plastic tube is also connected at the output of the roller 

pumD to minimize its pulsatility (See section 3.2).. Flow rates of up to 

3 1/min. have been achieved with this pulsatile bypass system. The 

oxygenator is flushed and primed and then is left circulating in a closed- 

loop with the reservoir and the pumps until required. The right femoral 

artery and the right femoral and jugular veins are prepared for the 

insertion of large-bore fluid-filled cannulae that are eventually connected 

to the VABP unit. These arterial and venous cannulae are all capped and 

filled with heparinized saline solution. Heparin is added to the VABP 

circuit and final connections are made, with all air bubbles being 

removed from the system via venting ports. 

When ventricular failure has been achieved (determined via satisfaction 

of aforementioned criteria) the IABP and VABP units are tested separately 

and in combination so as to determine the effectiveness of the overall 

system. 
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4.1 Data Acquistion 

A schematic representation of the data acquisition scheme is shown 

in Figure 4.3. Six physiologic variables are monitored by appropriate 

transducers and amplifiers; in addition, three digital control and timing 

signals generated by the LSI-11 control processor are also monitored, and 

the derivative of the ECG and an expanded left ventricular pressure signal 

for increased resolution during diastole are generated, and all are passed 

to a main patch panel; these signals are then routed to the A/D channels 

of a digital PDP-12 computer, via a switching multiplexor that selects 

six data records at a time, to be digitized and stored on magnetic tape 

for further analysis. The derivative of the ECG is used as a trigger 

signal for both computers. A six channel Brush strip chart recorder is 

also used to monitor important waveforms during the various experimental 

maneuvers executed during the experiment. Typically, central aortic 

pressure, left ventricular pressure and aortic root flow are recorded 

together with the electrical balloon drive and the systolic duration 

prediction signals in IABP studies, and with bypass output flow and 

the bypass pump trigger signal in VABP and combined assist studies. 
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4.2 Intra-Aortic Balloon Pumping Results 

Once the animal preparation attained a stable state of mild 

ventricular failure, several aspects of the automatic control of 

IABP were tested, namely the ability of the algorithm to converge 

to an optimal operating point and hold it, its ability to adapt to 

changes in heart-rate, and its ability to control the level of E.D.P. 

Arterial pressure waveforms for both manual and automatic modes of 

control were compared in the steady-state, in mild as well as severe 

hypotension. The following sections present the results of these studies. 

Convergence 

The algorithm did not fail to converge to an optimum, except when 

the values of the search step increments for both D and B variables 

were smaller than four milliseconds, or the initial values of B was 

out of range. In the first case, the effect of a small step size on the 

performance index is presumably undistinguishable from the "noise" in 

the same, and the algorithm does not converge, or takes a very long time 

to do so (= 30 beats). In the second case, if the initial value of the 

B variable is larger than the current heart period, then the algorithm 

operates in the ECG - collapse mode and is thus desensitized to the 

variable B. Further search steps may or may not, at random, bring 

the value of B within range. 

The speed of convergence is entirely dependent on the initial 

values of the search variables, and the initial and final values of 

the step sizes. For initial values that are very different from those 

at the optimum, convergence would typically take seven to nine beats, 

provided that the scheme that reduces step size as the search proceeds 

is used. For initial values that are nearthoseat the optimum, con¬ 

vergence typically takes four to six beats, as is shown in Figure 4.4. 
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Once at the optimum, the controller holds this operating point 

indefinitely, unless there is a major increase in mean arterial 

pressure. In this case, the penalty term in Equation 2.1 becomes 

exceedingly large and causes a hardware overflow, which halts 

the control processor. This condition is easily remedied by having 

the controller periodically update the values of the K parameters of 

the performance index; however, major changes in mean arterial pressure 

are unlikely to occur in a clinical situation. 

The values of the weighting parameters Ki and K4 that were used 

are different from those used by Clark et al^. It was felt that with 

equal weighting of the mean systolic and diastolic terms in the per¬ 

formance index, the latter would be desensitized to the variable D, 

as any change in mean diastolic pressure due to a step change in D 

would be accompanied by an approximately equal and opposite change 

in mean systolic pressure, thus leaving the performance index relatively 

unaffected. Hence, a value of Ki = 3Ki has been used. As for the 

weighting coefficient K4 of the penalty function, the fact that the 

pumping system used had much faster dynamics than that used by Clark 

et al yielded larger diastolic augmentation in general, and thus 

increased the sensitivity of mean diastolic pressure to the parameter 

B. Hence the value of the penalty function weighting factor K4 that 

was used was increased by a factor of four over K4. These values for 

the weighting coefficients were consistently used throughout the studies, 

and, having proven satisfactory for accurate convergence, no further 

attempt?to modify the performance index were undertaken. 

Effects of Change in Heart Rate 

Figure 4.5 a and b depict arterial pressure waveforms with IABP 

in manual and automatic control, respectively, at a paced heart rate of 
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Fig. 4.5 Comparison of the effect of change in heart rate on the manual 
and automatic control of IABP. (a) Arterial pressure with optimal manual 
balloon timing at 98 bpm. (b) Arterial pressure in automatic control at 
98 bpm. (c) Arterial pressure at 108 bpm with previous manual timing, 
(d) Arterial pressure in automatic control at 108 bpm. 
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98 beats per minute (bpm), in the steady-state. These waveforms appear 

quite similar and serve as a basis for comparison of the effects of 

a change in heart rate on the two modes of control- When the pacing 

rate is slowly increased to 108 bpm to simulate an episode of mild 

tachycardia, and the manual setting is left unaltered, the manual mode 

operates in ECG - collapse as shown in Figure 4.5c, while the auto¬ 

matic mode seeks a new optimal point of operation and holds it (Figure 

4.5d). In the face of a step change in heart rate, the algorithm will 

converge to the new optimum in four to six beats, while it will track 

the optimum on a beat-to-beat basis if the change in heart rate is 

slow and gradual. 

IABP in Mild Hypotension 

Figure 4.6 portrays a typical mild hypotension preparation in 

the unassisted state. Arterial pressure has a mean value of 66 mmHg 

and a systolic-to-diastolic ratio of 76/56 mmHg, while mean left ven¬ 

tricular diastolic pressure has a value of 5 mmHg, indicating a moderate 

left heart congestion, and aortic root flow is nearly normal. Figure 4.7 

shows the effect of IABP in the manual mode, in mild ventricular failure. 

Mean arterial diastolic pressure is significatly augmented, while peak 

left ventricular, peak arterial systolic and end-diastolic pressures 

are reduced by 8 mmHg with respect to the unassisted case. Aortic 

root flow is not significantly altered in systole, while one can note 

significant phases of retrograde and forward flows in diastole, respectively 

corresponding to balloon inflation and deflation. This biphasic diastolic 

flow has been a consistent finding, but its magnitude varied from dog 

to dog, and is thought to be a function of the degree of balloon 

occlusiveness in the aorta. Figure 4.8 depicts a slightly different 

state than Figure 4.6, as it was taken about 15 minutes later in the 
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Fig. 4.6 Physiologic waveforms in unassisted mild hypotensive state. 

(a) Left ventricular pressure 

(b) Arterial pressure 

(c) Aortic root flow 
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Fig. 4.7 Physiologic waveforms inmanual control of IABP, in the mild hypo¬ 
tensive state shown in Fig. 4.6. 

(a) Left ventricular pressure 
(b) Arterial pressure 
(c) Aortic root flow 
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4.8 Unassisted control waveforms for automatic IABP control. 

(a) Left ventricular pressure 

(b) Arterial pressure 

(c) Aortic root flow 
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course of the experiment, in this particular case, and mean arterial 

pressure had slightly changed due to volume shifts. Figure 4.9 shows that 

with the automatic controller set to maximize the E.D.P. dip, the balloon 

is capable of reducing peak left ventricular, peak arterial systolic and 

end-diastolic pressures by 8 mmHg, while significantly augmenting mean 

diastolic pressure. In fact, the arterial pressure waveforms in the 

manual and automatic modes of control appear to be almost identical 

in shape, except that the variation in E.D.P. is slightly more pronounced 

under automatic control, an effect that is probably due to the optimum¬ 

seeking nature of the algorithm. Figure 4.10 depicts the waveforms 

obtained with the controller set for one-half the maximum attainable 

E.D.P. dip. It is seen that the controller can indeed set E.D.P. at 

this level, on the average. Also note that while left ventricular un¬ 

loading is not significantly different from the previous case (e.g., 

8 mmHg below the unassisted case), mean diastolic pressure is significantly 

higher, and the balloon stays inflated for a longer period of time, as 

is attested by the electrical balloon drive signals (Figure 4.9c and 

4.10c)., This has been a consistent finding and would seem to 

indicate that a maximum dip in E.D.P. is not alway desirable, a con¬ 

clusion further substantiated by the fact that the carotid and coronary 

retrograde flows that occur with balloon deflation are larger in mag¬ 

nitude the earlier the balloon is deflated. Aortic root flow wave¬ 

forms for the manually and automatically controlled cases are similar. 

Another conclusion that can be drawn is that accurate control of E.D.P. 

is unfeasible in this situation because of mean arterial pressure 

variations due to respiratory motional artifacts in the open-chest 

preparation, and that the level of E.D.P. can only be controlled within 

a certain range. Finally, it is to be noted that the predictions 
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Fig. 4.10 Automatic control of IABP in mild hypotension, with controller 
set at half the maximum EDP dip. (a) Left ventricular pressure (b) Arter¬ 
ial pressure (c) Balloon drive signal (d) Systolic duration prediction 
(e) Aortic root flow 
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for the systolic interval (Figures 4.9d and 4.10d) match the actual 

duration of systole quite well, at this level of mean pressure. 

IABP in Severe Hypotension 

Figure 4.11 shows the waveforms associated with a typical unassisted 

severely hypotensive state. Arterial pressure has a mean value of 38 

mmhlg and a systolic-to-diastolic ratio of 48/32 mmHg, while aortic 

root flow is decreased to nearly half its value in mild hypo¬ 

tension. Figure 4.12 shows the effect of IABP in the manual mode in 

this state. One notes that balloon deflation is unable to lower E.D.P. 

from its control value, and neither is it able to decrease peak systolic 

and peak left ventricular pressures. However, the balloon is still 

capable of contributing a significant mean diastolic pressure augmentation, 

while aortic root flow is unaltered. It is thus clear that IABP is 

unable to unload the left ventricle in this state, and neither can it con¬ 

tribute to a significant increase in coronary flow as mean diastolic 

pressure still has a low value (44 mmHg) despite balloon augmentation. 

Figure 4.13 depicts the waveforms obtained with IABP in automatic control, 

with the controller set to try to achieve a maximum E.D.P. dip. The 

arterial pressure waveform in this case is quite similar to that in the 

manual mode of control, except that balloon inflation occurs slightly 

later in diastole because of the inaccurate prediction of the duration 

of the systolic interval. The left ventricular pressure and the aortic 

root waveforms are also similar to those in the manual mode. These 

records demonstrate the insufficiency of IABP as the sole means of 

circulatory support in severe ventricular failure. 
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t, 1 sec = 25 mm 

Fig. 4.11 Unassisted state of severe hypotension. 

(a) Left ventricular pressure 
(b) Arterial pressure 
(c) Systolic duration prediction 
(d) Aortic root flow 
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Fig. 4.12 Physiologic waveforms associated with manual control of IABP in the 

severely hypotensive state. 

(a) Left ventricular pressure 

(b) Arterial pressure 

(c) Aortic root flow 
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Fig. 4.13 Physiologic waveforms associated with automatic control of IABP in 

the severely hypotensive state. 

(a) Left ventricular pressure 

(b) Arterial pressure 

(c) Aortic root pressure 
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4.3 Combined Assist Results 

Figure 4.14 portrays the unassisted severe ventricular failure 

state that is typically attained several hours after the chest is 

opened and serial coronary ligations are begun. Left ventricular 

end-diastolic pressure is at avalueof 10 mnHg indicating left heart 

congestion, while the maximum rate of change of left ventricular 

pressure is also lowered, as compared to that in the mild ventricular 

failure state (Figure 4.5). Arterial pressure has a mean value of 

50 mmHg and a systolic-to-diastolic ratio of 60/42 mmHg, while cardiac 

output flow has a mean value of 2.3 1/min. Figure 4.15 depicts the 

hemodynamic changes that occur when continuous veno-arterial bypass with 

a flow rate of 1.2 1/min is instituted, and the animal is allowed to 

stabilize for a few minutes. Mean arterial pressure is increased by 

20 mmHg while peak left ventricular pressure is increased by 20 mmHg 

and the maximum rate of change of left ventricular pressure is also 

increased, indicating an increase in the afterload and the isovolumic 

pressure work of the heart. However, left-ventricular end-diastolic 

pressure is reduced by 4 mmHg, indicating partial relief of left heart congestioi 

and the ejection period and cardiac output flow (1.3 1/min) are reduced, 

indicating a lower preload and reduced cardiac flow work. When the bypass 

flow is rendered pulsatile while kept at the same mean value, the 

hemodynamic conditions are altered in favor of the myocardium (Figure 4.16) 

It is seen that pulsatile bypass flow preferentially augments diastolic pres¬ 

sure whose mean value is thus elevated by 4 mmHg, over systolic pressure 

whose peak value is reduced by 8 mmHg, while left ventricular end-diastolic 

pressure and aortic root flow are not significantly altered. It is 

to be noted, however, that arterial end-diastolic pressure is still 

16 mmHg above its value in the unassisted case, indicating that veno- 
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Fig. 4.14 Unassisted control state of severe ventricular failure. 

(a) Left ventricular pressure 
(b) Arterial pressure 
(c) Aortic root flow (Spikes are pacer artifact) 
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Fig. 4.15 The effect of continuous bypass pumping in severe ventricular 

failure. 

(a) Left ventricular pressure 
(b) Arterial pressure 
(c) Bypass flow 
(d) Aortic root flow (Spikes are pacer artifacts) 
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(a) Left ventricular pressure 
(b) Arterial pressure 
(c) Bypass flow 
(d) Aortic root flow (Spikes are pacer artifacts) 



85. 

arterial bypass alone, whether pulsatile or non-pulsatile, does indeed 

increase the afterload on the left ventricle. 

The addition of IABP to the pulsatile veno-arterial bypass 

further alters hemodynamic conditions in favor of the myocardium. 

Figure 4.17 shows the waveforms associated with combined assistance, 

with IABP in the manual mode. End-diastolic pressure is reduced to 

its pre-assistance level of 44 mmHg (nonwithstanding the phasic 

va ri at ions due to respiratory motional artifacts), and so is peak 

left ventricular pressure, while mean diastolic pressure is augmented 

by 20 mmHg over the unassisted case. Left ventricular end-diastolic 

pressure is not significantly different from that in VABP above, and 

aortic root flow is also unchanged, except for the diastolic biphasic 

variation due to balloon inflation and deflation. 

Figure 4.18 depicts the waveforms associated with the automatic 

control of IABP in combined assistance, with the controller set to 

achieve an E.D.P. dip at the preassistance level. These waveforms are 

quite similar to those of Figure 4.17, and its is seen that the con¬ 

troller is indeed able to control E.D.P. at the desired level. 

As a final illustration of the effects of the Combined Assist 

system in severe ventricular failure, consider Fig. 4.19 which compares 

pulsatile VABP with Combined Assist. It is to be noticed that the 

addition of IABP to VABP significantly decreases peak left ventricular 

and peak systolic pressures, as well as EDP, while contributing to a 

further augmentation of mean diastolic pressure. 

The control algorithm for IABP has been tested in a series of seven 

acute animal preparations, and the Combined Assist system, in three. 
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ig. 4.17 The effect of the combined assist system in severe ventricular failure, 
with IABP in manual control. 

(a) Left ventricular pressure 
(b) Arterial pressure 
(c) Bypass flow 
(d) Aortic root flow (Spikes are pacer artifacts) 
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t, 1 sec = 25 mm 

The effect of the combined assist system in severe ventricular 
failure, with IABP in automatic control. 

(a) Left ventricular pressure 
(b) Arterial pressure 
(c) Bypass flow 
(d) Aortic root flow (Spikes are pacer artifacts) 
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Fig. 4.19 Comparison of VABP and its Combined Assist system in severe 
ventricular failure. 

(a & b) Arterial pressure with VABP, and its associated left ventri¬ 
cular pressure. 

(c & d) Arterial pressure with the Combined Assist system in severe 
ventricular failure, and its associated left ventricular 
pressure. 



Chapter V. Conclusion and Possible Extensions 

5.0 Conclusions 

The initial problem, as set, was to study the feasibility 

of the automation of the Combined Assist system, to choose an 

appropriate controller, and implement a suitable control scheme 

and test it on a mock circulatory loop and in in vivo, preparations. 

This research plan was carried out in full and the following 

are conclusions that can be drawn: 

1) The choice of a microprocessor as a controller is the most 

flexible, reliable and cost-effective solution for both the 

developmental stages and the field use of the system. 

2) Automatic control of IABP via a weighted performance index 

reflecting hemodynamic performance proved to be an adequate 

means of automation for this device. Further, the controller 

had the ability to set end-diastolic pressure at a desired 

level, within a certain range. 

3) Pulsatile veno-arterial bypass flow proved to be hemodynamically 

more beneficial than continuous roller pump flow, at the 

same value of mean flow, as it was capable of preferentially 

augmenting mean diastolic pressure over mean systolic pressure, 

and thus reducing the afterload on the left ventricle and 

increasing coronary circulation perfusion pressure. 

4) The control' modality of the pulsatile veno-arterial bypass 

circuit was found to be a function of the configuration of 

the bypass circuit and in particular, of the characteristics 

of the bypass pump. The Bentley pump that was used in these 
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studies was controlled to eject its load out-of-phase with 

the heart via a computer-generated timing signal issued a 

period T earlier than the computer prediction for the dicrotic 

notch, where T is the electromechanical coupling time delay of 

this particular pump. This form of control proved to be 

satisfactory. 

5) It is essential for the optimal operation of the Combined 

Assist system that both the pulsatile bypass pump and the 

balloon pump have fast dynamic properties. Indeed, the pre¬ 

ferential diastolic pressure augmentation contributed by the 

former is less pronounced with a larger bypass flow ejection 

period and a lower peak bypass flow, while the ability of the 

latter to dip end-diastolic pressure and to increase mean 

diastolic pressure are reduced with slower pump dynamics. 

5.1 Possible extensions 

As scientific research always raises more questions than it 

answers,here are some of the possible extensions to this work, 

in the areas of basic science and engineering: 

1) An investigation into the nature of cardiac arrythmias, 

their classification, and their hemodynamic effects would 

be necessary for the development of a safer and more efficient 

IABP controller, which would recognize specific arrythmtc patterns 

and control balloon inflation accordingly. Further, the con¬ 

troller could control a drug-infusion pump to administer anti- 

arrythmic drugs. 
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2) An investigation of the effects of vasoactive drugs on the 

Combined Assist system could lead to an improvement in overall 

hemodynamic support. The controller could be made to control 

the infusion rate of one or more vasoactive drugs, according 

to certain protocols that are yet to be defined. 

3) In vivo studies could be undertaken to generate more accurate 

regression equations for the prediction of the pre-ejection 

and systolic intervals duration, as it was found that those 

85 from Leighton et al are significantly and consistently in 

error, in severe hypotension as well as in hypertension in 

the dog. 

4) A sensitivity analysis study on the K parameters of the per¬ 

formance index could be undertaken in order to assign to these 

numerical values, thus allowing a sharper definition of the 

desired optimum to the controller by choice of these parameters. 

5) The development of a mathematical model of a suitable order 

for the Combined Assist system could provide some insight 

into the energetics involved in such a form of assist. 

6) A charaterization of the pumping properties of the Bentley 

pump with ventricles of different sizes would help in determining 

optimal ventricle size for the maximization of preferential 

mean diastolic augmentation and mean bypass flow. 

7. Finally, the control algorithm developed herein could be adapted, 

with little modification, for use in several on-line control 

applications requiring parameter acquisition and performance index 

evaluation. 
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Microprocessor Operating System Block Diagram 
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Appendix B 

Combined Assist Control Algorithm Flow Charts 
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Appendix B 

Combined Assist Control Algorithm Flow Charts 

The control algorithm consists of two routines, CAL, and 

START, and their interrupt handlers. 

CAL is a routine for the calibration of the arterial pressure 

channel. It initiates the real-time clock to start A/D conversions 

on this channel every 200 ms. At the end of each conversion, the 

A/D interface generates an interrupt, whose interrupt service routine, 

CALISR, formats the sample, and displays it on the video monitor via 

a binary-to-octal conversion subroutine OD. At the end of the calibration, 

the user generates an interrupt by pressing any keyboard key, and the 

keyboard interrupt service routine TTYISR transfers control from the 

CAL routine to the main algorithm, START. 

START initiates the real-time clock to start A/D conversion on 

the arterial pressure channel every one millisecond, enables interrupts 

to occur with every QRS trigger signal, and waits for interrupts. At 

this stage, two different events can interrupt the processor, the QRS 

trigger whose interrupt service routine is ST2ISR, and the completion 

of an A/D conversion, whose interrupt service routine is ADDISR. 

Mainly, ST2ISR acquires heart period PP, and caculates the regression 

equation predictions for the pre-ejection period L, and systolic 

duration H, then returns to the main program, which waits again for 

an interrupt. ADDISR formats the current arterial pressure sample, and 

adds it to the appropriate systolic, diastolic or end-diastolic memory 

buffer. If the current sample is not the end-diastolic sample for the 

current beat, then the routine checks whether it is time to inflate or 
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deflate the balloon and sets the balloon drive bit (bit #0) 

of the parallel output buffer POB accordingly. Similarly, it 

checks whether it is time to issue the bypass pump trigger signal 

and sets bit #2 of the POB accordingly. If the current sample does 

not correspond to the end-diastolic sample, then control is transferred 

to a routine CALJ, which calculates mean systolic and diastolic pressures, 

and the performance index J. Control is then transferred to the routine 

ALGO which performs the modified steepest ascent search algorithm on 

the two variables DEL and B, balloon inflation and deflation times 

respectively, w.r.t. the QRS trigger, and then returns to the main 

program, which waits for the next interrupt. Proper initialization and 

acquistion of the constants Ki, «2» K4 are also handled by the two 

main program interrupt service routines ST2ISR and ADDISR. 

The flow charts for all these routines are shown in the next pages, 

and are followed by a glossary of the abbreviations used in these 

flow-charts. 
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Glossary of Abbreviations Used in Flow Charts 

Addr s Address 

Ball = Balloon 

Calc Calculate 

Coll = Collapse(d) 

Cl k = Clock 

Clr s Cl ear 

Cntr = Counter 

Csr = Control and Status Register 

Def = Deflate 

Dias = Diastolic 

Dis = Disable 

D.P. = Doubl e Precision 

En = Enable 

Inc = Increment 

Inf = Inflation 

In it = Initialize 

Int = Interrupt 

Intv = Interval 

Jmp = Jump 

Kbd = Keyboard 

Opr = Operation 

Ovf « Overf1ow 

Res = Reset 

Ret = Return 

RTI Return from Interrupt 
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Srch = Search 

Syst = Systolic 

TTY =: Terminal 



Appendix C 

Control Algorithm: User's Guide 

and Software Listing 



no. 
♦TITLE VABP CONTROL ALG. VIA 

î THIS IS THE LISTING OF THE COMBINED ASSIST ALGORITHM* 

rTO RUN THIS PROGRAM » TYPE 'RUN VABP' IN MONITOR MODE. 

iTHE COMPUTER WILL LOAD THE PROGRAM AND STOP AT THE 1ST 

»INSTRUCTION TO BE EXECUTEDCLOC 1130).TO ALLOW YOU TO SET 

}CERTAIN PARAMETERS FROM THE KEYBOARD.TO DO THIS.SIMPLY 

.OPEN THE CORRESPONDING MEMORY LOCATION USING THE ODT. 

.AND ENTER THE DESIRED VALUE OF THE PARAMETER.WHICH WILL 

.AUTOMATICALLY REPLACE THE DEFAULT VALUE.THE PARAMETER LIST 

.STARTS AT LOC 1000.WITH THE VARIABLE "BIAS’.EACH SUBSEQUENT 

tVARIABLE HAS AN ADDRESS WHICH IS 2 MEMORY LOCATIONS ABOVE 

î THE PREVIOUS ONE.ALL VALUES MUST BE ENTERED IN OCTAL.THEN 

iSTART THE COMPUTER AT LOC 1130 BY TYPING "1130G" TO THE 

fPROMPT @. 

iTHE COMPUTER WILL DIPLAY A DIGITAL READOUT OF THE ARTERIAL 

tPRESSURE INPUT FOR CALIBRATION PURPOSES.ADJUST YOUR INPUT 

fVOLTAGE SO THAT THE DISPLAY WILL READ 144 FOR A 

» CONSTANT INPUT PRESSURE OF 100MMHG.THEN PRESS ANY KEY TO 

.START THE ALGORITHM. 

iVARIABLE LIST AND DEVICE ADDRESSES ASSIGNEMENT 

BIAS : 0. .DESIRED EDP BIAS 

BETA Î 4 ?EDP WEIGHT MULTIPLIER 

LBIAS Î 0 i EDP PREDIC. CORRECTION 

DD : -20. t INIT D STEP SIZE 

DB ! 40. f ’ ’ B • « 

DDIV t 2 i SHIFT REG FOR STEP DIV 

BDIV Î 4 r SAME FOR B 

DEL J 250. . INIT INF TIME 

B Î 350. r INIT DEF TIME 

TAU J 55 ÎBYPASS PUMP E-M DELAY 



EDPW1 : 0 ÎHI WORD FOR EBP WEIGHT 

EDPW2 J 11610 ÎLO WORD SET AT 5000. 

T Î 1750 t INTERVAL COUNTER 

PP X 1000. ? HEART PERIOD BUFFER 

BON X .BLKW 1 

PPD4 : .BLKW 1 

SFLAG : .BLKW 1 

ENI : .BLKW 1 

L ♦ .BLKW 1 

LPH Î .BLKW 1 

DIASP : .BLKW 1 

H : .BLKW 1 

LPHD2 X .BLKW 1 

MDPH } .BLKW 1 

MDPL J .BLKW 1 

MDPA : .BLKW 1 

MS PL : .BLKW 1 

MSPH X .BLKW 1 

MSPA X .BLKW 1 

EBP : .BLKW 1 

EDPB X .BLKW 1 

EDPA X .BLKW 1 

J X .BLKW 1 

JP : .BLKW 1 

K1 : .BLKW 1 

K2 : .BLKW 1 

K3 : .BLKW 1 

K4 : .BLKW 1 

NUMB : -4 î# OF BEATS ALLOWED TO VABP 

KNUM : i 
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DOP : . BLKUI 1 

SRCHF : î 

ALPHA : «BL.KW 1 

ADCSR = 170400 

ADBÜF = 170402 

ADDVEC = 400 

ADEVEC * 404 

KCSR == 170420 

KBÜF = 170422 

ST2VEC = 444 

RVEC = 60 

R CS R = 177560 

TINT = 177562 

TSTA = 177564 

TOUT = 177566 

PO B = 167772 

»EXECUTABLE PROGRAM LISTING 

HALJ HALT 

CAL: MOV #100»RCSR »EN TTY INT 

MOV *TISR»RVEC 

MOV *CALISR»ADDVEC 

MOV *ADEISR »ADEVEC 

MOV *-200»KBUF 

MOV *40140»ADCSR 

MOV *43»KCSR 

PAUSE: WAIT 

BR PAUSE 

TISR: TST <SP)+ ÎPOP RET ADDR 

MOV #START»-(SP) ÎGO TO MAIN PRG* 

BIC *100»RCSR îDIS KBD INT 
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RTI 

CALISRÎ BIC ^OOfKCSR 

MOV ADBUFfRO 

ASH ♦-2 rRO 

BIT ♦lOOOrRO 

BNE PO 

CLR RO 

PO: me ♦ 10001RO 

JSR PC » OD 

RTI 

START: MOV ♦2001ST2YEC+2»BIS INT'S IN ST2ISR 

MOY ♦0140fADCSRÎINIT A/D CSR 

MOV ♦ 200 »ADDVEC+2 îDIS INTS IN ADDISR 

MOY ♦200*ADEVEC+2îDIS INT IN ADEISR 

MOY ♦ -1000» »KBUFîLOAD CLK CNTR 

MOY ♦ ST2ISR r ST2YEC 

MOY ♦ADDISRfADDVECfLOAD INT VEC 

MOY ♦ADEISRfADEVEC» 77 " " 

CLR POB iBAL INIT COLLAPSE 

MOY ♦40013»KCSRîINIT CLK STAT 

WAIT: WAIT 

BR WAIT 

ST2ISR: MOY ♦40012»KCSRî STOP CLK 

BIS ♦1»KCSRÎRESTART CLK 

MOY T»PP »STO P-P INT 

BIC ♦4»POB ÎRESET BYPASS PUMP TRIG 

TST POB ÎCHEK IF BAL COLL 

BEQ CON 

CLR FOB JBALL COLL ON ECG 

BIC #1»ENI îDIS BAL THIS BEAT 
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CON: BIS #1F ENI FEN INFL BALL COLLAPSED IN TIME 

CONI: CLR TÎCLEA COUNTER 

BIS *2 r POB r SET EKG MARKER 

ADD KNUMFNUMB 

CMP #2fNUMB 

BMI NOIN 

CLR ENI FDIS INF FOR 1ST 2 BEATS 

NOIN: MOV PP FPPD4 » START CALC REG EQ 

ASR PPD4 

ASR PPD4 

MOV *177777FRO 

MOY #-24000,»R1 

DIY PPrRO 

ADD *127,rRO 

MOY ROfL 

SUB LBIASfL ÎL BIASING 

MOV #1777771RO 

MOY *-25500,»R1 

DIY PPD4 »R0 

ADD *764FRO 

MOY ROKLPH ÎEND REG EQ CALC 

SUB TAUrRO 

MOY ROfBON îCALC BYP PUMP TRIG TIME 

MOY LPHfRO 

SUB LfRO FSTART CALC APPR PEAK SYSTOLE 

MOY ROFH 

ASR RO î H/2 IN RO 

ADD LFRO 

MOY R0FLPHD2 FWE GOT IT ! 



MOV F’P ? RO 115 

SUB H » RO 

MOV RO'DIASP 

RTI 

ADDISRJ BIO ♦200 r KCSR î RST OVF FrLG 

INC T 

CMP TfBON JIS IT TIME TO TRIG BYP PUMP? 

BNE KONT 

BIS ♦ 4fPOB ÎTRIGGER BYP PUMP 

KONT: CMP ♦10.TT 

BNE GOON 

BIC ♦2»POB ? CLR EKG MARKER 

GOON: MOV ADBUFtRO»CLR ADDONE FLG 

ASH ♦-2fRO 

BIT ♦lOOOfRO 

BNE POS 

CLR RO 

POS: BIC ♦ 1000 *RO 

CMP TfL 

BEQ CAL J 

BMI LDIAS » WE'RE IN LATE DIASTOLE 

CMP TfLPH 

BEQ ENDSYS îWE'RE AT END SYSTOLE 

BMI SYSS » WE'RE IN SYSTOLE 

EARLD: ADD ROfMDPL 

ADC MDPH ÎDOUBLE PRECI ADD FOR MDP 

CMP TrDEL ?IS IT TIME TO INF BALL? 

BEQ INF îGO INF BALL 

CMP T»B 

BEQ DEF ÎGO DEFLATE BALL 
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INF: 

DEF: 

LDIAS: 

SYSS: 

DWINF: 

ENDSYS: 

CALJ: 

RTI 

BIS ENIFPOB 

RTI 

BIC *1t FOB 

RTI 

ADD ROFMDPL 

ADC MDPH 

RTI 

ADD ROFMSPL 

ADC HSPH 

CMP LPHD2fT 

BMI DWINF ÎDO WE INFL BALL IN LATE SYSTOLE? 

RTI 

CMP T FDEL 

BEQ INF 

RTI 

BIC *2FPOB FSTOP HEART PUMP 

BR EARLD 

MTPS *0 FEN INT'S 

TST <SP)+ » CLEAN 

TST (SP)+ » STACK 

BIS #2FPOB iHEART PUMP ON 

ADD ROFMSPL 

ADC MSPH 

MOU ROFEDPA 

SUB EDPBFRO F HYSTER CALC. 

BMI LESS 

CMP R0F*1 

BMI INB 

BR OOB 
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LESS: NEG RO 

CMP RO»*l 

BMI INB 

OOB: MOV EDPA»EDP 

MOV EDPA » EDPB 

BR CALM 

INB: MOV EDPB»EDP 

CALM: MOV MDPL»RI » START CALC MEAN PRESS' 

MOV MDPH»RO 

ruv DIASPfRO 

MOV RO»MDPA 

MOV MSPL»R1 

MOV MSPH »RO 

DIV H » RO 

MOV ROfMSPA î END CAL.C MEAN PRESS'S 

CLR MDPH 

CLR MDPL 

CLR MSPH 

CLR MSPL 

CMP NUMB»*3 »ARE UE AT 3RD BEAT? 

BMI SIT »NOT YET 

BEQ CALK » YES»GO ACQ CONTROL VAL 

GETJ: MOV MDPA»R2 iSTART J CALCUL 

MUL *1000.»R2 

DIV K1»R2 

MOV MSPA»R4 

MUL #3000.»R4 

DIV K2»R4 

SUB R4»R2 »R2 HAS 2 1ST J TERMS 

ADD BIAS»EDP »EDP BIAS 



UUi.' 

BMI NOPE FNO PENALTY 

MOV EDPW1fR4 

MOV EDPW2FR5 iR4 » R5 HAVE 5000» 

DIV K31R4 

BVS ERR 

MOV R4FR5 

MÜL BETAFRS 

BCS ERR 

MOV R5FALPHA 

MOV EDPFR5 

MUL EDP tR5 FR5=CEDP+B-K3>**2 

BCS ERR 

MOV R5 f R4 

MUL ALPHAFR4 

HIV K3 » R4 

BVS ERR ÎÛVF OCCURRED 

SUB R4 F R2 

NOPE: MOV JF JP 

MOV R2 fJ FEND J CALCUL 

CMP NUMB F +4 

BEQ FINC F1ST B INCREM 

JMP ALGO 

ERR: JMP ERRO 

SIT: JMP WAIT 

CALK: MOV MDPAFKI 

MOV MSPA F K2 

MOV EDPFK3 

JMP WAIT 

FINC: ADD DBFB F1ST B INCREMENT 
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ALGO Î CMP JrJP iSTART STEEPEST ASC ALGO 

BMI DJNEG 

CLR SRCHF tSEARCH DONE 

TST DOP 

BEG INCRB 

ADD DD»DEL 

JMP WAIT 

INCRB: ADD DB » B 

JMP WAIT 

DJNEGÎ TST SRCHF 

BEG NOSIR 

CLR SRCHF 

TST DOP 

BEG REVB 

NEG DD 

ADD DD»DEL 

ADD DDfDEL 

JMP WAIT 

REVB: NEG DB 

ADD DB f B 

ADD DB»B 

JMP WAIT 

NOSIRÎ TST DOP 

BEG SWTOD 

SUB DDfDEL 

TST DDIV 

BEG NOD IV 

ASR DD 

\ ASR DDIV 



NODIO 
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NODIO: MOO JPrJ 

CLR nop 

BIS #1 rSRCHF 

ADD DB rB 

JMP WAIT 

SWTOD: SUB DBrB 

TST BDIO 

BEQ NOBDIO 

ASR DB 

ASR BDIO 

NOBDIO: MOO JPrJ 

BIS #1rDOP 

BIS *1»SRCHF 

ADD DDr DEL 

JMP WAIT 

ERRO: MOO *'OrPRBUF 

JSR PCrPRINT 

RTS PC 

ADEISR: MOO #'ErPRBUF 

JSR PCrPRINT 

MOO *'RrPRBUF 

JSR PCrPRINT 

RTI 

CAR : » BLKW 1 

PRBUF : .BLKW 1 

TSTA = 177564 

TOUT = 177566 

OD: MOO #5rRlrSET OCT WORD COUNTER 

CLR PRBUF 

BIT #100000rROrTEST MSB 
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NOINC: 

NEXT ♦ 

NEXT1J 

PRINT: 

INC PRBUF»MSB=1 

ABB *60»PRBUF 

JSR PC»PRINT 

ROL RO 

ROL RO 

BR NEXT1 

MTPS CAR 

ROL RO 

ROL RO 

ROL RO 

MFPS CAR 

MOO RO»PRBUF 

BIC *177770 » PRBUF 

ABB *60»PRBUF»FORM ASCII COBE 

JSR PC»PRINT 

SOB R1»NEXT 

MOO *15»PRBUF 

JSR PC»PRINT 

RTS PC 

BIT *200»TSTA»IS BONE FLAG SET? 

BEG PRINT»NO»TRY AGAIN 

MOO PRBUF » TOUT 

RTS PC 

ENB HAL 
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