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Preface 

For almost 40 years, a small but intense group of cardiovascular investigators have 
evaluated cardiac performance by measuring the mass, velocity, and acceleration of 
blood ejected from the left ventricle. These studies reveal that energy is transferred 
from ventricle to blood very early in systole, and that the left ventricle is charac­
terized as an impulse generator. Recent explosive developments in Doppler echocar­
diography have allowed study of the energetics of ventricular contraction through 
noninvasive acceleration, velocity, and volumetric flow measurements. Compared 
against reference standards of ejection fraction, dP/dt, and instantaneous pressure 
gradient across the aortic valve, Doppler acceleration and velocity measurements 
are highly sensitive to changes in ventricular performance. 

Most patients seeking cardiovascular care present with coronary artery disease as 
a chief concern. This book focuses upon identification of coronary disease presence 
and severity through the evaluation of left ventricular Doppler ejection responses to 
stress loading. Chapters I through 4 detail basic research on the dynamics of left 
ventricular ejection in ischemic and nonischemic animal models. Chapters 5 
through 13 present clinical correlates of changes in the Doppler systolic ejection 
pulse during exercise and under pharmacologic stress loading. Angiographic 
anatomy, thallium perfusion defects, and radionuclear ejection fraction responses 
serve as reference standards. Chapters 14, 15 and 16 address applications of 
Doppler echocardiography during the stresses of brief coronary occlusion, myocar­
dial infarction and post infarction recovery, while chapters 17 and 20 illustrate 
applications of stress Doppler techniques in valvular heart disease. Chapters 18 and 
19 explore theoretical analysis of the ejection pulse from Newtonian and Fourier 
perspectives. 

In this day of medical cost containment, cost-effectiveness of new noninvasive 
tests must receive highest consideration. Stress Doppler echocardiography affords 
inexpensive, portable, accurate evaluation of ventricular performance under the 
demanding conditions present in the treadmill laboratory and the coronary care 
unit. This book summarizes the basic, clinical, and theoretical research supporting 
these important applications of Doppler ultrasound in the evaluation of patients 
with coronary artery disease. 

Steve M. Teague, MD 
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1. The left ventricular impulse 

ROBERT F. RUSHMER 
University ojWashington, Seattle, WA 98115, U.S.A. 

1.1 Introdnction 

Assessment of cardiac performance and reserve capacity is a crucial element in 
evaluating health status and prognosis in patients with evidence of heart disease. In 
the past few decades, a technical revolution has provided cardiologists with an 
expanding array of methods for dynamic, clinical evaluation of the heart in terms of 
changes in pressures, dimensions, flow rates and related variables. Widespread 
application of these advanced technologies have converted cardiology from a 
highly subjective clinical discipline into a more comprehensive and quantitative 
analysis of the human circulation as a hydraulic system. The significance of this 
profound change is more readily appreciated by comparing current concepts with 
the generally accepted tenets of the recent past. 

1.2 Historical perspective 

Prior to mid-century, cardiology was more of an art than science, relying very 
largely on history, auscultation, and percussion supplemented by some objective 
indicators from vascular pressures, electrocardiography and roentgenographic 
evidence of changes in size and configuration of the heart. Clinical emphasis on 
heart size stemmed rather directly from generally accepted concepts of cardiac 
function embodied in Starling'S law of the heart: namely that the energy released 
by contracting myocardium was directly related to their initial length (diastolic 
volume). 

This generally accepted dogma was based on experiments on dog hearts that had 
been isolated or exposed by thoracotomy. Under these conditions, hearts beat 
rapidly and without change for long period unless the investigator induces 
responses (Le. by adjusting inflow or outflow pressures.) There was an implied 
assumption that the artificially induced responses were equivalent to corresponding 
changes under normal control mechanisms and environmental conditions and were 
therefore applicable to intact animals and man. 

It was an intuitively appealing concept that cardiac control was embodied in an 
intrinsic property of myocardium fibers, such that it would respond to either an 
increased volume or pressure load by distending to larger diastolic dimensions. 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 1-13. 
© 1990 Kluwer Academic Publishers. 
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It was recognized that such innate reactions could be modulated by neurohumeral 
control mechanisms affecting the 'contractility' or the 'vigor' of contraction. 
However, these vague terms were poorly defined and lacking in recognizeable 
units. 

Figure 1. A) Changes in ventricular dimensions were recorded continuously during exercise 
and other conditions by means of recording devices surgically installed in side and on the 
surface of the ventricles. B) Left ventricular diameter, recorded by sonocardiometer, was at 
nor near maximum while reclining and diminished abruptly on standing. This unpredicted 
change was accompanied by changes in left ventricular pressure, heart rate and derived 
variables. 

When samples of myocardium were stretched beyond some critical length, fur­
ther elongation resulted in progressive decline in contractile energy output. This 
was accepted as the rationale for the dilation of cardiac chambers typically as­
sociated with heart failure. The combination of elevated venous pressure and en­
l¥gement of the affected chambers were generally associated with impaired car­
diac performance at advanced stage of disease. Assessment of cardiac performance 
in normal subjects or at early stages of disease was dependent primarily on signs 
and symptoms appearing during exercise. 

During the first half of this century, these attractive concepts so dominated 
physiological and cardiological thought that alternative views were not seriously 
considered. They led to widespread preoccupation with changes in the venous and 
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Figure 2. A) The traditional concepts of cardiac function and control were synthesized from 
studies on isolated or exposed hearts, responding to changes imposed by the investigator. B) 
To study cardiac function under more normal conditions, devices were developed to record 
and continuously analyze ventricular function quantitatively in engineering terms. 
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arterial pressure and the size and configuration of the cardiac chambers as key 
criteria of cardiac status. 

Since these generally accepted concepts had been synthesized originally from 
hearts studied under grossly abnormal conditions with the investigator assuming 
control, it seemed appropriate to validate them in healthy active dogs (see Figure 
2). For this purpose, new and necessary techniques were developed for recording 
the changing ventricular dimensions at rest and during spontaneous and induced 
responses in intact healthy dogs [1,2]. 

According to predictions based on Starling's Law, the ventricles should distend 
to larger dimensions in response to greater volume or pressure load. To test these 
predictions; various dimensional gauges were built and installed within the left 
ventricle or on the external surface of both ventricles of dogs during aseptic surgery 
[1-3]. After recovery from the operation, the dogs recovered fully and the gauges 
functioned over periods of days or weeks. Typical examples of the changing dimen­
sions of the left and right ventricles during treadmill exercise (4.5 m.p.h. on a 10% 
grade) are displayed in Figure 1 A. 

During the transition from reclining to standing postures, both diastolic and 
systolic dimensions declined abruptly and stroke deflections significantly 
diminished [4]. During exercise, cardiac output was greatly increased by tachycar­
dia with very little contribution by either greater diastolic distention or more com­
plete systolic ejection. The observation that stroke volume remained fairly constant 
during exertion was found to be consistent with numerous reports on human sub­
jects during exercise [5]. 

From these and myriad other examples, it became clear that the ventricles func­
tion at or near their maximal diastolic dimensions in dogs resting quietly while 
recumbant. Both diastolic dimensions and stroke volume diminished under other 
conditions such as sitting or standing, startle reactions and exercise. These 
responses were clearly contrary to our expectations based on Starlings Law which 
had been synthesized from observations on hearts in manifestly abnormal states. 

The gross discrepancies between observed responses and traditional theory 
stimulated a long range program of instrument development ultimately intended to 
continuously analyze cardiac function in quantitative engineering terms, initially in 
intact, healthy animals and ultimately adapted for use on human subjects and 
patients. 

1.3 Ventricular function in engineering terms 

The performance of any hydraulic pumping mechanism can best be assessed in 
terms of the changing dimensions, pressures, flow rates and associated phenomena. 
We had in hand techniques for recording dimensions and pressures, but obviously 
required means of continuously monitoring blood flow, specifically, ejection of 
blood from the ventricles. 

To measure instantaneous flow velocities, pulsed ultrasonic flowmeters were 
developed expressly for application to the aorta, pulmonary artery and other major 
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vessels [6]. This device was a natural outgrowth of the ultrasonic diameter gauge 
(sonocardiometer in Figure lB) since it depends upon measuring extremely small 
differences in the transit time of brief bursts of ultrasound alternately traveling 
upstream and downstream diagonally across a blood vessel enclosed in a lucite 
cylinder (Figure 2B). An indwelling plastic tube extended from the left atrium 
through the posterior thoracic wall to provide access to the left ventricle for high 
fidelity pressure records. These devices were installed under aseptic surgical condi­
tions for recording after the animals had fully recovered. 

Additional information was obtained by means of dedicated analog computers to 
provide a unique, continuous, comprehensive hydraulic analysis of left ventricular 
function [7] as illustrated in Figure 2B. Instantaneous aortic flow velocities were 
recorded directly. In addition, stroke volume was indicated by steps representing 
the area under the flow velocity curve using integrating circuits. Successive stroke 
volumes were added over constant periods of 2.5 seconds to indicate changes in 
cardiac output. 

The rate of change of velocity (acceleration) was derived from the flow signal 
using a differentiating circuit to register the steepness of the upslope and 
downslope of the flow velocity waveform. Similarly the upslope and downslope of 
left ventricular pressure was recorded by a differentiator to indicate the rate of 
change of pressure (dP/dt). The heart rate and the duration of systole were regis­
tered by interval timers triggered by the ventricular pressure signal. Effective 
power (the rate of performing work) was derived by a multiplier circuit giving the 
instantaneous product of flow and pressure. Work per stroke and work per unit time 
(i.e. 2.5 seconds) were also derived by means of appropriate integrating circuits. 

1.4 Left ventricular dynamics 

The characteristics of left ventricular function can be derived in considerable detail 
from the waveforms of records of aortic flow velocity and ventricular pressure and 
diameter (Figure 3). At the onset of systole, left ventricular pressure rises abruptly 
to exceed the pressure in the root of the aorta. The resultant pressure gradient 
rapidly accelerates blood into the aorta producing a steeply rising ejection velocity, 
reaching a peak in early systole. The sudden acceleration of blood is represented by 
the steep upslope on the velocity record which represents the rate of change of 
velocity or acceleration. Aortic flow acceleration is derived from the flow velocity 
record and displays a very steep spike in early systole, dipping below baseline as 
the aortic velocity slows progressively during the latter part of systole. The area 
under the ejection velocity waveform represents stroke volume. Cardiac output is 
represented by summing the successive stroke volume over a specified period of 
time (in this instance 2.5 seconds). 

The ventricular pressure record has very steep upslopes and downslopes which 
can be registered as the rate of change of pressure (dP/dt): recognized for many 
years as an important indicator of ventricular performance. Using a multiplier 
circuit, the continuous product of outflow rate and ventricular pressure represents 
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the power (rate of performing work) generated by the ventricle. 
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Figure 3. The dynamics of left ventricular function are indicated by the changes in ejection 
velocity, ventricular pressure, and derived variables such as ejection acceleration, stroke 
volume, heart rate, cardiac output, rate of change of pressure and power (flow X pressure). 

These recordings represent a comprehensive quantitative analysis utilizing physi­
cal characteristics which can be defined and calibrated in precise engineering 
terms. Such variables help clarify the underlying meaning of vague terms like 
'contractility' or 'vigor' of contraction as they change during exercise, startle reac­
tions, sympathetic stimulation, administration of catecholamines and simulated 
pathological conditions. Examination of extensive records obtained under these 
conditions disclosed some characteristic changes in the various wave forms il­
lustrated in Figure 3. 

1.5 Characteristics of increased 'contractility' 

Changes in 'contractility' of the ventricles are generally recognized as occurring in 
response to stimulation of cardiac sympathetic nerves, administration of certain 
catechol amines and exercise. Comprehensive analysis of left ventricular perfor-
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mance was recorded continuously under these and many other conditions which are 
generally accepted as increasing 'contractility' (Figure 4). 

COMPONENTS OF INCREASED VENTRICULAR CONTRACTILITY 
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Figure 4. The most significant physical characteristics implied by the vague tenn 
'contractility' are rate-related variables such as rate of change of pressure (dP/dt), peak 
velocity (rate of movement), rate of change of diameter and Power (rate of doing work). 
Changes in the 'quantities' displayed are less prominent or consistent. 

In response to these perturbations, all of the recorded variables were affected to 
some degree. For example ventricular pressure, stroke volume, change in diameter 
during systole and work per stroke were increased somewhat. In contrast to these 
quantities, the rate-related variables consistently increased much more markedly. 
For example, heart rate, rate of change of pressure (dP/dt), flow rates (velocity) and 
rate of change of diameter (dD/dt) were more obviously and consistently elevated. 
Similarly, ventricular power (the rate of perfonning work) varied more than 
work/stroke. 
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1.6 Functional effects of increased 'contractility' 

Increased contractility (i.e. during exercise) was characterized by greatly increased 
heart rate and slightly increased stroke volumes. Tachycardia is associated with 
shortened systolic intervals. Thus, increased contractility maintains stroke volume 
by ejecting similar volumes in shorter times. This means that the ejection velocity 
must increase by an amount sufficient to compensate for the shorter ejection times. 
By the same token, the initial acceleration of blood out of the ventricle is also 
enhanced. Clearly the status of ventricular function could be most readily assessed 
by observing the rate-related variables that best describes their dynamic properties. 

AORTIC fLO'N 
I", .. 

" ' ~ l 
,000QI'IOtl 

"" 
I'IovPftl 

1)'1 104 

:LLL\_ b ' 3 " !, > 
:I'IJI..J:O<I'<ARY fLO ..... 

'r R mE" 7 • r 

t'".MQr."," Oed Ahu 

~ _~_'-U-!:-Ll_W_~~· ..... 6·~VJ_\.l 

',-,r 

'I"" 'rr-rrrr- i".-..-.r-,---

1~....J "i. . ..-J,.--I.-J,-\+'r'rrr',t,.-J,.',- ~,.),.JN'" 

• • ~'M~--"'i"r"r"." ~ 
"[ART RATE 

t--_.-f - ----
LEFT VENTRtCU AR -.... lS""R[ 

n ~ • , " "L- . ~ . ~ ~ to " ' , ' , ' '~n if 
'-' ,I.--'o..-\- I ~'---'ul- ....JvWL.',..;"'\.; ....... -.~- '.I ... 

A,otllC foa . 

p,.,.1~fJ'lo . 

"~"I AlIr 
,1ft,'kItf 

!t'lO" 
f(l.lmfl~ _ At 

cJp ·"r 

~,J.,.J"..-l"-\A.Jv..',)y.l,Jl 'iHrW, 
[eG !ROt. 

a m 

,~~ 
'~---.,. 

t'.o~~RY OCClU$'(l.'" 

Figure 5. Acute occlusion of the circumflex coronary artery (with anterior descending 
coronary artery previously ligated) produced prompt reduction in pulmonary and aortic flow 
velocity and ejection acceleration along with depression of virtually all derived variables 
except for heart rate which accelerated. 
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Figure 6. A) The left ventricle abruptly impels blood into the aorta by a steep pressure 
gradient at the onset of systole when steeply rising ventricular pressure overshoots aortic 
pressure. B) Left ventricular contraction resembles the impact of a heavy mallet striking the 
end of a column of fluid as evidenced by the experience of Isaac Starr et at. attempting to 
simulate the normal ballistocardiogram in a cadaver [10]. 

1.7 Acute coronary occlusion 

Obstruction of a single coronary artery in dogs has little effect because collaterals 
from a large septal artery protect the myocardium. For this reason, we ligated the 
anterior descending coronary artery at the time of surgery and installed a snare 
around the circumflex artery in a series of experiments (Figure 5). After recovery, 
with the animal reclining but alert, the circumflex artery was abruptly occluded 
while the ventricular function was being recorded [8]. The most prominent changes 
in this and similar experiments were the depression of virtually all of the recorded 
variables of both right and left ventricles except for heart rate (Figure 5). The rate­
related variables (see Figure 4) were the most severely depressed. 
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These observations consistently confinned that those features of ventricular 
perfonnance that were most noticeably enhanced by exercise and autonomic 
stimulation were also most obviously depressed by acute coronary occlusion, 
severe hypotension from exsanguination or administration of anesthetics (e.g. 
sodium pentobarbital or halothane). Indeed, the myocardial depression accompany­
ing such anesthesia appeared to be about as severe as occurred with acute coronary 
occlusion. 

The dominance of the rate-related characteristics of ventricular contraction under 
conditions specifically designed to impair function led a critical examination of 
these variables as potential criteria of overall ventricular perfonnance. 

1.8 The left ventricle as an impulse generator 

The velocity of blood pumped by the left ventricle into the aorta has a very charac­
teristic wave fonn illustrated in Figure 6A. At the onset of systole, the ejection 
velocity ascends abruptly to a peak after which the velocity declines to the baseline 
where aortic valve closure produces brief oscillations. One way to visualize such a 
wave fonn is to consider the effects of a heavy mallet forcefully striking a column 
of fluid contained within a distensible hose (Figure 6B). The kinetic energy in the 
moving mallet is delivered to the liquid at the point of impact and induces abrupt 
increase in velocity or acceleration of flow [9]. At the initial impact, the liquid in 
the proximal end of the tube accelerates rapidly to a peak velocity and then slows 
down as momentum carries it forward. The long column of fluid cannot accelerate 
instantly along its length because of its itlertia. Instead, the proximal part of the 
column is distended and this localized region of distention proceeds at high 
velocity along the tube in the fonn of a pulse. 

The impetus for the sudden acceleration of ejection velocity was clarified by a 
timely report by Spencer and Greiss [10] who measured simultaneously the pres­
sures in the left ventricle and in the aorta just above the valve. Their high fidelity 
records clearly disclosed that ventricular pressure rises abruptly at the onset of 
systole and overshoots the pressure in the root of the aorta. A brief but powerful 
pressure difference or gradient occur~ at the onset of systole, precisely when the 
sudden acceleration occurs. During the remainder of the systolic interval, the aortic 
pressure slightly exceeds ventricular pressure as the ejected bolus of blood slows 
down. 

This series of hydraulic events indicates that the contracting ventricle generates a 
sudden impulse. In the case of ventricular systole, the force is extremely powerful 
I;lcting over a very brief period. Confinnation of this perception stemmed from a 
completely unexpected source; namely the experience of Isaac Starr and his col­
leagues [11] in attempting to simulate the ballistocardiographic deflections of 
nonnal human subjects by driving blood into the aorta of a cadaver lying on a 
ballistocardiographic table. They had difficulty impelling blood into the aorta with 
sufficient force to approach the amplitude of deflections that occur with human 
heart beats. They finally found it necessary to utilize the force of a 30 pound mass 



11 

swinging downward on an 8 foot arm to impact a large syringe and drive blood into 
the aorta of the cadaver, as illustrated in Figure 6C. To match the impact of a heavy 
mallet, the contracting myocardium must shorten convulsively to accelerate blood 
into the aorta so quickly to its peak velocity. 

The most striking and useful criteria for assessing the performance of the left 
ventricle in dogs are illustrated in Figure 7. Striking differences between normal 
controls, sympathetic stimulation and impaired function (i.e. acute coronary occlu­
sion) are manifest in acceleration, peak ejection velocity and rate of change of 
ventricular pressure (dP/dt) as shown schematically in Figure 7. 
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Figure 7. Left ventricular perfonnance can best be assessed in tenns of the changes in peak 
ejection velocity, acceleration and rate of change of ventricular pressure (dP/dt) under condi­
tions which either enhance or depress its function. 
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1.9 Evaluating ventricular performance in humans 

Decrements in performance of such an impulse generator should logically be 
manifest in reduction in both the peak acceleration and the peak velocity attained 
during systolic contraction. Fortunately both of these crucial variables can be 
readily registered in human subjects and patients using ultrasonic Doppler flow 
sensors positioned at the suprasternal notch. 

The ultrasonic Doppler flowmeter [12] was designed to replace the transit-time 
flowmeter because it was more stable and reliable. Since it was based on the 
change in frequency of continuous waves of ultrasound, backscattered from moving 
red blood cells, it was readily adaptable to recording of blood flow velocity in 
blood vessels deep within the body when the transducers were applied to the skin at 
appropriate locations on the body surface. Thus, the ultrasonic Doppler flowmeter 
was adapted for use in human subjects and patients as a non-invasive method of 
measurement. By positioning the transducer in the supersternal notch, the flow 
velocity (and acceleration) of blood ejected into the root of the aorta could be 
recorded continuously [13,14]. Being painless and risk-free, this method could be 
used routinely for screening or monitoring the status of ventricular performance at 
rest or even during certain types of exercise (i.e. recumbant or on a stationary 
bicycle). Dimensional measurements indicating the position and movement of the 
walls of the heart can be recorded by means of echocardiography in one or two 
dimensions. 

Left ventricular pressure is not yet accessible by non-invasive techniques. For 
this reason, it is not now possible to achieve such as comprehensive an analysis of 
left ventricular function routinely in man as can be achieved in dogs with implanted 
gauges. However, the combination of peak flow velocity, ejection acceleration and 
the movements of ventricular walls by means of ultrasonic echocardiography 
represent rational approaches to assessment of performance and status of the heart 
by totally non-invasive methods. Their application to basic and clinical investiga­
tions will be fully covered in other chapters of this publication. 
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2. Effect of preload, afterload, and inotropic state on 
Doppler ejection dynamics 

L. SAMUEL W ANN and KIRAN B. SAGAR 
Cardiology Division, Medical College o/Wisconsin, 8700 W. Wisconsin Avenue, 
Milwaukee, Wisconsin 53226, U.S.A. 

2.1 Introduction 

Early studies on isolated papillary muscle [1] emphasized the importance of the 
initial velocity of ventricular muscle shortening as an index of muscular function 
and contractility. Rushmer [2] popularized the concept of the 'initial ventricular 
impulse' as a manifestation of left ventricular function over 20 years ago. Using 
electromagnetic flowmeters, the velocity and acceleration of blood flow in the 
ascending aorta have been shown to be closely related to left ventricular function 
[3-5] to be effected in a characteristic fashion by myocardial ischemia and infarc­
tion [6, 7] and by interventions such as the administration of catecholamines [8] 
and propranolol [9]. 

Light [10] reported the non-invasive use of Doppler ultrasound to study flow in 
the ascending aorta in 1969. This technique has subsequently been shown to be an 
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Figure 1. Suprasternal Doppler velocity profIles in a single subject at rest and during each 
stage of exercise. Recordings were made with a Pedof transducer in the continuous wave 
mode at a paper speed of 50 mm/sec. 
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Figure 2. Regression plots comparing exercise Doppler-derived cardiac output estimates 
(COD), cross-sectional echocardiographic cardiac output estimates (COE), and the product 
of velocity integral and heart rate (VIH) with thermodilution cardiac output estimates (COT). 
(Doppler estimates made with aortic areas calculated from resting diameters measured at the 
aortic annulus with the leading edge-to-leading edge method.) 
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Figure 3. Doppler recordings and simultaneous electrocardiogram taken from a repre­
sentative animal in the control state, during the infusion of dobutamine (10 ug/kg/min iv), 
and after administration of propranolol (1 mg/kg iv). 

accurate means of detecting beat-to-beat changes in stroke volume both in ex­
perimental animals [11-13] and in man [14-17] Doppler ultrasound can be used to 
determine stroke volume not only at rest but also during exercise [18-20]. 

Unlike conventional use of ultrasound to image cardiac structures [21] little 
deterioration of signal due to chest wall motion and hyperventilation is seen in 
Doppler recordings, which we usually· performed from the suprasternal notch. 
Shown in Figure 1 is an example of Doppler velocity profiles recorded from the 
suprasternal notch in a normal subject at rest and during upright bicycle exercise. 
Note a progressive increase in the peak velocity of flow with exercise and little 
deterioration of signal. Figure 2 compares regression plots of exercise cardiac 
output measured by Doppler and cross-sectional echocardiography to those made 
with thermodilution. The accuracy of Doppler cardiac output measurements during 
exercise appears reasonable enough to be clinically relevant. 

In addition to using the Doppler derived stroke velocity integral to calculate 
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deterioration of signal due to chest wall motion and hyperventilation is seen in 
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Shown in Figure 1 is an example of Doppler velocity profiles recorded from the 
suprasternal notch in a normal subject at rest and during upright bicycle exercise. 
Note a progressive increase in the peak velocity of flow with exercise and little 
deterioration of signal. Figure 2 compares regression plots of exercise cardiac 
output measured by Doppler and cross-sectional echocardiography to those made 
with thermodilution. The accuracy of Doppler cardiac output measurements during 
exercise appears reasonable enough to be clinically relevant. 

In addition to using the Doppler derived stroke velocity integral to calculate 
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stroke volume, Doppler ultrasonic measurements of the velocity and acceleration of 
flow can be used to assess other aspects of left ventricular function including left 
ventricular contractility. Validation of Doppler echocardiography as a useful tool in 
the assessment of ventricular performance depends on the demonstration of the 
sensitivity of Doppler measurements to changes in contractility and an appreciation 
of the degree to which these measurements are influenced by preload, afterload, 
and heart rate. 

2.2 Ventricular performance 

To help clarify the influence of preload and heart rate on Doppler echocar­
diographic indices of left ventricular performance, we compared Doppler to in­
vasive indices of left ventricular function in 6 open-chest dogs [2,3]. Intravenous 
infusions of nitroglycerin were used to vary preload, atrial pacing was used to 
control heart rate, and changes in inotropic state were induced by 2 different doses 
of dobutamine (5 and 10 ug/kg/min iv) and by administration of propranolol (1 
mg/kg iv). Figure 3 shows a representative Doppler recording obtained in the con­
trol state and during administration of dobutamine and propranolol. Left ventricular 
anterior wall myocardial segment length was used as an index of preload. Maxi­
mum aortic blood flow, peak acceleration of aortic blood flow, and dP/dt were 
measured with an electromagnetic flow probe around the ascending aorta and a 
high-fidelity pressure transducer in the left ventricle. A continuous wave Doppler 
transducer applied to the aortic arch was used to measured peak aortic blood 
velocity, mean acceleration, time to peak velocity, and the systolic velocity in­
tegral. The differences between mean values obtained under different inotropic 
conditions were significant at the p < 0.01 level for peak velocity and at the 
p < 0.05 level for mean acceleration. Within a given animal, Doppler measurements 
of peak velocity correlated very closely with maximum aortic flow (r = 0.96), 
maximum acceleration of aortic flow (r = 0.95) and with maximum dP/dt (r = 0.92). 
Mean acceleration measured by Doppler echocardiography also correlated very 
closely with conventional indexes, but was subject to greater interobserver 
variability. Doppler measurements of time to peak and the systolic velocity integral 
correlated less well with conventional hemodynamic indexes. Doppler measure­
ments of peak aortic blood velocity and mean acceleration appeared to offer an 
effective means to noninvasively assess short-term changes in left ventricular 
performance under conditions of varying preload, heart rate, and inotropic state. 

2.3 Afterload effects 

We also investigated the influence of afterload on Doppler indices of left 
ventricular performance in an animal model [24]. Eight dogs with their chests 
opened were studied in 4 inotropic states at varying levels of heart rate and mean 
aortic blood pressure. Data were collected in the control state, at 2 different levels 
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of dobutamine administration (5 and 10 ug/kg/min iv), and after administration of 
propranolol (0.5 mg/kg iv). In each inotropic state, phenylephrine was infused 
intravenously to produce at least 2 successive steady state increased of 10 mm Hg 
or more in mean aortic blood pressure. Within a given animal, peak velocity 
emerged as the Doppler index most closely correlated with changes in Qmax' dQ/dt, 
and dP/dt (r = 0.94,0.91, and 0.89, respectively). Mean acceleration also correlated 
closely with the invasive indexes (r = 0.87, 0.89, and 0.89). The effect of changes 
in mean aortic blood pressure on Doppler index measurements was not statistically 
significant in any of the inotropic states and did not affect the closeness of their 
correlation with the invasive indexes. Doppler echocardiographic measurements of 
aortic blood peak velocity and mean acceleration remained as sensitive to changes 
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Figure 4. Effect of changes in mean aortic blood pressure on the Doppler indexes. Baseline 
recording (A). Proximal cx plus LAD occlusion with heart rate and blood pressure controlled 
by aortic compression (B). Descending aortic compression released with pacing continued 
(C). Note the increase in aortic blood flow velocity when aortic blood pressure was no longer 
controlled. 
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Figure 5. Spectral recording showing peak (maximum) velocity and peak modal velocity. 
Peak velocity is highest velocity at any given time, whereas modal velocity which occurs 
most often or is dominant. Modal velocity is identified as velocity with darkest spectral 
recording. 

in the inotropic state under conditions of varying increases in afterload as did the 
conventional invasive indexes tested. 

2.4 Coronary occlusion 

Next, we investigated the influence of heart rate, aortic blood pressure, and size of 
the ischemic zone on Doppler indexes during regional myocardial ischemia in 8 
<open-chest <anesthetized dogs. With control of mean aortic blood pressure and heart 
rate, transient coronary artery occlusion resulted in a statistically significant decline 
in peak velocity and mean velocity when as little as 24% of left ventricular myocar­
dium was rendered ischemic. However, when heart rate and mean aortic blood 
pressure were not controlled, significant declines in peak velocity and mean 
velocity occurred only with simultaneous two-vessel occlusions involving> 47% 
of left ventricular myocardium. Although transient coronary artery occlusions 
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generally produced no significant change in heart rate in the absence of atrial 
pacing, significant declines in aortic blood pressure were observed. Figure 4 shows 
typical changes seen in the Doppler recordings at baseline and during LAD occlu­
sion with and without control of heart rate and blood pressure. Doppler indexes of 
left ventricular perfonnance obtained during myocardial ischemia appear to be 
influenced not only by the extent of myocardium rendered ischemic, but also by 
changes in mean aortic blood pressure. 

The previous studies were perfonned with a non-imaging continuous wave 
Doppler instrument which gave hard copy output of the Doppler spectral envelope 
using a strip chart recorder. A new type of Doppler instrument has recently become 
available (Exerdop-Quinton Instruments) which automatically gives an al­
phanumeric printout of modal velocity, peak acceleration and stroke velocity in-' 
tegral (Figure 5). 

2.5 Accuracy assessment 

To detennine the accuracy of Doppler-derived modal and maximum velocity and 
peak and mean acceleration of ascending aortic blood for the assessment of left 
ventricular systolic function, we studied 6 anesthetized open-chest dogs [26]. 
Doppler-derived modal velocity, maximum velocity, and peak and mean accelera­
tion were compared with left ventricular dP/dt, maximum aortic blood flow (Qrnax)' 
and rate of blood flow measured with an electromagnetic flow probe under varying 
inotropic states. Maximum Doppler velocity showed better correlation (r = 0.94, 
y = 0.34 + 3.95) with maximum aortic blood flow than the modal velocity (r = 0.85, 
y = 1.49 + 3.85x). Peak acceleration also correlated better with the rate of blood 
flow (r = 0.92, y = 1.23 + 4.92x) than the mean acceleration (r = 0.83, 
y = 12.2 + 4.27x). Modal and maximum velocity and mean and peak acceleration 
correlated with left ventricular dP/dt. Peak modal and peak maximum velocity and 
peak and mean acceleration appeared to be accurate measurements of left 
ventricular function. Maximum velocity and peak acceleration are more accurate 
than modal velocity and mean acceleration. Thus automated digital signals and 
conventional Doppler among signals both appear to be reliable indicators of left 
ventricular function. 

2.6 Conclusion 

We conclude from these results that Doppler echocardiographic recording of the 
velocity of blood flow in the ascending aorta is a useful means of assessing left 
ventricular function. Measurements derived from Doppler recordings closely track 
other independent measures of left ventricular function and are altered by clinically 
significant intervention such as exercise and myocardial ischemia. Doppler record­
ings of ascending aortic flow velocity are easy to record and the equipment used is 
relatively inexpensive. While the Doppler parameters are not load independent and 
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certainly are not pure measurements of left ventricular contractility, they do appear 
to be clinically relevant and should achieve widespread utility. 
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3.1 Introduction 

Studies of the early phase of ventricular ejection and aortic blood flow primarily 
have involved pressure and flow measurements in the left ventricle and the ascend­
ing aorta [1-3]. Early studies in dogs used electromagnetic flowmetry and fluid­
filled catheter systems with adequate frequency responses (> 50 Hz) to demonstrate 
that peak acceleration occurred at the time of the peak transvalvular pressure 
gradient [1]. Peak velocity of flow was thought to coincide with the time oftransval­
vular pressure crossover. Murgo et al. [2] studied pressure and flow relationships in 
humans using high fidelity pressure and velocity catheter tip transducers. Their data 
confirmed that peak acceleration and the peak transvalvular pressure gradient were 
temporally related at rest, but that peak velocity occurs prior to the time of left 
ventricular-aortic pressure crossover. 

These observations reflect the importance of the effects of blood mass (inertia), 
vessel distensibility (compliance), and peripheral resistance on the pressure and 
flow characteristics of the central cardiovascular system. The simultaneous occur­
rence of peak acceleration and peak transvalvular pressure gradient suggests that 
during early systole, inertia is the major component governing pressure and flow 
relationships across the aortic valve. However, if inertia were to continue to 
dominate throughout systole, then peak velocity (zero acceleration) would occur at 
the time of zero pressure gradient. 

As noted above, peak velocity occurs prior to the time of pressure crossover. 
This observation implies that other factors such as compliance and peripheral resis­
tance become important influences on the pattern of ventricular ejection during the 
middle third Of ejection. 

The characteristics of early ventricular ejection prompted Rushmer [3] to 
describe the left ventricular performance in terms of force and time. He proposed 
that indices of early left ventricular ejection, such as peak blood velocities and 
acceleration, could be useful as measures of ventricular performance. His experi­
ments in dogs were designed to examine the effects of exsanguination, hypoten­
sion, general anesthesia, and acute coronary occlusion on the initial ventricular 
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impulse determined from measurements of left ventricular pressures and aortic 
flows. Each of these experimental stressors reduced the initial ventricular impulse 
as measured by acceleration of blood flow and peak flow velocity in the ascending 
aorta. These experiments were some of the first to specifically apply peak accelera­
tion and velocity in studies of abnormal ventricular performance. 

The present study examined the effects of beta blockade, beta stimulation and 
afterload on simultaneous measurements of isometric and isotonic ventricular 
ejection indices. Changes in acceleration and velocity of blood flow were corre­
lated with rate of ventricular pressure change, transvalvular pressure gradient, and 
velocity of ventricular circumferential shortening during periods of pharmacologic 
stress. The results show that acceleration of blood in the ascending aorta is strongly 
associated with changes in the rate of ventricular pressure development, trans val­
vular pressure gradient, and velocity of circumferential shortening. Both accelera­
tion and peak velocity are sensitive to beta stimulation. Beta blockade and afterload 
result in contrasting effects on these indices. Acceleration is relatively sensitive to 
beta blockade and insensitive to afterload when compared to peak velocity. 

3.2 Methods 

Instrumentation 

Eight male mongrel dogs were anesthetized (30 mg/kg of sodium pentobarbital 
given Lv.) for instrumentation. All observations were made in closed chest animals 
(mean weight = 21.8 kg and range = 20 to 24 kg). Active ventilator support (tidal 
volume = 10 to 12 ml/kg; rate = 12 cycles/min; end expiratory pressure = 5 to 7 cm 
of water; room air) using a volume ventilator (Harvard Apparatus Company, Millis, 
MA) and cuffed endotracheal tube provided periods of stable gas exchange. Addi­
tional doses of intravenous pentobarbital (1 to 2 mg/kg) were used as needed to 
prevent resistance to ventilatory support and/or limb extensor responses. No obser­
vations were recorded within 5 minutes of an intravenous dose of pentobarbital. 

Both carotid arteries were exposed for cannulation with pressure and velocity 
sensor catheter systems. A 6F dual pressure sensor (3cm spacing) catheter (Millar 
Instruments, Inc., Houston, TX) was inserted after balancing and calibration. This 
catheter was advanced using fluoroscopy so that both sensors were positioned just 
above the sinotubular junction of the ascending aorta. Pressure amplifiers were 
balanced such that electronic subtraction of analog signals (Textronix 546B 2 
channel oscilloscope; Tektronix, Inc., Portland, OR) resulted in an analog output 
representing a pressure difference equal to 0 mmHg (10 mV = 10 mmHg). The 
catheter was then advanced using fluoroscopy such that the distal sensor was in the 
LV outflow tract and transvalvular pressure gradients could be recorded. 

A 20 mHz microvascular Doppler system (MF20, Eden Medizinische Electronik 
and Carolina Medical Electronics, King, NC) was used with an introducer catheter 
to record intraaortic velocities. An 8F pigtail catheter was cut so that the catheter 
tip formed approximately a thirty degree angle to the catheter body. The ultrasound 
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transducer (1.0 mm diameter) was inserted through a Y shaped swivel hub connec­
tor into this catheter such that the ultrasound transducer could be easily advanced 
through the catheter tip. Forward and reverse audio signals from the velocimeter 
(pulse repetition frequency = 100 kHz) were recorded on tape (Teac XR-31O multi­
channel cassette data recorder; Teac Corp, Japan; tape speed = 38.1 cm/s and band 
width = 75 kHz) for offline spectral analysis. This velocimeter-catheter system was 
fluoroscopically positioned in the ascending aorta such that the catheter tip (and 
ultrasound transducer) was at the level of the proximal sensor of the pressure 
catheter system. Range gating (up to 7 mm) was done to optimize Doppler audio 
frequencies. 

Catheter positions were fixed using silk ligatures for ties at the carotid insertion 
sites. The right thorax was shaved and the dogs positioned right side down such 
that the shaved portion of the thorax was over a cut out portion (wooden insert) of 
the fluoroscopy/surgical table. A 5 mHz real time imaging transducer (Mark ill 
Echo Imager; Advanced Technology Laboratories; Belluve, W A) was positioned 
from beneath the dog. Transducer orientation was adjusted to image the left 
ventricular cavity in the short axis plane at the midpapillary level. This transducer 
position was fixed using a mechanical transducer holder so that the left ventricular 
scan plane was maintained constant throughout each experiment. 

Echocardiographic video images (including text generator output) and the 
electrocardiogram (lead II) were recorded (Panasonic NV8200 video cassette re­
corder) for off-line digitization and data processing. Doppler audio signals and all 
analog signals (pressures and electrocardiogram) were recorded (TEAC SR-3l0 
multichannel cassette data recorder) for off-line data processing. A common 
synchronization signal was used for beat-by-beat matching of pressure, velocities 
and ventricular endocardial circumferences. 

Experimental protocols 

After instrumentation and a 15-30 minute equilibration period (less than 10% 
variation in heart rate and peak systolic pressure), control measurements of pres­
sures, velocities and ventricular endocardial circumferences were recorded for at 
least 10 consecutive beats. An intravenous infusion of phenylephrine (0.2 mg/min) 
was started and titrated to produce approximately a 50% increase (±1O%) in peak 
systolic pressure. Pressures, velocities, and ventricular endocardial circumferences 
were then recorded for at least 10 consecutive beats and the phenylephrine infusion 
was discontinued. After heart rate and peak systolic pressures returned to control 
levels (±1O%1, an intravenous bolus of isoproterenol (4 mg) was administered. At 
or just following the peak heart rate response, pressures, velocities and ventricular 
endocardial circumferences were recorded for at least 10 consecutive beats. Heart 
rate and peak systolic pressure were allowed to return to control values (±1O%). 
Following return to control status, an intravenous bolus of propranolol (1 mg/kg) 
was administered. Pressures, velocities and ventricular endocardial circumferences 
were recorded for at least 10 consecutive beats at one and four minutes post injec-
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tion. This sequence of administering three phannacologic stressors was followed in 
all dogs. 

Data compilation 

Left ventricular pressures, aortic pressures, transvalvular pressure gradients and 
electrocardiograms were transcribed to hardcopy (Gould ES 1000 electrostatic 
recorder, Gould Instrument Division, Cleveland, OR) at a paper speed of 250 
mm/sec. Doppler frequency shift spectra were processed by fast Fourier transform 
spectral analysis (MK 500 real time spectral analyzer; Advanced Technology 
Laboratories, Bellevue, W A) and transcribed to hardcopy. By reducing the recorder 
playback speed by 50% (recording speed = 38.1 cm/s), aliased frequencies (if any) 
could be displayed without spectral wrap-around at a paper speed of 200 mm/s. 
End systolic and diastolic freeze frame images (frame rate = 30/s) and accompany­
ing electrocardiographic signals were printed on hardcopy (Mitsubishi Video Copy 
Processor, Mitsubishi America, Inc., Cypress, CA). These hardcopy recordings of 
images, waveforms, and calibration scales were digitized (Sigma-Scan software; 
Jandel Scientific electronic tablet, Jandel Corp, Sausalito, CA) for computing linear 
distances, slopes and circumferences. Five consecutive and simultaneous cycles 
were averaged for the following response variables: 

1) heart rate (calculated from R-R intervals) (bpm); 
2) peak systolic blood pressure (mmHg); 
3) maximum transvalvular pressure gradient (mmHg); 
4) maximum rate of rise of systolic ventricular pressure (mmHg/s); 
5) peak systolic velocity (cm/s); 
6) peak acceleration (m/s/s); and 
7) velocity of endocardial circumferential shortening (1/s). 

Statistical methods 

Results from all response variables were summarized as mean ± standard deviation. 
Nonparametric methods (sign test) were used to determine the significance of 
changes relative to control values. Differences yielding p values < 0.05 were con­
sidered statistically significant. 

3.3 Results 

Average (± SD) hemodynamic responses to the three phannacologic stressors used 
in this study are shown in Table 1. Nonparametric methods were used to test for 
significant responses to stressors because of inter-animal variations in control 
measurements (coefficients of variation range from 13 to 50%). These results are 
shown in Table 2. Phenylephrine resulted in: (1) significant increases in peak sys-
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Table 1. Average (± SD) responses to phannacologic stressors (n=8). 

CTRL PE ISO PRO 

HR 146 119 180 113 
(bpm) (±19) (±27) (±24) (±l2) 

PSP 170 245 168 149 
(mmHg) (±28) (±62) (±28) (±39) 

Max Press Grad 6 5 20 4 
(mmHg) (±3) (±3) (±11) (±2) 

DPJDT 2609 3114 8515 1353 
(mmHg/s) (±l232) (±1204) (±3697) (±668) 

VCF 1.8 1.2 6.0 1.2 
(l/s) (±1.1) (±0.8) (±2.8) (±O.6) 

PeakAcc 23.3 17.4 85.5 12.7 
(m/s/s) (±3.7) (±9.2) (±26) (±4.4) 

Peak Vel 60 47 105 52 
(cm/s) (±12) (±l4) (±242) (±14) 

Abbreviations: CTRL = control; PE = phenylephrine; ISO isoproterenol; PRO = 
propranolol; HR = heart rate; PSP = peak systolic blood pressure; Max Press Grad = maxi­
mum systolic pressure gradient; DPJDT = maximum rate of left ventricular pressure rise; 
VCF = velocity of endocardial circumferential shortening; Peak Acc = peak acceleration; 
Peak Vel = peak velocity. 

Table 2. Summary of significant directional responses to phannacologic stressors relative to 
control state (n=8). 

PE ISO BB 

HR(bpm) NC + 
PSP(mmHg) + NC 
Max Press Grad (mmHg) NC + 
DPJDT (mmHg/s) + + 
VCF (l/s) + 
Peak Acc (m/s/s) NC + 
Peak Vel (cm/s) + NC 

Abbreviations: + = Increase; - = Decrease; NC = No Change; Otherwise as in Table 1. 

tolic pressure (8 of 8 animals) and maximum rate of rise in left ventricular pressure 
(7 of 8 animals); (2) significant decreases in velocity of endocardial circumferential 
shortening (8 of 8 animals) and peak velocity (8 of 8 animals); and (3) no sig­
nificant directional changes in heart rate, maximum systolic pressure gradient, or 
peak acceleration. Isoproterenol resulted in: (I) significant increases in heart rate, 
maximum systolic pressure gradient, maximum rate of rise in left ventricular pres­
sure, velocity of endocardial circumferential shortening, peak acceleration, and 
peak velocity (8 of 8 animals for all response variables); and (2) no significant 
directional changes in peak systolic pressure. Propranolol (4 minutes post infusion) 
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resulted in: (1) significant decreases in heart rate, peak systolic pressure, maximum 
systolic pressure gradient, maximum rate of rise in left ventricular pressure, 
velocity of endocardial circumferential shortening, and peak acceleration (8 of 8 
animals for all response variables); and (2) no significant directional change in 
peak velocity. 

Figures 1 through 3 show correlations for absolute changes from control values 
(stress minus control measurements) between early ventricular ejection indices 
(peak acceleration and velocity) and three other measures of systolic ventricular 
performance: (1) maximum rate of rise in left ventricular pressure; (2) maximum 
systolic pressure gradient; and (3) velocity of endocardial circumferential shorten­
ing. Correlation coefficients for the relationships between both peak acceleration 
and peak velocity and each of these measures of systolic ventricular. performance 
were statistically significant. However, the strongest relationships were between 
peak acceleration and (1) maximum rate of rise in left ventricular pressure (dP/dt) 
(r = 0.90 vs 0.73 for peak velocity), (2) maximum systolic pressure gradient 
(r = 0.94 vs 0.69); and (3) velocity of endocardial circumferential shortening 
(r = 0.83 vs 0.72). 

3.4 Discussion 

An association between the timing of peak acceleration and maximum transval­
vular pressure gradient (within the first 50 ms of valve opening) has been shown in 
studies by other investigators [1, 2]. This study demonstrates that maximum 
transvalvular pressure gradients can. be altered by pharmacologic agents 
(particularly beta stimulation with isoproterenol). Furthermore, peak acceleration is 
strongly correlated with changes in maximum transvalvular pressure gradient as 
well as maximum rate of rise in ventricular pressure, and velocities of circumferen­
tial shortening. There was complete concordance with respect to directional 
changes in peak acceleration, maximum transvalvular pressure gradient and heart 
rate for each pharmacologic stressor. Peak acceleration was not significantly 
changed by phenylephrine. This response indicates that peak acceleration is insensi­
tive to increases (up to 50%) in peak systolic pressure, and supports the assertion 
by Murgo et al. [2], that inertia is the major factor governing early pressure and 
flow relationships across the aortic valve. The increase in the rate of rise of 
ventricular pressure with phenylephrine infusion probably reflects the presence of 
intramyocardial alpha receptors in the species, and a resultant positive inotropic 
effect [4]. This effect was not translated into increases in peak acceleration, but 
may have played a role in preventing decreases in peak acceleration with 
phenylephrine induced increases in afterload. 

Alternatively, the associations between peak velocity and other measures of 
ventricular performance were less impressive. In this study, changes in peak 
velocity were unrelated to changes in heart rate, but concordant with changes in 
end-systolic circumference. Peak velocity was sensitive to beta stimulation, but not 
influenced by beta blockade. Clearly, peak blood velocities in the ascending aorta 
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Figure 1. Correlation between absolute changes (stress minus control measurements) in 
maximum rate of rise in left ventricular pressure and (1) peak acceleration (panel A) and (2) 
peak velocity (panel B). Abbreviations: DP/DT = rate of rise in left ventricular pressure; 
Peak Acc = peak acceleration; Peak Vel = peak velocity; n = 8 animals (three measurements 
each); r = correlation coefficient. 
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are influenced by factors other than changes in contractility. As Murgo et al. [2] 
have suggested, peak velocities are probably influenced to some extent by arterial 
compliance and peripheral resistance. Additionally, peak velocities may also be a 
function of ventricular size and shape [5]. 

3.5 Conclusion 

In conclusion, experiments using pharmacologic stressors in a closed chest animal 
model show that acceleration of blood in the ascending aorta is strongly associated 
with changes in the rate of ventricular pressure development, transvalvular pressure 
gradient, and velocity of circumferential shortening. Both acceleration and peak 
velocity are sensitive to beta stimulation. Beta blockade and afterload resulted in 
contrasting effects on these indices. Acceleration is relatively sensitive to beta 
blockade and insensitive to afterload when compared to peak velocity. 
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4. Effects of regional myocardial ischemia on Doppler 
ejection dynamics 

HANI N. SABBAH, and PAUL D. STEIN 
Henry Ford Heart and Vascular Institute, 2799 West Grand Boulevard, 
Detroit, Michigan 48202, U.S.A. 

4.1 Introduction 

Global left ventricular performance evaluated on the basis of peak acceleration of 
blood in the ascending aorta and combined with exercise stress testing may poten­
tially offer a noninvasive modality for detecting coronary artery disease in patients. 
Current clinical noninvasive approaches used in the detection of latent coronary 
artery disease include real time radio nuclide cineangiography [1] and myocardial 
perfusion scintigraphy with 20lthallium [2] both of which can be performed follow­
ing isoproterenol infusion [3] has also been used to detect the presence of coronary 
artery disease, although less frequently. Both exercise stress testing and infusion of 
inotropic agents are maneuvers which increase myocardial oxygen demands 
beyond the capabilities of a stenosed coronary artery to supply adequate blood flow 
and, therefore, lead to regional myocardial ischemia. The presence of a latent coro­
nary artery stenosis, therefore, is identifiable on the basis of a perfusion defect, 
regional left ventricular wall motion abnormality or electrocardiographic changes 
compatible with ischemia. 

Peak acceleration of blood in the ascending aorta has long been considered a 
sensitive indicator of global left ventricular performance [4-7]. Its routine use in 
patients has, over the years, been limited by the need to invasively measure phasic 
aortic blood velocity. Recent advances in Doppler technology, however, have 
overcome this hurdle and now allow a noninvasive measurement of phasic aortic 
blood velocity from which peak acceleration can be derived [8, 9]. In the present 
chapter, we will discuss the results of two animal studies which support the notion 
that Doppler derived ejection indices of global left ventricular performance, specifi­
cally peak blood acceleration, when combined with exercise stress testing, may 
potentially offer another approach for the detection of a latent coronary stenosis in 
patients. 

4.2 Effects of regional ischemia 

When contemplating the use of an index of global left ventricular function during 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 35-44. 
© 1990 Kluwer Academic Publishers. 
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exercise stress testing as an adjunct for the detection of latent coronary artery dis­
ease one must be certain that the selected index is sensitive to the presence of 
regional myocardial ischemia. After all, during such testing, the developing is­
chemia is the identifier of latent coronary artery disease. In the first of the two 
animal studies to be described in this chapter we will examine the effects of 
regional left ventricular ischemia on Doppler ejection dynamics by evaluating the 
relationship between Doppler indices of left ventricular function and the extent of 
ischemic left ventricular mass at risk of infarction [10]. 

Ischemic regions of varying sizes were produced in 24 open-chest anesthetized 
dogs by acute ligation at different levels of the anterior descending coronary artery 
or circumflex coronary artery. To produce large ischemic zones, the proximal 
portion of either the left anterior descending or circumflex coronary artery was 
ligated. For smaller ischemic zones, distal portions or branches of theses vessels 
were ligated. 

Doppler ejection indices of left ventricular function namely, peak velocity, peak 
acceleration and the systolic velocity integral, were measured using a continuous 
wave Doppler transmitter and receiver operating at 3.0 MHz (ExerDop, Quinton 
Instruments Co., Seattle, WA). The Doppler system and its use in laboratory 
animals and in patients has been described in detail [9, 11]. In all dogs, the Doppler 
transducer was placed directly on the surface of the aorta pointing in the direction 
of the aortic valve. Whenever Doppler measurements were made, a minimum of 20 
consecutive sinus beats were obtained and the average values are reported. The 
need for averaging multiple beats is due to beat-to-beat variability often encoun­
tered when Doppler techniques are used to measure phasic aortic velocity [9]. Left 
ventriculograms were obtained in each dog for comparison of the ejection fraction 
with Doppler indices of left ventricular performance. Measurements of Doppler 
indices and ventriculograms were obtained at baseline and were repeated within 
minutes of coronary ligation. 

Left ventricular ischemic mass at risk was quantitated at postmortem in each of 
the 24 dogs. With the appropriate coronary arteries still occluded, the left main 
coronary artery was cannulated and the myocardium was perfused with Evans blue 
dye. Accordingly, the normally perfused myocardium was stained blue and the 
ischemic myocardium was unstained. After removing the right ventricular free 
wall, large epicardial arteries and valvular structures, the left ventricular myocar­
dium was sliced serially into five to seven slices. Blue stained myocardium was 
carefully separated from unstained myocardium and both were weighed separately. 
Ischemic mass at risk of infarction was defined as the anatomic bed of the occluded 
coronary artery and was calculated as the ratio of ischemic mass to total left 
ventricular mass x 100. 

In order to examine the sensitivity of the Doppler indices of left ventricular 
function to varying degrees of ischemia, dogs were divided into three groups ac­
cording to the extent of the left ventricular ischemic mass at risk. Group I consisted 
of·8 dogs in which the ischemic mass was ::;; 20% of total left ventricular mass. 
Group II consited of 8 dogs in which the ischemic mass was 21 % to 40% of total 
left ventricular mass. Group III also consisted of 8 dogs in which the ischemic mass 
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Figure 1. Bar graphs depicting the mean and standard deviation of measured values of 
ejection fraction (upper left), peak acceleration (upper right), peak velocity (bottom left), and 
the systolic velocity integral (SVI) (bottom right). Values are shown during baseline condi­
tions (open bars) and during coronary ligation (filled bars) in all three groups of dogs divided 
according to the extent of left ventricular ischemic mass at risk. Probability values represent 
paired comparisons between baseline and coronary ligation for each group. NS = not sig­
nificant. 

was> 40% of total left ventricular mass. 
The measured values of the various Doppler indices and of left ventricular ejec­

tion fraction during baseline conditions and following coronary ligation are shown 
in Figure 1 for each of the 3 groups. Among dogs with an ischemic mass::;; 20%, 
none of the Doppler indices, including peak acceleration, nor left ventricular ejec­
tion fraction changed significantly in response to this limited ischemic insult. In 
dogs with an ischemic mass between 21 % and 40% of total left ventricular mass, 
however, both peak acceleration and ejection fraction decreased significantly. In 
this group, the reduction of peak velocity, was only borderline significant and there 
was no significant reduction of the systolic velocity integral. Dogs with an ischemic 
mass > 40% showed the greatest reduction of peak acceleration, peak velocity and 
ejection fraction following coronary ligation in comparison to baseline. In this 
group, the systolic velocity integral also decreased significantly. The percent reduc-
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tion of peak velocity, peak acceleration, systolic velocity integral and ejection 
fraction between baseline measurements and measurements obtained during coro­
nary ligation are shown in Figure 2 for all three groups. 
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Figure 2. Bar graphs depicting the mean and standard deviation of the percent change be­
tween baseline and coronary ligation of ejection fraction (EF) (upper left), peak acceleration 
(pacc) (upper right), peak velocity (Pvel) (bottom left) and the systolic velocity integral 
(SVI) (bottom right). In each panel, bars are shown individually for each of the three groups 
of dogs divided according to the extent of left ventricular ischemic mass at risk. 

Correlation between the percent reduction of the various Doppler indices of left 
ventricular performance and the percent ischemic mass at risk are shown in Figure 
3. The percent change of peak acceleration correlated best with the percent is­
chemic mass at risk (r = 0.88). It was followed by ejection fraction (r = 0.84), 
systolic velocity integral (r = 0.80) and peak velocity (r = 0.77). 

The above observations suggest that among the Doppler ejection indices of left 
yentricular performance peak acceleration is the most sensitive to the presence of 
regional ischemia and can reflect the extent of left ventricular ischemic mass at 
risk. This, however, is not without a caveat. None of the Doppler indices nor the 
ejection fraction were capable of detecting ischemic dysfunction associated with a 
S; 20% ischemic mass at risk. This is likely to be due to adequate compensation by 
the normally perfused myocardium. 



39 

20,-----------------------~ 

• • 
Y=-0.95X+7.7 
r=O.BB 

OJ O+-~~------------------~ 

t:: , 
u • 
u • 
o 

0.. -60 

-BO+-----+-----1------r----4 
BO 0 20 40 60 80 

20~----------------------~ 

• :- Y=-0.63X+1B.9 

• • r=O.BO 

• • -. • • • 
• .. 
• • 

-BO+-----+-----1------r----~ -BO+-----+-----1---·---r----~ 

o 20 40 60 BO o 20 40 60. BO 
ISCHEMIC MASS AT RISK (%) ISCHEMIC MASS AT RISK (%) 

Figure 3. Relationship between the percent change of ejection fraction (EF) (upper left), 
peak acceleration (Pace) (upper right), peak Velocity (p~el) (bottom left) and systolic 
velocity integral (SVI) (bottom right) and left ventricular ischemic mass at risk. r = correla­
tion coefficient. Reproduced in part from H.N. Sabbah et al. [10] with permission. 

4.3 Detection of critical coronary stenosis 

The sensitivity of peak aortic blood acceleration to the presence of acute regional 
ischemia and its relation to ischemic mass at risk provided the necessary foundation 
needed for examining its potential use in detecting ischemic dysfunction caused by 
the presence of a critical coronary stenosis. Such dysfunction is not present at rest, 
but occurs under conditions which increase myocardial oxygen demands. Doppler 
indices of left ventricular function, including peak acceleration, were evaluted in 20 
open-chest anesthetized dogs in which a critical coronary artery stenosis was in­
duced in either the left anterior descending or circumflex coronary artery [12]. As 
with the previous study, Doppler parameters were measured with a continuous 
wave Doppler velocimeter (ExerDop) with the transducer placed directly over the 
surface of the ascending aorta in the direction of the aortic valve. Peak rate of 
change of pressure during isovolumic contraction, dP/dt, was also measured for 
comparison with Doppler ejection indices. 
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Figure 4. Top: reactive hyperemic response following 10 sec occlusion of the left anterior 
descending coronary artery in the absence of a stenosis. Bottom: response in the presence of 
a critical coronary stenosis. ECG = lead II of the electrocardiogram. LV dP/dt = left 
ventricular isovolumic rate of change of pressure. Ao = aortic pressure and LV = left 
ventricular pressure. Reproduced from R.N. Sabbah et al. [12] with permission. 

In this series of animals, a critical coronary stenosis was defined as the degree of 
coronary narrowing that eliminates reactive hyperemic flow at rest [13, 14], To 
create the stenosis, a snare was placed on the proximal portion of either the left 
anterior descending (10 dogs) or circumflex coronary artery (10 dogs). The snare 
was progressively tightened until the reactive hyperemic response, after a 10 
second coronary occlusion, was essentially abolished indicating depletion of coro-
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nary vasodilatory reserve [13]. Coronary blood flow velocity was measured with a 
single crystal Doppler flow velocity probe placed proximal to the site of stenosis 
[12, 15]. A typical record of mean coronary flow velocity during reactive hyper­
emia in the absence and presence of a critical coronary stenosis is shown in 
Figure 4. 

At the completion of the surgical procedure and prior to inducing a critical coro­
nary stenosis, Doppler indices were evaluated at rest and again following in­
travenous infusion of isoproterenol. The infusion rate of isoproterenol was adjusted 
in each dog to achieve approximately a 50% increase of heart rate. Both the 
baseline measurements and the isoproterenol infusion were repeated in each dog, in 
an identical fashion, after inducing a critical coronary stenosis. The use of 
isoproterenol in these animals is not intended to advocate its use in patients. Con­
traindications for the use of isoproterenol in patients with coronary artery disease 
have been fully elucidated. Instead, isoproterenol was used only to illustrate the 
effect on global left ventricular performance of an intervention which increases 
myocardial oxygen requirements in the presence of a critical coronary artery 
stenosis. 

Table 1. Hemodynamics at rest and during isoproterenol stimulation in the presence and 
absence of a critical coronary stenosis. 

No stenosis Critical stenosis 
Rest Isop Rest Isop 

Heart rate 97±28 152 ± 30 101 ± 32 154±31 
(beat/min) 

Systolic pressure 120± 14 11O±17 121 ± 14 106±20 
(mmHg) 

Diastolic pressure 90± 15 75 ± 19 94± 14 72±22 
(mm Hg) 

Peak/dP/dt 2600 ± 600 4400± 1200 2700 ± 700 3500± 1200 
(mm Hg/sec) P < om P< 0.01 

Peak velocity 1.18±0.19 1.63 ±0.27 1.17 ±0.20 1.45 ±0.30 
(m/sec) P< 0.001 P<O.OOl 

Peak acceleration 45 ± 11 78± 14 46± 10 64± 12 
(m/sec/sec) P <0.001 P< 0.001 

Systolic velocity 12.3 ±2.9 11.3±2.7 12.9 ±2.5 1l.4±3.5 
integral (cm) 

Isop = isoproterenol. 

The hemodynamics at rest and during stimulation with isoproterenol in the ab­
sence of a coronary stenosis are shown in Table 1. Peak acceleration during 
isoproterenol increased by 33 ± 11 m/sec/sec which was significantly higher than 
during resting conditions. Both peak velocity and peak left ventricular dP/dt also 
increased during isoproterenol but the systolic velocity integral remained relatively 
unchanged. The percent increase of the various Doppler parameters and of dP/dt 
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between rest and isoproterenol are shown in Figure 5. 
The hemodynamics at rest and during stimulation with isoproterenol in the 

presence of a critical coronary stenosis are also shown in Table 1. In the presence 
of a critical coronary stenosis, peak acceleration during isoproterenol increased 
only 18 ± 7 m/sec/sec. Even though this increase was significantly higher than 
resting conditions it was markedly diminished in comparison to the increase ob­
served in the absence of a coronary stenosis. This behavior was also true with 
respect to peak velocity and left ventricular dP/dt. The percent increase of the 
various Doppler indices and of dP/dt between rest and isoproterenol in the presence 
of a critical coronary stenosis are also depicted in Figure 5. 
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Figure 5. Bar graph depicting the mean and standard deviation of the percent change be­
tween rest measurements and isoproterenol measurements of peak dP/dt, peak acceleration 
(pacc), peak velocity (Pvel) and systolic velocity integral (SVD. Bars depict changes which 
occurred in the absence of a coronary stenosis (open bars) and in the presence of a critical 
coronary stenosis (filled bars). Probabilities are based on paired comparisons between 
stenosis and no stenosis conditions for each of the functional indices. 

The observations made in the two animal studies described in this chapter sug­
gest that among the various Doppler indices of global left ventricular performance, 
peak acceleration of blood in the ascending aorta is the most sensitive indicator of 
regional myocardial ischemia. This is true provided the left ventricular ischemic 
¥lass is sufficiently large to mask the compensatory response of the residual nor­
mally perfused myocardium. With this in mind, the observations also indicate that 
peak acceleration can be useful in detecting regional ischemia caused by the 
presence of a critical coronary stenosis during conditions which increase myocar­
dial oxygen requirements. In this setting, peak acceleration of blood in the ascend­
ing aorta reflects the presence of a critical coronary stenosis by identifying a rela­
tive impairment of global left ventricular performance between rest and simulated 
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exercise rather than an overt reduction of function. Specifically, peak acceleration 
and other global indices of left ventricular function, in the presence of a critical 
coronary stenosis, fail to increase to levels reached in the absence of a coronary 
stenosis. The results overall lend support to the notion that Doppler ejection in­
dices, specially peak acceleration, when measured during graded treadmill exercise 
testing, can be useful as an adjunct to the diagnosis of latent coronary artery disease 
inman. 
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5. Practical considerations in Doppler stress testing 

STEVE M. TEAGUE 
Noninvasive Laboratory, MetroHealth Medical Center, 
3395 Scranton Road, Cleveland, Ohio, 44109, U.S.A. 

5.1 Introduction 

Although other chapters detail the scientific and clinical basis for Doppler stress 
testing, this book would be less effective if practical aspects were not discussed. It 
is the purpose of this chapter to orient the beginner to equipment, stress testing 
protocols, details of patient study, discrimination of good and bad data, and data 
analysis. With these issues in mind, it should be possible for novices to confidently 
approach patients in the stress testing laboratory. 

5.2 Equipment considerations for suprasternal examinations 

Equipment designed for the echocardiography laboratory is usable for Doppler 
stress testing, but poorly suited for that task. Probes must be specially angled for fit 
and position in the suprasternal notch, and the analysis of data so acquired should 
be automated to relieve the drudgery of data reduction. Many of the features of 
traditional clinical echocardiographic equipment are not utilized during Doppler 
stress testing, while many sorely needed features are missing. To fill this niche, 
Exerdop (Quinton Instruments, Seattle, W A) was developed. This is the instrument 
employed in most of the studies reported in this book. 

As illustrated in Figure 1, sonication of the upper mediastinum from the supras­
ternal notch returns signals from the ascending aorta, and often the innominate 
artery [1,2]. This window has the advantage of minimizing the Doppler angle, 
realized as cosine theta in the Doppler equation. This angle must be as small as 
possible to reduce errors in velocity assessments from the ascending aorta. In most 
humans, this solid angle is ± 20% from the suprasternal notch, affording confidence 
in the measurement (Figure 2) [3]. However, subjects with kyphosis, extensive 
emphysema, or an uncoiled, aged aorta may present higher angles of approach, 
resulting in thetas of 30 degrees or greater. Although nothing can be done in these 
cases to alter the velocity or acceleration measurements thus acquired and scaled by 
cosine theta, analytical schemes can be devised to diminish or neutralize the effects 
of angle. Recently, novel Doppler techniques have been introduced to overcome the 
effects of Doppler angle during cardiac output determinations [4,5,6]. 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 45-59. 
© 1990 Kluwer Academic Publishers. 
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Figure 1. Interaction of Doppler ultrasound from the suprasternal notch with ascending 
aortic blood flow. A Doppler transducer (A) interrogates blood ejected from the left ventricle 
(B). The frequency of the reflected ultrasound is determined by the Doppler equation (D). 
Doppler instrumentation (C) calculates the difference between transmitted and received 
signals, and displays this information as forward (F) or reverse (R) flow velocity in a v ideo 
display (E) or stereo speakers. Doppler acceleration, peak velocity, and stroke distance are 
derived from the systolic ejection pulse. 

One can be confident in ascending aortic sonication if aortic valve opening and 
closure clicks are appreciated in either the acoustical or video graphic display. 
However, an aortic valve opening click early in systole can easily 'fool' the maxi­
mal acceleration detecting circuitry in an exercise Doppler instrument, so the beam 
should be positioned slightly off axis from the aortic valve. 

We should examine whether pulsed wave or continuous wave Doppler would be 
optimal for Doppler stress testing. Suprasternal pulsed wave Doppler assessments 
of ascending aortic flow would have the advantage of predictable sample volume 
depth within the mediastinum, lending reasonable assurance that data were col­
lected from the ascending aorta rather than the innominate artery [7, 8]. On the 
other hand, sample volumes are difficult to position consistenly during the adverse 
conditions presented by exercise studies. Most allow that continuous wave Dop­
pler, which reports all velocity information within the sonication path, offers a 
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reasonable trade-off between ease of data acquisition and uncertainty of data sam­
pling site. Data are available suggesting that velocities within proximal thoracic 
arteries are similar to ascending aortic flow velocity during perturbations of in­
otropic state, however [9]. 
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Figure 2. The relationship of velocity estimation errors, plotted as a percentage, against tfie 
Doppler angle, theta, as it varies from 0 to 90 degrees. Doppler angles ± 30° result in less 
than 10% errors. 

Most equipment dedicated to stress Doppler echocardiography rely upon 3 to 3.5 
mHz transducers. Data display is important. All echocardiographic equipment 
allow direct appreciation of Doppler shift information in acoustic speakers register­
ing Doppler shifts in forward and reverse directions. Most experienced Doppler 
echocardiographers come to rely upon the acoustic information primarily, as the ear 
is exquisitely sensitive to data quality, velocity, and transient events. Certainly 
most beginners would desire some form of graphical display, affording visual 
appreciation of data quality and integrity. However, video display adds to the ex­
pense of the equipment, and once the beginner is beyond the novice stage aural 
means will be naturally used to evaluate data quality. 

Instruments must have analytical functions automating the analysis of acquired 
Doppler data, returning parameters such as peak ejection velocity, maximal or 
average acceleration, and systolic velocity integral as well as the systolic time 
intervals (Figure 3). Considering the minutes of continuous data acquired during 
stress testing, and the tachycardias almost always evoked, a stress Doppler study 
can easily generate 1,000 to 5,000 beats for analysis. If this step is not automated, 
one quickly looses interest in this method of ventricular performance evaluation. 
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Figure 3. Detail on the systolic Doppler ejection pulse with respect to the electrocardiogram. 
The preejection period (PEP), the acceleration time (TIP), and the total left ventricular 
ejection time (L VET), can be measured. From deflection measurements, maximal accelera­
tion (MA) can be estimated as the maximal rate of change of the upstroke, while 'peak 
velocity' is calculated variously as maximal observable velocity (peak); the modal velocity 
in the population distribution (mode); or the mean velocity (mean) calculated over the instan­
taneous spectrum (not shown). The systolic velocity integral (SVI) is the area bounded by 
the ejection pulse. 

5.3 Patient selection 

Optimally, patients would not need selection for Doppler echocardiographic 
studies, as the study should apply to everyone entering the stress testing laboratory. 
As equipment and approaches improve, we may be able to eliminate the 5 to 8% of 
studies in which signals can not be acquired from the suprasternal notch. Solutions 
may include acquisition of ventricular performance data from the common carotid 
artery, a brachial artery, descending aorta (using esophageal probes), ' or even 
(utilizing transcranial Doppler ultrasound) a cerebral artery. However, one must 
anticipate failure in a finite number of suprasternal examinations, usually at­
tributable to aortic valve disease, obesity, emphysema, unusual body habitus, 
mediastinal shift, short neck, or previous anterior cervical surgery. It is unusual that 
patients with adequate data acquisition at rest become impossible to study during 
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exercise if the examiner has prior experience at data acquisition during exercise. 

5.4 Stress test protocols 

Most cardiac stress testing involves exercise, and these studies represent the bulk of 
clinical evaluations of stress Doppler echocardiography reported in this book. 
Studies can be performed during graded treadmill exercise, or during graded 
bicycle exercise in upright or supine postures. For beginners, probably the easiest 
studies are performed upon seated bicycling patients, while the most difficult 
studies are during upright exericse on the treadmill. 

Certainly, not all patients suspected of cardiac disease are suitable candidates for 
exercise stress testing. Orthopedic limitations, pulmonary insufficiency, advance 
peripheral vascular disease, neuropathy, or neurologic degeneration may make 
exercise impossible or futile. For these patients, pharmacologic testing protocols 
must be selected to induce cardiac stresses (Chapter 13). Appropriate stressors 
would include intervenous isoproterenol, epinephrine, dipyridamole, and 
dobutamine. Most of these agents reduce peripheral vascular resistance, elevate 
heart rate, and augment inotropic state, thus mimicking the physiologic effects of 
exercise [10, 11, 12]. 

5.5 Probes and positioning 

Adequate ultrasonic probes for Doppler stress testing from the suprasternal notch 
include long handles for easy manipulation, with angulation between the handles 
and transducer elements for comfortable positioning towards the ascending aorta. 
In turn, the equipment should incorporate a recording switch for easy data acquisi­
tion during the stress testing. A switch may be incorporated in the probe, or reside 
below the sonographer's foot. Trying to acquire data and reach the recording switch 
on an ultrasonic machine with a free hand can be a frustrating and fatiguing ex­
perience. 

For stable and reproducible data acquisition from an exercising subject the probe 
must be held properly. As seen in Figure 4, we hold the probe like a pencil and rest 
the palm of the hand on the exercising patient's sternum. This configuration allows 
easy sonication of the ascending aorta while the subject bobs and weaves during 
treadmill exercise. Stable positioning of the palm against the patient is particularly 
important at the higher levels of treadmill exercise. It may be advantageous to 
apply pressure with the palm of the examining hand against the patient's sternum to 
help stabilize the probe as the patient approaches jogging on the treadmill. 

The Doppler information is optimized by sweeping the probe through multiple 
arcs and planes in the suprasternal notch. The probe is steered right and left, for­
ward and backward, and in circles to maximize the power or signal size appreciated 
in the speakers and video displays, or data values appearing on the digital printout. 
Data should be acquired prestress, at each stage of stress testing, and at least for the 
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first few minutes of the recovery phase. It is necessary to minimize operator fatigue 
by alternating rest with repeated applications of the transducer during the last I to 
11/2 minutes of exercise in each 3 minute stress stage. For data integrity, these 
repeated applications must result in similar angles of approach to the same flow 
region. Experience, concentration, and a sharp ear are necessary to correctly orient 
the transducer during successive applications. 

Figure 4. We have found it most practical to hold a suprasternal Doppler probe like a pencil, 
resting in the palm of the hand on the patient's sternum. This stabilizes the probe during 
bobbing and weaving induced by treadmill or bicycle exercise. 

The sonographer attends the exercising subject very closely, standing beside the 
treadmill or the bicycle apparatus. As illustrated in Figure 5, we usually find it 
easiest to approach the patient opposite the electrocardiographic recording ap­
paratus and monitoring technician. This allows the exercise technologist to record 
blood pressure and stress electrocardiograms unimpeded while exercise Doppler 
data are acquired. During supine bicycle exercise, we have found it easiest to posi­
tion the examining sonographer above the patient's head, exerting downward pres­
"sure on the transducer with the thumb. 

5.6 Performance testing 

As previously mentioned, data should be acquired at rest in the exercise posture, 
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during each stage of exercise, at peak exercise, and at successive minutes for at 
least two minutes into the recovery phase. Collecting data in the last 1 to 1/2 

minutes of each stage assures that the patient has reached physiologic equilibrium 
at the new stress level, and that data will be representative of that cardiac workload. 

Figure 5. The Stress Testing Laboratory. The sonographer stands on the opposite side of the 
treadmill so that electrocardiographic, blood pressure, and Doppler data can be acquired in a 
noncompetitive fashion. Adequate space must be afforded this examination. 

To assure an adequate database for subsequent analysis, high quality data must 
be obtained. We usually insist on 14 to 20 adequate beats during each recording, 
and optimally these beats will be sequential. Sequential acceptable beats assure that 
physiologic fluctuations attributable to respiration will be averaged over the record­
ing session. If data are corrupted by noise or difficult conditions, one must per­
severe to get 14 or 15 adequate beats. 

Adequacy, in tum, must be determined by the quality of the individual pulses, 
interpulse measurement variation, and standard deviation or variance of data ac­
quired during a single recording (Figure 6). Exerdop incorporates a variance algo­
rithm, such that data lying outside ± 20% of the running mean are automatically 
excluded from subsequent analysis. If calculating data by hand, this mean and 
variance calculation should be performed for each record to identify acceptable 
data. 

The most important data are acquired at rest, at peak exercise, and in earliest 
recovery. The data between rest and peak exercise determine the degree of augmen-
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tation in Doppler ejection dynamics under the stress load. In tum, data acquired 
during earliest recovery corroborate those data acquired at peak exercise, as the 
values should be similar. If marked discrepancies (50% variation) are observed 
between peak and early recovery, the data obtained at peak exercise must be 
doubted. 
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Figure 6. Illustration of analog and digital estimates of 'Good' and 'Marginal' Doppler data" 
Good data are consistent, have strong signals, and similar digital measurements from beat-to­
beat. Few data are excluded from the running average. Marginal data are inconsistent, vari­
able from beat-to-beat, and have fluctuating signal-to-noise levels. Subsequent digital 
analysis excludes many beats or rejects many signals with insufficient signal strength. 

There are reasons to prefer data obtained during exercise to data obtained during 
recovery. Exercise physiology includes vasodilation, augmented venous return, 
increased preload, and increased respiratory excursion. In recovery, muscular 
pumping activity ceases and venous return is no longer augmented, dropping 
preload, afterload, and the resultant level of cardiac stress. For diagnostic studies, 
we have thus relied on data obtained at peak exercise, and have used recovery data 
only to corroborate and validate the accuracy of peak exercise recordings. We have 
also observed that Doppler ejection values decrease dramatically during the first 
11/2 minutes following exercise, so that the time of acquisition in recovery is a very 
important variable. 
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5.7 Data reduction and analysis 

During a stress Doppler test, a host of variables are recorded. From time domain 
Doppler analysis, principally maximal acceleration, peak velocity, and systolic 
velocity integral are obtained. Heart rate, blood pressure, and stress electrocar­
diographic ST segment data are also acquired. Contained in the Doppler record, but 
of lesser interest are the systolic time intervals (preejection period and left 
ventricular ejection time) afforded by simultaneous electrocardiographic and Dop­
pler monitoring, and the acceleration time, which is the time from the onset of 
ejection to the achievement of peak velocity. These measurements are illustrated in 
Figure 3. 

Both velocity and acceleration are variably measured among instruments and 
investigators. It must be emphasized that Doppler information is a composite of 
reflections from a population of red cells all moving with slightly different 
velocities. So ejection velocity, rather than being a single numerical value at any 
instant in time, is actually a population density function, moving and changing 
within systole. The bulk of reflecting red cells possess mean velocity, while the 
fastest moving red cells may be two standard deviations above the mean, and the 
slowest ones two standard deviations below the mean. Some investigators have 
reported peak velocity as the highest detectable velocities in the ejection pulse, thus 
describing ventricular performance on the basis of the velocities of only a small 
fraction of the red cells in the ejected blood. However, most investigators have 
realized that mean or modal velocity is more representative of the greatest number 
of moving red cells (60-70%), and so lower values have been quoted. The reader 
must be aware of this problem when interpreting published Doppler data. 

In tum, acceleration may be measured as a maximal value or an average value. 
Although the upstroke of the Doppler ejection profile is nonlinear, average accelera­
tion is usually measured linearly between the onset of ejection and achievement of 
peak velocity. One approach to average acceleration is to merely divide peak 
velocity by acceleration time, determining the value by triangulation. More sophisti­
cated approaches rely upon electronic derivation to find the maximal first time 
derivative of the modal velocity curve, thus determining maximal acceleration. In 
all cases acceleration is derived rather than directly measured. 

Recent theoretical analysis has illustrated that the shape of the ejection pulse 
contains information only partially described by peak velocity, maximal accelera­
tion and systolic velocity integral measurements (Chapter 19). Until clinical valida­
tion of shape analysis can be achieved, time domain measurements will be relied 
upon for diagnostic merit. 

Most evaluators of Doppler ultrasound during stress testing have identified 
maximal acceleration as the index most sensitive to variations in ventricular perfor­
mance during stress exposure [13-16]. Variably, peak velocity and systolic velocity 
integral have fallen into second and third place for diagnostic merit. However, the 
order of second and third place may depend heavily on the disease state being 
studied and the specific type of stress applied. 
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5.8 Stress variables 

Although interest has been shown in defining the most sensitive and diagnostic 
Doppler ejection variable, opinion remains divided regarding the independent 
variable that should be chosen to gage the level of cardiac stress. The importance of 
the independent variable, or quantification of level of stress, is paramount. 

The study of cardiac function through Doppler ejection dynamics is an assess­
ment of a physiologic functional element (the heart) through evaluation of output 
data. To correctly describe the performance of any organ or system, descriptors of 
input and output variables such as left ventricular filling pressure, inotropic state, 
and afterload are necessary. In the exercise laboratory most of these parameters are 
not obtainable easily or nonivasively. 

INPUT OUTPUT 

) 
BLACK BOX 

Good 

OUTPUT 
Poor 

INPUT 
Figure 7. The perfonnance of any physiologic system can be evaluated by comparing the 
'input with the output, even though the functions of the system remain a 'black box'. Good 
perfonnance results in high output for low input values, while poor system perfonnance has 
a much flatter relationship between output and increasing input. 

We can conceptualize the heart as a 'black box', where we know the output by 
our Doppler measurements, but only partially know the input (Figure 7). Ul-
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timately, the goal of a Doppler stress test is to compare the changes in the output to 
the changes in the input, thereby classifying cardiac performance as 'good' or 
'bad'. If the input variable can not be quantified, then the stress performance of the 
'black box' can not be ascertained. The input variable should define the level of 
physical stress applied to the left ventricle. Most investigators have simply graded 
the level of stress as 'rest' and 'peak'; however, this qualitative description does 
not serve well as an independent variable, which should be quantitative. Other 
investigators have taken steps toward quantification by grading the applied 
workload in watts, KPM, or treadmill exercise stage. Due to variation in patient 
body habitus, age, body surface area, conditioning, and specific exercise protocol 
chosen, this again remains a rough and only semiqualitative independent variable 
against which to judge Doppler stress response. 

We have evaluated a number of numerical independent variables possessing 
physiologic rationale as input variables. We have evaluated changes in the heart 
rate between rest and peak stress, changes in systolic and diastolic blood pressure, 
and changes in heart rate x systolic blood pressure product. The physiologic bases 
for these choices owe to the experimentally linear relationship between heart rate 
and coronary blood flow [17, 18], the linear relationship between myocardial 
oxygen demand and double product [19, 20], and the linear relationship between 
myocardial oxygen demand and heart rate [21, 22]. We have contrasted Doppler 
stress responses in patients with variable coronary disease extent against augmenta­
tion of heart rate during various exercise and pharmacologic stresses [12, 14,23]. 

5.9 Thresholds and reference standards 

It is our consistent observation that in normal individuals (and most coronary 
patients) peak velocity and maximal acceleration change linearly with increments 
in stress heart rate. Stress responses may be characterized as slopes by plotting the 
change in Doppler maximal acceleration or peak velocity against the change in 
heart rate from rest to peak tolerated exercise [23]. This analysis returns a single 
number (slope) to characterize the response of myocardial contractile performance 
to incrementally increasing stress (Figures 8, 9). The responses of patients with 
coronary disease show slope values in inverse proportion to anatomic disease ex­
tent and physiologic functional impairment under stress. In severe coronary dis­
ease, slope values may be negative. We have suggested thresholds based upon 
slope measurements for both maximal acceleration and peak velocity to dis­
criminate patients with coronary disease from those with insignificant or no coro­
nary disease [14, 23]. Other investigators have observed changes in Doppler ejec­
tion dynamical variables between rest and peak exertion in patients with and 
without coronary disease with similar results [13, 16,24-27]. 

However, a binary decision threshold must be chosen for calculation of the 
sensitivity and specificity of the Doppler test profile against the reference standard. 
In our laboratory, that reference standard has always been the coronary angiogram; 
however, creditable laboratories have compared Doppler stress responses against 
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stress thallium scintigraphy, or stress radionuc1ide angiography for the detection of 
coronary artery disease (Chapters 7, 9). In studies to date, binary decision 
thresholds for Doppler stress responses have returned specificity and sensitivity 
superior to that of electrocardiographic testing, but inferior to the results of thallium 
scintitraphy. 
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Figure 8. The relationship of peak ejection velocity to heart rate during treadmill exercise as 
measured from the suprastemal notch in 34 subjects with normal coronary angiograms. 
Notice the quasilinear relationship between peak ejection velocity and heart rate. 

Recently, we took the posture that there was no reason to ignore the stress 
electrocardiographic information nominally obtained during Doppler stress testing. 
We combined the degree of ST segment depression recorded during exercise with 
the degree of Doppler ejection augmentation during the exercise stress. A quotient 
was formed with the change in Doppler maximal acceleration (MA) from rest to 
peak exertion as the numerator divided by the maximal ST segment depression 
recorded during exercise as the denominator. A low index returned from a stress 
.testing procedure would imply poor augmentation of ejection dynamics and/or 
development of significant ST segment depression, while an excellent augmenta­
tion of Doppler maximal acceleration without ST segment depression would return 
a high index. In 135 male patients undergoing coronary angiography and treadmill 
exercise, we found a MA/ST index decision threshold of 17 m/s/s/mm highly sensi­
tive (0.91) and specific (0.94) for coronary disease. Further work will be required 
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to validate this analytical approach during phannacologic stress testing and during 
exercise testing of females with coronary artery disease. 

>-
I--
U 
0 
-..J 
W 
> 
::::.:::: 
<t 
W 
0... 

180 

164 

148 

132 

U 
116 

LLJ 

~'oo 
:;:;; 
u 

84 

68 

52 

36 

20 

...... , .. 

60 80 100 120 140 160 180 200 220 
HEART RATE 

Figure 9. Twenty-eight coronary patients underwent treadmill exercise under a protocol 
identical to that described in Figure 6. Notice the flat trajectory between peak velocity and 
heart rate in these individuals with an angiographic average of 2.1 ± 0.9 stenosed proximal 
coronary arteries. 

5.10 Summary 

With proper equipment, appropriate probe maneuvers, and methods of data 
analysis, Doppler stress testing affords an excellent, inexpensive, noninvasive 
means for the evaluation of ventricular stress responses and the identification of 
patients with coronary disease. This chapter has addressed practical and procedural 
issues necessary for a successful study. It should be possible to reproduce the clini­
cal results reported in other chapters of this book if these issues are kept in mind. 
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6. Effects of age and gender upon Doppler stress 
measurements at rest and during exercise in 
normal subjects 
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101 City Drive South, University of California, Irvine, California, 72668-3297, U.S.A. 

As Doppler echocardiography becomes more popular as a non-invasive tool to 
assess left ventricular function, the need to develop a body of normal reference 
measurements becomes more important. In particular, it is crucial to define the 
effects on Doppler measurements of variables such as age, gender, body surface 
area, heart rate, loading conditions and contractility. For example, using M-mode 
echocardiography, investigators have previously demonstrated [1-4] a relationship 
between both age and body surface area and measurements of left ventricular, left 
atrial and aortic root dimensions, and left ventricular wall thickness. Body surface 
area, of course, has a close relationship to gender, males usually having larger body 
surface areas than females. Heart rate and loading conditions have also been docu­
mented to be related to cardiac chamber dimensions [5]. The purpose of this chap­
ter is to assess in normal subjects the relationships, during both rest and exercise, 
between Doppler systolic flow velocity measurements and age, gender, and body 
surface area. 

6.1 Doppler flow velocity measurements in the aorta and pulmonary artery at 
rest 

To try to assess the impact of age, gender and body surface area on normal resting 
Doppler aortic and pulmonary measurements, Gardin et al. [6] evaluated 97 adults, 
ages 21-78 years, who had no history of hypertension or heart disease. Forty-five 
were men and fifty-two were women. All subjects had a normal chest x-ray, 
electrocardiogram, and M-mode and two-dimensional echocardiograms. 

Doppler studies at rest were performed using an ultrasound instrument combin­
ing a mechanical sector scanner for two-dimensional imaging, with a spectrum 
analyzer-based pulsed Doppler velocimeter [7-10] for blood flow velocity record­
ing. In both the ascending aorta and main pulmonary artery, a sample volume of 
approximately 10 millimeters in axial extent was used to record flow velocity. 
Ascending aortic flow velocity recordings were performed using a 2.25 MHZ 
modified right-angle M-mode transducer positioned in the suprasternal notch. At 
each sample volume depth, the transducer was angulated until the maximum aortic 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 61-78. 
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flow velocity was recorded [7, 8, 10]. Doppler flow velocity was recorded in the 
proximal main pulmonary artery utilizing the two-dimensional parasternal short­
axis echocardiographic image at the level of the great arteries to position the 
sample volume parallel to the presumed long-axis of pulmonary blood flow. In 
addition, the transducer was angulated to insure that maximum P A flow velocity 
was recorded. In both the aorta and the pulmonary artery, beats used for analysis in 
each subject were those that demonstrated the greatest Doppler peak flow velocity, 
since this assumes that ultrasound beam is nearly parallel to the long axis of blood 
flow [11]. 

Aorta PA 

150cm/s 
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50 

,~ ET 

•• o 
500ms 
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Figure 1. Doppler aortic and pulmonary artery flow velocity recordings from a normal 
subject. Measurements made in both great arteries included peak flow velocity (PFV) in 
cm/sec, ejection time (ET) in msec, acceleration time (AT) in msec, and average acceleration 
(AA) in cm/sec2 (calculated by dividing PFV by AT). In addition, the aortic flow velocity 
integral, or area under the aortic flow velocity curve, was estimated. (See text for details.) 
(Reprinted from: Gardin JM, Burns CS, Childs WJ, Henry WL. Evaluation blood flow 
velocity in the ascending aorta and pulmonary artery of normal subjects by Doppler echocar­
diography. Am Heart J 1984; 107:310-319.) 

Figure 1 demonstrates the method for making Doppler measurements from aortic 
and pulmonary artery flow velocity recordings in a normal subject [10]. Doppler 
flow velocity in centimeters per second is displayed on the vertical axis and time in 
seconds on the horizontal axis. 
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Table 1. Age, gender distribution, heart rate, and body surface area in adult nonnal subjects. 

No. of subjects HR BSA 

Group Age Men Women Men Women Men Women 
decade 

I 21-30 13 5 58± 10 62±9 1.9 ±0.1 1.7±0.1 
II 31-40 6 6 64± 10 66±9 1.9 ±0.2 1.9 ±0.2 
III 41-50 8 10 64± 13 61 ± 11 12.1 ±0.2 1.7 ±0.2 
IV 51-60 10 17 69± 15 67± 12 1.9 ±0.2 1.7±0.1 
V 61-70 7 13 71 ±7 70±9 2.0±0.1 1.7 ±0.1 

44 51 65± 11 66± 10 2.0 ± 0.2 1.7 ± 0.2 
(total) (total) (mean ± SD) (mean ± SD) (mean ± SD) (mean ± SD) 

HR = heart rate; BSA = body surface area. 

Table 2. Relationship of age to aortic flow velocity measurements in adult nonnal popula-
tion. 

PFV PFV corr ET ETcorr FYI FYI corr 
Group Age (yr) (cm/sec) (cm/sec) (msec) (msec) (cm) (em) 

n 80 80 83 82 79 80 
I 21-30 93 ± 11 92± 14 297 ± 19 293 ±22 13.8 ± 2.1 13.7 ±2.2 
II 31-40 87± 14 91 ± 18 304±20 315±24 13.1 ±2.2 13.7±2.7 
III 41-50 78 ± 17 81 ±20 315 ±37 324±38 12.3 ± 3.0 12.7 ±3.1 
IV 51-60 80± 13 85 ± 15 313 ±32 326±23 12.7 ±2.5 13.2 ± 2.3 
V 61-70 65 ± 12 71 ± 13 296±43 321 ±46 9.5 ±2.3 1O.4±2.5 

FYI AT ATcorr AA AA corr 
Group Age (yr) Actual (cm) (msec) (msec) (cm/sec2) (cm/sec2) 

n 79 82 80 78 77 
I 21-30 15.8 ±2.4 100± 10 99 ± 12 939 ± 157 930 ± 190 
II 31-40 15.0 ± 2.5 106± 14 110± 15 854 ± 220 895 ± 261 
III 41-50 14.1 ± 3.4 103 ±23 106±24 794±242 822 ± 273 
IV 51-60 14.5 ±2.8 104 ± 16 1l0± 19 765 ± 133 801 ± 158 
V 61-70 10.8 ±2.6 103 ±32 112±35 695 ±254 761 ± 291 

Abbreviations: n = number of subjects; corr = corrected for heart rate by dividing measure­
ment by the square root of the R-R interval; PFY = peak flow velocity; ET = ejection time; 
FYI = flow velocity integral; AT = acceleration time; AA = average acceleration. Values are 
expressed as mean ± standard deviation. (Reprinted from: Gardin et al. Relationship be­
tween age, body size, gender and blood pressure and Doppler flow measurement in the aorta 
and pulmonary artery. Am Heart J 1984; 113:101.) 
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Figure 2. A) Relationship between aortic peak flow velocity (in em/sec) and age (in years) in 
the 80 subjects in whom aortic peak flow velocity measurements were available. The solid 
line represents the line of regression. Note the negative slope of the relationship between the 
two parameters (r = 0.54). Aortic PFV is significantly lower in the 61- to 70-year age group 
(mean = 65 em/sec) than in the 21- to 30-year age group (mean = 93 cm/sec). B) Relation­
ship between aortic ejection time (in msec) and age, displayed in the format of A. Note that 
there is no significant difference in the mean ejection time in the 61 to 70 year age group 
(296 msec) compared with the 21 to 30 year age group (297 msec). (Reprinted from: Gardin 
et al. Relationship between age, body size, gender and blood pressure and Doppler flow 
measurement in the aorta and pulmonary artery. Am Heart J 1984; 113;101.) 
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Peak flow velocity (PFV) in centimeters per second was measured at the mid­
point of the darkest area of the spectrum at the time of maximum flow velocity [7, 
8, 10]. Ejection time (ET) was measured in milliseconds from the onset of the 
systolic flow velocity curve, to the time the curve crossed the zero-flow line at end­
systole. In the aorta, the flow velocity integral (FYI, in centimeters) which 
represents the area under the flow velocity curve, was estimated by the following 
formula: FVI = 0.5 x PFV x ET [8]. This simplified formula underestimates the 
actual FYI by approximately 16% in normal subjects. Consequently, aortic FYI 
(actual) in centimeters was estimated by the formula FYI (actual = 1.14 (aortic 
FVI) + 0.3 [8]. Acceleration time (AT) in milliseconds was measured from the 
onset of ejection to the mid-point of the Doppler spectrum at the time of peak flow 
velocity. Average acceleration was calculated by dividing the PFY by the AT and 
was expressed in centimeters per second. In addition, heart rate-corrected values for 
ET, AT, and AA were derived by dividing the appropriate time-based measure­
ments by the square root of the RR interval. 

Data was analyzed using stepwise linear and multiple regression analysis to 
assess the effects of age, body surface area, and gender on each of the Doppler 
measurements. For each of five age decades (Groups I-V), the mean ± standard 
deviation (S.D.) for heart rate, blood pressure, and body surface area, as well as for 
each aortic and pulmonary artery Doppler flow parameter, was computed (See 
Tables 1 and 2). 

Table 1 displays the mean ± S.D. for heart rate and body surface area in each of 
the five age decades for men and women. There was a modest but significant in­
crease in heart rate with increasing age (r = 0.31, p < 0.01), with the mean 
(± S.D.) heart rate being 59 (± 9) beats/minute in Group I (the youngest age group) 
as compared with 69 (± 7) beats/minute in Group V (the oldest age group). Al­
though there was no significant relationship between body surface area and age, 
note that in each age group the women had smaller body surface areas than the 
men. The mean (± S.D.) for body surface area was 2.0 ± 0.2 m2 for all men and 1.7 
± 0.2 m2 for all women (p < 0.001). 

Incidentally, blood pressure was also studied in this population, and while sys­
tolic blood increased slightly with age (p < 0.05), there was no significant relation­
ship between age and diastolic blood pressure in this selected normal population. 

6.2 Influence of age 

Table 2 displays the relationship between age and aortic Doppler flow velocity 
measurements. Multiple linear regression analysis revealed that age was sig­
nificantly correlated with aortic peak flow velocity (PFY), average acceleration, 
and flow velocity integral (all p < 0.001). Figure 2A depicts the overall relationship 
between aortic PFY (in crn/sec) and age (in years). The two parameters were re­
lated by the regression equation: 

Aortic PFV = -0.64 (age) + 110 (r = -0.54, P = 0.001). 
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Figure 3. A) Relationship between aortic flow velocity integral (in cm) and age (in years). 
Note the significantly lower flow velocity integral in the 61 to 70 year age group (mean ± 

'S.D. = 9.5 ± 2.3) than in the 21 to 30 year age group (13.9 ± 2.1 cm) p < 0.001). B) Relation­
ship between aortic average acceleration (in cm/sec2) and age. Note the significantly lower 
average accleration in the 61 to 70 year age decade (mean = 695 cm/sec2) as compared to the 
21 to 30 year age group (939 cm/sec2, p < 0.005). (Reprinted from: Gardin et al. 
Relationship between age, body size, gender and blood pressure and Doppler flow measure­
ment in the aorta and pulmonary artery. Am Heart J 1984; 113: 101.) 
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Aortic PFV was significantly lower in Group V than in Group 1. The correlation of 
aortic PFV with age remains significant (p < 0.001) after division of peak flow 
velocity by the square root of the RR interval. Figure 2B displays the data for 
relationship between aortic ejection time (ET) and age. While there was no sig­
nificant correlation between ejection time and age, ET divided by the square root of 
the RR interval (ET corr.) increased significantly with increasing age, as expressed 
by the regression equation: 

Aortic ET corr. = 0.78 (age) + 280 (r = 0.33, p < 0.001). 

Figure 3A depicts the relationship between aortic flow velocity integral (FYI) and 
age. Note that aortic FYI is significantly lower for Group V than for Group I 
(p < 0.001). Aortic FYI and age were related by the regression equation: 

Aortic FYI = -0.01 (age) + 16.5 (r = -0.44, p < 0.001). 

There was no significant relationship (p > 0.05) between aortic acceleration time 
and age. 

Figure 3B displays the relationship between aortic average acceleration (AA) 
and age. Note the significantly lower (p < 0.005) aortic AA in Group V as com­
pared to Group 1. AA in the aorta and age were related by the regression equation 

Aortic AA = -6.55 (age) + 1109 (r = -0.42 p < 0.001). 

This correlation remained significant (r = -0.29, P < 0.02) after dividing AA by the 
square root of the RR interval. 

In summary, Gardin et al. [6] demonstrated that ascending aortic peak flow 
velocity, flow velocity integral and average acceleration decreased progressively 
with age, whereas acceleration time remained unchanged. Aortic ejection time (ET) 
did not change with age, but ET divided by the square root of RR interval increased 
significantly with increasing age. Light et al. [13] have also shown a decrease in 
aortic peak flow velocity in normal subjects from the ages of 20--60 years. The 
decrease in aortic peak flow velocity and flow velocity integral noted with increas­
ing age are probably due, at least in part, to the increase in aortic root diameter (and 
cross-sectional area) noted with aging [I, 3, 4]. Resting stroke volume [3, 4] and 
cardiac output [14] do not change significantly with age. Since Doppler stroke 
volume can be estimated by multiplying the aortic flow velocity integral (FYI) by 
the aortic root area, a decrease in FYI must be accompanied by an increase in aortic 
root area (and diameter) to maintain a constant stroke volume. Furthermore, since 
aortic FYI is approximately equal to one-half the peak flow velocity (PFV) multi­
plied by the ejection time (ET) [8], and since no change in aortic ET was found 
with aging by Gardin et al. [10], aortic PFV would be expected to decrease with 
aging. 

As in the aorta, there was no significant relationship between age and ejection 
time or acceleration time in the pulmonary artery (P A). However, in contrast to the 
decrease in peak flow velocity (PFV) noted with increasing age in the aorta, there 
was no significant relationship between PFV in the pulmonary artery and age. 
Therefore, the pulmonary artery flow velocity integral, which is related to the 
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Figure 4. A) Relationship between P peak flow velocity (in em/sec) and body surface area 
(in m2, n = 76). Note the positive slope of the relationship between the two parameters 
(r = 0.32, P < 0.02). B) Relationship between PA acceleration time and BSA (r = 0.50, 
P < 0.002). (Reprinted from: Gardin et al. Relationship between age, body size, gender and 
blood pressure and Doppler flow measurement in the aorta and pulmonary artery. Am Heart 
J 1984; 113:110.) 
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product of pulmonary peak flow velocity and ejection time does not change with 
aging. If PA stroke volume, as is true for aortic stroke volume, also does not 
change with aging, the area and diameter of the pulmonary artery (unlike ascending 
aorta) would not be expected to change with aging. 

There was no significant correlation between peak flow velocity (PFV) in the 
pulmonary artery and age. PFV in Group V was 58 cm/sec (mean) and in Group I 
was 64 cm/sec (mean). Similarly, the correlation between pulmonary artery, 
average acceleration (or between pulmonary artery, average acceleration corrected 
for heart rate) and age did not attain statistical significance (p > 0.05). Finally, there 
was no significant correlation between P A ejection time and age, or between PA 
ejection time divided by the square root of the RR interval and age. Therefore, in 
contrast to its effects on Doppler aortic flow velocity parameters, age had no sig-· 
nificant influence on any of the Doppler PA flow velocity measurements. 

6.3 Influence of body surface area (Table 3) 

There was no significant relationship (p > 0.05) between body surface and any of 
the Doppler aortic flow measurements. In contrast, body surface area was related to 
various Doppler pulmonary artery measurements. Figure 4A depicts the relation­
ship between pulmonary artery peak flow velocity (in cm/sec) versus body surface 
area (in square meters, range 1.44 to 2.29). Note that mean pulmonary artery peak 
flow velocity increased from 57 cm/sec at a body surface are of 1.5m2 to 71 cm/sec 
on a body surface area of 2.25 m2• Pulmonary artery peak flow velocity (PFV) and 
body surface area were related by the following regression equation: 

Pulmonary Artery PFV = 1.86 (BSA) + 29 (r = 0.33, P < 0.01). 

This correlation with body surface area remains significant (r = 0.34) after correc­
tion of pulmonary artery PFV for the square root of the RR interval. There was no 
significant relationship between either PA ejection time or PA ejection time cor­
rected for the square root of the RR interval, and body surface area. 

Figure 4B depicts the relationship between pulmonary artery acceleration time 
(AT) (in milliseconds) and body surface area. Note that in going from a body sur­
face area of 1.5 m2 to 2.25 m2, AT decreases from 150 to 123 milliseconds. The 
following regression equation relates PA AT to body surface area: 

Pulmonary AT = -35.6 (BSA) + 203 (r = -0.29, p < 0.02). 

This relationship remains significant after correction of AT for the square root of 
the R-R interval. 

Pulmonary artery average acceleration (AA) (in cm/sec/sec) and body surface 
area (in m2) were related by the following regression equation: 

Pulmonary AA = 322 (BSA) - 107 (r = 0.41, p < 0.002). 

Mean pulmonary artery AA increased significantly from 376 cm/sec2 at a body 
surface area of 1.5 m2 to 617 cm/sec2 at a body surface area of 2.25 m2• The correla-
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tion between pulmonary artery AA and body surface area remains significant after 
correction for the square root of the R-R interval. 

Table 3. Relationship of body surface area to pulmonary artery flow velocity measurements 
in adult nonnal subjects. 

PFV PFVcorr ET ETcorr 
BSA (m2) (cm/sec) (cm/sec) (msec) (msec) 

n 67 67 68 68 
1.40-1.75 60± 11 63± 13 323 ±23 335 ±24 
1.76-2.00 61 ±9 63± 10 334±21 345 ±29 
2.01 ±2.25 67± 12 72± 12 309±35 334±30 

AT ATcorr AA AA corr 
BSA (m2) (msec) (msec) (cm/sec2) (cc/sec2) 

n 67 67 66 66 
1.40-1.75 143 ±20 149 ± 18 429± 114 450 ± 141 
1.76-2.00 149 ±27 154 ± 28 425 ± 109 441 ± 125 
2.01-2.25 124±31 132±27 561 ± 162 607 ± 196 

Abbreviations: n = number of subjects; corr = corrected for heart rate by dividing measure­
ment by the square foot of the R-R interval; PFV = peak flow velocity; ET = ejection time; 
AT = acceleration time; AA = average acceleration; BSA = body surface area. (Reprinted 
from: Gardin et al. Relationship between age, body size, gender and blood pressure and 
Doppler flow measurement in the aorta and pulmonary artery. Am Heart J 1984; 113:101.) 

6.4 Summary 

Influence of gender. This study showed that there was no significant difference in 
values for Doppler aortic or pulmonic artery flow velocity parameters between men 
and women of the same age and body surface area. The differences between men 
and women in pulmonary artery Doppler measurements could, in general, be ex­
plained by differences in body surface area. 

Influence of Body Surface Area (BSA). There was no significant relationship be­
tween BSA and any of the Doppler aortic measurements over a range of body 
surface areas from 1.44 to 2.29 m2• However, in the pulmonary artery, there were 
significant increases in peak flow velocity and average acceleration and a decrease 
in acceleration time with increasing BSA, primarily over the range of larger body 
surface areas seen in men. The reason for this relationship is not readily apparent, 
and may be due to differences in lifestyle factors such as daily activities or 
smoking, but this hypothesis requires further investigation. 

Influence of blood pressure. While there was no significant relationship between 
BP and any of the aortic or pulmonary artery flow velocity in these normal sub-
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jects, it is certainly possible that abnormalities in systolic or disastolic BP may have 
an effect on Doppler flow velocity parameters. In fact, studies [15-17] have shown 
tha elevated mean pulmonary artery (P A) pressure results in a shortening of PA 
acceleratin time. 

6.5 Doppler flow velocity measurements in the aorta during upright 
treadmill exercise 

Studies by Lazarus et al. [18] evaluated the possible effects of age and gender on 
Doppler aortic blood flow velocity measurements in 60 normal subjects aged 15-74 
years, who underwent upright treadmill exercise tests. Subjects had no evidence of 
previous cardiovascular disease and were divided into three groups, based on their 
age (Table 4). Group I was composed of 20 subjects aged 15 to 29 (mean ± SD = 
21 ± 4); Group II consisted of 20 subjects aged 30 to 49 years (mean ± SD = 
36 ± 5); Group III included 20 subjects aged 50 to 74 year (mean ± SD = 58 ± 7). 
Subjects were studied using the Bruce protocol at rest and during exercise. A non­
imaging, continuous wave ultrasound transducer interfaced to a dedicated Doppler 
velocimeter (ExerDop, Quinton Instruments, Co.) was used to record ascending 
aortic flow from the suprasternal notch [18]. 

Statistical analysis of Doppler flow velocity measurements in the three age 
groups was performed using an analysis of variance and the Tukey-A test. Linear 
regression analysis was used to compare changes in heart rate and blood pressure 
with Doppler aortic peak velocity and peak acceleration. To evaluate the role of 
physical conditioning on the response of Doppler measurements to exercise, two 
groups were defined. Group A was composed of23 subjects (mean age 37.5 years) 
who were not involved in any routine exercise, while Group B consisted of 21 
subjects (mean age 38.5 years) who routinely exercised on two or more days per 
week. 

Table 4. Subject profile for the 60 healthy participants in the exercise study. 

Group Subjects Male Female Age (yrs) 
(n) (n) (n) 

1 20 14 6 21 ±4 
2 20 13 7 36±5 
3 20 12 8 58±7 

Values are mean standard deviation. (Reprinted from: Lazarus et al. Evaluation of age, 
gender, heart rate, and blood pressure changes and exercises conditioning on Doppler 
measured aortic blood flow acceleration and velocity during upright treadmill testing. Am J 
Cardio11988; 62:439.) 
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Figure 5. Doppler peak acceleration measurements before, during and immediately after 
exercise testing as recorded by continuous wave Doppler from the suprasternal notch. St = 
standing; Su = supine; Po = immediate post exercise; PS = 5 minutes after exercise. Data are 
shown on the mean for 20 subjects in each group except as noted by "n" value in exercise 
Stage III and IV. (Reprinted from: Lazarus et at. Evaluation of age, gender, heart rate, and 
blood pressure changes and exercise conditioning on Doppler measured aortic blood flow 
acceleration and velocity during upright treadmill testing. Am J Cardio11988; 62:439.) 

6.6 Influence of age 

Peak acceleration. As seen in Figure 5, peak acceleration measured at rest in the 
supine position was found to be significantly higher in the youngest age group 
(Group I, p < 0.01). During exercise, blood flow acceleration increased in all age 
groups over the respective baseline values in the standing position, before starting 
exercise. In the immediate post-exercise period (standing position), peak aortic 
blood flow acceleration decreased in Group III below the value recorded during 
stage 4 exercise, while it continued to rise for the younge age groups. A statistically 
significant difference between the groups was found only during the immediate 
post-exercise period (p < 0.05). 
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Figure 6. Doppler peak aortic velocity measurements before, during and immediately after 
exercise testing as recorded by continuous wave Doppler. Format and abbreviations are as in 
Figure 5 (Reprinted from: Lazarus et al. Evaluation of age; gender, heart rate and blood 
pressure changes and exercise conditioning on Doppler measured aortic blood flow accelera­
tion and velocity during upright treadmill testing. Am J Cardio11988; 62:439.) 

This study demonstrated that peak: acceleration of blood flow was inversely 
related to age, but not related to gender or changes in heart rate or blood pressure. 
The data are consistent with previous aortic Doppler measurements in resting nor­
mal subjects [6]. With increasing exercise time, peak: acceleration increased for 
Group I and IT into the immediate post-exercise period, but not for the oldest sub­
jects (Group ill), in whom immediate post-exercise peak: acceleration decreased 
compared with the stage 4 value. A similar decrease in peak: velocity (and velocity) 
occurred in Group ill in the immediate post-exercise period compared with peak: 
exercise. 

Peak velocity. Data for aortic peak: velocity in the three age groups are shown in 
Figure 6. Age was also inversely related to resting and exercise aortic peak: 
velocity. Peak: velocity was higher at rest, throughout exercise, and in the recovery 
period, for the two younger age groups than for Group ill. A statistical difference 
between the groups was found only in the standing position during the immediate 
post-exercise state (Group I, 1.1 ± 0.2; Group 2, 1.0 ± 0.2; Group ill, 0.8 ± 0.2 
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meters per second, p < 0.01). In all three age groups, velocity increased with exer­
cise. For the youngest subjects, peak velocity increased throughout exercise into the 
immediate post-exercise period. In Groups II and ill, peak velocity reached a maxi­
mum in the earliest stages (two and three) of exercise and levelled off as exercise 
continued. 

It is unknown whether the decreased peak velocity in Group ill during exercise 
is related to silent ischemia or merely to the increased aortic root area known to 
occur with aging [3, 6]. Although motion artifact during exercise might potentially 
be a source for erroneous and non-reproducible Doppler measurements, previous 
studies with the ExerDop instrument have shown good correlation of Doppler peak 
velocity and acceleration with invasive measurements [19,20]. 

6.7 Influence of gender and physical conditioning 

Gender did not affect aortic peak acceleration and peak velocity at rest or during 
exercise. Level of exercise conditioning was also not significantly related to heart 
rate (between immediate post-exercise and stnading pre-exercise), peak aortic 
acceleration, or peak velocity (Table 5). 

Table 5. Heart rate, Doppler peak aortic acceleration and peak velocity responses. 

Exercise 
Program 

Yes (n = 23) 
No (n = 21) 

Maximum exercise 
time (min) 

13.2 
10.5 

fl Peak acceleration fl Peak velocity 
(m/s2) (m/s) 

32.8 
30.5 

0.37 
0.38 

fl Heart rate 
(bpm) 

89 
95 

bpm = beats/min. Subjects participating in regularly scheduled exercise programs (n = 23) 
compared with those subjects (n = 21) not exercising on a routine basis. Delta values are 
calculated as the difference between immediate post-exercise and standing preexercise data. 
(Reprinted from: Lazarus et al. Evaluation of age, gender, heart rate, and blood pressure 
changes and exercise conditioning on Doppler measured aortic blood flow acceleration and 
velocity during upright treadmill testing. Am J Cardio11988: ~"'·439.) 

6.8 Doppler flow velocity measurements in the aorta during supine bicycle 
exercise 

Doppler aortic flow velocity signals were recorded during supine bicycle exercise 
in 17 normal subjects by Gardin, et al. [21]. Seven men and ten women, aged 17 to 
24 years, were evaluated. All subjects were normal in weight; none were trained 
athletes. Similar inclusion criteria were used in these subjects as described above 
for the Doppler studies at rest [6, 1, 18]. These subjects performed supine exercise 
using an adjustable, horizontal table equipped with a bicycle ergometer (W.E. 
Collins, Inc.) [21] Pulsed Doppler recordings of aortic velocity were performed in 
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the ascending aorta. (See Table 6.) The method for performing Doppler aortic flow 
velocity measurements, including positioning the nonimaging Doppler transducer 
in the suprasternal notch, was similar to that used in previous studies [7, 8, 10]. 

Table 6. Changes in Doppler aortic flow velocity parameters during exercise. 

PFY ET HR FYI HRXFYI 
(cm/s) (ms) (beats/min) (cm) (cm/min) 

Control 109 ± 16 294±30 69± 13 18.2 ±2.9 1,239 ± 226 
Early exercise 124 ± 13* 269±23* 99 ± 12* 19.1 ±2.6 1,863 ± 269* 
Late exercise 140± 19* 218 ± 29* 138 ± 16* 17.0±2.9 2,335 ± 379* 
Peak exercise 147 ±23* 194±22* 159 ± 14* 16.1 ±2.5+ 2,567±441* 
Early recovery 158 ±21* 204 ± 24* 129 ± 15* 18.3 ±2.6 2,31O±424* 
Late recovery 123±21* 274 ± 27t 90 ± 16t 19.1 ± 3.4 1,684 ± 302* 

Levels of significance when compared to control values: * p<0.005; t p<O.OI; + p<0.05; all 
others not significant. ET = ejection time; FYI = flow velocity integral; HR = heart rate; PFY 
= peak flow velocity. (Reprinted from: Lazarus et al. Evaluation of age, gender, heart rate, 
and blood pressure changes and exercise conditioning on Doppler measured aortic blood 
flow acceleration and velocity during upright treadmill testing. Am J Cardio11988; 62:439.) 

As shown in Table 6 and Figure 7, this study demonstrated the feasibility of 
making the Doppler aortic peak flow velocity measurements during exercise using 
pulsed Doppler echocardiography. On average, aortic PFV increased by a maxi­
mum of 45% during supine bicycle exercise. Aortic peak velocity reached its maxi­
mum at two minutes after exercise, rather than at peak exercise, probably due to a 
normal vasodilator response of peripheral resistance vessels immediately after 
exercise. Aortic ejection time decreased by 34% during exercise, and was shortest 
at peak exercise. Since heart rate was maximal (130% above control), and R-R 
interval lowest at peak exercise, it is understandable that ejection time was shortest 
at peak exercise. 

Neither peak flow velocity, nor ejection time, nor heart rate had returned to 
control by ten minutes after exercise. Aortic flow velocity integral decreased by 
10% at peak exercise, but since aortic diameter was not measured at the site of 
Doppler recording, flow velocity integral data could not be directly translated into 
absolute stroke volume changes. Nevertheless, since aortic root size was not felt to 
change significantly during exercise, aortic flow velocity integral probably 
provides a reasonable measure of stroke volume during exercise. 

6.9 Summary 

Doppler echo cardiography has become a useful tool in assessing left ventricular 
function. Changes in Doppler aortic peak ejection velocity or acceleration have 
shown good correlation with changes in left ventricular ejection fraction during 
exercise [22-25] with ejection fraction as determined by left ventricular angio-
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Figure 7. Percent changes (mean ± standard deviation [S.D.]) from control values for peaK 
flow velocity (PFV) and ejection time (ET) at early exercise (EX), 2 minutes before peak 
exercise, peak exercise, 2 minutes after exercise, and 10 minutes after exercise. Peak flow 
velocity reached a maximal level of 45% above control at 2 minutes after exercise and is still 
elevated at 10 minutes after exercise. Ejection time decreases progressively with exercise, 
being 34% less than control at peak exercise and remaining abnormal at 10 minutes after 
exercise. (Reprinted from: Gardin et ai. Studies of Doppler aortic flow velocity during 
supine bicycle exercise. Am J Cardio11986; 57:327.) 

graphy [25,26], with cardiac output as detennined by the thennodilution technique 
[27], and with left ventricular ischemia produced by coronary artery ligation in 
anesthetized dogs [28]. Doppler aortic ejection phase measurements have also been 
of value in predicting the presence of ischemic myocardium in human subjects 
during routine treadmill testing [29,30]. 

To use Doppler aortic flow measurements meaningfully, one must consider the 
effects on these measurements of the nonnal aging process and gender, as well as 
of resting and exercise blood pressure, heart rate, and loading factors. In this chap-
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ter, we have reviewed studies that address some of these factors. 
It is clear that both at rest and during exercise, aortic peak flow velocity, flow 

velocity integral (reflecting stroke volume), and average acceleration all decrease 
with aging. Ejection time (corrected for heart rate) increases and there is no change 
in acceleration time. Aortic peak flow velocity is not significantly affected by 
gender or body surface area. Doppler pulmonary artery peak flow velocity, on the 
other hand, is apparently not affected by the aging process, while it shows an in­
crease, as does average acceleration with increased body surface area. With exer­
cise, peak velocity and peak acceleration do increase in younger adults, while they 
decrease in older normal subjects in immediate post-exercise period. This dis­
crepancy is the result of mUltiple factors affecting older subjects such as aortic 
stiffening and uncoiling, Doppler angle, and possibility of silent ischemia. 
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7. Exercise Doppler in coronary artery disease: 
Correlation with thallium-20l perfusion scintigraphy 
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Sciences Center, Charlottesville, Virginia, U.S.A. 

7.1 Introduction 

During the past 12 years, more than 15,000 exercise thallium-201 scintigraphic 
studies have been performed in the Cardiac Noninvasive Laboratory of the Univer­
sity of Virginia. Although thallium perfusion imaging has been extremely useful 
for the evaluation of myocardial blood flow reserve in our institution, we recognize 
the considerable technical difficulties associated with its implementation and op­
timal use in clinical laboratories whose previous experience in Nuclear Cardiology 
is limited. Accordingly, we have been intrigued by the development of Doppler 
instruments with the potential to assess cardiac ischemia by the measurement of 
aortic ejection phase parameters during exercise. In this chapter we summarize our 
experience with suprasternal Doppler aortic blood flow measurements during tread­
mill exercise testing in a large population of normal patients and compare stress 
Doppler results to thallium-201 scintigraphy in a cohort of patients referred for 
evaluation of suspected or known coronary artery disease. 

7.2 Value and limitations of exercise thallium-201 testing 

Electrocardiographic stress testing has dominated the assessment of coronary artery 
disease during most of the 60 years that have elapsed since Feil and Siegel's 
description of exercise-induced ST segment depression [1] and Master's initial 
report of formal exercise testing [2]. Despite improvements in electrocardiographic 
quality, lead systems and test interpretation, the diagnostic accuracy of standard 
stress testing continues to be suboptimal. Sensitivity is limited, particularly for 
patients with single vessel coronary artery disease in whom values of 0.60-0.70 
have commonly been reported [3,4]. Specificity has tended to be somewhat better; 
nonetheless, ,most studies have found an undesirably high 10-20% prevalence of 
false positive tests. The diagnostic accuracy of exercise testing can be significantly 
improved if performed in conjunction with anyone of a number of cardiac imaging 
techniques developed during the past 2 decades. Most widely used among these is 
thallium-201 scintigraphy, whose diagnostic [5-16] and prognostic [17-21] 
capabilities in patients with coronary artery disease have been extensively 
validated. 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 79-94. 
© 1990 Kluwer Academic Publishers. 
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Thallium-201 imaging is particularly valuable for diagnosis of coronary artery 
disease in individuals with single vessel disease [3] and in patients who fail to 
achieve an adequate work level [8, 14], manifest substantial abnormalities on their 
resting electrocardiographic tracings [13, 15] or have a high likelihood for false 
positive electrocardiographic responses during exercise [12, 15]. However, con­
siderably more than dichotomous diagnostic information is provided by these 
studies. They can be used to evaluate the extent of coronary disease [6, 10, 11] and 
the significance of individual stenoses [16] as well as to provide important prognos­
tic data in patients with chest pain [19, 20], symptomatic ischemic heart disease 
[18] or prior myocardial infarction [21]. Exercise-induced lung uptake of thallium 
is a poweifu1 predictor of subsequent cardiac events and death [17]. Thallium 
imaging has also been effective in the evaluation of revascularization therapies 
including coronary artery bypass grafting [22], percutaneous coronary angioplasty 
[23] and thrombolysis [24, 25]. 

The aforementioned advantages of thallium-201 scintigraphy must be balanced 
against its drawbacks. Highly trained technicians and impeccable quality control 
are mandatory if results reported in the literature are to be equaled in clinical prac­
tice. Thallium-201 is a relatively expensive radiopharmaceutical that must be 
generated in a cyclotron, transported promptly and used soon after delivery. Addi­
tional expense accrues from the purchase and maintenance of gamma cameras and 
the labor intensive process of image acquisition and analysis. Thallium scintigraphy 
prolongs and complicates stress testing and results in significant radiation exposure 
to the patient. Moreover, a number of other problems including disposal of radioac­
tive wastes and licensure of laboratory personnel are inherent in the use of this 
technology. Finally, even after extensive training, inter-reader variability in the 
interpretation of thallium images remains considerable; a consensus interpretation 
from multiple readers is desirable if diagnostic accuracy is to be optimized [26]. 

The difficulties associated with thallium-201 have precluded its routine use 
during stress testing in many laboratories. Exercise Doppler, as a simpler, safer and 
less expensive test offers major potential advantages in comparison to radionuclide 
studies; however, Doppler's role in the assessment of coronary disease has not yet 
been adequately explored. In the remainder of this chapter, we will describe initial 
studies from our laboratory and others investigating to what extent, if any, supraster­
nal Doppler recordings of ascending aortic blood flow might replace thallium-201 
scintigraphy as an adjunct to exercise testing. 

7.3 Exercise Doppler studies at the University of Virginia 

We performed exercise testing on a treadmill using the standard Bruce protocol, 
obtaining 12 lead electrocardiograms and blood pressure determinations at 
baseline, at 1 minute intervals throughout exercise and during the initial 5 minutes 
of recovery. Tests were terminated for limiting symptoms of angina, dyspnea or 
fatigue, for ventricular tachycardia or for symptomatic exercise-induced hypoten­
sion. Electrocardiographic responses were regarded as abnormal if 1 mm or more 
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Figure 1. Mean velocity and acceleration at rest and immediately post-exercise for all sub­
jects with a probability of coronary artery disease < 5%. Data is displayed for 2 age ranges, 
20-39 years and 40-70 years. In this and all subsequent figures, the numeric values and 
associated brackets refer to the p values for the indicated comparisons of means. The error 
bars denote standard errors of the mean. NS = no statistical significance. 
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Figure 2. Percent increase from resting to immediate post-exercise Doppler measurements of 
velocity and acceleration in subjects with a < 5% probability of coronary artery disease in 
the age ranges 20-39 years and 40-70 years. 

of ST segment depression occurred 80 ms after the J point in 3 consecutive com­
plexes. 

For blood flow measurements, we utilized a continuous wave Doppler device 
with a non-imaging 3 MHz transducer specifically designed for suprasternal inter­
rogation of the ascending aorta during exercise (Exerdop, Quinton Instrument 
Company, Seattle, Washington, U.S.A.). With the patient in the standing position, 
10 consecutive systolic flow signals were recorded at rest, at the end of each stage 
of exercise and immediately post-exercise from which the Doppler instrument 
automatically derived measurements of peak: modal velocity and maximal accelera­
tion. We adjusted transducer angulation prior to Doppler recording until optimal 
'signals with the purest auditory components and maximal velocity readings were 
obtained. 

Our procedures for thallium-201 myocardial scintigraphy have been previously 
described [8, 21, 22]. Each patient received an intravenous dose of 1.8-2.1 mCu of 
thallium-201 at peak: exercise and continued exercising for 30-60 additional 
seconds. Imaging utilizing a gamma camera with an all purpose collimator com-
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Figure 3. Percent increase during exercise of velocity and acceleration in subjects 40-70 
years of age with < 5% probability of coronary artery disease. Active individuals reported 
aerobic exercise periods exceeding 20 minutes 3 or more times per week. Inactive subject 
exercised less frequently. 

menced within 10 minutes following isotope injection. Anterior, 45 degree and 70 
degree left anterior oblique projections as well as delayed images in these same 
views at 2-3 hours were obtained. Background subtraction and quantitative 
analysis of regional myocardial uptake and washout were undertaken via computer 
algorithms developed in our laboratory [8]. Scintigrams were interpreted by two 
experienced observers and were classified as abnormal if a numerically significant 
defect was identified in the initial images. The presence or absence of redistribution 
was also specified. 

7.4 Normal Doppler response to exercise 

As discussed in previous chapters, limited data concerning Doppler measurements 
of ascending aorta blood flow during exercise in individuals without cardiovascular 
disease are available. In order to compare the diagnostic capabilities of stress thal-
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lium studies with exercise Doppler, we found it necessary first to define the normal 
aortic blood flow response to exercise. Accordingly, we tested 185 subjects without 
cardiovascular symptoms and with normal resting electrocardiograms [< 5% prob­
ability for coronary artery disease [27]]. None of these individuals were receiving 
beta blockers, calcium channel antagonists or other medications with vasoactive or 
cardiac effects. 

To determine whether age significantly affected our Doppler parameters, we 
compared the 60 younger individuals aged 20-39 years (mean 30 ± 6 years) to the 
125 older subjects whose ages ranged from 40 to 70 years (mean: 47 ± 6 years). 
Technically adequate resting and peak exercise Doppler studies were .obtained in 
181 (98%) of these exercise tests. Mean Doppler velocities and accelerations from 
this normal population grouped by age are presented in Figure 1. At rest, peak 
velocity was significantly greater in the younger cohort (0.65 ± 0.02 vs. 0.59 ± 0.02 
m/s*; p = 0.01) despite an insignificant difference in resting heart rates (83 ± 2 vs. 
79 ± 1 bpm; p = 0.01) and a lower resting systolic blood pressure (119 ± 2 vs. 129 
± 1 mmHg; P = 0.0001). Resting acceleration was similar between the two age 
groups (16.2 ± 0.7 vs. 14.7 ± 0.5 m/s/s; p = NS). With exercise, aortic flow velocity 
and acceleration increased progressively. Immediate post-exercise mean velocity 
and acceleration values in younger individuals significantly exceeded those for the 
older subjects (1.26 ± 0.03 vs. 0.99 ± 0.02 m/s:p = 0.001 and 53.7 ± 2.2 vs. 48.1 
± 1.2 m/s/s; p = 0.02, respectively). When the data were recast as percentage 
change from resting measurements (Figure 2), the acceleration increase of 250% 
during exercise was most dramatic. In contrast, average velocities increased by less 
than 100%. The younger subjects experienced a greater percentage increase in peak 
velocity but not acceleration when compared to the older age group (95 ± 5% vs. 
74 ± 3%; p = 0.001 and 240 ± 12% vs. 241 ± 8%; p = NS, respectively). 

We also assessed the relationship between level of conditioning and Doppler 
indices of left ventricular performance during exercise in our older patients. The 
active subgroup (n = 55) of these 121 individuals reported moderate or strenuous 
aerobic activity at least 3 times per week while those who were inactive (n = 66) 
exercised less. As expected, the conditioned individuals had a lower resting heart 
rate (74 ± 2 vs. 83 ± 2 bpm; p = 0.0004, and a lower diastolic blood pressure (82 
± 1.1 vs. 86 ± 1.0 mmHg; p = 0.02). Immediately after exercise there were no sig­
nificant differences in heart rate, blood pressure or rate pressure product. Figure 3 
depicts the percentage change of velocity and acceleration during exercise testing 
in these subgroups. Active individuals had a significantly greater increase in ac­
celeration with exercise (274 ± 13% vs. 214 ± 8%; p = 0.005). Velocity also in­
creased to a greater extent in the active group (80 ± 6% vs. 69 ± 4%), but this dif­
ference did not reach statistical significance. 

* These and all subsequent numeric values are expressed as mean ± standard error of the 
mean. 
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7.5 Exercise Doppler versus thallium-20l scintigraphy 

In this phase of our investigation, 144 patients referred for the evaluation of known 
or suspected coronary artery disease underwent both suprasternal exercise Doppler 
and thallium-201 scintigraphy in conjunction with treadmill exercise testing. We 
limited our data analysis to the 136 patients (94%) with technically adequate Dop­
pler studies, 66 of whom were receiving no medication at the time of exercise 
testing while 70 were being treated with either beta blocking agents or calcium 
channel antagonists. Since these drugs impair left ventricular contractile function, 
we examined their effects on Doppler ejection indices. 
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Figure 4. Percent increase in velocity and acceleration during exercise for the 40-70 year oln 
inactive patients with a < 5% probability of coronary artery disease (NL) , patients with 
normal and abnormal thallium studies not receiving beta blocking agents or calcium channel 
antagonists (NL TL-201)/-MEDS and ABN TL-20l/-MEDS, resp:!ctively) and patients 
with normal and abnormal thallium studies re::ebing such medications (NL 
TL-201/+MEDS and ABN TL-201/+MEDS, respectively;. 

In Figure 4, percentage increases in velocity and acceleration are plotted for 
patient subgroups defined on the basis of thallium scintigraphic results and the use 
of negative inotropic medications. Data for age and activity-matched controls with 
< 5% probability of ischemic heart disease are also included. Velocity was unaf­
fected by medication use whether thallium studies were normal (no medication: 
80 ± 6% vs. + medication: 72 ± 11 %) or abnormal (no medication: 55 ± 6% vs. + 
medication: 46 ± 5%). 

Acceleration measurements, however, were depressed by these drugs. Sig­
nificantly greater acceleration increases were recorded in both our normal controls 
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and medication-free patients with normal thallium studies when compared to 
patients with negative scintigrams receiving medication (214 ± 8% vs. 147 ± 15%; 
P = 0.0002 and 206 ± 12% vs. 147 ± 15%; p = 0.01, respectively). Acceleration 
gains during exercise were substantially lower in patients with abnormal thallium 
studies; the use of negative inotropic agents resulted in an additional decrement that 
was not statistically significant. 

The data in Figure 4 also permit analysis of the effects of ischemia on mean 
exercise Doppler aortic flow measures. Patients with chest pain syndromes but 
normal thallium findings did not differ significantly from their age-matched con­
trols. In contrast, the percentage increase in both velocity and acceleration measure­
ments during exercise was lower in patients with abnormal thallium studies not 
receiving medication. In the patients treated with beta adrenergic blockers or cal­
cium channel antagonists, similar significant differences, but of a smaller absolute 
magnitude, were noted. Therefore, velocity and acceleration normally increase 
during exercise whether or not negative inotropic medications are being used. 
Ischemia impairs this normal increase in Doppler parameters. 
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Previous experiments in both animal models and humans have demonstrated a 
direct relationship between the magnitude of left ventricular systolic dysfunction 
and the resultant abnormalities in aortic ejection parameters measured either by 
invasive techniques [28-30] or by Doppler ultrasound [31, 32]. We therefore 
sought to determine whether the extent of ischemia as assessed by thallium scintig­
raphy would correlate with exercise Doppler findings. In Figure 5, the percentage 
changes in velocity and acceleration are plotted versus the number of myocardial 
segments with abnormal thallium-201 uptake. Although relatively few patients are 
included in each group, greater impairment of the Doppler response to exercise is 
apparent in patients with more numerous thallium defects. Mean percentage in­
creases in acceleration and velocity are insignificantly lower when patients with 
normal thallium images are compared to those with a single abnormal scan segment 
(74 ± 3% vs. 56 ± 16% and 206 ± 13% vs. 182 ± 36%, respectively); however, 
progressively larger and significant differences in acceleration are present in the 
group with 2 abnormal segments and those with 3 or more segmental defects (206 
± 13% vs. 128 ± 33%; p = 0.03 and vs. 70 ± 31 %; P = 0.0002 for 0 vs. 2 and 0 vs. 
;:::3 abnormal segments). Velocity was only significantly depressed in patients with 
;:::3 abnormal segments compared to normals (50 ± 9% vs. 74 ± 3%; p = 0.03). 
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Figure 6. Percent increase in velocity and acceleration during exercise for inactive older 
subjects with a < 5% likelihood for coronary artery disease (NL), patients with false positive 
exercise tests (ABN EKG/NL THALLIUM) and patients with true positive exercise tests 
(ABN EKG/ABN THALLIUM). 
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7.6 The false positive stress test. 

We also examined the potential diagnostic value of exercise Doppler in patients 
with false positive stress tests, defined for this analysis as tests in which significant 
ST segment depression occurred despite normal thallium scintigraphy. Previous 
work from our laboratory and others indicates that cardiac death or non-fatal 
myocardial infarction occurs rarely in patients with these findings; their risk is 
comparable to that of individuals with angiographically normal coronary arteries 
[20]. 

Twenty-six patients not receiving beta blocking agents or calcium antagonists at 
the time of study had false positive electrocardiographic responses to exercise by 
our criteria. An additional 14 medication-free patients had ischemia documented by 
abnormal thallium scintigraphy. Figure 6 depicts the Doppler parameters in these 2 
groups of patients compared to age and activity-matched normals. No significant 
differences in Doppler velocity or acceleration were noted between the normal 
group and the patients with false positive stress tests; however, significantly lower 
velocities and accelerations were recorded in the patients with ischemia. Thus, 
Doppler measurements of velocity and acceleration during exercise are normal in 
patients with positive stress tests and normal thallium images but abnormal in 
patients with ischemia demonstrated by concordant findings from exercise 
electrocardiography and thallium scintigraphy. Accordingly, exercise Doppler may 
be useful in distinguishing false positive from true positive standard stress tests. 

7.7 Exercise Doppler in individual patients 

While the foregoing analyses document that Doppler-determined aortic ejection 
parameters reflect physiologic differences between groups of patients during exer­
cise, they fail to assess the diagnostic utility of exercise Doppler in individual 
cases. As a result, we examined the frequency distributions of the percentage in­
creases in velocity and acceleration during exercise in 3 of our patient subgroups: 
1) those aged 40-70 years with a < 5% probability of coronary disease, 2) those 
with normal thallium scintigraphy and thus without demonstrable myocardial is­
chemia and 3) those with physiologically significant ischemic heart disease docu­
mented by abnormal thallium scintigraphy. As can be seen in Figure 7, despite 
marked differences in parameter distributions between the 2 normal groups on one 
hand and the patients with abnormal thallium studies on the other, considerable 
overlap in the Doppler velocity and acceleration measurements was present. Per­
centage increase in acceleration was superior to velocity in distinguishing between 
patients with and without coronary artery disease; however, diagnostic accuracy 
was still limited. Defining an abnormal test as one in which peak acceleration failed 
to increase by at least 150% at maximal exercise yielded the best total predictive 
accuracy (0.80) for any single Doppler measurement in our population. Using this 
criterion, a moderately high specificity of 0.82 was calculated, but sensitivity was 
only 0.57. 
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Figure 7. Frequency distributions of the percent increase in velocity and acceleration during 
exercise for (A) the older inactive subjects with a < 5% likelihood of coronary artery disease, 
(B) patients with normal thallium scintigraphy or (C) abnormal thallium studies. None of the 
patients respresented in this figure were receiving beta blocking agents or calcium channel 
antagonists. 

Thus, if analyzed as an isolated test, the diagnostic capabilities of exercise Dop­
pler do not compare to the reported values for stress thallium scintigraphy [3, 15]. 
Nonetheless, might Doppler importantly improve the overall accuracy of exercise 
electrocardiography by providing useful information in a subset of patients? In 
Figure 8, we depict the percentage change of acceleration during exercise for the 40 
patients with abnormal electrocardiographic responses during exercise who were 
receiving neither beta blockers nor calcium channel antagonists. Abnormal thallium 
scintigrams were recorded in 14 (presumed true positive exercise EKG) while 
normal thallium images were present in 26 (presumed false positive EKG). The 
increase in acceleration exceeded 220% in 18 of the 26 patients with false positive 
exercise tests (69%), but in only 1 of the 14 patients (7%) with true positive stress 
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electrocardiograms. This patient with ischemia by thallium but no abnormality in 
acceleration by Doppler had only a single small redistribution defect in the scin­
tigraphic images. 
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Figure 8. Scatter plot of percent increase in acceleration for patients with either false posi­
tive or true positive electrocardiographic responses to exercise. None of these individuals 
were receiving negative inotropic medication. 

Based upon these findings, a possible strategy for the diagnostic use of Doppler 
aortic flow measurements emerges. In patients with equivocal electrocardiographic 
responses to exercise or those in whom a false positive test is likely, the group with 
an unimpressive increase in blood flow acceleration « 220%) would include all or 
nearly all of the patients with significant ischemic heart disease as well as a con­
siderable number of normals. Additional testing, perhaps thallium scintigraphy, 
would be needed to distinguish between those patients with and without important 
obstructive coronary artery disease. However, the remaining individuals with 
marked exercise-induced increases in acceleration would have a low probability for 
critical coronary stenosis and might not require additional studies to exclude this 
diagnosis. Due to the small size of our study, this finding concerning the diagnostic 
utility of exercise Doppler should not be considered conclusive. It will be necessary 
to study a larger number of patients, obtaining both angiographic assessment of 
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coronary disease and adequate clinical outcome data, in order to verify our prelimi­
nary results. 

7.8 Comparison of stress thallium scintigraphy with exercise Doppler in other 
laboratories 

Harrison [33] (see chapter 10 - ed.) has reported on aortic Doppler studies per­
formed during upright exercise in 28 young normal volunteer subjects and 74 older 
patients referred for stress thallium scintigraphy. Maximal acceleration and velocity 
of aortic blood flow increased progressively during exercise in most individuals. 
Velocity and acceleration at peak exercise in young normals exceeded values in 
older subjects without scintigraphic evidence for coronary artery disease. Peak 
velocities were similar in patients with abnormal and normal thallium studies, but 
acceleration was significantly lower in patients with scintigraphic evidence of 
ischemia. These investigators also found progressively more impressive abnor­
malities in Doppler parameters with increased severity of coronary artery disease 
and concluded that while exercise Doppler failed to duplicate the diagnostic ac­
curacy of thallium scintigraphy, it might have a role in identifying a subset of 
patients with more extensive coronary artery disease. All of these findings are 
similar to our observations; however, percentage change in acceleration, which was 
the most sensitive diagnostic parameter in our studies, was not examined by Har­
rison and coworkers. Moreover, they failed to control adequately for the important 
effects of treatment with beta adrenergic blocking drugs and calcium channel an­
tagonists. 

Another group of investigators has explored the usefulness of Doppler mitral 
flow measurements during exercise and compared their results to thallium scinti­
graphy [34]. In this study, diastolic function was assessed by measurement of mean 
transmitral velocity. Velocity increased during exercise but to a lesser extent in 
patients with abnormal thallium images. Defining an abnormal test as one with a 
50% or lesser increase in velocity yielded a specificity of 0.90 and sensitivity of 
0.83 in the 28 patients studied. Although these findings suggest that exercise in­
duced abnormalities in diastolic as well as systolic properties of the left ventricle 
might be profitably assessed by Doppler, experimental design problems limit the 
certainty with which conclusions can be drawn from this data. First, use of medica­
tions with the potential to modify left ventricular diastolic properties was not con­
trolled. Moreover, a large proportion of the patients (82%) had segmental wall 
motion abnormalities at rest and thus presumed previous myocardial infarction. 
Additional investigation involving a larger number of patients will be required to 
adequately evaluate this promising Doppler technique. Such a study should control 
for medications which might affect left ventricular diastolic or systolic properties, 
include a baseline assessment of left ventricular systolic function by two dimen­
sional echocardiography and of diastolic function by Doppler and incorporate high 
quality quantitative thallium scintigraphy for accurate identification of ischemic 
and infarcted myocardium. 
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7.9 Summary and conclusions 

Exercise Doppler is a safe and relatively simple examination that can be performed 
with inexpensive equipment after a brief period of training. Technical feasibility in 
our hands has been excellent with adequate Doppler signals obtained from 97% of 
325 consecutive patients. 

The typical response to exercise in normal individuals is a progressive increase 
in velocity to a maximum of nearly 200% of resting values and a more profound 
increase of approximately 350% in peak acceleration. Velocity and acceleration 
changes with exercise are less impressive in older individuals, inactive subjects and 
patients receiving beta blocking agents or calcium channel antagonists. The normal 
increase in these Doppler parameters during exercise is also impaired, in patients 
with myocardial ischemia or infarction documented by abnormal thallium scintig­
raphy. 

Our initial studies indicate that the diagnostic accuracy of exercise Doppler for 
coronary artery disease is inferior to that of stress thallium-201 imaging. Normal 
individuals frequently have relatively modest increases in aortic blood flow 
velocity and acceleration during exercise, findings indistinguishable from those that 
occur in many patients with significant coronary artery disease. Thus, if normality 
is defined in the standard fashion to include 95% of the test responses in subjects 
without significant ischemic heart disease, many patients with important disease 
will be inappropriately identified as 'normal', and sensitivity will be low. However, 
patients without coronary artery disease frequently manifest increases in accelera­
tion exceeding those seen in nearly all patients with coronary artery disease. Thus, 
exercise Doppler may serve as a useful adjunct to standard stress testing by identify­
ing a subset of patients with positive or equivocal electrocardiographic responses to 
exercise in whom normal Doppler findings suggest a low probability of significant 
ischemia. These patients would be spared the need for additional diagnostic testing. 
Moreover, markedly abnormal stress Doppler responses may select patients with a 
high probability for severe coronary artery disease. 
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8. Doppler left ventricular ejection dynamics: 
Correlation with nuclear ejection indices 
during exercise 

CAROLYN R. CORN and STEVE M. TEAGUE 
University of Oklahoma Health Sciences Center, Room 5 SP 300, P.O. Box 26901, 
Oklahoma City, OK 73190, U.S.A. 

8.1 Exercise testing in the diagnosis of coronary artery disease 

Exercise testing is commonly used in both the diagnosis of coronary artery disease 
and in assessment of its physiological significance. Stress electrocardiography has a 
diagnostic sensitivity and specificity of 64% and 93% [1], respectively, using 1.0 
mm depression as an ischemic threshold. The sensitivity of exercise testing can be 
significantly increased by adding radionuclide angiography [2], but exercise 
nuclear ventriculography is expensive and technically difficult to perform. Two 
dimensional echocardiography has been used to detect ischemic wall motion abnor­
malities occurring with exercise, but the success rate of obtaining an optimal study 
has been disappointing. The use of Doppler echocardiography to interrogate flow in 
the ascending aorta offers the advantage of a high success rate (81-100%) [3,4], 
except in obese subjects and those with hypertrophied neck muscles. In addition, 
Doppler echocardiography entails little equipment, and can be performed at rela­
tively low cost. Both pulsed and continuous wave systems can be used to analyze 
maximal acceleration, peak velocity, and systolic velocity integral. 

A number of studies in humans have demonstrated the usefulness of Doppler 
echocardiography in the noninvasive evaluation of global left ventricular function, 
but have not correlated Doppler parameters with left ventricular ejection fraction 
(L VEF) during exercise, or attempted to define Doppler criteria for an ischemic 
response. Since the normal augmentation of maximal acceleration (MA) and peak 
velocity (PV) during exercise is diminished roughly in proportion to the extent of 
coronary artery disease [5, 6, 7], it is reasonable that exercise induced changes in 
Doppler derived values might be similar to changes in nuclear ejection indices 
during supine bicycle exercise in patients with atherosclerotic coronary disease. 

8.2 Correlation of radionuclear left ventricular ejection fraction with 
simultaneous Doppler derived parameters. 

Invasive studies have shown maximal acceleration and peak velocity to be closely 
related to left ventricular function, and have demonstrated that this relationship is 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 95-105. 
© 1990 Kluwer Academic Publishers. 
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Figure 1. Nuclear ejection fractions at rest (+) and peak exertion (0) are correlated with 
maximal acceleration (A) and peak modal velocity (B). Maximal acceleration was related to 
ejection fraction in a curvilinear manner, while the relationship with peak velocity was 
linear. The relationship between MA and L VEF was best described by the equation: 
MA = 7.5 + 0.0002 [(L VEF-25)3], r = 0.89, SEE = 8.4. The relationship between peak 
velocity and L VEF was best described by the equation PV = 1.1 (L VEF+3.9), r = 0.67, 
SEE = 11.5. (Reproduced with permission from: Teague, et at. A comparison of Doppler and 
radionuclide ejection dynamics during ischemic exercise. Am J Cardiac Imaging 1987; 
1:145-151). 
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relatively insensitive to variations in preload and afterload [8, 9]. Maximal accelera­
tion has been found to be sensitive to alterations in inotropic state and to have a 
close relationship with L VEF [10]. Sabbah [11] and co-workers found a strong 
(r = 0.93) curvilinear relationship between maximal acceleration (MA) and L VEF 
at rest described by the formula MA = 0.3 (L VEpO·93). 

We prospectively compared Doppler and nuclear indices of left ventricular 
function in 73 patients with chest pain undergoing elective coronary artery angiog­
raphy [12]. All subjects were male with an average age of 58 ± 14 years, and none 
had significant valvular disease or evidence of prior infarction. Thirty-nine percent 
were taking calcium channel antagonists at the time of the study, while 38% were 
using beta blockers. The drugs were not discontinued during the study. Supine 
bicycle exercise testing was performed with simultaneous radionuclide imaging and 
Doppler echocardiography utilizing a 3 mHz continuous wave Doppler transducer 
with a dedicated microprocessor (Exerdop, Quinton Instruments). Fifty-five 
patients had significant disease (> 70% stenosis), and the remainder had either 
normal coronary arteries (N = 16) or insignificant ( < 40% stenosis) disease. 
Patients with and without coronary artery disease achieved a similar level of exer­
cise as measured by heart rate and workload, and only three patients reached 85% 
of age-predicted maximum heart rate. 

Combining both rest and exercise data, we found a curvilinear relationship be­
tween simultaneously measured values of Doppler derived maximal acceleration 
and nuclear ejection fraction (Figure 1). The least squares best fit to the data was 
described in the form MA = A + B[(LVEF-C)3] where A is 7.5, B is 0.0002, and C 
is 25, (r = 0.89, SEE = 8.4). Resting and peak exercise data for modal ejection 
velocity and LVEF are also shown in Figure 1, and were linearly related by the 
equation PV = 1.l(L VEF + 3.9), r = 0.67, SEE = 11.5). Although both correlations 
are highly significant, there is considerable scatter in the data points, especially 
between PV and L VEF. 

These observations confirm the curvilinear relationship between L VEF and MA 
reported by Sabbah [11], and extend it to include data obtained during exercise. 

8.3 Changes in Doppler indices during exercise compared to changes in 
radionuclide LVEF 

Numerous radionuclide studies in normals have demonstrated a minimal increase 
of 0.05 in the left ventricular ejection fraction during supine or upright bicycle 
exercise [13]. This is largely due to an increase in stroke volume coupled with a 
decrease in end systolic volume. End diastolic volume does not consistently in­
crease during supine exercise, although it typically increases by 20% or so during 
upright stress [2]. Failure of the LVEF to increase by 0.05 with exercise is con­
sidered evidence of coronary artery disease, and the decrement in L VEF with exer­
cise is roughly proportional to the anatomic extent of coronary disease [14]. To 
determine whether exercise induced changes in Doppler indices of ejection might 
have similar diagnostic utility, we compared Doppler echocardiographic responses 
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Figure 2. The change in ejection fraction from rest to peak exertion is compared with the 
corresponding change in maximal acceleration (A), peak modal velocity (B), or stroke 
distance (C). Eighteen patients free of significant coronary disease are indicated by solid 
squares, while 55 with coronary disease are indicated by open squares. The vertical cross 
hair is drawn at the radionuclear threshold for coronary disease (+0.05) while horizontal 
cross hairs are drawn to best separate normal and coronary patients by the Doppler indices 
(80% MA, 20% PV, 2% SD). (Reproduced with permission from: Teague, et at. A com­
parison of Doppler and radionuclide ejection dynamics during ischemic exercise. Am J 
Cardiac Imaging 1987; 1:145-151.) 
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to the change in L VEF during supine bicycle exercise using an increase of 0.05 in 
the L VEF as the criterion for a nonnal response. Changes in left ventricular end 
systolic volume and regional wall motion were not considered for analytic pur­
poses. 

Resting values for maximal acceleration, peak: modal velocity, and stroke dis­
tance were not significantly different for patients with and without coronary artery 
disease. Those with nonnal coronary arteries were able to augment Doppler indices 
of left ventricular function during exercise. Maximal acceleration averaged 18 ± 6 
m/s2 at rest, and rose to 38 ± 14 m/s2 (P = 0.0003) during supine bicycle exercise. 
Similarly, peak: velocity rose from 65 ± 14 cm/s at rest to 83 ± 12 cm/s during exer­
cise (P = 0.05). In contrast, patients with coronary artery disease failed to increase 
either parameter significantly during exercise. Maximal acceleration averaged 
16 ± 4m/s2 at rest and 22 ± 8 m/s2 during exercise, whereas peak: velocity averaged 
62 ± 14 cm/s and 65 ± 16 cm/s. Stroke distance appeared to rise slightly in nonnals 
with exercis~ (9.2 ± 3 to 9.8 ± 2 cm) and to decrease with exertion in patients with 
coronary artery disease (10 ± 3 to 8.8 ± 3 cm), but these small differences did not 
achieve statistical significance. 

The percent change in L VEF versus the percent change in Doppler derived 
maximal acceleration, peak: velocity, and stroke distance are shown in Figure 2. In 
order to establish a threshold for the diagnosis of impaired ventricular response, a 
horizontal cross hair was drawn in each panel at a level that gave the best separa-
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tion between patients with and without coronary artery disease. These values were 
+80 percent increase for maximal acceleration, +20 percent increase for peak 
velocity, and +2 percent increase for stroke distance. The vertical cross hair was 
drawn at the conventional nuclear threshold for identification of an ischemic 
response (0.05 increase in ejection fraction). The cross hair in each plot divides the 
graph into four quadrants. The upper right quadrant and lower left quadrant contain 
stress responses that are concordant by Doppler and nuclear techniques; patients in 
the right upper quadrant are declared free of disease by both noninvasive 
modalities. In the lower left quadrant, both techniques identify impaired ventricular 
responses to exercise. In the upper left and lower right quadrants, responses are 
discordant. The greatest concordance between change in ejection fraction and 
change in Doppler indices was found with maximal acceleration, followed by peak 
velocity and then stroke distance. 

Sensitivity, specificity, and predictive accuracy of stress electrocardiographic ST 
segment responses were 0.64, 0.89, and 0.94, respectively. Identification of coro­
nary artery disease by ejection fraction criteria yielded a sensitivity, specificity, and 
predictive accuracy of 0.85, 0.78, and 0.92. Corresponding values for Doppler 
parameters were 0.90, 0.88, and 0.96 for maximal acceleration, 0.83, 0.94, and 0.97 
for peak modal velocity, and 0.85, 0.94, and 0.97 for stroke distance. Thus, sen­
sitivity, specificity, and predictive accuracy of Doppler ejection variables are com­
parable to the values obtained from nuclear ejection fraction responses, and supe­
rior to those of electrocardiographic ST segment responses in the identification of 
patients with angiographically proven coronary artery disease. Furthermore, the 
three Doppler parameters had comparable discriminative ability to identify coro­
nary patients. However, the thresholds used to separate normals from diseased 
patients are retrospectively chosen, and must be subjected to prospective validation 
before they can be generally accepted. 

Daley et al. [15] compared exercise induced changes in nuclear left ventricular 
ejection fraction to maximal acceleration, peak velocity, and stroke volume 
measured by a 2 mHz continuous wave transducer in 38 patients (mean age 56) 
who were undergoing evaluation for suspected ischemic heart disease. Twenty-six 
of the patients underwent coronary angiography, and two of these had evidence of 
cardiomyopathy. Medications were not stopped prior to exercise testing. The over­
all level of exercise attained was low in these patients, with a mean exercise heart 
rate of 114. Patients were divided into four groups according to resting L VEF and 
change in L VEF with exercise. Group 1 had a normal resting L VEF that increased 
appropriately with exercise. Group 2 had a normal resting L VEF that failed to 
increase at least 0.05 with stress. Groups 3 and 4 had an abnormal resting L VEF 
which increased normally in group 3 but rose by less than 0.05 in group 4. Accelera­
tion, peak velocity, and stroke volume increased during exercise in group 1. In 
group 2, acceleration also increased with exercise, while peak velocity and stroke 
volume failed to increase significantly. Acceleration and velocity both increased in 
group 3, although to a lesser extent than in group 1, while stroke volume was un­
changed. Peak velocity increased somewhat in group 4, while acceleration and 
stroke volume remained the same. The magnitude of the changes in Doppler 
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Figure 3. Change in ejection fraction (M-VEF) from rest to exercise compared with the 
change in acceleration (LlMA). p < 0.001, SEE = 5.16. (Reproduced with permission from: 
Daley, et al. Detection of exercise induced changes in left ventricular performance by Dop­
pler echocardiography. Br Heart J 1987; 58:447-54.) 
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Figure 5. Change in ejection fraction (M-YEp) from rest to exercise compared with the 
change in stroke volume (~SV). p < 0.001, SEE = 4.95. (Reproduced with permission from: 
Daley, et al. Detection of exercise induced changes in left ventricular performance by Dop­
pler echocardiography. Br Heart J 1987; 58:447-54. 

derived values varied with the divisions according to ejection fraction; the increase 
in acceleration and velocity was greatest in group 1, less in group 2, and smaller 
still in groups 3 and 4. 

The relationship between the change in L VEF and the change in maximal ac­
celeration from the study by Daley, et al. [15] is shown in Figure 3. The data show 
a linear relationship between change in velocity and change in L VEF was also 
observed (Figure 4), with a correlation coefficient of 0.79. A lesser correlation 
between change in L VEF and change in stroke volume was found (Figure 5), with a 
correlation coefficient of 0.67. The authors concluded that the best correlations 
were found between the change in acceleration or peak velocity and the change in 
ejection fraction, but cautioned that L VEF and ascending aortic flow are 'different 
manifestations of left ventricular performance' . 

8.4 Factors affecting the correlation between left ventricular ejection fraction 
and Doppler ejection parameters 

Several studies have reported the change in maximal acceleration and velocity 
occurring with exercise. Unlike the change in ejection fraction, the magnitude of 
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the Doppler responses is heavily dependent upon position. In the studies of Teague 
[12] and Daley [15], mean increases in maximal acceleration of 111 % and 56% 
respectively were found during supine bicycle exercise in normals. In these same 
studies, the average increase in maximal acceleration was 38% [12] and 18% [15] 
in subjects with coronary artery disease. In contrast, others [4, 16, 17, 18] have 
observed an average increase in maximal acceleration ranging from 144% to 250% 
during upright exercise. Teague [12] and Daley [15] found average increases of 
45% and 28% respectively for peak velocity in normals exercising in the supine 
position, but only a 13% and 5% average increment in patients with coronary dis­
ease. Increases in peak velocity in normal subjects are larger when measured in the 
upright position, with mean values from several studies ranging from 59 to 78% [4, 
5,16,17,18]. 

In addition to patient position, other factors may have contributed to the lower 
values for Doppler indices found in our study. Our patients developed symptoms at 
relatively low workloads and heart rates; similar limitations were observed in the 
subjects reported by Daley et al. [15]. Beta blocking and calcium antagonist drugs 
may well have reduced the magnitude of exercise induced changes in the Doppler 
indices [16, 17], although there is some controversy regarding this point [6]. Dop­
pler derived parameters decrease with age [16, 17], and the older population 
studied by both Teague [12] and Daley [15] may account in part for the somewhat 
lower values measured for maximal acceleration and peak velocity. Technical 
considerations also play a role in the measurement of peak velocity. Prior studies 
have reported the peak velocity envelope, or the highest velocity seen free of back­
ground noise. The Doppler device used in our study [12] calculates peak modal 
velocity, which represents the velocity of the majority of the reflecting red cells, 
rather than the small population with the highest velocity. It should be noted that 
different instruments and recording techniques were used in the studies of Teague 
[12] and Daley [15]. 

The rise in left ventricular ejection fraction with stress evaluates left ventricular 
physiology, and may not reflect coronary anatomy when percent vascular stenosis 
is used as a reference [19, 20]. The same considerations may affect Doppler ejec­
tion parameters when they are employed for the diagnosis of coronary artery dis­
ease. Both Doppler and radionuclide methods might have a relatively low 
specificity for the diagnosis of coronary artery disease when prospectively applied, 
not only due to post test referral bias [21], but also because left ventricular impair­
ment from any etiology would be reflected in the results. Accuracy of exercise 
radionuclide angiography can be improved with the additional analysis of exercise 
induced regional wall motion abnormalities and the change in end systolic volume 
with stress . .It remains to be seen if additional Doppler parameters, or some com­
bination of existing measures, will yield improvements in the diagnostic use of 
Doppler echocardiography. Furthermore, age, and possibly, sex matched reference 
values for maximal acceleration, peak velocity, and stroke distance may be neces­
sary before these values can be used diagnostically. The 'control' groups used in 
both the studies of Teague [12] and Daley [15] were patients undergoing evaluation 
for chest pain syndromes and thus, do not constitute a true normal reference group. 
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Finally, despite the concordance obtained between Doppler indices of aortic flow 
and radionuclide left ventricular ejection fraction with exercise, these are fundamen­
tally different measures and may be affected dissimilarly by changes in inotropic 
state, preload, and afterload. Teague [22] has recently demonstrated that both maxi­
mal acceleration and peak velocity are dependent upon heart rate and geometric 
aspects of ventricular ejection (Chapter 19). Using a mathematical model of left 
ventricular ejection, he showed that ventricles of disparate ejection fractions and 
systolic radii could yield similar values for maximal acceleration and peak velocity, 
and that heart rate alone could substantially alter measurement of acceleration and 
velocity in ventricles with no change in L VEF or chamber size. Thus, comparing 
the results of exercise radionuclide angiography and Doppler echocardiography 
may not always yield very close correlations. 

The studies by Teague [12] and Daley [15] comparing LVEF response to exer­
cise with Doppler ejection parameters have shown that both measures change in a 
similar manner with exercise induced left ventricular dysfunction. Thus, assessment 
of exercise related changes in Doppler indices of aortic ejection offers a potentially 
cost-effective method for the noninvasive detection of coronary artery disease. The 
Doppler test can be performed with inexpensive equipment by personnel requiring 
minimal training and with no radiation exposure to the patient. Further work will be 
needed to prospectively evaluate diagnostic Doppler criteria and to establish the 
range of normal responses, but these studies have verified the utility of Doppler 
testing in the assessment of global left ventricular function with exercise. 
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9.1 Introduction 

Doppler echocardiography in the 1980's has become one of the cornerstones of 
noninvasive testing in the evaluation of valvular heart disease. Because more of the 
population has coronary artery disease than valvular heart disease, investigators 
have searched for a use of Doppler echocardiography in this population. In addi­
tion, there has been a continuing search for improved sensitivity and specificity of 
exercise testing the diagnosis of coronary artery disease. Because of these com­
bined needs, investigators have used Doppler derived parameters of aortic flow to 
assess for abnormalities during exercise. 

Resting cardiac output is similar for both normal subjects as well as patients with 
a variety of cardiac conditions with normal or nearly normal left ventricular func­
tion, including coronary artery disease. Oftentimes, therefore, an intervention such 
as exercise is necesary to separate normal subjects from those with coronary artery 
disease. 

The relationship between left ventricular function and Doppler derived 
parameters of aortic flow were validated at rest prior to applications in the exercise 
laboratory. At rest, there is a good correlation between the Doppler derived stroke 
volume and cardiac output compared to both Fick and thermodilution methods 
[1-4]. Further studies have validated this technique during exercise [5, 6]. 

It was with this background, that further studies were initiated to demonstrate the 
response to exercise of the Doppler derived parameters: peak ejection velocity, 
acceleration, stroke volume and cardiac output, in both normal subjects and patients 
with coronary artery disease. 

9.2 Doppler examination 

Aortic flow during exercise is most commonly interrogated from the suprasternal 
notch because of the relative ease with which the data can be acquired from this 
location. In general, it is difficult to obtain aortic flow from either the cardiac apex 
or right parasternal region during exercise. 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 107-119. 
© 1990 Kluwer Academic Publishers. 
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Usually a dedicated Doppler transducer is placed in the suprasternal notch to 
obtain the aortic flow. The tonal quality and the velocity spectrum are both utilized 
to obtain the maximal velocity in the ascending aorta. If pulsed Doppler is used, the 
depth of the sample volume is maintained at that level for the duration of the exer­
cise protocol. 

During exercise, we have normally obtained the Doppler waveforms during the 
last 30 seconds of each stage of exercise, acquiring on hardcopy at a rapid paper 
speed to most accurately determine the velocity and timing of the flow profile. 

Time intervals, such as the left ventricular ejection time and acceleration time, 
can be measured directly from the velocity tracings. The flow velocity integral is 
the area under the flow velocity curve. The darkest aspect of the profile is normally 
used for this determination. Peak ejection velocity (PEV) is the velocity obtained at 
the midpoint of the darkest portion of the velocity curve. 

The cardiac output can then be calculated as the product of the flow velocity 
integral, the aortic cross sectional area and the heart rate. The determination of the 
aortic root diameter for the calculation of the cross sectional area is potentially a 
major source of error in the calculation of stroke volume and cardiac output. In 
measuring the diamter of the aortic root, different investigators have used a variety 
of measurements including the A-mode measurement of the aortic root, M-mode 
measurement of the aorta and aortic leaflet separation, and two dimensional 
measurement of the aorta and left ventricular outflow tract. The measurement that 
has proven to be the most reliable is the measurement of the left ventricular outflow 
tract obtained from the 2-dimensional parasternal long axis view just below the 
aortic valve and the ascending aorta just distal to the sinus of Valsalva [4, 7]. Using 
these measurements of the diameter and assuming a circular orifice, the area of the 
aorta can be calculated by the equation: Aortic area = 1t *(D/2)2. The stroke volume 
is then: aortic area * FVI, and the cardiac output is the stroke volume multiplied by 
the heart rate. In view of the difficulty in determining the aortic root diameter at 
rest and during exercise, it may be preferable to simply compare PEV and FVI. 

Some investigators have studied peak and mean accelerating during exercise to 
ascertain whether this adds to our understanding of ejection dynamics during exer­
cise. Because of the high heart rates and difficulty obtained high quality Doppler 
signals, these are difficult to obtain manually, though there is an automated device 
(Exerdop, Quinton Corp.) which provides reproducible measurements of aortic 
acceleration during exercise. 

9.3 Response to exercise (Table 1) 

Normal subjects 

The initial studies on normal subjects used supine and upright bicycle exercise 
[8A 1]. At rest, lying in the left lateral decubitus position, with a normal heart rate 
of 60-80 beats per minute, the normal stroke volume index is 50-55 ml/min/m2, the 
cardiac index is approximately 3 L/min/m2, and the peak aortic flow velocity is 
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0.86 to 1.09 m/sec. When a normal subject assumes the standing position, the heart 
rate increases by approximately 10 beats per minute, the stroke index drops by 1/3 
to approximately 33 ml/min/m2, and the peak aortic velocity falls to a mean of 0.71 
m/sec. 

Table 1. Changes in aortic flow parameters with exercise. 

Rest Moderate Peak exercise Recovery 

Sitting HR (beats/min) 67± 13 127 ±21 152 ± 20 NA 
Exercise (9) CO (L/min) 4.6± 1.0 11.8 ± 1.3 14.7 ± 1.3 NA 

PEV (cm/sec) 71 ± 10 117±16 128 ± 12 NA 

Treadmill HR (beats/min) 72±13 121 ± 21 177±26 94± 16 
Exercise (14) CI (L/min/m2) 2.3 ±0.7 6.7 ± 2.3 8.6±2.5 5.2 ± 2.4 
(normal) PEV (cm/s) 72± 12 118 ±21 156± 32 113 ± 26 

Treadmill HR (beats/min) 78 ± 18 118 ±21 129±19 82± 11 
Exercise (14) CI (1/min/m2) 2.3 ±0.7 5.1 ± 1.9 5.6 ± 2.2 3.8 ± 1.1 
(CAD) PEV (cm/s) 61 ± 14 85±25 89±26 81 ± 21 

Treadmill HR (beats/min 80±20 NA 117 ± 23 NA 
post MI (20) PEV (cm/s) 41 ± 10 NA 45 ± 11 NA 
(-TMST) MA (mls/s) 16±3 NA 21 ± 5 NA 

Treadmill HR (beats/min) 81 ± 19 NA 121 ± 22 NA 
post MI (20) PEV(cm/s) 40±8 NA 40± 11 NA 
(+TMST) MA (mls/s) 15±3 NA 18±4 NA 

The changes in aortic flow parameters during upright bicycle exercise, treadmill exercise in 
normal subjects, treadmill exercise in patients with coronary artery disease, and treadmill 
exercise post myocardial infarction with negative and positive treadmill exercise tests in 
three different studies are shown. The resting parameters were obtained in the upright posi­
tion. The levels of moderate exertion are not at the same workload and direct comparison 
should not be made. In addition, the last study was performed with a continuous wave Dop­
pler probe, and the peak velocities are lower than with a pulsed Doppler device. Abbrevia­
tions: CAD = coronary artery disease, CI = cardiac index, CO = cardiac output, HR = heart 
rate, MA = maximal acceleration, MI = myocardial infarction, PEV = peak ejection velocity, 
TMST = Treadmill ST segment response, (+) or (-) for ischemia. NA = not available. 

During supine exercise, the stroke volume remains unchanged or falls slightly. 
At the same time, because of the marked increase in heart rate, the cardiac output 
increases 2-4 fold. The peak injection velocity increases approximately 20% during 
early exercise, and continues to progressively increase throughout exercise, with a 
net increase of approximately 50% to 1.4--1.6 m/sec. These values then return to 
baseline duJjng recovery. 

The response to upright exercise is slightly different. Initially, there is a sig­
nificant decrease in stroke volume with standing compared with the supine posi­
tion. With the initiation of exercise, the stroke volume rises rapidly to, or slightly 
above, the supine resting level before falling slightly at peak exercise. The cardiac 
output, because of the marked increase in heart rate and the increase in stroke 
volume, has a more marked change than seen with supine exercise, increasing 3-5 
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Figure 1. Typical pulsed Doppler aortic flow tracings during exercise in a nonnal subject. 
The peak velocity continues to increase during exercise. (Reprinted with pennission of the 
American College of Cardiology: Chaitman BR. The changing role of exercise electrocar­
diogram as a diagnostic and prognostic test for chronic ischemic heart disease. J Am Coli 
Cardio11986; 8:1200. 

Exercise 

Pre Post 
Stage II Peak 

. 2 m/s 

- 1 mls 

Figure 2. Typical pulsed Doppler aortic flow tracings during exercise in a patient with 
coronary artery disease. The peak velocity remains fairly constant through the various stages 
of exercise. (Reprinted with pennission: Labovitz and Williams. Doppler Echocardio­
graphy: The Quantitative Approach. Lea and Febiger, 1987, Second Edition. 
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fold. Peak ejection velocity rises progressively, once again reaching a level of 
1.4-1.6 m/sec at maximal exercise (Figure 1). There is no difference in responses 
seen between bicycle and treadmill exercise. In addition, the stroke volume, cardiac 
output, and peak velocity attained at maximal exercise are similar between supine 
and upright exercise. 

Age has been shown to effect the responses seen in normal subjects. Using a 
continuous wave device that produces lower peak modal velocity than seen with 
pulsed Doppler examination, both Lazarus and Mehta have assessed the effect of 
age and sex on normal subjects [12, 13]. Mehta studied 96 normal volunteers and 
demonstrated that the increase in stroke volume is smaller in subjects over age 40. 
Peak velocity obtained at maximal exercise was approximately 100 cm/sec in those 
over 40, and was significantly higher at 118 cm/sec in those under 40. Even more 
striking was the response in maximal acceleration between these two groups. The 
maximal acceleration at peak exercise (Bruce stage 5) was 57 m/s/s in the younger 
group and only 42 m/s/s in those over 40. Gardin demonstrated similar findings. 
Both authors demonstrated that sex did not affect the peak velocity or maximal 
acceleration attained during exercise. 

Coronary artery disease (Figure 2) 

In the initial report on the use of Doppler echocardiography in the evaluation of 
coronary artery disease, we evaluated 20 normal subjects and 17 patients with 
coronary artery disease with treadmill exercise [14]. In the group with coronary 
artery disease, 8 had single vessel coronary artery disease, 4 had double vessel 
disease, while 5 had three vessel disease. All subjects were studied while perform­
ing a Bruce exercise protocol. There were marked differences between the two 
groups of patients. Normal subjects had a decrease in the stroke volume by 33% 
when arising to the standing position. This then increased rapidly during exercise, 
and in stage 2 of the Bruce protocol, the stroke volume was slightly greater than at 
rest while supine. The stroke volume did not change significantly for the remainder 
of exercise. In the patients with coronary artery disease, the initial stroke volume 
while supine was slightly lower, but fell by a similar percentage when standing. 
During exercise, the stroke volume only rose to the level of supine rest, and once 
again fell slightly at maximal exercise. There was a large amount of overlap be­
tween the normal group and the patients with coronary artery disease with this 
parameter, and there was no significant difference between the two groups. 

The cardiac output in the group of patients with coronary artery disease started at 
2.3 ± 0.7 L/min/m2 and rose rapidly through exercise. By stage 2 of exercise, the 
mean cardiac index was lower than in the normal subjects, primarily because of the 
smaller increase in stroke volume. The heart rate at this stage was similar between 
the two groups. The maximal cardiac output only reached 5.6 ± 2.2 L/min/m2, 
significantly lower than that reached by the normal subjects (8.6 ± 2.5 L/min/m2) 
(P < 0.001). There was significant overlap in the calculated cardiac output between 
the normal subjects and those with coronary artery disease, and so this parameter, 
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like stroke volume, could not be used to independently differentiate between a 
normal and abnormal response. 

The parameter that was able to separate the normal subjects from those with 
coronary artery disease was the peak ejection velocity (Figure 2, 3). Peak ejection 
velocity in the patients with coronary artery disease started at 79 cm/sec while 
supine and fell to 61 cm/sec when they assumed the upright position (p < 0.05). 
The peak velocity then climbed at a much lower rate, so that in Bruce stage II, the 
peak ejection velocity was 85 cm/sec (p < 0.001) and only rose to 89 cm/sec at 
maximal exercise. This is markedly lower than the 156 cm/sec seen in the normal 
subjects (p < 0.001). The peak velocity then fell slowly during the recovery period. 

Normal 1 Vessel CAD Multi-Vessel 
CAD 

2.0 20 20 

15 I 15 15 
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0 Rest I.P. 

Figure 3. The change in peak ejection velocity (PEV) from rest to maximal exercise is 
shown in the normal subjects (left), patients with single vessel coronary artery disease (CAD 
(center) and with multivessel coronary artery disease (right). (Reprinted with permission 
[14].) 

The patients with coronary artery disease could be divided into three different 
groups based on the response of the peak ejection velocity to exercise (Figure 4). 
The first group, those with single vessel coronary artery disease of a noncritical 
nature (70% stenoses) had a response similar to that seen in the normal subjects 
(type 1). The peak velocity increased at least 80% from the resting upright value 
and attained a maximal value of at least 100 cm/sec. The second response (type 2) 
was an increase in peak velocity, but less than 80% of the resting upright value. 
This second group, which consisted of eight patients, had an increase in peak 
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velocity of only 25 ± 23% by stage IT of the Bruce protocol, and only 29 ± 23% at 
maximal exercise. Three of the eight patients had single vessel coronary artery 
disease, three had 2 vessel coronary artery disease, while only 2 had 3 vessel CAD. 
There was little or no systolic dysfunction at rest in 6/8 of these patients. 

The third response (type 3) was defined as a decrease in the peak velocity at 
maximal exercise. The peak velocity in the 6 patients with this response increased 
54 ± 54 at Bruce stage IT, but then fell to a difference of only 34 ± 45% at maximal 
exercise. In this group, 2 patients had single vessel coronary artery disease, 1 had 
double vessel disease, while 3 had 3 vessel CAD. Only 2 of the patients had a 
normal resting left ventriculogram. 
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Figure 4. The three responses in peak: ejection velocity response in patients with coronary 
artery disease are demonstrated. (Square = type 1, triangle = type 2, circle = type 3) at rest, 
supine and upright, at stage 2 of a Bruce protocol, immediately postexercise (IP) and 5 
minutes after the cessation of exercise. (Reprinted with permission [14].) 

9.4 2-Dimensional echocardiographic correlates 

In a subsequent study, we compared the change in the peak ejection velocity during 
exercise to the change in echocardiographic ejection fraction [15, 16]. In this 
report, 14 normal subjects, and 14 patients with documented coronary artery dis-
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ease were studied. The changes in heart rate and peak ejection velocity in both the 
nonnal subjects and those with coronary artery disease were similar to that of the 
previous study. The echocardiographic ejection fraction increased from a mean of 
51 % to 61 % with exercise in the nonnal subjects. The ejection fraction at rest in 
those with coronary artery disease was similar to the nonnal subjects at rest at 49%. 
There was a slight fall in the ejection fraction during exercise to 48% in those with 
coronary artery disease. There was a good correlation between the percentage 
change in ejection fraction between rest and peak exercise and the percentage 
change in peak ejection velocity in this study (rs = 0.64) (Figure 5). When the data 
from the 14 patients with coronary artery disease was analyzed separately, the 
correlation was even better (rs = 0.84). There was, however, no correlation between 
the change in peak ejection velocity or ejection fraction and the development of 
new wall motion abnonnalities. In addition, there was a poor correlation between 
the number of significantly diseased coronary arteries and the change in peak ejec­
tion velocity or change in ejection fraction. An absolute value for the peak velocity 
of 1.1 mls and a percentage change from rest to peak exercise of 85% was able to 
separate subjects with a nonnal response from those with ischemia induced by left 
ventricular dysfunction. 
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Figure 5. The correlation between the percentage change in ejection fraction (% Ll EF) and 
the percentage change in peak ejection velocity (% Ll PEV) is shown in nonnal subjects 
(open circles) and patients with coronary artery disease (closed circles). (Reprinted with 
pennission of the American Heart Association [15].) 
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9.S Other correlative studies 

Teague in a study comparing Doppler responses to radionuclide angiography using 
a continuous wave Doppler device and supine exercise, confirmed the correlation 
between the change in peak velocity and the change in ejection fraction [17] 
(Chapter 8). In addition, he showed an even better correlation between the change 
in ejection fraction and the change in maximal acceleration with exercise. The 
absolute value of peak velocity was lower in this study than seen by investigators 
using pulsed Doppler. Daley and his colleagues also demonstrated the relationship 
between changes in ejection fraction and changes in peak velocity [18, 19]. He 
showed that patients with a normal ejection fraction who had an increase in this 
ejection fraction of greater than 5% during exercise (normal response) had an 
increase in peak velocity from approximately 70 cm/s to 95 cm/s. The mean ac­
celeration similarly increased. In contrast, those with an abnormal resting ejection 
fraction who did not have an increase in ejection fraction of 5% during exercise, 
had no increase in peak velocity or mean acceleration. 

Mehta studies 165 patients 3 to 4 weeks after an acute myocardial infarction with 
a continuous wave Doppler probe [20]. Of the original 165 patients, 98 had a nega­
tive stress test. In those with a negative stress test, the peak velocity increased 
slightly from 41 ± 10 to 45 ± 11 cm/sec (p < 0.01) and the maximal acceleration 
increased from 16 ± 3 to 21 ± 5 m/s/s (p < 0.001). In contrast, the 67 subjects with a 
positive stress test had no change in peak velocity at 40 ± 8 cm/s and a smaller rise 
in maximal acceleration than those with a negative stress test. He then 
demonstrated that the 32 subjects who had 1 or 2 vessel coronary artery disease had 
an increase in peak velocity from 44 to 46 cm/s. Likewise, the maximal accelera­
tion was similar to that of those with a negative stress test, increasing from 16 ± 3 
to 20 ± 4 mIs/so Those with three vessel coronary artery disease had a slight fall in 
the peak velocity and no essential change in the maximal acceleration with exer­
cise. In addition, those who completed only stage 1 or stage 2 of the Bruce protocol 
had lower maximal acceleration and peak velocity than those who exercised into 
stage 3. 

Harrison, also using a continuous wave Doppler probe, studied 102 subjects and 
compared the Doppler results to Thallium scintigraphy [22]. In contrast to the other 
studies, he found significant overlap in the peak velocity and maximal acceleration 
between patients with normal thallium and those with abnormal thallium responses. 
Though there was no significant difference in peak ejection velocity in those with 
documented multi vessel coronary artery disease, the maximal acceleration during 
exercise was lower in those with multivessel coronary artery disease. 

9.6 Confounding variables 

Recently, there have been several reports demonstrating some of the limitations of 
the use of Doppler parameters during exercise. Lazarus and Mehta have both 
demonstrated that age affects the maximal acceleration and peak velocity attained 



116 

during exercise [12, 13]. Age alone is significantly and inversely related to the 
immediate postexercise Doppler maximal acceleration and peak velocity. The 
maximal acceleration in the youngest (Group 1) aged 21 ± 4 was 55 ± 15 m/s/s, in 
Group 2, aged 36 ± 5, the postexercise maximal acceleration was 46 subjects, 
Group 3, the acceleration was only 36 ± 9 mIs/so Similarly, the peak velocity in 
group 1 was 1.1 ± 0.2 mIs, in group 2, 1.0 ± 0.2 mIs, and in group 3, 0.8 ± 0.2 m/s. 
There was no effect of gender, heart rate, preconditioning or blood pressure 
changes in the flow characteristics. 

Drug therapy can also affect Doppler parameters during exercise. Both Mehta 
and Harrison have demonstrated that ~ blockade, which has a negative inotropic 
effect, causes a smaller rise in the peak ejection velocity and mean acceleration in 
normal subjects compared to a drug free state [13,22]. Interestingly, verapamil did 
not affect the Doppler parameters during exercise. 

9.7 Possible mechanisms for the responses seen 

With exercise, several different physiologic responses occur. There is an increase in 
left ventricular contractility. In addition, there is vasodilation of the arterial bed and 
a decrease in the systemic vascular resistance. Both of these responses affect the 
Doppler parameters of aortic flow. 

Sabbah and others have demonstrated that peak velocity and maximal accelera­
tion are both directly correlated with global left ventricular function, i.e. ejection 
fraction [23-25]. It has also been shown that increases in cardiac contractility 
induced by dobutamine also can produce an increase in the Doppler parameters of 
aortic flow. Propranolol, conversely, because of its negative inotropic status, 
produces a decrease in both the peak velocity and maximal acceleration. 

Changes in afterload can also affect Doppler parameters of aortic flow. Elkayam 
demonstrated that vasodilation with either hydralazine or nitrates can produce an 
increase in peak velocity and mean acceleration [26]. We have also seen an in­
crease in peak velocity and mean acceleration with vasodilation produced by amyl 
nitrate. 

In normal subjects and those with mild coronary artery disease, then, both the 
increased contractility and decreased afterload contribute to the increased accelera­
tion and peak velocity of blood flow. With significant coronary artery disease, 
other mechanisms intervene. In patients with severe coronary artery disease, during 
exercise, the myocardium becomes ischemic, with resultant loss in contractility. 
There is then a smaller increase in the peak ejection velocity and maximal accelera­
tion (type 2 response). If one has a significant coronary artery stenosis, there would 
then be an increase in peak velocity until the myocardium becomes ischemic. With 
the onset of ischemia, there is then a sudden loss of contractility and a resultant 
decrease in peak velocity and maximal acceleration, producing the type 2 response 
mentioned above. 

In elderly subjects, the aorta becomes stiffer and less compliant. This leads to 
less vasodilation with exercise, and hence, less of an increase in peak velocity and 
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maximal acceleration. Beta blockade produces its effect during exercise by decreas­
ing contractility. Because of its negative inotropic effect, there is not the same 
increase in contractility during exercise as is seen in unmedicated normal subjects, 
and thus the peak velocity and mean acceleration do not increase to the same ex­
tent. 

9.8 Conclusions 

Patients with significant coronary artery disease often have different Doppler aortic 
velocity parameters with exercise than normal subjects. The peak velocity and 
maximal acceleration both increase less in those with coronary artery disease, and 
can be used to determine the severity of their coronary artery disease by reflecting 
the changes caused by ischemic myocardium. There are several factors including 
age and the administration of beta blocking agents that can affect this determina­
tion. 

In addition, the absolute values for peak velocity and acceleration are affected by 
the instrumentation used for the examination. The continuous wave Doppler 
velocity probes provide smaller absolute values for peak velocity than obtained 
with pulsed Doppler. The maximal acceleration provided by these probes is sig­
nificantly higher than the mean acceleration calculated with pulsed Doppler, 
however. This technique currently must be validated in one's own laboratory, 
developing normal values for each individual laboratory and Doppler device to 
assure diagnostic accuracy for this technique. 
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10. Uses and limitations of exercise Doppler 
echocardiography in the clinical evaluation of 
ischemic heart disease 

MICHAEL R. HARRISON and ANTHONY N. DEMARIA 
University of Kentucky, College of Medicine, MN 670 Lexington, Kentucky 40536, U.S.A. 

10.1 Introduction 

Since the early 1930's, clinicians have used exercise to aid in the diagnosis and 
evaluation of patients with ischemic heart disease [1]. By increasing myocardial 
oxygen demand, exercise can induce myocardial ischemia when myocardial 
oxygen delivery is impaired by significant, flow-limiting coronary atherosclerosis 
[2]. Methods available for noninvasive evaluation of exercise-induced myocardial 
ischemia include: electrocardiography, radionuclide techniques, two-dimensional 
echocardiography, and Doppler echocardiography. 

Although only recently employed as a method for identifying ischemic heart 
disease, early experience with exercise Doppler echocardiography has been very 
encouraging [3-6]. When combined with exercise, the Doppler examination is 
usually performed with the transducer at the suprasternal notch and measures the 
velocity of blood flow in the ascending aorta. Thus, in contrast to other techniques, 
Doppler echocardiography reflects the hemodynamic consequence of left 
ventricular contraction, rather than depicting perfusion or contraction of the left 
ventricular myocardium itself. 

The use of Doppler echocardiography during exercise to evaluate ischemic heart 
disease is predicated on two important points: 1) myocardial ischemia results in im­
pairment of contractile performance of the ischemic area [7], and 2) the onset of 
contractile dysfunction is rapid [8]. Thus, investigators hypothesized that since 
ischemia can be induced by exercise in patients with significant flow-limiting coron­
ary atherosclerosis and results in impaired left ventricular systolic performance, the 
presence and extent of exercise-induced myocardial ischemia might be reflected in 
Doppler recordings obtained during and immediately following exercise. 

In normal subjects, upright exercise results in increased heart rate and stroke 
volume, resulting in a greatly augmented cardiac output. The elevation in stroke 
volume is due to increased contractility as well as increased venous return and a 
marked reduction in systemic vascular resistance. Additionally, the tachycardia of 
exercise contributes to the increased contractility by the force-frequency relation­
ship of Bowditch [9-11]. It must be recalled, however, that the hemodynamic 
response to exercise is complex and variable between individuals. Furthermore, it is 
influenced by multiple factors intrinsic and extrinsic to the myocardium. 

Steve M. Teague (ed.) Stress Doppler Echocardiography. 121-135. 
© 1990 Kluwer Academic Publishers. 



122 

In addition to myocardial ischemia, intrinsic factors that may alter an in­
dividual's cardiac response to exercise include: exercise capacity, age, cardiovas­
cular conditioning, and previous myocardial infarction. Extrinsic factors with poten­
tial to alter one's response to exercise include cardiovascular medications, par­
ticularly beta adrenergic antagonists. 

10.2 Clinical application 

The velocity and acceleration (rate of change of velocity) of blood .flow in the 
ascending aorta have been shown to be reliable descriptors of left ventricular sys­
tolic performance [12-14]. By virtue of its ability to provide accurate information 
on blood flow in the ascending aorta, doppler echocardiography offers a convenient 
method to assess left ventricular systolic function during exercise [15]. Thus, recent 
investigations in our laboratory [16] have sought to test the hypothesis that myocar­
dial ischemia due to coronary artery disease might be identified by a decrease in 
Doppler measurements of flow velocity and acceleration during exercise. 

We studied a total of 102 individuals (Table 1). Twenty-eight young, healthy 
volunteers with no evidence of cardiovascular disease served as a reference group 
(Controls). These subjects provided information regarding the normal response of 
peak flow velocity, peak acceleration and flow velocity integral to near maximal 
exercise. The mean age of this reference group was 28.7 years. The remaining 74 
subjects were referred for exercise thallium perfusion scintigraphy for the evalua­
tion of chest pain. These patients were subdivided according to the results of their 
radionuclide study: normal (Group I, mean age 54.9 years), ischemia (Group II, 
mean age 55.1 years) and prior infarction only (Group III, mean age 53.8 years). 
The results of coronary angiography were concordant with the thallium testing in 
those patients in whom catheterization was performed. There was no significant 
difference in age between the three patient groups, but patients in groups I, II and 
III were all significantly older than the young control subjects. 

Table 1. Age and exercise characteristics of the study population. 

# Age Mean duration of Maximal HR #MaximalHR 
(mean) exercise (min) (average) <= 85% predicted 

Controls 28 28.7 12.7 169.3 28 
Group I 25 

54} 
8.5±2.9 } 147.5 } 19 

(normal scans) * t 
Group II 37 55.1 7.3 ±2.7 127.3 16 

(ischemia) 
Group III 12 53.8 7.2 129.6 5 

(infarction only) 
Total 102 

*p=NS 
t p::;O.OO5 
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Figure 1. Representative spectral (top) and digital (bottom) printouts from Doppler instru­
ments. The accompanying diagram (middle) illustrates several commonly obtained measure­
ments. ACCEL = acceleration; Ex = exercise; FYI = flow velocity integral; VEL = velocity. 
(Reprinted with permission from The American College of Cardiology (J Am Coli Cardiol 
1987; 10:809-17).) 

All subjects were exercised on a standard treadmill using the Bruce protocol 
[17]. For the 74 patients referred for thallium testing, thallium-201 was adminis­
tered according to standard procedure [18]. Continuous-wave Doppler examina­
tions were performed from the suprasternal notch, with the subject in the standing 
position. A nonimaging transducer was positioned to record the maximal flow 
signal as determined by audio and spectral outputs. Doppler recordings were made 
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at baseline prior to exercise, during the last half of each exercise stage, and im­
mediately after exercise (no warm-down period). 

Two nonimaging instruments were employed, and most subjects were studied 
sequentially with both machines. A full spectral recording was available from one 
unit (!rex), and enabled measurement of maximal velocity (fastest velocity traveled 
by RBC's in the Doppler recording) with the aid of a digitizing pad and computer. 
The second unit (ExerDop, A.H. Robins) is capable of measuring peak modal 
velocity (peak velocity of the greatest number of RBC's, which is slightly lower 
than maximal velocity), but lacks the capability of a full spectral tracing. Peak 
acceleration is derived internally by the instrument at a high sample rate (200 Hz) 
using a 2 point integrated slope algorithm. Flow velocity integral is also derived 
internally by this instrument. ExerDop provides Doppler measurements in the form 
of a digital printout (Figure 1). 
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Figure 2. Mean Doppler flow values for young normal subjects. Values are shown for 
baseline (rest), each stage of exercise, and immediately post-exercise (P). FYI = flow 
velocity integral; Max = maximal. (Reprinted with permission of The American College of 
Cardiology (J Am Coli Cardio11987; 10:809-17).) 

10.3 Results 

In all four groups of subjects (young control group and patient Groups I-ill), the 
values for peak velocity and acceleration were significantly higher immediately 
post-exercise compared to baseline. The young control group exercised an average 
12.7 min and achieved an average peak heart rate of 169.3 bpm. As shown in 
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Figure 2, a progressive increase in maximal velocity, peak modal velocity, and 
acceleration occurred with advancing levels of exercise. Both maximal and modal 
velocity decreased slightly in the immediate post-exercise period, while peak ac­
celeration continued to increase. Flow velocity integral increased early in the exer­
cise protocol, then plateaued, and decreased slightly at peak exercise. Qualitatively 
similar results were obtained for Groups I-III despite lower exercise capacity. 
Specifically, the nearly universal response of aortic blood flow velocity and ac­
celeration to exercise is to increase, regardless of the presence or absence of is­
chemia. 

There was considerable difference, however, when quantitative changes during 
exercise were analyzed. The mean value for maximal velocity achieved during 
exercise by patients examined by thallium scintigraphy was significantly less than 
that achieved by control subjects (1.36 mls for Controls vs 1.19 mls Group I and 
1.09 mls Group II). Despite differing from control values, however, there was no 
significant difference in response of maximal velocity to exercise for patients in 
Group I versus Group II (Figure 3). Thus, for this cohort of patients referred for 
exercise testing, the response of maximal velocity to exercise was no different for 
patients with ischemia on thallium perfusion scintigraphy vs those with normal 
myocardial perfusion scans. Similar results were obtained for modal velocity. 
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Figure 3. Individual, mean and standard deviation values for maximal aortic flow velocity at 
baseline and immediately after exercise. The p values refer to the difference between groups 
for the mean change in flow velocity. (Reprinted with permission from the American Col­
lege of Cardiology (J Am Coli Cardio11987; 10:809-17).) 
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As was the case for velocity, values for peak acceleration at maximal exercise in 
the young control group were significantly greater than for either group I or II. In 
contrast to velocity, however, peak acceleration appeared to distinguish between 
patients with exercise-induced ischemia and those without ischemia (Figure 4). The 
mean value achieved by patients with ischemic responses to exercise-thallium 
imaging was less (27.8 m/s2) compared to patients with normal perfusion scans 
(36.8 m/s2). Thus, measurement of low peak acceleration with exercise by Doppler 
echocardiography can ostensibly identify patients with a high likelihood of 
exercise-induced myocardial ischemia. 

The response of flow velocity integral to exercise was variable and failed to 
distinguish controls from patients and abnormal versus normal scans (Figure 5). 

10.4 Effect of exercise capacity on Doppler results 

It is apparent from Figure 2 that velocity and acceleration of aortic blood flow 
increase as the level of upright exercise increases. Thus, if peak exercise Doppler 
values are to be compared between individuals or between groups, equivalent 
levels of exertion must be performed. Similarly, if an individual is to have serial 
exercise Doppler studies, Doppler measurements must be evaluated in the context 
of exercise level at which they are obtained. 

10.5 Effect of age on Doppler results 

For the older patient group with normal thallium perfusion studies (Group I), 
average exercise duration was 8.7 min. Values of maximal velocity achieved at that 
level of exercise for Group I averaged 1.19 m/s. When compared to values of maxi­
mal velocity achieved by the young control group for stage 3 of the exercise 
protocol (comparable exercise level and duration), it is obvious that age plays an 
important role in determining one's Doppler response to exercise. Indeed, values 
for maximal velocity for the control group at stage 3 averaged 1.55 mis, sig­
nificantly higher (p < 0.01) than the velocity achieved by the older subjects in 
Group I (normal scans) even when the effects of cardiac medication (see below) 
were accounted for. Similar effects of age were apparent for peak modal velocity. 

Peak acceleration at 8.7 min exercise averaged 36.8 m/s2 for Group I patients. As 
was the case for velocity, peak acceleration for the young control group (41 m/s2) 
was higher at the same level of exertion than peak acceleration in Group I. Thus, 
for velocity {maximal and modal) and acceleration, age is inversely related to 
Doppler measurements. Recently, others [19] have reported similar findings with 
regard to the effects of age on these Doppler parameters, and confirmed our impres­
sion that if exercise Doppler values from patients are to be compared to exercise 
Doppler values from a reference group, age must be considered. 
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10.6 Effect of previous myocardial infarction 

Patients in Group ill (thallium evidence of infarction only) were similar in age and 
exercise duration to patients in Group II (thallium evidence of ischemia) and there­
fore offered a means by which to evaluate the ability of exercise Doppler to distin­
guish transient exercise-induced left ventricular dysfunction versus permanent left 
ventricular dysfunction. Group ill patients increased their maximal velocity from 
0.76 m/s at baseline to 1.13 m/s immediately post-exercise and increased their peak 
acceleration from 14.7 m/s2 at baseline to 24.7 m/s2 at immediately post-exercise. 
The response of these Doppler parameters to exercise was not significantly dif­
ferent for patients with prior infarction versus those with thallium evidence of 
ischemia. Thus, exercise Doppler echocardiography appears to be limited in its 
ability to distinguish transient from permanent LV dysfunction. 

10.7 Effects of beta adrenergic antagonists 

From our earliest experience with exercise Doppler echocardiography, patients on 
beta blocking medication appeared to have a blunted response of velocity and 
acceleration to exercise. Since previous reports on exercise Doppler have included 
patients being treated with beta blockers [5], we attempted to address this issue in 
our study population. Because 36 of the 74 patients referred for thallium study were 
currently receiving beta blocking medication, we analyzed the results of velocity 
and acceleration for patients in Group I (normal scans) and Group II (ischemia) 
who had achieved 85% of their age-predicted maximal heart rate. It is unlikely that 
beta blockade was significant in this subpopulation. In contrast to the significant 
decrease in peak acceleration observed between Group II and Group I when all 
patients were included, when comparison was limited to the subset of patients who 
reached 85% of age-predicted maximal heart rate there was no difference between 
peak acceleration during exercise for patients with ischemic versus normal scans 
(Group II 33.6 versus Group I 36.8 m/s2, p = NS) (Figure 6). Similarly, velocity 
(maximal and modal) was unable to distinguish patients with ischemic thallium 
scans from patients with normal thallium scans in this subpopulation. Thus, use of 
beta adrenergic antagonists appears to account for much of the lowering of 
Doppler-measured flow velocity and acceleration since Doppler's ability to predict 
exercise-induced ischemia was lost when patients receiving beta blockers were 
eliminated. Presumably, the patients with myocardial ischemia (Group II) were 
more likely to have been using beta blocking medication, and it was the medication 
that accounted for the lower values for peak acceleration in Group II compared to 
patients with normal scans (Group I). 

To insure that any change in Doppler values due to exercise-induced ischemia 
was not missed due to a delay in measurements immediately post-exercise, analysis 
of velocity and acceleration data was performed for the highest exercise stage 
achieved while still exercising. As was the case for velocity and acceleration in 
Groups I and II measured immediately post-exercise, no difference in Doppler 
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parameters could be ascribed to the effects of ischemia when analysis was 
restricted to patients not receiving beta blockers. 

To further assess the possibility of an ischemia-induced difference in Doppler 
results, the values for maximal velocity and peak acceleration at maximal exercise 
were compared with baseline values and expressed as a percentage increase from 
baseline. Results of this analysis, however, were unchanged from those found for 
absolute values. 
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Figure 6. Peak acceleration at baseline and immediately after exercise for patients with 
nonnal (Group I) and ischemic (Group II) thallium studies who achieved at least 85% of 
their age-predicted maximal heart rate. (Reprinted with pennission from The American 
College of Cardiology (J Am ColI Cardiol 1987; 10: 809-17).) 

We have since confirmed the impression that beta adrenergic antagonists exert 
an important influence on Doppler values of velocity and acceleration [20]. Twenty 
young healthy volunteers were studied with the exercise Doppler protocol as 
described above. Initially, the test was done in the drug-free (control) state. Im­
mediately following the control test, 1 mg!kg of propranolol was administered 
orally. Ninety minutes later, these subjects underwent the same exercise Doppler 
protocol, achieving the same exercise duration as seen in the control test 
(propranolol test). 
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Figure 7. Individual, mean and standard deviations values for peak modal velocity measured 
at rest and immediately after exercise for the control and propranolol exercise tests. A refers 
to the difference in Doppler values at rest for drug versus control test, and B refers to the 
difference in Doppler values during exercise for drug versus control test. The brackets refer 
to the change in Doppler-derived value from rest to exercise for the drug versus the control 
test. (Reprinted with permission from The American College of Cardiology (J Am CoIl 
Cardiol 1988; 11: 1002-9).) 

The results of this study were clear. Propranolol, in clinically useful doses, 
caused remarkable blunting of both aortic flow velocity and acceleration (Figures 7 
and 8). Propranolol lowered values for aortic flow velocity at rest and during exer­
cise, and the extent of propranolol's effect was similar for each situation. Thus, the 
rise in velocity during exercise was unchanged between the control and propranolol 
tests (Figure 7). In contrast, the effects of beta blockade on peak acceleration are 
most profound during exercise. Propranolol caused peak acceleration at rest and 
maximal exertion to be lowered compared to control, but affected the value of peak 
acceleration at maximal exercise to a greater extent. Thus, the exercise-induced rise 
in peak acceleration from baseline to maximal exercise was blunted (Figure 8). The 
finding of a diminished rise in Doppler values of peak acceleration is similar to the 
results noted by ourselves (see above) and others for patients with heart disease and 
suggest that much of what has been attributed to an effect of myocardial ischemia 
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Figure 8. Peak acceleration of aortic blood flow at baseline. and immediately after exercise 
for the control and propranolol tests. Abbreviations as in Figure 7. (Reprinted with permis­
sion from The American College of Cardiology (J Am Coli Cardiol 1988; 11: 1002-9).) 

may actually have been due to the presence of beta receptor antagonists. Similar 
results of exercise Doppler studies done on patients receiving beta blocking medica­
tion [21] have recently been reported by others. 

The negative effect of propranolol on Doppler velocity and acceleration appears 
specific for beta adrenergic antagonists. We conducted the same exercise Doppler 
protocol on the same subjects, but replaced propranolol with verapamil. Despite its 
well described negative inotropic properties, verapamil failed to alter either 
velocity or acceleration at rest or during exercise (Figure 9) [20]. When another 
calcium channel antagonist, nifedipine, was used in place of verapamil, Doppler 
values of velocity and acceleration at rest were actually increased relative to con­
trol. The augmentation of Doppler values by nifedipine was probably related to 
reflex sympathetic stimulation due to the potent vasodilatory properties of that 
drug, but serves as another example of the multiple factors that may influence 
Doppler measurements [22]. 
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Table 2. Age and exercise characteristics for patients achieving at least 85% of their age­
predicted maximum heart rate. 

Group I 
(normal scans) 

Group II 
Multivessel CAD 

Total 

# 

19 

16 
(9) 

35 

Age 
(mean) 

55.7}* ) t 
56.3 
56.6 

*p=NS; **psO.05; tp=NS; ttpsO.005; 

Mean duration of Maximal HR 
exercise (min) (average) 

8.7±3.26} .) 
7.6±2.9 t 
6.9± 2.2 

157.7±17.4} ) 

147.3 ± 15.7 ** tt 
140.6± 10.9 

Note: The number of multivessel CAD patients is listed parenthetically because these 
patients were also counted for Group II. 
CAD = coronary artery disease; 
* indicates p value for the difference between Group I and Group II; 
t indicates p value for the difference between Group I and multivessel CAD. 
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Figure 9. Flow acceleration at baseline and immediately after exercise for the control and 
verapamil exercise test. Abbreviations as in Figure 7. (Reprinted with permission from The 
American College of Cardiology (J Am ColI Cardiol 1988; 11: 1002-9).) 
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Figure 10. Peak acceleration at baseline and immediately after exercise in patients with 
normal thallium studies (Group I) and patients with ischemic thallium studies (Group II) 
who also had angiographically proven multivessel coronary artery disease (CAD). All sub­
jects shown achieved 85% or greater of their age-predicted maximal heart rate. (Reprinted 
with permission from The American College of Cardiology (J Am Coil Cardiol 1987; 
10:809-17).) 

10.8 Multivessel coronary disease 

We did identify a population in which exercise Doppler techniques may provide 
clinically useful information [12]. Nine patients in our study (7 with maximal 
velocity data and 5 with acceleration data) had angiographically documented multi­
vessel coroQary artery disease (mean = 2.3 vessels with ~ 75% stenosis), ischemia 
on thallium perfusion scintigraphy and an exercise heart rate at least 85% of the 
age-predicted maximum (Table 2). These patients were compared to patients in 
Group I (normal scans) who had also achieved at least 85% of their age-predicted 
maximal heart rate during exercise. In this small but well defined subgroup with 
multivessel coronary disease and exercise-induced ischemia who were not affected 
by beta blocking medication, peak acceleration at maximal exercise was sig-
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nificantly lower than that seen for patients of similar age and exercise capacity who 
were also not affected by beta blockers during the test, but did not have exercise­
induced ischemia (Figure 10). This finding is in agreement with the results of 
Sabbah et al. [23] who used the dog model to demonstrate that of the Doppler 
parameters measured, peak acceleration correlated most closely with the percentage 
of myocardial mass rendered ischemic by coronary occlusion. Furthermore, at least 
21 % or more of the left ventricular mass must be rendered ischemic for significant 
lowering of peak acceleration to occur. Thus, areas of ischemia large enough to 
influence results of exercise Doppler echocardiography may be present in patients 
with multivessel coronary artery disease, and exercise Doppler may provide valu­
able information regarding the extent of exercise-induced ischemia. 

10.9 Conclusions 

Initial work from several laboratories [3-6] including our own [16] showed exer­
cise Doppler echocardiography to be very promising for evaluation of patients with 
ischemic heart disease. Indeed, as a group, patients with coronary artery disease 
have less of an increase in aortic flow velocity and acceleration with exercise than 
do individuals without evidence of heart disease. As work in this field continues, 
however, limitations regarding clinical application of this technique to individual 
patients are becoming apparent. Exercise capacity, age, previous myocardial infarc­
tion, and beta blocking medication all exert important influence on the 
hemodynamic response to exercise as reflected in the Doppler-measured values of 
velocity and acceleration. Nonetheless, with appropriate patient selection, exercise 
Doppler echocardiography may prove to be useful in the evaluation of patients with 
ischemic heart disease. Future studies must carefully consider the known limita­
tions to this method and be aware that other, as yet unknown, limitations may exist. 
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11. Assessment of the effect of coronary artery bypass 
grafting on left ventricular function by 
stress Doppler cardiography 
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11.1 Introduction 

Coronary artery bypass graft surgery (CABG) is a widely used method of treating 
patients with coronary artery disease. It is associated with improvement in postsur­
gical lifestyle. It relieves angina pectoris in over 85% of patients [1, 2] and 
prolongs life especially in patients with disease in the three main coronary arteries 
or the left main coronary artery [1-3]. One of the major anticipated goals of CABG 
is correction of left ventricular function as the status of left ventricular function is 
an important factor in the survival of patients with coronary artery disease [4-6]. 
However the effect of CABG on left ventricular function has been the subject of 
much debate. This is due to conflicting reports with results suggesting improve­
ment [7, 8] or no improvement or even deterioration [9, 10]. Some of the factors 
which have led to such mixed reports are the techniques used in the evaluation, the 
timing of te postoperative assessment and finally whether the assessment was 
carried out at rest or during exercise. 

Studying resting ventricular function too early following CABG did not show 
any improvement by various investigators [11, 12]. Using systolic time intervals as 
measures of left ventricular performance it has been suggested that in the early 
postoperative period there is an increased adrenergic activity which may influence 
left ventricular function after the operation of CABG for two weeks or more [12]. 
Such a phenomenon therefore may mask any left ventricular dysfunction in the 
early postoperative periods. The results obtained from studying left ventricular 
function at rest following CABG varied widely between different investigators with 
some showing improvement [13-17] while others showed failure of improvement 
or even deterioration [10, 18-22]. 

Both from the research and the clinical points of view it would be beneficial to 
study left ventricular function sequentially, not only at rest but also with exercise, 
following CABG in order to allow for better understanding of the natural history. 
This will not be possible unless a rather simple cheap and safe technique is applied 
with high reproducibility and which can be carried out at frequent intervals without 
any side effects or biological danger. The usefulness of Doppler ultrasound during 
exercise in various clinical situations and its use to study and evaluate various 
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cardiac conditions have been discussed in the previous chapters. One of the impor­
tant uses of this approach is to evaluate the effect of CABG on left ventricular 
function. 

11.2 Doppler technique and the original experience 

The technique used was the transcutaneous aortovelograph (T A V) introduced 
originally by Light and Cross (1972) [23]. Various investigators reported on the 
value of the TA V at rest both qualitatively and quantitatively in studying and assess­
ing various cardiac conditions including myocardial infarction, cardiomyopathy, 
aortic valve disease and others beside its value in general medical conditions such 
as shock [23-31]. Its value in assessing the effect of different therapeutic agents 
has also been reported [32]. The method is based on measuring mainstream blood 
velocity in the aortic arch using a 2MHz transducer via the suprasternal notch and 
in between the neck blood vessels. This is carried out at rest and at maximal­
tolerated supine exercise. 

The transcutaneous aortovelograph (TAV, type 1006, manufactured by Murihead 
Medicals, Beckenham, Kent, England) which was based on the original machine 
developed by Cross and Light [33] was used. 

Pre-exercise recordings are obtained after at least 5 minutes of supine rest, with 
the subject's shoulder and head slightly elevated and the legs horizontal. The 
transducer is placed on the suprasternal notch and directed downwards and laterally 
in a direction tangential to the distal part of the aortic arch. Its position is adjusted 
until the highest pitched sound is heard on the loudspeaker and signals with maxi­
mum peak frequency are recorded. 

11.3 Exercise studies 

Supine exercise is carried out on a bicycle ergometer which is attached to the end 
of a couch. A standard protocol with step-wise increase in work load [34] is used. 
The ECG is monitored continuously, and blood pressure is recorded at minute 
intervals during exercise, at peak exercise and during the recovery phase until they 
returned to pre-exercise levels. 

The distance travelled by the blood in each cycle is given by the area of each 
systolic complex (systolic velocity integral) and termed the 'stroke distance' (Sd). 
This is an index of stroke volume [25]. The distance travelled per minute (stroke 
distance x heart rate) is the 'minute distance' and is an index of cardiac output in 
the subject. Five consecutive complexes from each recording are measured, and 
r;malysed on a digitiser-microprocessor programmed to average and derive peak 
velocity (Vp), stroke distance (Sd), minute distance (Md) and flow time (Tf), and 
early systolic acceleration. 

The technique is highly reproducible with a coefficient of variation for the stroke 
distance of 5.2% at rest and 5.9% at maximal exercise [35]. The coefficient of 
variation for the percentage change in the stroke distance with exercise (%.:1Sd) was 
10.7% [36]. 
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Our experience with Doppler stress testing goes back to 1982 and 1983 when the 
first reports came out of St Mary's Hospital, London [37, 38]. These preliminary 
studies indicated the usefulness of using Doppler ultrasound evaluating left 
ventricular function with exercise in normal subjects and in patients with coronary 
artery disease. Subsequent study [39] has confirmed that the %~Sd was linearly 
related to invasively derived (by left ventriculography) ejection fraction (r = 0.8). 
The %~Sd was also found to be robust against variation in exercise time and age 
[35]. For these reasons the percentage change in the stroke distance with exercise 
(%~Sd) is the most appropriate T A V index of left ventricular performance and its 
response to exercise. 

In normal subjects the stroke distance increases with exercise by 9-48% [35]. In 
patients with coronary artery disease on the other hand, the stroke distance 
decreases with exercise when there is left ventricular dysfunction (as evidenced by 
left ventriculography [39]. The %~Sd with exercise in patients with coronary dis­
ease was found to be a function of the number of coronary arteries with significant 
stenoses; it also decreases linearly with increasing number of diseased coronary 
arteries and the presence of history of previous myocardial infarction [39]. 

11.4 The coronary artery bypass grafting (CABG) study 

Because the status of left ventricular performance is a good predictor of survival in 
patients with coronary artery disease [3-5], the effects of coronary artery bypass 
surgery on left ventricular function may have important implications on the prog­
nosis. Various studies have been carried out and in all of them assessment of left 
ventricular performance was carried out either invasively or noninvasively. Some 
of the noninvasive studies involved the use of radio-labelled substances injected 
into the circulation; a reason which renders the repetition of these tests for follow 
up purposes rather difficult. 

Exercise ECG testing has its own limitations in assessing the effect of coronary 
artery bypass grating. The disappearance of chest pain following CABG does not 
always imply improved coronary blood flow, as intra-operative infarcts or even 
placebo effect may be responsible for the relief of pain [40]. Despite the improve­
ment in exercise tolerance and disappearance of symptoms following CABG, rever­
sal of ischaemic ST segment response to exercise following CABG was noted in 
only 50% of patients [41]. Another mechanism which may influence the result of 
exercise testing is the training programma which may produce improvement in 
exercise tolerance following CABG [12]. 

Because of the above reasons a study has been carried out at St Mary's Hospital, 
London to evaluate the effect of CABG on left ventricular function using the 
continuous-wave Doppler ultrasound technique of TAV with exercise [42]. Thirty 
consecutive patients (all male) in the age range 39-70 years (mean 55.4, SD 7.9) 
with coronary artery disease confirmed by coronary arteriography, and who were 
due to undergo CABG were studied. None of the patients had previous cardiac 
surgery or myocardial infarction within the six months prior to the study. All the 
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patients were free from valvular or myocardial heart disease and none of them was 
receiving digoxin or antiarrhythmic therapy. 
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Figure 1. Continuous-wave Doppler ultrasound recordings using transcutaneous aortovelo­
graphy from a patient with 3-vessel coronary disease and ejection fraction of 38%. Note that 
the area of the triangle (systolic velocity integral or stroke distance) has decreased at maxi­
mal (3 minute) exercise (b) as compared to the pre-exercise recording (a), thus suggesting a 
decrease in the stroke volume with exercise. Tf: flow time; Vp: peak velocity. 
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Figure 2. Aortic blood velocity recording by T A V of the same patient in Figure 1 following 
coronary artery bypass grafting. The stroke distance indicated by the area of the triangle at 
maximal (4.5 minute) exercise (b) increases as compared to the pre-exercise recording (a), 
thus suggesting an increase in the stroke volume. The response of the stroke distance to 
exercise is in contrast to that observed in Figure 1. 
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Figure 3. Tqe correlation between pre-operative resting ejection fraction (EF) assessed 
invasively by left ventriculography and the percentage change in the stroke distance (%~Sd) 
before coronary artery bypass grafting (A) and after the operation (B). The correlation is 
weaker after CABG than before the operation, thus demonstrating an improvement in the left 
ventricular function following the operation. 
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Figure 4. Stroke distance (Sd) as mean and standard deviation before and after coronary 
artery bypass grafting (CABG) at rest and at maximal tolerated supine exercise. No sig­
nificant change in the resting Sd is noted after CABG while a significant increase took place 
following the operation. 

Prior to surgery, 21 patients were receiving beta-adrenergic blockade and 13 
patients had history of myocardial infarction more than 6 months prior to the study. 
However, other anti-anginal medication like calcium-antagonists or nitrates were 
discontinued a week before the studies. All these patients had TAV studies at rest 
and at maximal-tolerated supine exercise during the week before and six weeks 
after operation. None of the patients developed peri-operative myocardial infarc­
tion. Before surgery exercise was terminated in four patients due to knee or thigh 
pain and exhaustion. None of the patients developed arrhythmia. After CABG, 
exercise was terminated due to exhaustion in all patients, none developed ST seg­
ment depression and/or chest pain. 

Coronary artery bypass grafting was carried out and the patients had an average 
of 3.57 grafts. Two patients had 2 grafts, 13 patients had 3 grafts, 11 patients had 4 
and 4 patients received 5 grafts. Figures I and 2 are typical examples of T A V 
recordings before and after CABG. 
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11.5 Preoperative data 

Prior to surgery the average exercise time was 3.9 (SD 1.1). Resting heart rate was 
63 (SD 10) which rose to 103 (SD 17) beats per minute at maximal exercise. The 
stroke distance decreased with exercise in 19 patients hence resulting in a negative 
percentage change in stroke distance (%~Sd), ten of whom had a history of myocar­
dial infarction. In 16 of these 19 patients, the resting ejection fraction (EF) was 
below 60%. The %~Sd showed a good correlation with the resting ejection fraction 
(r = 0.78, P = 0.001), (Figure 3a), thus confirming our previous findings [39]; thus 
the stroke distance decreased with exercise in patients with ejection fraction below 
60%. 

11.6 Postoperative data 

Six weeks after the operation, when the T A V study was repeated, none of the 
patients was receiving any medication apart from aspirin and persantin. Digoxin, 
which was used routinely in the postoperative period, was discontinued 4 weeks 
after the operation. Exercise time was 4.9 minutes (SD 1.3) which was a significant 
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Figure 5. Minute distance (Md) as mean and standard deviation before and after coronary 
artery bypass grafting (CABG) prior to and at maximal tolerated supine exercise. Both the 
resting and maximal exercise values for the Md did increase following CABG. The reason 
for the increase in the resting Md is mainly due to stopping the beta-adrenergic blocking 
agents after the operation. 
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Figure 6. Comparison of the percentage change in the peak velocity (%11 Vp) in individual 
patients who underwent coronary artery bypass grafting (CABG) before and after the opera­
tion and the mean and its 95% confidence limits. 

improvement over the pre-exercise value (p = 0.002). However, this improvement 
was not a function of number of grafts (r = 0.19). The heart rate at rest was 80 (SD 
14) which rose to 120 (SD 19) at maximal exercise. The significant improvement in 
heart rate both at rest (p < 0.001) and with exercise (p < 0.001) postoperatively was 
mainly due to the withdrawal of beta-adrenergic blockade. 
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Figure 7. Comparison of the percentage change in the stroke distance (%LlSd) in individual 
patients and the mean (and its 95% confidence limits) before and after the operation of 
coronary artery bypass grafting (CABG). Mean change = 33.6%, SE of the change = 5.1, 
p < 0.001. (Salmasi A-M, in AM Salmasi & AN Nicolaides (Eds.) Cardiovascular applica­
tions of Doppler ultrasound. Churchill-Livingstone. 1989. pp. 127-144). Reproduced with 
permission. 



146 

• 

%6.Md 

- 40 
Before After 

Figure 8. Comparison of the percentage change in the minute distance (%~Md) before and 
after coronary artery bypass grafting (CAB G) in 30 patients and its mean (and 95% con­
fidence limits). A significant increase in the %~Md is noted (p < 0.001). (Salmasi A-M. In 
AM Salmasi & AN Nicolaides (Eds.) Cardiovascular applications of Doppler ultrasound. 
Churchill-Livingstone. 1989. pp. 127-144). Reproduced with permission. 
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Whereas a significant increase in the peak exercise values for the Sd, and Md, 
occurred after surgery (Figures 4 and 5), no significant changes were noticed in the 
resting values except for the Md which increased significantly by an average of 
28% following CABG. This is mainly due to the disappearance of the effects of 
beta-adrenergic blockade postoperatively. However, the percentage changes with 
exercise in peak velocity, stroke distance and minute distance increased sig­
nificantly following CABG (Figures 6, 7 and 8). A weaker relation between pos­
toperative %~Sd and pre-operative ejection fraction was noted (Figure 3b); thus 
suggesting improvement in %~Sd following CABG. 

The increase in the exercise T A V values suggests that CABG has improved LV 
function possibly by reversing the myocardial ischaemic process. 

11.7 Significance of the early systolic acceleration 

Early invasive studies both in animals and in humans have demonstrated the useful­
ness of the maximum acceleration in assessing left ventricular function. In 1966, 
Noble and associates [43] using catheter tip velocity probe invasively in dogs 
showed that maximum acceleration was highly responsive to changes in left 
ventricular inotropic state. Using the same invasive technique Jewitt and associates 
in 1974) [44] reported that maximum acceleration was a good predictor of subse­
quent mortality in patients with acute myocardial infarction. Bennett and colleagues 
(1974 [45] using this invasive approach measured the maximum acceleration of the 
aortic blood by continuously differentiating the velocity signal, in twelve patients 
undergoing diagnostic coronary arteriography. The authors [45] found a close 
relationship between maximum acceleration and ejection fraction and reported that 
the maximum acceleration was inversely related to the severity of coronary artery 
disease. The maximum acceleration recorded in patients with definite coronary 
artery disease was below 1100 cm/sec2, while in patients with chest pain but no 
definite coronary artery disease it was higher than 1500 cm/sec2 [45]. 

Recently through non-invasive approach, Mehta and Bennett [46] measured 
maximum acceleration via application of a continuous-wave Doppler probe in the 
suprasternal notch, reported a significantly lower maximum acceleration (37%) in 
patients with acute myocardial infarction than in normal subjects. Also they found 
that the maximum acceleration was significantly lower in the non-survivors than in 
the survivors in their patients studied [46]. 

In this study of the evaluation of the effect of CABG on left ventricular function 
using Doppler ultrasound measurement of aortic blood velocity during physical 
exercise, the maximum early systolic acceleration was measured (Figure 9). The 
acceleration prior to exercise has not changed significantly following the operation. 
However, the acceleration at maximal exercise has increased significantly follow­
ing CABG. This is mainly due to increasing peak velocity and, to a lesser extent, to 
a reduction in the time from beginning of the systolic signal till the peak velocity 
(time to peak velocity = t-Vp). 
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Figure 9. Comparison of the early systolic acceleration (mean and SE) in the 30 patients who 
underwent coronary artery bypass grafting (CABG) at rest and at maximal tolerated supine 
exercise both before and after CABG. While no change was observed in the resting value a 
highly significant increase in the maximal exercise acceleration is observed. 

In keeping with other investigators [7], by carrying out the post-operative studies 
6 weeks after CABG, rather than much earlier, factors which may have influenced 
left ventricular performance such as increased adrenergic activity [12] have thus 
been avoided. 

11.8 Effect of beta-adrenergic blockade 

It has been reported that beta-adrenergic blockade may improve myocardial contrac­
tility and hence ejection fraction, even when the ejection fraction is below 40%. 
Using radionuclide techniques, Marshall and associates (1981) [47] reported that 
followinc clinically effective anti-anginal doses of propranolol, patients with coro­
nary artery disease who had positive exercise results, showed an improvement in 
the global as well as regional left ventricular performance. Improvement in the 
exercise response of the ejection fraction following oral propranolol therapy in 
coronary artery disease was reported by Battler and associates (1979) [48]. In the 
study reported here, therefore, the beta-blockades prior to CABG either improved 
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or did not have significant effect on the left ventricular function. Also if they were 
to be stopped prior to T A V testing this would have been risky and a lower 
workload would have thus been achieved. 

11.9 Effect of previous myocardial infarction 

Before CABG the ejection fraction measured by left ventriculography in patients 
with previous history of myocardial infarction (44.8%, SD 14.5%) was lower 
(p = 0.001) than in patients without such a history (67.2% ± 15.7%). Prior to CABG 
the stroke distance in eleven out of thirteen patients with such a history was 
reduced during exercise (i.e. negative % Sd). The five patients with % Sd below 
zero following CABG had a history of an old myocardial infarction also (Figure 7). 

60 

40 

20 

% b.Sd o 

- 20 

-40 
Before After Before After 

No H/O MI H/OMI 

Figure 10. Comparison of the (mean + SD) percentage change in the stroke distance (%~Sd) 
before and after coronary artery bypass grafting (CABO) in patients with and without history 
of myocardial infarction (H/O MI). There is no significant (p = 0.7) difference in the degree 
of improvement in %~Sd following CABO between patients with H/O MI (mean 36.0, SE 
6.0) and those without H/O MI (mean 32.0, SE 4.6). Patients with H/O MI had a lower 
%~Sd than patients without H/O MI both before and after CABO. 
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There was no significant difference (p = 0.7) in the mean change (post CABG -
pre CABG) for %~Sd between patients with a history of myocardial infarction 
(mean 36.0, SE 6.0) and those without such a history (mean 32.0, SE 4.6). 
However, although no significant differences were observed in the amount of 
improvement of the %~Sd (Figure 7), after operation, the %~Sd in patients with a 
history of myocardial infarction was lower than those without such a history 
(Figure 10). 

The results suggest that a history of myocardial infarction prior to CABG has a 
depressant effect on the overall myocardial function during exercise. This is in 
agreement with a previous report [39]. However, the degree of improvement in left 
ventricular performance in the myocardial infarct patients after revascularisation as 
a result of CABG, was similar to that in patients without infarction indicating that 
the effect of the degree of revascularisation was similar in the two groups. This is 
further supported by the lack of difference in the number of coronary bypass grafts 
between the two groups. However, the existence of a myocardial infarct scar tended 
to exert a similar degree of reduction in overall left ventricular function before and 
after CABG. This suggests that patients with a previous history of myocardial 
infarction do benefit from CABG to the same extent as do patients without such a 
history. The explanation for this finding may be that revascularisation has only 
improved the function (or led to a reversal in the dysfunction) in the ischaemic 
area, while the dead (infarcted) myocardium remained non-functioning. 

In a study by Taylor and associates [7], on 56 patients with exertional angina 
using multiple gated ventricular scintigraphy at rest and during dynamic exercise, 
before and six weeks after CABG, they showed that resting ejection fraction did 
not change following CABG. However, during exercise it increased significantly in 
the 52 patients who were asymptomatic following CABG. Taylor and colleagues 
[7] also showed that exercise-induced regional wall motion abnormalities prior to 
CABG disappear after the operation. The presence of previous myocardial infarc­
tion did not have any influence on these results. On the other hand, in patients who 
continued to experience exertional angina following CABG, Taylor and colleagues 
[7] reported a fall in both resting and exercise ejection fraction. However, in the 
study reported here, none of the patients were symptomatic following CABG. 

11.10 Conclusion 

Left ventricular dysfunction in patient with coronary artery disease improves fol­
lowing revascularisation of the ischaemic myocardium as a result of the operation 
of coronary artery bypass grafting. This is only evident if left ventricular function is 
assessed during exercise. Exercise myocardial function improves by the sixth 
weeks following CABG, equally in patients with and without previous myocardial 
infarction, but those who have lower left ventricular function before CABG tend to 
have a lower function following CABG. 

The use of a suptrastemally approachable continuous-wave Doppler ultrasound 
with exercise to assess the effect of CABG on left ventricular function proves, 
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therefore, to be of value as a simple non-invasive test. It is free of risks and can be 
repeated as frequently as necessary. These facts render this technique to be of value 
in the follow-up of patients and in studying their natural history following such 
operative procedures. 
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12. Doppler assessment of stress induced ischemic 
diastolic dysfunction 
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12.1 Introduction 

Considerable interest has recently been focused on the importance of diastolic left 
ventricular (LV) dysfunction in the production of signs and symptoms in acquired 
heart disease. Studies in patients presenting with symptoms of congestive heart 
failure, for example, have estimated that 34% to 42% will have normal left 
ventricular ejection fractions, implying a major role for abnormalities of left 
ventricular compliance and/or relaxation [1, 2, 3]. Pulsed Doppler echocardiog­
raphy has emerged as a clinically useful tool in the noninvasive evaluation of abnor­
malities of LV filling, by virtue of its beat to beat analysis of the velocity of trans­
mitral blood flow. Abnormal left ventricular diastolic function has been studied 
using this technique in patients with hypertension [4, 5, 6], hypertrophic car­
diomyopathy [7, 8, 9, 10], and dilated cardiomyopathy [11], with a prevalent pat­
tern being identified of a shift in ventricular filling from early to late diastole. 
Reduced flow velocity in early diastole has been attributed to impaired relaxation 
with consequent compromise of early diastolic filling. Increased transmitral flow 
velocity in late diastole is felt to reflect a compensatory increase in the atrial con­
tribution to left ventricular filling. The effects of myocardial ischemia on diastolic 
ventricular function are more complex. It is the intention of this review to briefly 
outline what is known on an experimental level of the effects of ischemia on 
ventricular diastolic function, to briefly summarize the validation of the Doppler 
method of assessment of LV filling in comparison with previous techniques, to 
describe what has been ascertained of the effects of ischemic heart disease on 
Doppler parameters of diastolic function, and to attempt to delineate the utility of 
Doppler assessment of transmitral flow with exercise in the detection of stress 
induced myocardial ischemia. 

12.2 Experimental studies 

During the past 10-15 years, many investigators have attempted to analyze the 
effects of myocardial ischemia on diastolic ventricular function in animal prepara­
tions, predominantly by studying myocardial compliance changes as reflected by 
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alterations in the LV pressure-volume relationship at end-diastole [12]. Experimen­
tal coronary artery ligation has been shown to acutely increase LV compliance, 
whereas pacing induced ischemia has been noted to produce the opposite effect of a 
decrease in compliance (i.e. increased myocardial stiffness) [13, 14, 15, 16]. The 
underlying mechanisms thought to explain these contradictory effects of 'supply' 
and 'demand' ischemia are multifactorial. Supply ischemia results in a collapse of 
the coronary vasculature (the so-called 'garden hose effect'), which is felt to lead to 
a reduction in its contribution to chamber stiffness. Segmental dyskinesis 
(stretching and elongation of the ischemic region) which occurs during coronary 
occlusion, may lead to an increase in ventricular volume at a given pressure, 
thereby increasing chamber compliance [12, 17, 18]. Tissue metabolic factors 
leading to increased levels of cytostolic calcium are felt to play a rQle in the ob­
served decreased compliance during demand ischemia [12, 19]. The duration of 
ischemia also appears to be an important factor as variable degrees of 'ischemic 
contracture' may occur with more prolonged ischemia, leading to further decreases 
in myocardial compliance [12]. 

12.3 Ischemia and diastolic dysfunction in humans 

The effects of myocardial ischemia on diastolic left ventricular function in humans 
has been studied extensively using invasive hemodynamic techniques [20, 21, 22, 
23, 24, 25, 26, 27], radionuclide techniques [28, 29, 30], or a combination of the 
two [31]. Simultaneous measurement of intraventricular pressure and contrast 
ventriculographic volume during angina at rest [26] and during pacing induced 
ischemia [20, 21, 22, 26] has demonstrated a shift in the pressure/volume relation­
ship consistent with decreased LV compliance (increased stiffness). Pressure 
measurements during pacing induced ischemia [23] and during supine bicycle 
exercise induced ischemia [25] have shown abnormal decay in LV pressure in early 
diastole suggesting a primary effect of ischemia on myocardial relaxation. A 
landmark study by Mann, et al. [23], studying pacing induced ischemia, showed a 
decrease in the rate and increase in the time constant of pressure decay, confirming 
the effect of ischemia on relaxation. Strong arguments were also made against a 
contribution of extrinsic compression of the LV by the pericardium and right 
ventricle, or by changes in the 'erectile effect' of the coronary vasculature. 
Radionuclide studies at rest in patients with coronary disease [29], and during 
exercise induced ischemia [28, 30], have shown a decrease in the peak rate of 
diastolic filling and a reduction in the proportion of filling in early diastole. 
Sharma, et al. [26] also provided invasive evidence of a shift in filling from early to 
late diastole during spontaneous angina in the cath lab. Thus a primary effect of 
ischemia on diastolic LV function in humans has been clearly shown. A more 
easily obtained, less expensive, noninvasive technique would facilitate the study of 
these phenomena in larger numbers of patients and serially in individual patients. 
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Figure 1. Sample spectral display of Doppler transmitral flow velocity. E = peak velocity in 
early diastole; A = peak velocity during atrial systole; integrated area under the darkest 
outline of the spectral display = mean flow velocity. 
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Figure 2. Top) Computer-generated graphic display of an angiographic frame-by-frame left 
ventricular volume curve during diastole. The diastolic filling period (DFP) is determined as 
the time between the end-systolic volume (ESV) and end-diastolic volume (ED V). V 1/2 is 
the abolute volume of the left ventricle at one half DFP. Bottom) Instantaneous slope or 
derivative of the volume curve. Peak filling rate (pFR) represents the largest derivative 
within the first half of diastole. Reproduced with permission from Rokey et al. [33]. 
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12.4 Pulsed Doppler assessment of left ventricular filling 

Prior to the use of Doppler echocardiography in the analysis of left ventricular 
filling, the clinical assessment of diastolic function was made by obtaining filling 
rates and filling fractions from frame-by-frame analysis of contrast ventriculgrams 
or time-activity curves by gated blood pool scintigraphy. Doppler assessment of 
LV filling is accomplished by measuring the velocities of transmitral flow in dias­
tole. The heart is imaged in the apical 4-chamber view, and the pulsed Doppler 
sample voume is placed on the ventricular side of the mitral annulus near the tips of 
the mitral leaflets [32]. The spectral display thus obtained has a characteristic 
biphasic apeparance as illustrated in Figure 1. Two peak velocities are recorded, 
representing flow in early diastole (E) and during atrial contraction (A). 

Rokey, et al. [33] compared peak filling rates obtained using the product of peak 
early diastolic Doppler flow velocity and mitral annular cross sectional area, with 
those obtained from frame by frame analysis of contrast ventriculograms. The 
derivative of the contrast volume curve (bottom panel of Figure 2) was found to 
morphologically resemble the Doppler-derived velocity profile. Mean values for 
peak filling rates and for first one-half of diastole filling fractions, obtained by the 
two methods, were nearly identical. A significant correlation was found between 
peak flow velocity alone and angiographic peak filling rate. Patients with low 
angiographic filling rates tended to have an early diastolic peak velocity of less 
than 45 cm/sec. Patients with low filling rates also tended to have a relative in­
crease in flow velocity during atrial contraction. An E/A ratio (ratio of early to late 
peak flow velocity) less than 1.0 correlated with low angiographic filling rate. A 
cutoff value of 1.0 allowed separation of normal from reduced one-half filling 
fraction angiographically in 93% of patients studied. 

Spirito, et at. [34] evaluated variables obtained directly from the Doppler dias­
tolic flow velocity waveform alone, and compared them with volumetric measure­
ments of diastolic filling using time-activity curves obtained by radionuclide an­
giography. The timing of flow velocities by Doppler appeared to coincide exactly 
with changes in relative volume by radionuclide angiography (Figure 3). The slope 
of the descent of the early diastolic peak flow velocity correlated well with the 
radionuclide angiographic peak filling rate (R = 0.79). E/A ratios taken directly 
from the Doppler spectral display correlated well witht he ratio of percent of LV 
filling occurring during rapid filling and that occurring during atrial systole. The 
two techniques showed agreement in classifying patients as having normal or abnor­
mal diastolic function in 84% of the patients studied. In a similar study, Friedman, 
et at. [35] digitized the Doppler flow velocity waveform and assessed the fraction 
of left ventr:icular filling during early diastole and atrial systole by calculating the 
ratios of the integrated component velocities to the integration of the total diastolic 
spectral display. The fraction of diastolic filling during early diastole and atrial 
systole correlated well with the corresponding parameters obtained by analysis of 
radionuclide time-activity curves (R values of 0.84 and 0.85 respectively). 
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Figure 3. Superimposed Doppler left ventricular (LV) diastolic flow velocity waveform 
(middle) and radionuclide angiographic (RNA) time-activity curve (bottom), obtained in a 
normal subject. Cycle length (878 ms) was identical in the two studies. Changes in flow 
velocity appear to occur at the same time as changes in relative volume. The early diastolic 
flow velocity peak occurs during the period of left ventricular (LV) rapid filling. At the end 
of rapid filling, flow velocity begins to decrease and reaches zero baseline at the beginning 
of diastasis. At the end of diastasis and after atrial systole (A), both flow velocity and filling 
rate increase again. A2 = aortic component of the second heart sound in the phonocar­
diogram (PHONO); ECG = electrocardiogram; edv = end-diastolic volume. Reproduced 
with permission from Spirito et al. [34]. 
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These landmark studies demonstrate that indexes derived from the Doppler 
transmitral flow velocity waveform provide a reliable assessment of diastolic func­
tion in patients with cardiac disease. The Doppler technique provides a useful 
noninvasive, beat to beat analysis of diastolic function, comparing favorably with 
previous invasive, time consuming, and expensive methods. 

12.5 Supply ischemia and the Doppler technique 

The effects of myocardial ischemia on the Doppler parameters of left ventricular 
filling have been studied in patients with acute myocardial infarction (MI) [36,37], 
during the balloon inflation phase of percutaneous transluminal coronary an­
gioplasty (PTCA) [38,39], and in patients with coronary artery disease before and 
after successful PTCA [40,41]. Significant decreases in the E/A ratio compared 
with controls were seen in patients with acue MI, with the degree of decrease in 
E/A ratio correlating with both Killip class and hospital mortality. Supply ischemia 
induced by balloon inflation during PTCA resulted in a lowering of the early dias­
tolic filling velocity and a greater contribution of atrial systole to ventricular filling, 
within 15-30 seconds of coronary occlusion. Although Wind, et at. [40] docu­
mented lower peak E velocities and lower E/A ratios and E/A integral ratios in 
patients with coronary artery disease, no improvement toward normal values was 
seen in the first 24 hours following successful PTCA. Masuyama, et at. [41] 
however, found that depressed early diastolic filling velocities increased sig­
nificantly by 9 days post-PTCA. At the time of late follow-up, recurrent decrease in 
the E velocity was a reliable marker of restenosis. Thus; supply ischemia in humans 
is associated with the typical abnormalities of the Doppler derived transmitral flow 
waveform consistent with decreased left ventricular compliance. 

12.6 Stress induced ischemia and the Doppler technique 

As can be seen from the above discussion, the assessment of ischemic diastolic 
dysfunction using pulsed Doppler analysis of transmitral flow, has focused on 
abnormalities of the peak velocity in early diastole (E), the peak velocity during 
atrial contraction (A), the ratio of the two (E/A ratio), and the integration of the 
total waveform as well as its two major components (see Figure 1) to yield total 
and partial velocity integrals. The time-velocity integral represents the mean 
velocity obtained by digitization of the spectral envelope of the transmitral flow 
velocity waveform, normalized for the diastolic filling period. The time-velocity 
integral bears a closer relationship to flow than peak velocities alone, as the product 
of the time velocity integral and the cross-sectional area of the mitral annulus has 
correlated well with thermodilution measurement of stroke volume, with an R 
value by linear regression as high as 0.96 [42]. With increased heart rates (as would 
occur with exercise or atrial pacing), a phenomenon has been observed in which the 
E and A velocities tend to merge, preventing analysis of individual integrated 
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velocities [43]. Thus, partial integrals (E and A integrals) cannot be assessed ac­
curately with the increased heart rates to be expected with exercise. 

The effect of exercise induced tachycardia on the pulsed Doppler transmitral 
flow velocity waveform has only very recently been investigated. Iwase et al. [44] 
studied patients with hypertrophic cardiomyopathy treated with diltiazem, undergo­
ing supine bicycle exercise. The response seen in healthy controls was for the E and 
A velocities to increase dramatically, while maintaining an unchanged E/A ratio. 
Rassi, et al. [45,46] studied normal subjects undergoing supine bicycle exercise, 
and found that mean mitral flow velocity increased greater than two-fold (41.9 
crn/sec to 109.7 cm/sec) from baseline to peak exercise. The mitral time-velocity 
integral, however, did not change significantly due to a greater than two-fold 
decrease in the diastolic filling period. Figure 4 illustrates the dramatic increase in 
transmitral flow velocities with exercise in a normal subject. Again, the degree of 
fusion of the E and A velocities at increased heart rates prevents separate analysis 
of E and A velocity integrals. Clearly, it can be seen that distinguishing abnor­
malities of the distribution of diastolic filling induced by ischemia, in the setting of 
increased heart rates, is complicated by the above technical problems in waveform 
analysis. In addition, decreases in the E velocity and integral, and increases in A 
velocity and integral, seen in models of supply ischemia, may be masked by the 
normal physiologic response of both parameters to exercise, when investigating 
demand ischemia. 
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Figure 4. Representative single-beat Doppler velocity recordings at rest, during exercise, and 
recovery. ECG = electrocardiogram; REC = recovery. Reproduced with permission from 
Rassi et at. [46]. 

In an attempt to overcome these technical difficulties, Iliceto, et al. [47] studied 
patients with coronary artery disease using pacing induced ischemia, but assessed 
the transmitral flow velocity waveform during post-atrial pacing recovery, thus 
analyzing changes in the E and A velocities and integrals in the presence of 
demand ischemia, but at heart rates no different than baseline. A significant rear­
rangement of left ventricular filling was found with a decrease in E velocity, a 
compensatory increase in A velocity, and an increase in the ratio of atrial time­
velocity integral to total time velocity integral. The Doppler waveform returned to 
baseline, however, by one minute of recovery from pacing. 
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Given the inherent difficulties in assessing Doppler parameters of left ventricular 
filling at increased heart rates, we attempted to prospectivley assess whether useful 
information could be obtained using this technique in patients undergoing treadmill 
stress testing in the evaluation of coronary artery disease. Realizing that separate E 
and A integrals and deceleration time of the E velocity would not be measurable at 
increased heart rates due to the fusion of E and A velocities, the only remaining 
parameters that could be practically assessed would be the peak E and A velocities, 
their ration (J!./A ratio), the mean velocity for the total waveform, and the time­
velocity integral for the total waveform. 

12.7 Doppler technique during stress testing 

A total of 28 consecutive patients, over a 4 month period at the UCLA Noninvasive 
Laboratories, underwent simultaneous digital stress echocardiography and stress 
thallium imaging using standard upright treadmill exercise protocols [48]. The 
'ischemic' group (Group I) included 18 patients; 12 with evidence of reversible 
perfusion defects by SPECT thallium imaging (Group IA), and 6 with negative 
thallium scans but with exercise induced wall motion abnormalities by stress 
echocardiography (Group ffi). The 'non-ischemic' group (Group 2) included 10 
patients with known or suspected coronary artery disease, with normal stress thal­
lium imaging, normal stress echocardiography, and normal ECG stress testing. 
During this same time period 10 'controls' (Group 3) were identified as age 
matched patients undergoing stress echocardiography for evaluation of atypical 
chest pain but without evidence of coronary artery disease. 

Resting and immediate post-exercise 2-dimensional (2-D) and Doppler echo car­
diographic imaging was performed on supine subjects with a Hewlett-Packard 
77020A echocardiograph with a 2.5 MHz transducer and pulsed Doppler 
capability. Optimal windows for obtaining parasternal and apical views at rest were 
clearly marked on each patient's chest wall. Immediate post-exercise images were 
obtained in all cases within 30-60 seconds of termination of upright treadmill 
exercise. Digitized cine loops of 2-D images obtained using the apical 4-chamber, 
2-chamber and long axis, as well as the parasternal short-axis veiws were made on 
a Microsonics digitizing system. The grading system used for wall motion analysis 
has been described previously [48]. The profile of transmitral flow by pulsed Dop­
pler was obtained with the sample volume placed on the ventricular side of the 
mitral annulus near the tips of the mitral leaflets in the apical 4-chamber view. 
Pulsed Doppler measurements were obtained immediately after 2-D imaging. Beats 
used for analysis were those that showed the greatest peak flow velocities regard­
less of the ;phase of respiration. Four parameters of LV filling were obtained from 
analysis of the Doppler spectral display: (1) peak E, (2) peak A, (3) E/A ratio (4) 
mean mitral flow velocity-obtained by digitizing the contour of the darkest outline 
of the spectral display (see Figure 1). The time-velocity integral is the mean 
velocity normalized for the diastolic filling period (see above). Digitization was 
performed using a standard, commercially available digitizing pad from Trinity 
Systems. Statistical methods used were described previously [48]. 



164 

A summary of the overall results of simultaneous digital stress echocardiography 
and stress thallium imaging is shown in Figure 5. Of note is the fact that of the 10 
patients with known or suspected coronary artery disease with 'non-ischemic' 
studies, 7 had resting wall motion abnormalities consistent with previous infarction 
(Group 2A). The mean ages, baseline heart rates, post exercise heart rates, percent­
ages of maximum predicted heart rate at peak exercise, and double-products 
achieved were comparable in all groups. There was a trend toward greater use of 
calcium antagonists and beta-blocking drugs in Groups 1 and 2, compared with 
Group 3. Table 1 lists the data for the response of the mean mitral flow velocity to 
exercise in all groups. 

/2BPATIENTS~ 

12 POSITIVE THALLIUM ** 16 NEGATIVE THALLIUM 

/\ /~ 
9 NEW WMA 3 NO NEW WMA 6 NEW WMA ** * 10 NO NEW WMA 

7 RESTWMA 3 RESTWMA 6 RESTWMA 7 RESTWMA 

** Constitute ischemic group 

* Constitute non-ischemic group 

WMA = wall motion abnormality 

Figure 5. Overall results of simultaneous digital stress echocardiography and stress thallium 
imaging in 28 consecutive patients with known or suspected coronary artery disease. 
* = non-ischemic group; ** = ischemic group. WMA = wall-motion abnormality. 

In controls the mean mitral flow velocity doubled, from baseline to post-exer­
cise, whereas in patients with evidence of exercise induced ischemia by stress echo 
and stress thallium, the mean mitral flow velocity increased by only 33%. Sample 
Doppler tracings in a control and an ischemic patient are shown in Figure 6. There 
was no difference in the response of mean mitral flow velocity with exercise if one 
compares patients with ischemia demonstrated by reversible thallium perfusion 



165 

BASELINE POST - EX. 

' ... 41····.····.····,··· •.... , •..•. '1 .. ,,1'" ,1111, 

A 

B 
Figure 6. Pre-exercise and post-exercise spectral display of Doppler transmitral flow 
velocity in 2 representative patients. A) control: a 61 year old female, 13 minute total exer­
cise time on' Bruce protocol, reached 88% maximal predicted heart rate, double product = 
23,800, baseline mean mitral flow velocity = 33 cm/s, post-exercise mean mitral flow 
velocity = 67 cm/s (103% increase). B) thallium redistribution and exercise induced wall­
motion abnormality developed in this 58 year old male, 11.5 minute total exercise time on 
Bruce protocol, reached 100% maximal predicted heart rate, double product = 27,200, 
baseline mean mitral flow velocity = 42 cm/s, post-exercise mean mitral flow velocity = 53 
cm/s (26% increase). Each division = 20 cm/s. 
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defects versus those with ischemia demonstrated by exercise induced wall motion 
abnormalities (Group 1A vs. Group 1B). If one uses a cut-off for the normal degree 
of increase in mean mitral flow velocity with exercise of 50%, the Doppler 
response correctly identified 9 of 10 controls as 'non-ischemic', and predicted 
ischemia in 15 of 18 patients with noninvasive evidence of exercise induced is­
chemia. The response among 'non-ischemic patients' was similar to the response 
among controls. It is of great interest that non-ischemic patients with resting wall 
motion abnormalities (Group 2A) demonstrated the same degree of increase in 
mean mitral flow velocity as controls, suggesting that the proposed abnormal 
response to exercise (failure to increase mean mitral flow velocity by at least 50%) 
is a marker of exercise induced ischemia, rather than merely a non-specific marker 
of resting compliance abnormalities related to prior ischemic injury. 

The failure in ischemic patients to increase transmitral flow velocity with exer­
cise to the same extent seen in non-ischemics and controls, may be a reflection of 
ischemia induced compromise of stroke volume, LV filling or both. If one looks at 
the response of the time-velocity integral to exercise in all groups (Table 2) it can 
be seen that there is no significant change from baseline to post-exercise in any 
group. This would suggest that changes in stroke volume were not significantly 
different. The smaller decrease in diastolic filling period seen in ischemic patients 
may reflect a relative prolongation of diastolic filling due to ischemic effects on 
compliance and/or relaxation. The effects of drugs on the responses noted are 
interesting in that patients with an 'ischemic' response in the Doppler parameter 
had a trend toward greater use of calcium antagonists and beta blocking drugs, 
which should exert a beneficial effect on left ventricular compliance. 

In terms of the response of the E/ A ratio to exercise, the values for this parameter 
at baseline and post-exercise, as well as the percent change with exercise, were no 
different among all groups (Table 3). The overall response of mean velocity, there-

Table 1. Mitral flow velocity data. 

Baseline Mitral Postexercise Mitral 
pt Flow Velocity Flow Velocity 

Group (cm/s) (cm/s) 

39 ± 13 51 ± 18 

1A 42 ± 15 56 ± 20 

1B 32 ± 6 41 ± 9 

2 33 ± 7 59 ± 12 

2A 35 ± 7 63 ± 10 

3 31 ± 7 60 ± 12 

All values are mean ± standard deviation . 
• p ; <0.005 between groups. 

Patients with >50% 

Percent Change in Increase in 

Mitral Flow Velocity' Mitral Flow Velocity' 

(cm/s) (cm/s) 

33 ± 24 } 3/18\ 
31 ± 29 2/12 J\ 
34 ± 24 l 1/6 , • 

86 ± 53} f . 8/10 l j 
90 ± 64 517 ' 

101 ± 59 9110 j 
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Table 2. Diastolic filling period and time-velocity integral data. 

PI Baseline Postexercise Percent Change Baseline Postexercise Percent Change 
Group DFP DFP in DFP TVI TVI in TVI 

1 0.48 ± 0.16 0.37 ± 0.15 23 ± 16 18 ± 5 17 ± 4 -1 ± 18 

2 0.48 ± 0.11 0.29 ± 0.06 37 ± 14 16 ± 4 17 ± 4 13 ± 23 

3 0.59 ± 0.13 0.34 ± 0.09 40 ± 18 17 ± 4 20 ± 4 11 ± 17 
NS NS P = 0.02 NS NS NS 

All values are in mean ± standard deviation. 
DFP = diastolic filling period (in seconds of diastole/beat); NS = not significant; TVI = time-velocity integral. 

fore, would appear to be a more reliable measure of the effects of exercise induced 
ischemia on Doppler assessment of LV filling, overcoming the technical drawback 
of the effect of increased heart rate on the Doppler peak velocities, as previously 
described. 

The above study is the first to assess the response of transmitral flow, as 
measured by pulsed Doppler echocardiography, to exercise in the evaluation of 
patients with known or suspected coronary artery disease. The major limitation, 
besides small numbers of patients, is the absence of angiographic confirmation of 
the presence of significant coronary artery obstruction. In terms of future directions 
in the study of this technique, we plan to evaluate a more straightforward model, 
namely the patient with single vessel coronary artery disease and normal LV sys­
tolic function, undergoing PTCA. The evaluation of the response of LV filling to 
exercise in the presence, and then in the same patient, the absence of exercise 
induced ischemia, should help to establish the reliability and usefulness of this 
technique as an adjunct to routine stress echocardiography. 

Table 3. E/A ratios. 

Pt group 

1 
2 
3 

Baseline 
E/A ratio 

1.2 ± 0.3 
1.6 ± 1.7 
1.2± 0.4 
NS 

All values are in mean ± standard deviation. 

12.8 Summary 

Postexercise 
E/A ratio 

1.3± 0.5 
1.4± 0.7 
1.0± 0.2 
NS 

Percent change 
in E/A ratio 

1O±48 
7±32 

l6±27 
NS 

Stress echocardiography is continually evolving as a useful adjunct to ECG tread­
mill stress testing. The role of Doppler echocardiography as an adjunct to stress 
echocardiography is only recently beginning to be defined. The majority of clinical 
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studies have focused on Doppler parameters of systolic LV function and LV ejec­
tion dynamics. The assessment of diastolic function during stress testing has thus 
far been the least studied aspect of stress Doppler. This review has attempted to 
demonstrate that pulsed-Doppler provides clinically useful and physiologically 
meaningful information about abnormalities of LV filling by comparison with other 
techniques. The effects of ischemia (occurring at rest or produced by atrial pacing, 
exercise, and coronary occlusion) on diastolic LV function, and the use of pulsed­
Doppler to assess abnormalities of transmitral flow induced by ischemia, have been 
summarized. This should serve as a background to understanding (and formulating 
ways of studying) the effects of ischemia produced by treadmill stress testing on 
LV diastolic function. 

This review has also concentrated on the technical difficulties apd pitfalls in 
analyzing the Doppler waveform of transmitral flow at the increased heart rates 
encountered with exercise. The response of transmitral flow to exercise in normals 
has been described. The experience of one laboratory in the use of Doppler assess­
ment of diastolic function with treadmill exercise in patients with known or 
suspected coronary artery disease has been described in detail. 

Changes in peak E velocity, peak A velocity, and their ratio, with exercise in­
duced myocardial ischemia, are influenced by the normal physiologic response 
during exercise to increase all velocities as a reflection of increased cardiac output, 
as elegantly reported by Rassi et af. [46]. Evaluation of the separate integral 
velocities is technically limited by the fusion of E and A waveforms at the in­
creased heart rates attained with exercise. It is proposed that analysis of the total 
waveform integral at baseline and post-exercise be compared with the response in 
normals, in assessing abnormalities of LV filling produced by exercise induced 
ischemia. Clearly, the clinical role of Doppler assessment of LV filling with exer­
cise, in evaluating patients with coronary artery disease, has yet to be defined. 
Further studies are needed to validate the use of this technique in treadmill stress 
testing. 
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13. Pharmacologic Doppler stress testing in coronary 
artery disease 
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It has been over a decade since the initial studies confinning that transcutaneous 
Doppler ultrasound could be used to accurately assess ascending aortic blood flow 
velocities [1-3]. As described in detail elsewhere in this book, a number of 
parameters derived from the aortic velocity profile accurately reflect global left 
ventricular systolic function (Figure 1). In fact, Doppler evaluation of aortic blood 
flow velocities provides one of the few non-invasive methods by which beat-to­
beat changes in left ventricular function may be assessed. 

13.1 Doppler and left ventricular function 

A number of studies both from the experimental model as well as in the clinical 
setting have confinned the accuracy by which Doppler <velocimetry may be applied 
in detennining stroke volume and cardiac output compared with invasive measure­
ments of the same [4-7]. These volume measurements require the integration of the 
mean velocity over an entire cardiac cycle (flow velocity integral) and the cross 
sectional area of the aortic valve anulus. In addition, several investigators have 
shown that the simple measurement of the peak aortic velocity also reflects and is 
dependent upon to a large extent, left ventricular systolic function. Gardin 
demonstrated that peak aortic flow velocity was significantly higher in nonnal 
individuals than in patients with cardiomyopathy [8]. Other investigators have 
reported that peak aortic acceleration as well as mean acceleration as measured by 
Doppler ultrasound also shows a good correlation with left ventricular systolic 
perfonnance and left ventricular ejection fraction [9,10]. Having the ability there­
fore, to evaluate parameters of left ventricular systolic function on a beat-to-beat 
basis, Doppler provides a technique by which one may assess dynamic changes in 
left ventricular function that may occur secondary to an intervention. 

13.2 Using Doppler to assess drug effects 

Several chapters in this book are devoted to the use of Doppler in evaluating left 
ventricular function during exercise. The purpose of this chapter will be to review 
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Figure 1. Parameters of left ventricular systolic function measured from a Doppler tracing of 
ascending aortic blood flow. PEV = peak ejection velocity; PACC = peak acceleration; FYI 
= flow velocity integral; PEP = pre-ejection period; L VET = left ventricular ejection time; 
AT = acceleration time; DT = deceleration time. 

the effects of various pharmacologic maneuvers on Doppler aortic blood flow 
velocities and explore the potential for this technique in the evaluation of patients 
with coronary artery disease (Figure 2). Elkayam and co-workers examined a group 
ot 13 patients with left ventricular dysfunction and congestive heart failure by 
Doppler echocardiography [11]. Eighteen drug interventions with vasodilators were 
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Figure 2. Aortic blood flow velocities at baseline (left) and following equilibration on 10 
micrograms/kilogram/minute of dobutamine (right). Note the marked increase in stroke 
volume and cardiac output. 
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Figure 4. Increase in peak velocity of aortic flow from the left ventricular outflow tract in a 
patient with mitral regurgitation during nitroglycerin infusion. NTG = nitroglycerin. From 
Reference [13] with permission. 

performed in which aortic blood flow velocity parameters were measured prior to 
and following administration of nitroprusside, hydralazine, or nitroglycerin. Im­
provement in stroke volume with vasodilator therapy correlated well with both 
changes in Doppler flow velocity integral (r = 0.65) as well as changes in the peak 
flow velocity (r = 0.75). Likewise, Rose reported on excellent correlation between 
Doppler and thermodilution derived cardiac output (r = 0.88) following drug inter­
vention in a group of 16 patients [12] (Figure 3). Keren and co-workers 
demonstrated significant increases in cardiac output measured by Doppler in a 
group of patients with chronic heart failure and functional mitral regurgitation 
following administration of intravenous nitroglycerin [13] (Figure 4). 

Wallmeyer demonstrated in the dog model that the pharmacologic manipulation 
can have profound influence on Doppler measured blood flow velocities [14]. 
Infusions of Dobutamine and propranolol induced significant increases and 
decreases respectively in peak aortic velocity and mean acceleration. These 
measurements correlated very well with invasive measurements of aortic flow, 
maximal acceleration of aortic flow and maximum dP/dt. Pharmacologic influence 
of aortic flow was further demonstrated when Harrison examined 20 young health 
volunteers by Doppler following the administration of propranolol and verapamil 
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by Doppler echo cardiography and found significant decreases in both peak velocity 
and peak acceleration following administration of the drug (see chapter 10 (ed.)) 
[15]. Studies examining the effects of pharmacologic interventions in the diagnosis 
of coronary artery disease, however, in large series of patients have been limited. 

13.3 Dipyridamole stress testing 

Intravenous Dipyridamole is a potent coronary vasodilator which has been 
demonstrated to be useful in the evaluation of the functional significance of coro­
nary artery disease. Thallium perfusion imaging following dipyridamole induced 
vasodilatation can demonstrate perfusion defects in regions supplied by stenosed 
coronary arteries. Recognizing the potential application of Doppler echocardiog­
raphy in this setting, we undertook a study to compare the echocardiographic and 
Doppler parameters of left ventricular systolic function with thallium perfusion 
imaging following intravenous dipyridamole and the diagnosis of coronary artery 
disease. 

The study population consisted of 100 patients undergoing dipyridamole thal­
lium imaging for standard indications including pre-operative assessment of cardiac 
risk and functional assessment of suspected coronary artery disease in patients 
unable to perform standard exercise testing. There were 58 men and 42 women 
with a mean age of 62 years (range 38 to 82 years). Following a baseline Doppler 
and echocardiographic studies, Dipyridamole was infused intravenously in the 
standard fashion at a rate of 0.14 mg/kg/min over four minutes for a total dose of 
0.56 mg/kg. At peak dipyridamole effect (approximately four minutes following 
the infusion), two mCi of Thallium201 were injected and a repeat Doppler and two­
dimensional echocardiographic examination was performed. 

Myocardial perfusion imaging was performed 5-10 minutes following the thal­
lium injection and repeated four hours later. Ascending aortic blood flow velocity 
was evaluated using continuous wave Doppler for peak modal velocity, peak ac­
celeration and flow velocity integral. Two-dimensional echocardiographic images 
were recorded both in the parasternal and apical views and were analyzed for seg­
mental wall motion and bi-plane left ventricular ejection fraction. 

Table 1. Baseline parameters 

Thallium Thallium p value 
negative positive 

Number 41 53 
Age (years) 59± 12 65± 10 <0.01 
Base heart rate (beats/min.) 77± 13 74± 12 NS 
Base acceleration (m/s2) 25 ± 16 26± 14 NS 
Base velocity (m/s) 0.9 ±OA 0.9 ±OA NS 
Base ejection fraction (%) 53 ±7 50± 10 NS 

NS = not significant. 
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Figure 5. Percent change from baseline to peak dipyridamole effect in velocity (Vel), ac­
celeration (Acc), and LV ejection fraction (EF) in patients with normal and abnormal thal­
lium images following intravenous dipyridamole. (*p < 0.05.) 
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celeration (Acc), and LV ejection fraction (EF) in patients with and without multi-vessel 
disease. 
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Figure 7. Comparison of the results of coronary arteriography and 2-dimensional wall 
motion analysis. There were 12 patients with significant CAD in whom 2-dimensional wall 
motion was judged to be normal. Only 3 individuals without significant CAD were found to 
have wall motion abnormalities on 2-dimensional echocardiography. 
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Figure 8. When either 2-dimensional wall motion abnormality by echo cardiography or an 
abnormal Doppler response was found, the presence of CAD was likely. Sensitivity with a 
combination of these parameters was 85%. 
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Fifty-five of the patients in the study group underwent cardiac catheterization. 
Three patients had technically inadequate thallium scans and three had technically 
inadequate Doppler echocardiographic studies. Correlative data was therefore 
available in the remaining 94 patients. 

Table 1 summarizes the baseline parameters in patients with negative and posi­
tive thallium scans. Although those with abnormal thallium scans were sig­
nificantly older, there was no difference in the Doppler echocardiographic 
parameters of acceleration, velocity and ejection fraction prior to dipyridamole 
infusion. Following IV dipyridamole, however, there was a marked difference in 
these parameters between the two groups. Those with thallium evidence of is­
chemia showed a blunted response in each of these three parameters while those 
with normal thallium scans demonstrated increases in velocity, acceleration and 
ejection fraction of 26, 51 and 16% respectively (all p < 0.05) (Figure 5). 

In the 55 patients who underwent cardiac catheterization, 15 were found to have 
normal coronary arteries, 14 single and 26 multivessel disease. Only the percent 
change in acceleration (57 versus 7, p < 0.01) was significantly different in patients 
with normal or abnormal coronary anatomy. This was due to a large extent to the 
individual variability among patients. Many patients with single vessel coronary 
disease had changes in their Doppler echocardiographic parameters similar to 
patients with normal coronary arteries. Thallium perfusion imaging, likewise, 
showed a decreased sensitivity in patients with single vessel coronary artery dis­
ease. 

13.4 MuItivessel coronary disease 

The differences in the Doppler echocardiographic parameters were much greater 
when patients were stratified according to the presence of multivessel disease 
(Figure 6). Two-dimensional segmental wall motion analysis revealed that in the 33 
patients with significant coronary artery disease, 12 had normal wall motion 
(Figure 7). Of the 15 patients without significant coronary artery disease, three had 
abnormal segmental wall motion. However, when either abnormal Doppler results 
(a decrease in peak velocity or acceleration following dipyridamole), or abnormal 
two-dimensional echocardiographic results were combined, the sensitivity of car­
diac ultrasound in the detection of significant coronary artery disease increased to 
85% (Figure 8). 

Previous studies examining the use of two-dimensional echocardiography alone 
following intravenous dipyridamole have shown the technique to be relatively 
insensitive but highly specific for the detection of coronary artery disease. Not 
surprisingly, the sensitivity of this technique increases proportionately with the 
degree of stenosed coronary arteries and has been reported to be in the range of 37, 
71 and 100% for single, double and triple vessel coronary artery disease respec­
tively. 

The present study demonstrates significant differences in aortic flow velocities 
following intravenous dipyridamole in patients with normal versus abnormal thal-
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lium perfusion. These differences are most marked in patients with multivessel 
coronary artery disease. The combination of Doppler and two-dimensional echocar­
diographic results appear to increase the sensitivity of cardiac ultrasound in the 
detection of coronary artery disease following intravenous dipyridamole. Impor­
tantly, the technique appears to be widely applicable in that technically adequate 
images can be obtained in the vast majority of patients studied in contrast to exer­
cise studies in which technically difficult post exercise image acquisition remains a 
significant problem. 

13.5 Summary 

Few data are available examining the use of 'pharmacologic' stress testing in 
patients with suspected coronary artery disease utilizing Doppler echocardiography. 
This remains a promising area in which Doppler echocardiography may be applied 
in the detection and assessment of coronary artery disease, particularly in patients 
unable to exercise and in laboratories or offices in which radionuclide capabilities 
are not present. Further studies are needed to assess the effects of a variety of other 
pharmacologic agents including beta blockers and inotropic drugs in this patient 
population. 
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14. Effects of abrupt coronary occlusion on Doppler 
ejection dynamics in man 
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In experimental animals, brief periods of acute coronary artery occlusion can result 
in a marked impairment of regional left ventricular wall function [1-3]. The mag­
nitude of global impairment of left ventricular function that accompanies regional 
wall motion abnormalities is dependent upon the extent of left ventricular ischemic 
mass [4]. Recently, with the advent of percutaneous transluminal coronary an­
gioplasty (PTCA), transient occlusion of a coronary artery with the angioplasty 
balloon provided a model through which regional and global left ventricular func­
tion can be assessed in patients during brief periods of myocardial ischemia. 

Studies intended for the evaluation of global or regional left ventricular perfor­
mance during transient ischemia in patients undergoing PTCA must take into ac­
count the possible existence of a well developed collateral circulation to the coro­
nary vessel undergoing PTCA. Patients undergoing PTCA are by definition patients 
with significant coronary artery disease. In such a patient cohort, a considerable 
number may have well developed collaterals providing sufficient blood supply such 
that a complete occlusion of a proximal coronary artery will not result in ischemia 
accompanied by regional myocardial dysfunction. In a recent echocardiographic 
study, Alam et al. reported a lack of regional wall motion abnormalities during 
coronary occlusion in two of three patients undergoing PTCA in whom coronary 
collateral filling was present to the coronary artery being dilated [5]. For this very 
reason, other studies which evaluated regional left ventricular function during angio­
plasty excluded patients with angiographic evidence of collateral vessels [6, 7]. 

With this in mind, we examined the effects of abrupt coronary artery occlusion, 
produced by balloon inflation during PTCA, on Doppler ejection indices of global 
left ventricular performance [8]. Peak velocity and peak acceleration of blood in the 
ascending aorta were measured noninvasively with a continuous-wave Doppler 
velocimeter (ExerDop, Quinton Instruments Co., Seattle, W A) using the supraster­
nal notch approach. The Doppler velocimeter and its use in patients has been 
described in detail [9]. Whereas these Doppler indices of global systolic left 
ventricular function have been shown to be sensitive to regional ischemia in ex­
perimental animals [8, 9], their sensitivity to regional ischemia, as it pertains to 
global left ventricular function in a patient population with coronary artery disease 
was, until recently, not fully elucidated [8]. 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 183-190. 
© 1990 Kluwer Academic Publishers. 
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14.1 Patient population and study methods 

A total of 37 patients undergoing PTCA were entered into the study. Ap­
proximately 20% of all eligible patients were excluded because of a poor Doppler 
signal almost always related to obesity. Among the 37 patients studied, 19 under­
went PTCA of the proximallefi anterior descending coronary artery, 15 of the right 
coronary artery and 3 of the proximal circumflex coronary artery. All patients had a 
subtotal coronary stenosis of the vessel undergoing PTCA. In all patients, the 
luminal diameter at the stenosis was ;:::70%. 

Table 1. Hemodynamics, medications, diagnosis and clinical history in patients included in 
the study. (Modified from Khaja et aI., Ref. [8] with permission). 

Patients with Patients without 
coIIaterals coIIaterals 
n= 14 n=23 

Age (years) 57± 10 56± 10 
Sex 
Male 10 15 
Female 4 8 

Heart Rate (beats/min) 71 ± 11 69± 10 
Systolic pressure (mm Hg) 126 ± 21 137 ± 20 
Diastolic pressure (mm Hg) 72±1O 75± 10 
History of infarction 7 (50%) 8 (35%) 
Diagnosis 
Angina pectoris 5 (36%) 9 (39%) 
Unstable angina 5 (36%) 10 (43%) 
Post infarction angina 4 (29%) 4 (17%) 

Beta blockers or calcium 12 (86%) 23 (100%) 
channel blockers 

Chest pain during occlusion 5 (36%) 17 (74%) 
ECG changes during occlusion 4 (29%) 18 (78%) 
Number of diseased vessels 

1 vessel 7 (50%) 13 (67%) 
2 vessels 5 (30%) 8 (35%) 
3 vessels 2 (14%) 2 ( 9%) 

Vessel dilated 
LAD 4 (29%) 15 (65%) 
CIRC I ( 7%) 2 ( 9%) 
RCA 9 (64%) 6 (26%) 

LAD = left anterior descending coronary artery; CIRC = circumflex coronary artery; 
RCA = right coronary artery. 

In each patient selective coronary arteriography was performed prior to PTCA 
and was used to assess the presence or absence of existing collateral vessels supply­
ing the coronary artery to undergo PTCA. Coronary collaterals, when present, were 
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graded as follows: 0 = none, 1 = filling of side branches without visualization of the 
epicardial segment, 2 = partial filling of the epicardial segment, 3 = complete filling 
of the epicardial segment by collateral flow [10]. Patients were divided into two 
groups based on the presence or absence of existing collateral vessels. Group I 
consisted of 23 patients without collaterals. Group II consisted of 14 patients with 
collaterals. In this group, 6 patients had grade 1 collaterals, 4 had grade 2, and 4 
patients had grade 3 collaterals. 

In each patient, coronary occlusion was maintained for a period of at least 40 sec 
(range 40--57 sec). Lead II of the electrocardiogram was recorded continuously and 
was used to identify ischemic changes during coronary occlusion. Each patient was 
also queried as to whether he or she experienced chest pain during the period when 
the balloon was inflated. The hemodynamics, medications and clinical history in 
the two groups of patients are shown in Table 1. Doppler measurements were made 
continuously in each patient beginning 10 to 30 seconds before balloon inflation 
and ending approximately one minute after balloon deflation. Because of beat-to­
beat variability of the Doppler parameters [11], and for statistical purposes, data in 
each patient were averaged over a period of 10 sec during the preocclusion period 
(baseline), the occlusion period and the reperfusion period. During the occlusion 
and reperfusion periods, the 30 to 40 sec time period was selected for averaging. 
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Figure 1. Bar graph denoting mean ± STD of peak velocity prior to coronary occlusion 
(Baseline), 30 to 40 seconds after balloon inflation (Occlusion) and 30 to 40 seconds after 
balloon deflation (Reperfusion). The changes of peak velocity are shown for patients without 
collateral vessels (open bars) and patients with pre-existing collateral vessels (solid bars) 
which supply the coronary artery undergoing angioplasty. 
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14.2 Observations in patients without collaterals (Group J) 

In this group of patients, peak velocity was 0.59 ± 0.23 rn/sec at baseline, decreased 
to 0.47 ± 0.18 m/sec during coronary occlusion (p < 0.02) and returned to preocclu­
sion levels (0.61 ± 0.23 m/sec) 30 to 40 seconds after reperfusion (balloon defla­
tion) (Figure 1). An example of the time course of change of phasic blood velocity 
during coronary occlusion and reperfusion in a patient without collaterais is shown 

.~ () O.9[ -. 0., 
0' ..JE w > 0.0 

Figure 2. Continuous recording of phasic aortic blood velocity in a patient without col­
laterals supplying the coronary artery undergoing angioplasty. First arrow (top panel) indi­
cated onset of balloon inflation (BI). Second arrow indicates onset of balloon deflation (BD). 
Note reduction of peak velocity during coronary occlusion and its recovery during reperfu­
sion. (Reproduced from Khaja et at., Ref. [8], with permission). 
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Figure 4. Time course of change of peak acceleration during coronary occlusion and reperfu­
sion in a patient without collaterals supplying the coronary artery undergoing angioplasty. 
Note the reduction of peak acceleration during coronary occlusion and overshoot of peak 
acceleration during reperfusion. (Reproduced from Khaja et at., Ref. [8], with permission). 
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in Figure 2. Peak acceleration in this group was 16.0 ± 3.0 m/sec/sec at baseline, 
decreased to 11.8 ± 3.6 m/sec/sec during coronary occlusion (P < 0.001) and 
returned to near preocclusion levels (17.3 ± 7.5 m/sec/sec) 30 to 40 seconds after 
reperfusion (Figure 3). An example of the time course of change of peak accelera­
tion during coronary occlusion and reperfusion is shown in Figure 4. In this group 
of patients, reductions of peak velocity and peak acceleration during coronary 
occlusion were accompanied, in general, by electrocardiographic (ECG) changes 
compatible with ischemia. Among the 23 patients without collaterals, 18 (78%) had 
ischemic ECG changes and 17 (74%) had chest pain of varying severity during 
coronary occlusion. 

Among the 23 patients without collaterals, 8 had a previous history of a myocar­
dial infarction. In these patients, peak acceleration at baseline was significantly 
lower than in patients without a history of infarction (14.3 ± 2.0 vs. 17.0 ± 3.2 
m/sec/sec) (P < 0.05). During coronary occlusion, peak acceleration decreased to 
10.7 ± 2.9 m/sec/sec in patients with infarction in comparison to 12.5 ± 3.9 
m/sec/sec in patients without infarction. Even though the percent reduction of peak 
acceleration during coronary occlusion relative to baseline was the same in these 
two subgroups, on an absolute scale, peak acceleration declined to lower levels in 
the infarction group. This suggests a greater reduction of global left ventricular 
function during abrupt coronary occlusion if underlying segmental wall dysfunction 
is present. 

14.3 Observations in patients with collaterals (Group II) 

In this group of 14 patients, peak velocity was 0.68 ± 0.22 m/sec at baseline. Peak 
velocity remained relatively unchanged during coronary occlusion (0.62 ± 0.22 
m/sec) and reperfusion (0.63 ± 0.22 m/sec) (Figure 1). Peak acceleration was 17.6 
± 5.6 m/sec/sec at baseline and also remained relatively unchanged during coronary 
occlusion (16.0 ± 6.0 m/sec/sec) and reperfusion (18.4 ± 7.8 m/sec/sec) (Figure 3). 
An example of the time course of change of peak acceleration during coronary 
occlusion and reperfusion in a patient without collaterals is shown in Figure 5. 

14.4 Discussion of findings 

The above observations clearly indicate that in patients with coronary artery disease 
without pre-existing collateral vessels, abrupt coronary occlusion can lead to a 
profound compromise of global left ventricular performance. In contradistinction, 
in patients with collateral vessels to the coronary artery undergoing angioplasty, 
left ventricular function is preserved during transient coronary occlusion. Preserva­
tion of global left ventricular function in the presence of collateral vessels ap­
peared, in our study, to be independent of the degree of collateral filling. This 
unexpected observation can be explained on the basis of the work of Rentrop et af. 
who demonstrated improved collateral channel filling during coronary occlusion 
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Figure 5. Time course of change of peak acceleration during coronary occlusion and reperfu­
sion in a patient with collaterals supplying the coronary artery undergoing angioplasty. Note 
unchanged level of peak acceleration during coronary occlusion and reperfusion relative to 
preocclusion level. (Reproduced from Khaja et ai., Ref. [8], with permission). 

[10]. In a study of 16 patients undergoing PTCA, collateral filling to the vessel 
undergoing angioplasty increased by one grade in 8 patients, by 2 grades in 5 
patients, by 3 grades in two patients and remained unchanged relative to baseline in 
only one patient. 

The observed depression of global left ventricular performance during brief 
periods of coronary occlusion in the absence of collateral vessels is consistent with 
observations by others [5,6,11-14]. Studies with 2-dimensional and M-mode 
echocardiography demonstrated regional left ventricular wall motion abnormalities 
during coronary occlusion in patients undergoing PTCA [5,6,11]. Under similar 
circumstances, others demonstrated a reduction of the peak rate of change of pres­
sure (dP/dt) during coronary occlusion [13]. In a larger group of patients, Serruys et 
al. showed a gradual reduction of both peak dP/dt and left ventricular ejection 
fraction 20 to 50 seconds after occlusion of a coronary artery with the angioplasty 
balloon [121-

The data presented in this chapter are compatible with previous findings in 
laboratory animals; namely Doppler ejection indices of global left ventricular 
performance are sensitive to the presence of regional myocardial ischemia [4]. In 
applying these indices as adjuncts to the detection of coronary artery disease in 
patients, as with treadmill exercise testing, the user must be aware of two factors 
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that can have a profound effect on the outcome of such measurements. First, 
preexisting collateral vessels and the potential recruitment of collaterals under 
conditions which increase myocardial oxygen demands may minimize the severity 
of ischemia and lead to no change of Doppler ejection indices even though coro­
nary artery disease may be present. Second, if coronary disease promotes ischemia 
to a relatively small region, appropriate compensation by the residual normal 
myocardium will act to minimize global depression of left ventricular function [4]. 
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15. Doppler ultrasound assessment of left ventricular 
function - Risk stratification in acute myocardial 
infarction 

NA WZER MEHTA and DAVID BENNETT 
Department of Medicine 1, St. George's Hospital Medical School, London, England 

15.1 Summary 

Velocity ejection variables derived from Doppler ultrasonic interrogation of the 
ascending aorta were obtained in 92 acute myocardial infarction (AMI) patients and 
73 age-matched normal subjects. As a means of stratifying for further risk assess­
ment the AMI patients were divided into clinically defined Forrester subsets, and 
into survivors and non-survivors of the acute infarction period. 

AMI patients had a 32% lower peak velocity, a 37% lower maximum accelera­
tion (p ~ 0.001), a 49% lower systolic velocity integral (p ~ 0.001), and a 13% 
higher heart rate than the age-matched normal subjects (p ~ 0.01). Systolic velocity 
integral, peak velocity and maximum acceleration all showed a systematic sig­
nificant decrease through the Forrester subsets (p ~ 0,001, P ~ 0.001 and p ~ 0.001 
respectively), and were also significantly different between the survivor and non­
survivor groups (p ~ 0.01, P ~ 0.05 and p ~ 0.05 respectively). 

Thus, the non-invasive measurement of ascending aortic blood velocity and 
acceleration allows rapid assessment of left ventricular function, and provides 
indices closely related to the patients' clinical status, and subsequent risk of mor­
tality: These observations underline the potential of the Doppler technique in the 
prognosis and subsequent management of myocardial infarction patients. 

15.2 Introduction 

Classically the diagnosis of acute myocardial infarction (AMI) and its subsequent 
progression has been by monitoring of clinical signs, such as the presence of 
hypotension, tachycardia, confusion, cyanosis, oliguria and abnormal electrocar­
diograms and chest X-rays. More recently, Forrester et at. (1977) [1], have used 
pulmonary arterial balloon catheter systems [2] to make objective haemodynamic 
measurements such as pulmonary artery pressure and cardiac output, and have 
correlated these with the more subjective bedside evaluations which still remain the 
cornerstone of clinical care. Forrester et at. (1977) [1] showed that the classifica­
tion of AMI patients into recognizable subsets based on haemodynamic cardiac 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 191-203. 
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performance presents an acutely sensitive way of assessing patients at higher risk 
of subsequent mortality. 

The measurement of velocity based indices of LV function to assess the dynamic 
contractile properties of the heart in ischemic heart disease (IHD) and particularly 
during AMI, has been assessed by several workers using the invasive electromag­
netic catheter tip velocity probe both in dogs and in humans [3-6]. 

The invasiveness of both pulmonary arterial floatation catheters and electromag­
netic catheter-tip velocity probes, and their inherent risks represent an obvious 
deterrent to their application to large numbers of AMI patients. The use of a non­
invasive technique providing LV functional indices as sensitive as thos,e described 
by Forrester et ai. (1977) [1] would, therefore, provide a much more eloquent form 
of assessing these patients. Despite the obvious advantages of Doppler ultrasound 
to this application, very few studies have assessed Doppler velocity ejection 
measurements in the setting of AMI. Light and co-workers, during the initial evalua­
tion of 'transcutaneous aortovelography', anecdotally documented aortic velocity 
(PV and SVI) information in groups of subjects (never numbering greater than 20 
patients) suffering from myocardial infarction [7-8]. However, no systematic 
documentation of velocity measurements were presented in these earlier studies. 
Indeed no systematic study evaluating Doppler velocity indices in AMI existed in 
the literature prior to the initial publication of the data collection presented in this 
chapter [9]. 

15.3 Aims 

The present study was undertaken to establish the normal range for the variables 
maximum acceleration peak velocity and systolic velocity integral. In particular, 
our aim was to determine whether Doppler velocity ejection indices could distin­
guish patients with AMI from age-matched normal subjects. In addition, we hoped 
to assess the usefulness of our Doppler velocity ejection indices in the setting of 
AMI, by relating velocity indices to clinical variables, and ascertaining the relative 
ability of the Doppler technique to detect patients at higher risk of mortality. 

15.4 Materials and methods 

A) Equipment 

We have used a continuous-wave, bi-directional Doppler blood velocity meter 
(Bach-Simpson BVM 202, London, Ontario), transmitting ultrasound at a fre­
quency of 2.2 MHz and receiving back-scattered frequencies from a distance of 
6-14 cm from the transducer head. We have previously tested and documented the 
frequency response of this unit [10]. 
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Figure 1. Diagrammatic representation of a typical ascending aortic velocity signal, showing 
derivation of Doppler ejection variables. 

B) Signal analysis and derivation of Doppler ejection variables 

The analogue voltage velocity signal (Figure 1) from the Bach-Simpson velocity 
meter is 'fed' to an analogue to digital converter under processor control (Signetics 
2650 processor) which samples the signal at 250 Hz. The microprocessor is 
programmed to present 6 velocity ejection parameters; - peak velocity (PV), flow 
time (FT), maximum acceleration (MA), systolic velocity integral (SVI), mean 
(time-averaged) velocity (MV) and heart rate (HR), as a beat-by-beat digital dis­
play on a visual display unit, and to print these results as an average of every 10 
beats. To account for any respiratory variation on the velocity parameters, which is 
particularly important in patients, the results presented here are an average of 50 
consecutive beats. The detailed specifications of this equipment are described by 
Mehta N (1987) [11]. The peak velocity measured in cm.s-1 represents the highest 
velocity achieved during systole. Maximum acceleration (1st differential of 
velocity) represents the greatest rate of rise of the velocity signal during the initial 
30-50 msecs of systole, and is measured in m.s2• The systolic velocity integral (the 
integral of velocity) is the area under the systolic portion of the velocity signal (see 
Figure 1) and represents the forward distance travelled by the blood during any 
particular systolic phase, as such it is measured in units of distance - centimetres 
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(cm). The flow time (FT) is measured in milliseconds (ms) and represents the time 
over which forward velocity is occurring. The mean or time-averaged velocity 
(MV) is the SVI represented per unit of time (second), and thus accounts for dif­
ferences in heart rate. While the SVI is a Doppler correlate of ejected volume, the 
MV is a Doppler correlate of flow, as shown by the following two equations. 

Volume = SVI x Aortic Root Area (1) 
(cm3) (cm) (cm2) 

Flow = MV x Aortic Root Area (2) 
(cm3.s) (cm.s) (cm2) 

C) Signal acquisition 

The Doppler transducer was placed in the suprasternal notch to obtain signals from 
the ascending aorta, and positioned to gain optimal velocity signals as adjudged by 
a combination of acoustic and visual feedback (the analogue voltage output of the 
Doppler instrument being monitored on an oscilloscope). The operator aims at 
obtaining the highest peak velocity signal which is associated with the loudest and 
clearest audio signal, thus ensuring that the ultrasound beam is aligned to within 
0-200 of the long axis of the aorta. This form of signal acquisition is consistent 
with previous methodology [10]. The process of signal acquisition takes ap­
proximately 1-5 minutes, however, once the signal is optimized it is relatively easy 
to maintain this position. 

D) Study groups 

(i) Normal subjects 
In order to compare Doppler velocity ejection data collected in the AMI patient 
group to that obtained in normal subjects, we studied 73 'normal' subjects. These 
normal subjects consisted of 35 males and 38 females, with a mean age of 56 ± 10 
years (range 40-75 years), which in terms of age distribution represented an age­
matched normal control group comparable to the AMI patient population (see 
Table 1). The normal population was recruited from the waiting room of the Acci­
dent and Emergency (A&E) ward, and consisted of relatives of people attending the 
A&E ward. Thus our normal population consisted of subjects unused to the hospital 
environment and of a similar anxious state of mind as that found in the majority of 
our AMI patients. Doppler measurements were made in the same semi-supine 
position (100 upper body-tilt) as that found in AMI patients. 

(ii) AMI patients 
167 patients were studied between the period October 1981 and November 1983 in 
the Intensive Therapy Unit (ITU) of St. George's Hospital. Doppler velocity signals 
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were obtained in the supine or semi-supine (10-15° upper body tilt) positions. All 
measurements were performed by one observer, and obtained within 0-18 hours 
(mean 8 hours) after admission to the lTU. Good quality velocity signals were 
obtained in 97% of these patients. Routine clinical data (blood pressure, 12-lead 
ECG, cardiac enzymes, peripheral temperature, pulse rate, respiratory rate, 
previous history) were all noted at the time of Doppler measurements, with all data 
computerized to aid information storage and retrieval. 

Table 1. Demographic and clinical details of total AMI group, and AMI subsets. Peak en-
zyme levels have units J.l.mol.ml. 

AMI Total Forrester subsets Mortality subsets Normals' 
I II IV Survivors Non-sur-

vivors 

N 92 45 21 20 78 14 73 
Age (±1 SD) 61 ±9 58± 10 65 ± 8 64±10 61 ± 10 61 ± 11 56± 10 
Sex 

Male 75 40 19 15 63 12 35 
Female 17 5 2 5 15 2 38 

Infarct Site 
Anterior 48 21 10 15 38 10 
Inferior 41 21 11 5 37 4 
Lateral 2 2 2 

Peak Enzyme 
Level 

AST 209 187 205 271 191 303 
HBD 689 666 748 742 658 852 

AST: Aspartate Transaminase (normal < 30 I.U./L). 
HBD: Alpha Hydroxy Buteric Dehydrogenase (normal> 0-230 I.U.). 

Only data obtained in patients with documented AMI were subsequently 
analysed. AMI was established by predefined criteria requiring the presence of 2 of 
the following: (a) history of angina-like pain lasting greater than 15 minutes and 
unrelieved by nitrates; (b) development of new ECG Q-waves, in conjunction with 
evolutionary ST-T wave changes; (c) elevation of both serum (AST) Aspartate 
Transaminase and (HED) Alpha Hydroxy Buteric Dehydrogenase levels above the 
upper limits of normals. In addition, patients with clinical, radiological or echocar­
diographic signs of aortic valve abnormalities were excluded from the study. 92 of 
167 patients satisfied the above criteria. Details ofthis 'total' patient population are 
summarized in Table 1. Whilst Table 2 shows the percentage distribution of the 5 
main drug regimens (anti-arrhythmic, ~-blockade, diuretic, inotropic & vasodilator) 
within the total population. 

Table 2. Percentage distribution of the five main drug regimens within the total AMI group 
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and subsets. 

Total AMI Forrester subsets Mortality subsets 
Group I II IV Survivors Non-survivors 

Antidys- 26% 33% 14% 30% 23% 43% 
rhythmic 

~-blockade 13% 18% 10% 5% 13% 7% 
Diuretics 20% 9% 29% 40% 13% 50% 
Inotfopes 23% 4% 24% 60% 18% 50% 
Vasodilators 67% 58% 81% 75% 67% 71% 

(iii) AMI subset classification 
(a) Clinical subsets. Classification of patients into readily recognizable subsets is 
of major clinical usefulness, since it has diagnostic, prognostic and therapeutic 
relevance for the management of patients with AMI. Forrester et al. (1977) [1] 
identified four distinct subsets, the fundamental assumption of their classification 
being that depression of Starling function is the direct cause of clinical manifesta­
tions of heart failure in AMI [12], i.e., increased LV end-diastolic pressure 
(L VEDP) results in pulmonary congestion and depressed cardiac output causes 
clinical signs of peripheral hypoperfusion. 

Clinical pulmonary congestion was considered to be present if patients 
demonstrated both radiographic and auscultatory pulmonary congestion. Clinical 
peripheral hypoperfusion was identified by the presence of at least two of the fol­
lowing conditions: (a) a skin temperature of less than 32°C (measured on the foot 
by a skin temperature probe), (b) arterial hypotension as defined by a systolic 
pressure of less than lOO mmHg, (c) sinus tachycardia as defined by a heart rate 
greater than 100 b.min-1• 

Accordingly. four clinical subsets were identified as follows: 

Subset I - no pulmonary congestion or peripheral hypoperfusion. 
Subset II - pulmonary congestion only. 
Subset III - hypoperfusion only. 
Subset IV - both pulmonary congestion & peripheral hypoperfusion. 

Table 1 defines the details of the patients populations in each of these clinical 
subsets. Subsets were analysed only if numbers were high enough for statistical 
evaluation (8 or more). Subset III did not fulfil that criteria in our patient popula­
tion and so this subset was excluded from further analysis. 

Table 2 identifies the percentage distribution of the 5 main drug regimens within 
the Forrester subsets. 

(b) Mortality subsets. We identified two further subsets in our AMI patient popula­
tion. based on mortality during the acute in-hospital phase (10 days). Table 1 in­
cludes details of these two mortality subsets. and indicates that 14 patients died 
during this acute phase. Table 2 indicates the percentage distribution of the 5 main 
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drug regimens in the two mortality subsets. 

E) Statistical analysis 

Unpaired Student-t tests or analysis of variance with multiple comparisons using 
Fisher's PLSD test, were utilized to assess the differences between groups (p:o; 0.05 
being considered statistically significant). Chi-square analysis was used to deter­
mine significant differences in number distributions between subsets. 

15.5 Results 

Table 1 shows the clinical and demographic details of the total AMI population and 
its subsets. Although Forrester subset I had a lower mean age than either subsets II 
or IV, this was not significant, the age distributions being similar in all three sub­
sets. The proportion of males was always greater than females in all subsets. 

Analysis of infarction site indicated that there was an equal distribution of an­
terior and inferior infarctions in the total group. Forrester subsets I and II also had 
an equal distribution of anterior and inferior infarctions, however, subset IV had 
significantly greater anterior than inferior infarctions (p:O; 0.05). Similarly, non­
survivors had significantly greater anterior infarctions than inferior (p :0; 0.05). 

Analysis of the peak enzyme levels showed a systematic increase in enzyme 
levels from subset I to IV, with the difference in AST between subset I and IV, and 
that between survivors and non-survivors being statistically significant (p:O; 0.05). 
HBD levels were also higher in the non-surviving group, but this difference was 
not significant. Table 2 shows the percentage distribution of the 5 main drug 
regimens used in the treatment of AMI. Vasodilators were used in almost 70% of 
the patients, and the distribution among all the subsets was equal. Two further 
points emerge, namely that diuretics and inotropic agents were used in a greater 
proportion of subset IV patients and similarly, in a greater proportion of non-surviv­
ing patients. 

Table 3. Doppler velocity data (mean ±SEM) in age-matched normal subjects and AMI 
patients. Statistical significance denotes differences between the two groups. 

Normals AMI Significance 

PV (cm.s- I ) 52.1 ± 1.0 35.3 ±0.8 p:5 0.001 
MA (m.s-2) 19.1 ± 0.4 12.0 ± 0.3 p:5 0.001 
SVI (em) 9.0±0.2 4.6±0.2 p:5 0.001 
MV (cm.s- I ) 10.3 ±0.3 6.0±0.2 p:5 0.001 
Ff (ms) 333 ±5.5 243 ±6.2 p:5 0.001 
HR (b.min-I ) 73.2 ± 1.7 82.3 ±2.3 p:5 om 
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Table 4. Doppler velocity data and mortality rate in Forrester subsets. Mean values (±SEM) 
and statistical significance (NS=not significant). 

Forrester subsets Significance 

II IV IvsII IvsIV IIvsIV 

PV (cm.s-I ) 39.2 ± 1.1 33.9 ± 1.4 30.1 ± 1.7 p:o;O.Ql p:o; 0.001 NS 
MA (m.s-2) 12.7 ±0.3 11.7 ± 0.6 10.6 ± 0.4 NS p:o; 0.001 NS 
SVI (em) 5.4±0.2 4.3 ±0.3 3.2±0.3 p:o;O.Ol p:o; 0.001 p:o;O.Ol 
MV (cm.s- I ) 6.6±0.2 5.6 ±0.3 5.1 ± 0.5 p:o;O.05 p:o;O.Ol NS 
Ff (ms) 256±S 235 ± 14 202±S NS p:o;O.OOl p:o;O.05 
HR (b.min-I ) 75.6 ±2.5 SO.0±4.5 9S.S ± 5.7 NS p:o; 0.00l p:o;O.Ql 
MAP (mmHg) 92.4 ± 1.9 93.9 ±2.2 72.2 ±3.4 NS p:o;O.OOl p:o; 0.001 
% Mortality 2% 0% 65% 
PV/HR 0.55 ± .03 0.45 ± .03 0.33 ± .03 p:o;O.05 p:o;O.OOl p:o;O.05 
MA/HR O.lS ± .01 0.16 ± .01 0.12±.01 NS p :o;O.OOl p:o;O.05 
SVI/HR O.OS ± .01 0.06 ± .01 0.04± .004 p:o;O.05 p:o;O.OOl p:o;O.05 
Ff/HR 3.7 ±0.3 3.2±0.3 2.3 ±0.2 NS p:o;O.Ol p:o;O.05 

Table 3 shows the results of Doppler velocity variables in the total AMI popula­
tion compared to age-matched normal subjects, as mean values ±SEM. The statisti­
cal significance is also noted. All Doppler velocity ejection variables are sig­
nificantly lower in the AMI population than in normal subjects, which is consistent 
with the impairment in LV function due to AMI. MA and SVI showed the greatest 
differences, with MA being 37% lower in AMI patients and SVI being 49% lower 
partially as a result of the 12% higher HR. 

Table 4 shows the results of Doppler velocity variables in the Forrester subsets I, 
II and IV, as mean values ± SEM. The statistical significances between the groups 
are also indicated. Thus, all Doppler variables show a stepwise decrease through 
the Forrester subsets, indicating a fall in LV function despite a rising HR due to a 
compensatory increase in sympathetic drive [13]. Analysis of variance using mul­
tiple comparisons testing, indicated that all Doppler variables were significantly 
different between subsets I and IV, whilst SVI was significantly different between 
all the subsets. The poorer LV function in subset IV is confirmed by the higher 
level of mortality in this subset. 

The significant differences in HR and MAP are not unexpected since Forrester's 
clinical separation uses HR and systolic BP as inherent variables in the classifica­
tion. The differences in HR, particularly in subset IV are due to a reflex increase in 
sympathetic tone as the heart compensates for the fall in L V function due to 
myocardial infarction. To account for this reflex, we normalized the Doppler vari­
,ables PV, MA, SVI and FT for the differences in HR by calculating the ratio 
(Doppler variable + HR). 

Clearly, if HR was higher in subset IV than in subset I or II, irrespective of a 
change in LV contractile state, then SVI and FT would be lower, since both these 
variables are negatively correlated with HR. Thus, when these two variables are 
normalized for HR, the marked differences are not as apparent, and a fall in sig-
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nificance levels is noted. However, HR is higher in subset IV because of a compen­
satory increase in sympathetic tone, this would clearly tend to increase MA and PV, 
because an increase in sympathetic state increases LV contractility. When these 
two Doppler variables are normalized for HR, they show more dramatic differences 
between the Forrester subsets. MA, for example, was 17% lower in subset IV when 
compared to subset I; however, when normalized for HR (MA/HR) it was 33% 
lower in subset IV when compared to subset I. In addition, whilst MA or PV could 
not statistically distinguish between subsets IT and IV, the ratios MA/HR and 
PV/HR showed significant differences between the subsets. The percentage mor­
tality data shown in Table 4 indicates that Forrester subset IV represents a high risk 
category, whilst subsets I and II represent low-risk categories. 

Table 5. Doppler velocity data in mortality subsets. Mean values (±SEM) and statistical 
significance. 

Mortality subsets Significance 
Survivors Non-survivors 

PV (cm.s-I ) 36.1 ±0.9 31.0 ±2.3 p:5 0.05 
MA (m.s-2) 12.2 ± 0.3 10.5 ±0.4 p:5 0.05 
SVI (cm) 4.8 ±0.2 3.5 ±0.4 p:5 0.01 
MV (cm.s-I ) 6.0±0.2 5.7±0.7 NS 
Ff (ms) 249±7 213 ± 12 p:5 0.05 
HR (b.min-I ) 78.8 ± 2.4 102.1 ±4.3 p:5 0.001 
PV/HR 0.50±.02 0.31 ± .02 p:5 0.001 
MA/HR 0.17 ±.01 0.11 ± .01 p:5 0.001 
SVI/HR 0.07 ±.01 0.04 ± .01 p:5 0.01 
Ff/HR 3.5 ±0.2 2.2±0.2 p:5 O.oI 

Table 5 shows the results of Doppler velocity variables in the mortality subset 
(survivors and non-survivors), as means ± SEM. The statistical significances be­
tween the two groups are also indicated. Thus, all Doppler variables (except MV) 
are significantly lower in the non-surviving group. MV shows no significant dif­
ference, because HR is significantly higher due to augmented sympathetic tone. 
Normalizing the Doppler variables PV, MA, SVI and FT for the difference in HR, 
causes all Doppler variables to be even more significantly different between the 
two subsets. 

Figures 2 and 3 summarize the data already presented by plotting the 3 Doppler 
variables which have provided the greatest discrimination between the subsets 
studied. Figure 2 clearly indicates the ability of the Doppler variables MA and SVI 
to gauge differing levels of LV dysfunction. Figure 3 takes the same format as that 
of Figure 2, but plots the data for PV against SVI. 
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Figure 2. Scatterplot of MA vs SVI showing mean values ±SEM for nonnals and AMI 
Forrester subsets. Survivors and non-survivor data is superimposed as an area covering the 
mean value ±95% confidence intervals. 
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rester subsets. Survivors and non-survivor data is superimposed as areas covering the mean 
value ±95% confidence intervals. 
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15.6 Discussion 

A number of workers have shown that age is inversely related to the Doppler 
velocity variables MA and PV [14-15]. Thus, we age-matched our normal subjects, 
and established that there were no differences in age between the Forrester and 
mortality subsets (see Table 1). 

Similarly, a number of workers have also shown that the Doppler variables MA 
and PV are significantly higher in males than in females [11, 14]. Although the 
distribution of males and females in the normal group was equal (35 vs 38), it was 
clearly not so in the AMI patient population. The differences between normals and 
AMI patients could then be partially attributed to this discrepancy in the distribu­
tion of the sexes. However, since more males are present in the AMI group, the 
mean values obtained in this group are higher than if the distribution were more 
equal. Clearly if similar gender distributions were maintained between these the 
normal and AMI groups, the differences in Doppler values of MA and PV would 
have been greater than the already highly significant differences shown in Table 3. 

The Forrester classification was used in our study in order to determine the 
ability of the Doppler velocity variables to distinguish between patients with in­
creasing levels of LV dysfunction. SVI represented the velocity variable with 
greatest discriminating power, being significantly different between all Forrester 
subsets. This is not surprising since SVI is dependent upon HR., and HR. is an in­
herent factor in the Forrester classification. However, SVI reflects changes in both 
LV contractility and chronotropic influences. MA and PV (the two Doppler indices 
of contractility) showed a stepwise fall through the subsets, but only showed sig­
nificant differences between subsets I and IV. It should be noted, however, that a 
greater percentage of subset II and IV patients were receiving inotropic support. 
This would tend to 'artificially' elevate MA and PV values in these subsets. It is 
clear, however, that despite the greater inotropic support and higher intrinsic level 
of sympathetic tone present in subset IV patients, these patients still have poorer 
LV function than their subset I counterparts, as indicated by the significantly lower 
Doppler values. Indeed the poorer LV function is reflected in the higher percentage 
mortality present in subset IV. This level of mortality is similar to that found by 
Forrester. 

Finally it should be noted that the discriminating function of Doppler variables 
within the setting of clinical classification is best described in the situation where 
no concurrent drug therapy is administered, as was the case in Forrester's original 
work. The concurrent drug therapy in the AMI group would variously affect the 
Doppler variables [11, 16]. However, it is difficult to specify the relative effects of 
the drugs because there may be interaction between their influences on the Doppler 
variables. Some important influences should be noted, however: 

(a) ~-blockade would tend to reduce values of the Doppler variables MA and PV, 
whilst increasing SVI [11, 16]. However, only 13% of the total AMI group 
were beta-blocked and is therefore unlikely to affect the Doppler results 
within the various subsets; 
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(b) Similarly, diuretics and inotropes were present in only 20 and 23% of the 
total AMI group, respectively. Importantly however, a higher percentage of 
subset IV patients and non-survivors received inotropic support, which is in 
keeping with the therapeutic regime administered to these high-risk subsets 
with gross LV failure and cardiogenic shock [17]. This would tend to in­
crease the mean values of the Doppler variables PV, MA and SVl [10-11] in 
these groups, above what would be expected in these patients without such 
pharmacological interventions; 

(c) Vasodilators were by far the most commonly used therapeutic regime in the 
AMI group (67%). Vasodilatation in the setting of acute heart failure tends to 
increase stroke volume [18]. Thus SVI, our Doppler index of stroke volume, 
is higher in subset IV and non-surviving patients than would be expected if 
no vasodilator therapy were being used. 

The significantly lower Doppler values in non-survivors of AMI found in our study 
is in keeping with previous literature. Jewitt et al. (1974) [6], studied 14 patients 
with myocardial infarction with an invasive electromagnetic catheter-tip system, 
and divided this group into survivors and non-survivors of the acute infarction 
period. They measured MA and PV and found these two variables to be sig­
nificantly lower in the non-surviving group. Indeed they find very little overlap 
between the groups in terms of either PV or MA. They present no mean data on 
their mortality groups, but quote ' ... velocity measurements below 40 cm/s and 
maximum acceleration values below 7 m/s2 were not associated with survival.' 
Although our data is not as distinct as that found by Jewitt et at. [6] in their limited 
study, the results are strikingly similar. 

15.7 Conclusions 

This study has established the usefulness of Doppler velocity measurements within 
the setting of AMI, by showing that a single non-invasive measure of ascending 
aortic blood velocity within 18 hours of admission can clearly differentiate those 
patients with AMI from age-matched normal subjects; and more importantly, that 
this one measure of velocity provides information related to both clinical status and 
subsequent prognosis. 
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16. Risk stratification following myocardial infarction 
using stress Doppler ultrasound 

NA WZER MEHTA and DAVID BENNETT 
Department of Medicine 1, St. George's Hospital Medical School, London, England 

16.1 Summary 

We assessed left ventricular (LV) function by Doppler ultrasound measurement of 
ascending aortic blood velocity and maximum acceleration in 165 patients (3-4 
weeks after acute myocardial infarction) undergoing routine 12-lead electrocar­
diogram exercise stress testing, and in an age-matched group of 11 normal subjects. 
Patients were grouped into those with either positive or negative electrocardiograph 
stress tests as defined by ~ Imm ST segment depression in any lead. The Doppler 
velocity signal yields a number of variables of interest - the peak velocity, the 
maximum acceleration (an index of inotropic state), the systolic velocity integral 
(an index of stroke volume), and mean velocity (an index of cardiac output). All 
Doppler ejection variables were significantly lower at peak exercise in patients with 
a positive electrocardiograph stress test when compared to their negative test coun­
terparts, with maximum acceleration showing most significance (p ~ 0.001). Coro­
nary angiography was performed in 63 of the 67 positive test patients and patients 
were grouped into those with only 1&2 vessel coronary artery disease and those 
with 3 vessel disease. Peak velocity and maximum acceleration were significantly 
lower in the 3 vessel patients than in 1&2 vessel patients (p ~ 0.01, P ~ 0.01). 

The ability to measure the LV functional response to exercise, rapidly and non­
invasively using the Doppler technique, may provide a useful adjunct to routine 
exercise stress testing in identifying high mortality risk patients following myocar­
dial infarction. 

16.2 Introduction 

Identification of non-invasive indices that reflect continuing myocardial ischaemia 
or marked impairment of left ventricular function has resulted in the development 
of strategies' for assessment of patients following acute myocardial infarction. The 
principal aim of such strategies is to identify those patients at high risk of cardiac 
death and in whom myocardial revascularization (principally by coronary artery 
by-pass surgery) may be warranted. Measurement of ascending blood velocity 
using Doppler ultrasound has already been shown to be useful in assessing LV 
function at rest [1-3], but recently a number of workers have shown that it is also 
possible to apply this technique to the exercising patient [4-6]. 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 205-218. 
© 1990 Kluwer Academic Publishers. 



206 

16.3 Aims 

Our aims concentrated on identifying the value of Doppler velocity ejection vari­
ables within the setting of post myocardial infarction exercise stress testing. To that 
end, we compared Doppler velocity variables in patients with prior myocardial 
infarction (PM!) agains a comparable group of normal volunteers; secondly, we 
attempted to identify the relationship between Doppler indices of LV function and 
the more commonly associated variables obtained during stress testing, namely the 
presence of electrocardiographic ST segment depression and an inadequate blood 
pressure response; and lastly, we attempted to relate the changes in Doppler 
velocity variables to the severity of coronary artery disease. 

16.4 Methods and materials 

A total of 180 consecutive patients (mean age 59±24 years) were studied between 
the period November 1983 - July 1985 and enrolled into the myocardial infarction 
clinic at St. George's Hospital, London, England. All patients had a confirmed 
myocardial infarction as demonstrated by elevated cardiac enzymes and Q-wave 
ECG changes. The following exclusion criteria were used for this study: 

patients aged;:: 70 years; 
patients with unstable angina; 
patients with previous CABG surgery; 
patients with valve replacements or primary valvular disease; 
patients with significant musculo-skeletal disorders (preventing exercise). 

Of the 180 patients, 14 were excluded from the study on the basis of inferior or 
technically inadequate Doppler studies, representing a 8.3% rejection rate. Thus, 
the results from a total of 166 patients were analysed. Patient demographics are 
shown in Table 1. 

A) Techniques 

12-Lead Electrocardiogram (ECG). A conventional 12-lead configuration was 
used for recording the ECG with the exception of the limb leads which were at­
tached to the four comers of the torso to reduce motion artefact produced by the 
moving limbs. An abnormal ECG response (positive exercise test) was defined by 
the presence of;:: Imm ST segment depression occurring 80ms after the J-point in 
anyone of the 12 leads monitored (except leads already presenting Q-waves). The 
time taken to achieve significant ST segment depression (onset time) during the 
exercise protocol was noted to the nearest half minute. 

Blood Pressure. Blood pressure was measured on the right arm using a standard 
cuff auscultation method. The increase in systolic blood pressure at peak exercise 
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was expressed as the percentage increase from the upright resting value. Patients 
who failed to increase their systolic blood pressure by ~10% were considered to 
have a poor blood pressure response. 

Doppler. Ascending aortic blood velocity was measured from the supra-sternal 
notch using a 2.2 MHz continuous-wave Doppler blood velocity meter (Bach­
Simpson BVM 202), the characteristics of which we have previously documented 
[7]. The analogue velocity signal is 'fed' into an analogue to digital converter under 
microprocessor control (Signetics 2650) which samples the velocity signal at 
250Hz (every 4 milliseconds). Dedicated software is then used to. compute 6 
velocity ejection parameters; peak velocity (PV) in cm.s, flow time (Ff) in msecs, 
maximum acceleration (MA) in m/s2, systolic velocity integral (SVI) in cm, mean 
(time-averaged) velocity (MV) in cm/s and heart rate (HR) in beats/min. These 
variables can be displayed on a beat-by-beat basis in 'real-time' on a video 
monitor, and are hard-copied to a thermal printer as the average of 10 beats. The 
Doppler transducer was placed in the supra-sternal notch to obtain signals from the 
ascending aorta, and positioned to gain optimal signals as judged by a combination 
of acoustic and visual feedback (Tektronix 7603 oscilloscope), such that the 
operator aims at obtaining the highest peak signal with the loudest and clearest 
audio signal. This process of signal acquisition takes approximately 1-5 minutes, 
but once the signal is optimised it is relatively easy to maintain this position. Blood 
velocity was monitored at rest and throughout exercise so that optimum position 
was always maintained, with only the last 40 beats of each exercise stage being 
analysed and averaged. Signals were obtained by the same observer in all patients. 
The percentage change from rest to peak exercise for each Doppler variable was 
calculated subsequently. Good quality Doppler velocity signals were obtainable 
throughout exercise in 166 out of 180 patients; thus 91 % of patients were able to be 
studied adequately with this technique during exercise. 

Exercise Stress Test Protocol. Exercise stress testing was performed as near as 
possible to three weeks after the acute event in patients who had been discharged 
from hospital. The stress tests were performed on a Quinton QT3000 (Quinton 
Instruments Co, Seattle, W A) system comprising an automatic motor driven tread­
mill, with a dedicated 12-lead ECG recording system. Exercise tests were per­
formed using the symptom limited Bruce protocol [8]. All exercise tests were 
supervised by qualified medical personnel and full resuscitative equipment and 
drugs were available. 

Following ECG electrode and lead attachment, the patient rested on a bed for 
about 5 minutes and the test procedure was explained. A 12-lead ECG, blood pres­
sure and Doppler measurements were performed with the patient resting in the 
supine, and then in the upright position whilst standing astride the treadmill. The 
treadmill was then started and the patient stepped on in his own time. Timing of the 
protocol commenced when the patient started walking. Each stage was timed and 
the Bruce protocol advanced automatically. Three ECG channels were con­
tinuously monitored on the oscilloscope. 12-lead ECG, blood pressure and Doppler 
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measurements were recorded at the end of each exercise stage and at peak exercise. 
Additionally a 12-lead ECG was recorded when evidence of ST segment depres­
sion was observed on the monitor. 

Exercise was continued until one of the following end points was attained: 1) 
> 3mm ST segment depression 80ms after the J-point in any lead; 2) a fall in sys­
tolic blood pressure of> lOmm Hg below the upright resting value; 3) occurrence 
of chest pain, dyspnoea, fatigue or dizziness; 4) development of leg cramps. The 
development of chest pain and ventricular arrhythmias during exercise was noted. 

Cardiac Catheterisation. Of the 67 patients who had a positive exercise stress test 
and/or a poor blood pressure response, 64 underwent subsequent coronary angiog­
raphy. Multiple views of the coronary arteries were recorded for analysis by a 
radiologist (blinded to this study) for grading of the severity of coronary artery 
disease. For the purpose of this analysis each patient was considered to have three 
major coronary arteries: the left anterior descending (LAD), the left circumflex and 
the right coronary artery. A coronary artery stenosis of significance was defined by 
> 70% proximal luminal narrowing in any of the major coronary arteries. Thus 
patients were classified as having either single, double or triple vessel disease. 

B) Patient subsetting 

In order to fulfil the aims of this study, it was necessary to ascertain the result on 
Doppler variables in pre-determined patient subsets. Thus, to assess the effects of 
ischaemia on the Doppler variables, it was necessary to divide the patients into 
those without ST segment changes (negative (-ve) or normal test), and those with 
ST segment depression during exercise (positive (+ve) or abnormal test). The two 
groups formed by this division we have labeled the 'ischaemic' subsets. 

The blood pressure (BP) response is commonly used in conventional stress 
testing to define a normal from abnormal exercise response. In order to determine 
the association between the BP response and Doppler velocity ejection variables, 
we have divided patients into those with a good BP response (> lOmm Hg increase 
in systolic blood pressure (SBP) from rest to peak exercise) and those patients with 
a poor BP response (:::; lOmm Hg increase in SBP from rest to peak exercise). The 
two groups formed by this division are labeled 'functional' subsets. 

The relationship of Doppler velocity ejection variables to the severity of disease 
has been assessed by dividing the 63 patients in whom coronary angiography was 
performed into those with 1, 2 and 3 vessel disease. The three groups formed by 
this division we have labeled the 'anatomical' subsets. The details of patients 
within all the above subdivisions are presented in Table 1. 

By way of comparison we have included the results of the 11 normal subjects, in 
whom we have collected similar exercise responses and who were also l3-blocked 
(since the large majority of our patients were l3-blocked (see Table 1)). The results 
of this normal group are compared against the total patient group. 
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Table 2. Doppler exercise response in the total PMI patient group and in 11 normal ~-
blocked subjects. Results are presented as means ±SEM. Asterisks represent significant 
differences between the groups (*=p ~ 0.05, "=p ~ 0.001). 

PY MA SYI MY FT HR N 

PM! Pts 
Supine 43.9±0.8 16.2±0.3 6.7±0.2 7.5 ±0.2 297±3.8 73 ± 1,4 166 
Standing 40.8±0.7 15.5 ±0.2 5.9±0.2 7.0±0.2 278 ±4.l 80± 1.5 166 
Stage 1 44,4±0.8 18.7 ±0.3 5.7±0.1 9.6±O.2 258 ±3.9 110± 1.7166 
Stage 2 46,4± 1.1 20,4±0,4 5.7 ±0.2 10.3 ±0.3 248±4.2 116 ± 2.2 99 
Stage 3 49.1 ± 1.9 21.8 ±0.7 5.8 ±0.3 11.0 ± 0.6 246±9.5 123 ±3.3 35 
PkEx 43,4±0.8 19.5 ±0,4 5.3 ±0.1 9.7 ±0.2 247±3.9 119 ± 1.8 166 
Normals 
Supine 56.7 ±2.8" 17.1 ± 1,4 9.3 ±0,4" 10.3 ±0.2" 268 ± 15.0 65 ±3.2 11 
Standing 52.9 ±2,4" 16.7 ± 1.2 8.6±0.5" 10.0 ±0,4" 255 ± 18.0 73 ±3.7 11 
Stage 1 65.2±4.6" 20.6 ± 1.5 9.5 ±0.8" 15.8 ± 1.1" 279 ± 19.0 105 ± 3.7 11 
Stage 2 67.5 ±4.3" 23.2 ±2.1 * 9.0 ± 0.6" 16.0 ± 1.0" 261 ± 16.0 113 ±2.5 11 
Stage 3 66.6 ±4.3" 25,4 ±2.5* 8,4±0.8" 16.3 ± 1.2" 256±23.0 128 ±3.6 11 

C) Statistical analysis 

Analysis of variance for repeated measures was performed for comparison of vari­
ables at the various stages of exercise in each group. The Fishers PLSD test was 
then applied to test for significance of differences. Independent t-tests were per­
formed for comparison of variables between the different groups identified above. 

16.5 Results 

Table 2 shows the results of Doppler interrogation studies in the total group of 166 
PMI patients during exercise testing 3 weeks post AMI. The mean results of 11 ~­
blocked normal subjects are included for comparison. 
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Figure 1. Exercise response of Doppler variables expressed as percentage change (mean 
±SEM) from rest to each stage of exercise in normals subjects and PMI patients. Asterisk 
indicates significance of p ~ 0.05. 
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Thus, it can be seen that the resting values for PV, SVI and MV in the PM! 
group, three weeks after AMI, are still significantly lower than in a group of ~­
blocked normal subjects. MA shows no significant difference at rest presumably 
because it is the one Doppler variable most affected by acute ~-blockade [7,9]. The 
higher values for SVI in the normal group are made up by a significantly higher PV 
and a slightly longer (but non-significant) ejection time. Although there are no 
significant differences in HR, the MV is significantly higher in normals due to the 
higher SVI. The results during exercise indicate again that PV, SVI and MV are 
significantly higher in normal ~-blocked subjects than in PM! patients. MA, al­
though not as significant as the other Doppler variables, is still significantly higher 
in normals. In order to show the exercise response we have plotted the % increase 
from upright rest to each stage of exercise for the Doppler variables PV, MA, SVI, 
MV and HR in both PM! patients and normal subjects. This data is shown in Figure 
1 as mean values (±SEM). Clearly, the Doppler exercise response is significantly 
lower for PM! patients, with PV showing the most dramatic differences between 
the two groups. These Doppler differences are independent of HR, since there is no 
significant difference in the HR response in either group. 

Table 3. Doppler data within 'ischaemic' subsets (-ve = negative stress tests, +ve = positive 
stress test (ST segment depression». Results shown as mean values ±SEM. Asterisks 
represent significant differences between groups (* = p $ 0.05, *** = P $ 0.001). 

Supine Standing 2 3 PkEx 

N -ve 98 98 98 65 (66%) 25 (26%) 98 
+ve 68 68 68 35(51%) 10 (15%) 68 

PV -ve 44.l±1.1 41.3 ± 1.0 45.7 ± 1.1 47.7 ± 104 49.2± 1.1 45.3 ± 1.1 * 
+ve 43.6 ± 1.2 40.2±0.9 42.6 ± 1.3 43.9 ± 1.9 48.9 ±4.1 40.6 ± 1.6 

MA -ve 1604 ± 0.3 15.7 ±0.3 19.2±Oo4* 21.1 ±0.5* 22.3 ±0.7 20.6 ± 0.5*** 
+ve 16.2 ± 0.5 15.3 ±0.3 17.9±0.5 18.9 ±0.6 20.5 ± 1.3 17.8±0.5 

SVI -ve 6.7 ±0.3 6.1 ±0.2 5.9±0.2 5.9 ±0.2 5.9 ±Oo4 5.6±0.2* 
+ve 6.7±0.2 5.6±0.2 504 ± 0.2 5.3±0.3 5.7 ±0.5 5.0±0.2 

MV -ve 7.5 ±0.3 7.0±0.2 9.8 ±0.3 10.6 ±Oo4 11.0±0.7 10.1 ±0.3* 
+ve 7.6±0.3 7.0±0.2 904±Oo4 9.8 ±0.5 11.0 ± 0.9 9.1 ±0.3 

Ff -ve 299±5 280±6 262±5 251 ±5 247±5 249±5 
+ve 295±5 274±6 252±5 243±6 242± 17 245±6 

HR -ve 73 ± 1.9 79±2.0 107±2.2 115 ± 2.6 120 ± 3.6 117 ±2.3 
+ve 73 ±2.0 81 ± 2.3 113 ± 2.6 118 ± 3.9 129 ±7.0 121 ± 2.7 

Table 3 shows the Doppler data within the ischaemic subdivisions. Results are 
shown as mean values ± SEM, with asterisks representing significant differences 
between the two groups. Neither Doppler velocity ejection variables, nor HR, show 
any significant difference between the ischaemic subsets at supine or standing rest. 
However, during exercise, MA is significantly lower at each exercise stage (except 
at stage 3 where N values drop dramatically) in those patients with an abnormal 



212 

(+ve) exercise test. In addition, all Doppler variables (except FT) are significantly 
lower at peak exercise in the +ve test patients. Although this may be partly due to 
the fact that +ve test patients achieve less exercise (5.0 vs 6.0 mins, p:o; 0.01), a 
more physiological explanation is that the exercise induced ischaemia occurring in 
+ve test patients results in deterioration of LV function, and this is reflected in the 
significantly lower Doppler values at peak exercise. It is also interesting to note 
that the decline in LV function is reflected in the significantly smaller number of 
+ve test patients able to complete exercise stage 3; so that whilst 26% of -ve test 
patients are able to complete exercise stage 3, only 15% of the +ve test patients are 
so able. Figure 2 shows the percentage changes from rest to peak exercise for all 
Doppler variables (except FT) in the ischaemic subsets. Clearly, patients with 
exercise induced ischaemia have significantly lower exercise responses at peak 
exercise. 

% change 
Rest - Peak 

Exercise 

60~--------------------
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20 
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Figure 2. Exercise response of Doppler variable at peak exercise in the 'ischaemic' subsets. 
Results are shown as mean (::; SEM) percentage changes between rest and peak exercise. 
Asterisks indicate the level of significance attained (**=p::; 0.01, ***=p::; 0.001). 

Table 4 shows the results of Doppler studies within the 'functional' subsets, as 
defined by a good or poor BP response during exercise stress testing. There were 
no significant differences in Doppler velocity variables or HR at either supine or 
upright rest. However, during exercise all Doppler variables (except FT) were 
significantly lower at each stage of exercise in those subjects who exhibited a poor 
BP response. It should be noted that significant changes were not obtained at stage 
3 due to the extremely small sample size in the poor BP group). The deterioration 
of LV function with each progressive exercise stage in the poor BP responders, is 
reflected in the extremely small numbers achieving stage 3; only 4% of poor BP 
responders achieved stage 3 of exercise, whilst almost 10 times more (30%) of the 
good BP responders achieved the same stage. As a result poor BP responders 
a.chieve a significantly lower exercise duration (6.0 vs 4.3 mins, p:o;O.OO1). 
However, their HR is not significantly lower than their good BP counterparts, 
implying that poor BP responders in trying to sustain the fall in cardiac· output 
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Table 4. Doppler data within 'functional' subsets. Results shown as mean values ±SEM. 
Asterisks represent significant differences between groups (* = p S; 0.05, **=ps;O.OI). 

Supine Standing 2 3 PkEx 

N Good 109 109 109 79 (72%) 33 (30%) 109 
Poor 57 57 57 20 (35%) 2(4%) 68 

PV Good 44.3 ± 1.0 41.5 ±0.9 46.0 ± 1.0** 47.5 ± 1.3* 49.5 ± 1.9 45.0± 1.0** 
Poor 43.1 ± 1.2 39.6 ± 1.2 41.3 ± 1.4 41.7 ±2.0 43.9 ± 13.0 40.3 ± 1.3 

MA Good 16.1 ±0.3 15.4±0.3 19.2±0.4* 20.8 ±0.4* 21.7 ±0.6 20.4 ± 0.4*** 
Poor 16.7±0.5 15.8 ±0.5 17.7 ±0.6 18.7 ± 1.1 23.3 ±6.4 17.6 ±0.6 

SVI Good 6.8 ±0.2 5.9 ±0.2 5.9±0.2* 5.8 ±0.2* 5.9 ±0.3 5.5 ±0.2 
Poor 6.5 ±0.3 5.8 ±0.3 5.3 ±0.2 5.2 ±0.3 5.3 ± 1.7 5.1 ±0.2 

MV Good 7.6±0.2 7.0±0.2 1O.1±0.3** 10.6±0.4* 11.0 ± 0.6 10.3 ±0.3** 
Poor 7.5 ±0.4 6.9 ±0.3 8.8 ±0.3 9.0±0.5 10.7 ±0.9 8.7 ±0.3 

Ff Good 302±5 279±5 261 ±5 247±5 241 ±5 246±5 
Poor 288 ±6 275±7 252±7 251 ±8 288±46 250±7 

HR Good 73 ± 1.7 80± 1.9 109±2.0 117 ±2.4 121 ±3.1 121±2.1 
Poor 73 ± 2.4 81 ± 2.5 110±3.1 112±5.1 145 ± 28.0 114±3.1 

Table 5. Doppler data within 'anatomical' subsets, defined as 1, 2 and 3 vessels diseased 
(VD). Results shown as mean values ±SEM. Asterisks represent significant differences 
between groups 1 and 3 (* = p S; 0.05). 

Supine Standing 2 3 PkEx 

N 1 VD 21 21 21 13(62%) 8 (38%) 21 
2 VD 11 11 11 7 (64%) 1 (9%) 11 
3 VD 32 32 32 13(41%) 3 (9%) 32 

PV 1 VD 48.2 ± 1.9 44.9 ± 1.8 48.7 ±2.7 48.7 ± 3.8 53.4±4.3 46.6±2.8 
2 VD 44.1 ± 2.1 42.9 ±2.8 44.9±3.9 45.2±3.7 46.4 ±-- 43.6 ± 3.4 
3 VD 44.1 ± 1.9 39.9 ± 1.4 41.0 ± 1.7* 42.5 ±2.8 49.3 ±5.9 40.3 ± 1.3* 

MA 1 VD 17.1 ±0.7 15.7 ± 0.7 19.2 ± 0.7 20.5 ± 0.8 21.6 ± 1.5 19.7 ± 0.9 
2 VD 16.8 ± 0.7 15.6 ± 0.5 19.0 ± 1.5 19.9 ± 1.7 20.1 ±-- 19.9 ± 1.4 
3 VD 16.5 ± 0.8 15.4± 0.6 17.1±0.7* 18.9± 1.3 22.8 ±4.0 17.0±0.7* 

SVI 1 VD 7.1±0.4 6.0±0.3 6.2 ± 0.4 5.6 ±0.5 5.7 ± 1.4 5.5 ± 0.3 
2VD 7.0±0.5 6.3 ±0.6 5.8 ± 0.5 6.0±0.7 7.5 ±-- 5.4 ± 0.5 
3VD 6.5 ± 0.3 5.5 ± 0.3 5.2±0.3 5.0±0.3 5.4± 0.5 4.8 ± 0.3 

MV 1 VD 7.6±0.5 6.8 ±0.4 10.1 ± 0.6 1O.2±0.8 11.6±0.7 1O.2±0.6 
2VD 7.2 ± 0.5 7.4±0.8 1O.2±0.2 11.6 ± 1.8 15.3 ±-- 10.0 ± 1.3 
3VD 7.8 ± 0.5 7.0±0.3 9.2±0.5 9.1 ±0.7 11.7 ± 1.1 8.9 ±0.5 

Ff 1 VD 300± 10 277±9 262± 10 238±9 235 ± 13 246±9 
2VD 303 ± 14 283 ± 17 257 ± 13 269 ± 14 258 ±-- 253 ± 15 
3VD 284±6 271 ±9 248±6 244± 12 268 ± 10 246± 10 

HR 1 VD 68±4 74±4 105±5 115±8 128 ± 8 118±6 
2VD 65±4 76±6 III ± 8 118 ± 10 114 ±-- 122±7 
3VD 77±3 83 ±3 115±4 117±5 138 ± 11 120±4 
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(associated with deteriorating LV function) increase their HR above values ex­
pected for the level of exercise they achieve. Clearly, the significantly lower MV at 
peak exercise in the poor BP responders would be lower still, if it were not for the 
fact that HR was being sustained at a higher level. The results in Table 4 reveal that 
the significantly lower value for MV in the poor responders at peak exercise is the 
result of a significantly attenuated contractile response as shown by the Doppler 
variables PV and MA. Figure 3 shows these changes in Doppler variables by plot­
ting the percentage change from rest to peak exercise in the two functional subsets. 
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Figure 3. Exercise response of Doppler variable at peak exercise in the 'functional' subsets. 
Results are shown as mean (±SEM) percentage changes between rest and peak exercise. 
Asterisks indicate the level of significance attained (**=p ~ 0.01, ***=p ~ 0.001). 

Table 5 documents the results of Doppler velocity variables within the 3 anatomi­
cal subsets defined by the severity of coronary artery disease. There was no associa­
tion between severity of disease and Doppler velocity variables at either supine or 
upright rest. This was confirmed by the fact that L VEF (obtained at rest during 
coronary angiography) also failed to show any association (see Table 1). During 
exercise, only PV and MA show any statistical differences between the three 
groups, being significantly higher in 1 vessel disease patients than in patients with 
3 vessel disease. Although SVI and MV showed no differences, it was striking to 
note that both 1 and 2 vessel disease patients appeared to have similar mean values 
for these two variables, whilst 3 vessel disease patients had lower values, though 
these differences were non-significant. 

With the premise that 3 vessel disease patients presented a high risk subset and 
'1&2 vessel disease patients were a low risk subset, we re-analysed the data by 
combining 1&2 vessel disease patients into single group and compared their data to 
the 3 vessel disease patients. This re-analysis reveals SVI (6.1 vs 5.2 cm, p:::; 0.05) 
and MV (10.2 vs 9.2 cm/s, p:::; 0.05) to be significantly higher at stage 1 of exercise 
in those patients with less severe disease. This trend in SVI and MV was also ap­
parent at peak exercise, where SVI was 5.5 vs 4.8 cm (p:::; 0.05) and MV was 10.2 
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vs 8.9 cmls (p:,> 0.05). PV and MA were also significantly different at peak exer­
cise. These changes are more readily seen in Figure 4, where we have plotted the 
percentage changes from rest to peak exercise in the combined 1&2 vessel subset 
against the 3 vessel subset. As can be seen the HR response between the two sub­
sets is not significantly different, although 1&2 vessel disease patients achieve a 
slightly higher HR due to the fact that they achieve significantly more exercise (5.9 
vs 4.5 mins, p:'> 0.01). PV showed hardly any change at peak exercise and this was 
reflected in the falls in SVI. MA, however, showed a significantly better response 
in those patients with less severe disease, presumably reflecting the greater degree 
of LV function in these patients. This is corroborated by the significantly better 
MV response in the 1&2 vessel disease patients, indicating that these patients are 
better able to augment cardiac output during exercise than their counterparts with 
more severe disease. 
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Figure 4. Exercise response of Doppler variable at peak exercise in the newly defined 
'anatomical' subsets (1&2 vessel disease and 3 vessel disease). Results are shown as mean 
(±SEM) percentage changes between rest and peak exercise. Asterisks indicate the level of 
significance attained (**=p ~ om, ***=p ~ 0.001). 

As with the ischaemic and functional subsets, the anatomical subsets achieved 
varying levels of exercise (see Table 1), and this again is reflected in the disparity 
in numbers of each group reaching stage 2 and 3 of exercise. Thus, whilst 62% and 
64% of I and 2 vessel disease patients achieve stage 2, only 41 % of 3 vessel dis­
ease patients do similarly. This disparity is continued and becomes more apparent 
at stage 3 of exercise. 

16.6 Discussion 

This study shows that the LV functional response to exercise can be assessed with 
ease, rapidity and great accuracy in the majority of patients (91%) undergoing 
treadmill exercise stress testing 3 weeks after acute myocardial infarction, using a 
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simple, non-invasive Doppler ultrasonic technique. 
The evaluation of global left ventricular function during exercise is a useful 

technique to assist in distinguishing normal subjects from patients with CAD. To 
that end we have described Doppler velocity variables both at rest and during exer­
cise in normal subjects and patients 3 weeks after acute MI, and shown that there 
was a significant difference in all Doppler variables between these two groups. 
These differences were independent of HR, since HR was similar between the two 
groups. Similar findings have also been documented by other workers using Dop­
pler ultrasound [4, 10--11]. Thus, the findings of our study and those of other 
workers using Doppler are in agreement with the more recognized literature using 
radionuclide ventriculography [12-14], who also show significant differences in 
exercise L VEF between normal subjects and patients with CAD. 

The finding that Doppler velocity variables were significantly different between 
patients with and without ST segment depression, has not been previously docu­
mented by other workers. The fact that most of the Doppler variables were only 
significantly different at peak exercise could be partially attributed to the dif­
ferences in exercise time between these two subsets. However, MA was sig­
nificantly lower in positive test patients at exercise stages I and II, implying that 
ventricular contractility is impaired in the ischaemic ventricle. Recently, Sabbah et 
al. (1987) have shown in an experimental dog preparation that peak velocity and 
acceleration are severely compromised by the induction of acute regional is­
chaemia, as long as the ischaernic mass was greater than 20% of the total LV mass 
[15]. These same workers have also shown that peak velocity and particularly 
maximum acceleration were severely reduced during the acute coronary occlusion 
induced during the course of percutaneous coronary angioplasty in patients [16]. 
Thus, Doppler velocity variables present an invaluable tool in the investigation of 
patients prone to exercise induced ischaemia. 

The finding that Doppler velocity variables were significantly lower in patients 
who exhibited a poor BP response during exercise was not altogether unexpected, 
since an unchanged or frankly hypotensive response during exercise has long been 
used to indicate an impairment in LV function [17]. Importantly, however, we have 
shown an association between the BP response and Doppler velocity variables 
during exercise, and have been able to document LV functional impairment in more 
quantitative terms using Doppler velocity variables. 

Within the protocol of the Infarction Clinic at St. George's Hospital, only 
patients with a positive exercise test underwent catheterisation, and as such our 
anatomical subset consisted of only 39% of the overall study group (64/166). 
Within this subset, we have shown that patients with 1 and 2 vessel disease have a 
significantly better haemodynamic response at peak exercise than their 3 vessel 
disease counterparts. This is in keeping with literature using radionuclide angiog­
raphy to assess LV haemodynamics during exercise [13-14]. Nicod et al. (1983) 
observed that in 16 patients with single vessel disease LVEF increased by 2%, 
whilst 26 patients with multi-vessel disease decreased L VEF by 6%, this being a 
statistically significant difference [14]. 

Mehdirad et al. (1987) have used Doppler ultrasound to study 14 subjects with 
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CAD, and extrapolation from their raw data shows that patients with 1 vessel dis­
ease had a better % rest-to-exercise response than their counterparts with multi­
vessel disease, though again lack of sample size prevents any statistical observa­
tions [11]. Bryg et al. (1986) used the same Doppler equipment as that described by 
Mehdirad et al. (1987), but were unable to obtain high quality signals during exer­
cise. They do, however, document the percent change from rest to immediately 
post-exercise and show that the response of eight 1 vessel disease patients is 
markedly different from that obtained in nine multi-vessel disease patients [10]. 
Both groups of workers were, however, unable to measure acceleration from their 
'spectrally' derived velocity signal. 

There were certain logistic and technical limitations in the study described here. 
Firstly, we made no attempt to account for the effect of 13-blockade. However,. 
analysis of the percentage of patients receiving 13-blockade theraphy (see Table 1) 
indicate a similar distribution within each of the subsets described in this study. 
Thus whilst 13-blockade undoubtedly affects the resting HR and therefore SVI, this 
effect is likely to exist in all the subsets with equal degree. 

A second limitation was the difficulty of obtaining velocity signals during tread­
mill exercising. Ascending aortic velocity signals are undoubtedly harder to obtain 
during treadmill exercise, since motion artefacts become more prominent during 
exercise. Thus, the number of patients in whom adequate velocity signals are ob­
tained throughout exercise falls (9% of patients were lost due to this factor). More 
importantly, motion artefacts cause collection of muted, low-amplitude signals 
which could result in false-positive responses. Although signals with poor signal to 
noise ratio and marked beat-to-beat variation can be excluded from the on-line 
analysis by software algorithms, it must be stressed that operator experience is 
essential in judging the quality of the obtained data. Indeed the reproducibility of 
the Doppler technique during exercise has been addressed by both Gardin et al. 
(1988) and Mehta et al. (1988), who both show excellent reproducibility in the 
hands of trained operators [6, 18]. 

16.7 Conclusions 

In conclusion, the Doppler technique is readily applied to the exercising situation, 
since it allows a rapid non-invasive assessment of LV function. The ease and 
reproducibility with which Doppler studies are performed allows monitoring of 
patients over an extended time period and through medical and surgical interven­
tions. Further studies are required to establish the usefulness of Doppler ultrasound 
within the setting of exercise stress testing, especially in comparison to other tech­
niques such as radionuclide ventriculography and exercise echocardiography. 
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17. Evaluation of exercise performance in mitral 
stenosis using Doppler ecbocardiograpby 
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Patients with significant heart disease may have nonnal resting hemodynamics 
during cardiac catheterization. Since most cardiac symptoms are precipitated by 
exertion, it is important that hemodynamic perfonnance be assessed both at rest and 
during some fonn of stress, such as muscular exercise, pharmacologic intervention 
or artificially induced tachycardia. This kind of evaluation enables one to assess 
both the severity of hemodynamic impainnent and the level of cardiovascular 
reserve. Physiological infonnation thus obtained is helpful in reaching a diagnosis, 
prescribing treatment, selecting patients for surgery and predicting prognosis. Since 
the stress of muscular exercise closely resembles the life situation in which the 
patient with heart disease may become symptomatic, exercise is commonly used in 
the evaluation of patients with heart disease. 

17.1 Static versus dynamic exercise 

Cardiovascular responses to dynamic and static exercise are different. Dynamic or 
isometric exercise causes an increase in heart rate, systemic arterial blood pressure 
and cardiac output with a fall in peripheral arterial resistance. Static or isometric 
exercise results in a predominant increase in systemic arterial pressure, a minor 
increase in heart rate and cardiac output [1-5]. Due to the differences in cardiovas­
cular responses, dynamic exercise is particularly useful in the assessment of val­
vular heart disease and may also be employed to assess the integrated physiological 
response of the cardiovascular system to stress. These differences in cardiovascular 
responses have resulted in the use of dynamic exercise in the evaluation of valvular 
disease. Isometric exercise has been employed to assess left ventricular function. 

17.2 Exercise and mitral stenosis 

Hemodynamic effects of dynamic exercise are integrated effects of tachycardia, 
catacholamine stimulation and Frank-Starling mechanism. In patients with mitral 
stenosis, filling of the left ventricle and consequently cardiac output is dependent 
on the diastolic filling period, hence tachycardia impinges on left ventricular filling 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 219-225. 
© 1990 Kluwer Academic Publishers. 
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Figure 1. Representative examples of Doppler recording of mitral flow at rest (A:left) and 
during exercise (B:right). Heart rate increased from 60 bpm at rest to 95 bpm during exer­
cise. Mitral pressure half-time decreased from 120 ms at rest to 124 ms during exercise. 
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Figure 2. Mean mitral valve gradient at rest and during peak exercise. 

by decreasing this interval leading to an increase in valve gradient. In addition, 
increase in mitral flow due to the inotropic effect of catacholeamine stimulation in 
the presence of a relatively fixed mitral valve orifice can increase valve gradient. 
Therefore, evaluation of hemodynamics during exercise for patients with mitral 
stenosis has been in practice for several decades. Gorlin & Gorlin in 1951 
demonstrated a significant increase in mitral valve gradient (MVG), heart rate and 
cardiac output, and a fall in diastolic filling period without any change in mitral 
valve area (MVA), during dynamic supine exercise [6]. Since then several studies 
have confirmed their findings [7-9]. llesons & Ryan [7] studied cardiovascular 
responses to isometric exercise in patients with mitral stenosis. MVG increased 
from 11.5 mmHg at rest to 16.7 mmHg (P = 0.002) during exercise whereas MV A 
did not change. There was no significant change in left ventricular end diastolic 
pressure. Huikuri & associates [10] studied the value of isometric exercise testing 
during cardiac catheterization and used it to predict outcome of surgery. They 
demonstrated a positive correlation between the change in mean MVG during 
isometric exercise and changes in measures of left ventricular function. The 
patients who increased MVG > 4 mmHg, left ventricular ejection fraction remained 
unchanged and whose peak systolic pressure/end systolic volume ratio increased 
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Figure 3. Mitral pressure half-time at rest and during peak exercise. 
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during isometric exercise had a significant improvement in symptoms following 
surgery. 

Until 1984, most hemodynamics evaluations of mitral stenosis during exercise 
had been performed during cardiac catheterization. Introduction and validation of 
Doppler echocardiography for estimation of MVG and MV A provided a nonin­
vasive technique to evaluate the response of mitral stenosis during exercise [11]. To 
date, only a few studies have used Doppler echocardiography for evaluation of 
mitral stenosis during exercise. Theoretically, exercise Doppler echocardiography 
offers an opportunity to evaluate not only severity of mitral stenosis, but also to 
assess left ventricular function. 
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17.3 Stress Doppler protocol for mitral stenosis 

A symptom-limited exercise test using a supine bicycle ergometer (Engineering 
Dynamic Corp Model 2420, Echostat Table Picker Corp) was used in the study by 
Sagar et al. [12]. Exercise was performed under basal conditions, initiated at a load 
of 20 Watts and was increased by 20 W until symptoms occurred. Heart rate and 
blood pressure were recorded every minute during exercise and recovery period. 
Patients were examined in the left lateral decubitus position with the head elevated 
at 30 degrees. An apical four chamber view was used for interrogation of mitral 
inflow velocities with the sample volume positioned below the tip of the mitral 
valve. The orientation of Doppler beam parallel to suspected flow was verified with 
simultaneous real time imaging and monitoring of audiocardiac output to ensure 
highest velocities throughout the study. Mean mitral valve gradient was estimated 
by modified Bernoulli's equation and mitral pressure half time was measured by 
the method of Hatle et at. [11]. 

Hatle & associates [12] reported a moderate decrease in mitral pressure half time 
from a mean of 190 ml at rest to 160 ml (P < 0.001) during supine bicycle exercise 
in 37 patients with mitral stenosis. There was a more pronounced simultaneous 
increase in mitral valve gradient (7.6 to 16 mmHg). 
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Figure 4. Estimated mitral valve area at rest and during exercise. 
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Sagar et al. [13] performed Doppler echocardiography at rest and during exercise 
in ten patients with mitral stenosis. Figure 1A and 1B show a representative ex­
ample of mitral flow velocity at rest and during exercise. This patient developed 
transient atrial fibrillation during exercise which resolved spontaneously after 
exercise. During exercise the heart rate increased from 74 ± 14 beats/min (mean ± 
SD) at rest to 110 ± 8 beats/min (P < 0.001) during exercise. The mean MVG 
(Figure 2) increased from 9 ± 5 mmHg at rest to 18 ± 7 mmHg (P < 0.01) during 
exercise. The mitral pressure half-time decreased from 225 ± 62 ms at rest to 190 
± 92 ms during peak exercise (P < 0.005) (Figure 3). The estimated mitral valve 
area increased from 1.0 ± 0.4 cm2 at rest to 1.2 ± 0.3 cm2 at peak exercise 
(P < 0.005) (Figure 4). In the same study the authors showed excellent correlation 
between the Doppler derived and catheterization derived MVG at rest and during 
exercise. Correlation for mitral valve area was excellent at rest, however during 
exercise the correlation coefficient dropped. 

Both of the preceding studies indicate that an increase in flow may lead to 
decrease in pressure half-time causing an increase in estimated mitral valve area. 
Stewart et al. [14] in an experimental study observed a flow related increase in 
orifice size of normal mitral valves. It is likely that other factors such as diastolic 
filling period, and left atrial and left ventricular compliance may also influence 
mitral pressure half-time. 

Measurements of peak velocity and acceleration of Doppler derived ascending 
aortic and pulmonary artery flow velocity can provide assessment of left and right 
ventricular function respectively [15-17]. 

In summary, exercise Doppler echocardiography can be performed for assess­
ment of severity of mitral stenosis and assessment of left and right ventricular 
function. In the future, exercise Doppler echo may also aid in evaluation of pros­
thetic mitral valves. 
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18. Left ventricular ejection force and impulse: 
Noninvasive assessment using Doppler ultrasound* 

KARLISAAZ 
Service de Cardiologie A, CHU de Nancy-Brabois, Universite de Nancy, 
54511 Vandoeuvre-les-Nancy, France 

18.1 Introduction 

The importance of the mass-acceleration concept for the evaluation of cardiac 
function has been emphasized many years ago [1-{)] and re-emphasized more 
recently [7-9]. In 1964, Rushmer [7] concluded that the left ventricle acts as an 
impulse generator and that the 'initial ventricular impulse' represents a reliable 
index of myocardial performance. Based on this concept, Rushmer suggested the 
use of measurement of peak aortic blood velocity and acceleration as indices of LV 
function [7]. Noble et al. [8] have suggested from a series of animal experiments 
that the maximal aortic blood acceleration is closely related to the maximum force 
exerted by the left ventricle in early systole and directed towards overcoming iner­
tia. The force is a well established physical term defined as the product of mass and 
acceleration according to Newton's second law of motion: 

Force = mass x acceleration 

The ability of Doppler echocardiography to measure aortic blood flow velocity and 
acceleration has led to the use of this ultrasound technique in the noninvasive as­
sessment ofleft ventricular (LV) performance [10-14]. Since Doppler echocardiog­
raphy has been shown to be a reliable method for the measurement of stroke 
volume [15-17], it provides a potential method to measure the mass of blood which 
flows through the cross-section of aorta during a given time interval. Recently, we 
reported preliminary results using Doppler echocardiography to determine the 
mean ejection force imparted to the aortic blood over the time from the onset of 
ejection to the attainment of peak flow. In a smaIl number of patients, we showed 
that the ejection force was capable of differentiating normal subjects from patients 
with dilated ,cardiomyopathy [18]. In a larger series of patients, we have shown 
recently that the mean ejection force calculated over the acceleration time relates 
closely to the left ventricular performance as assessed by angiographic ejection 

* Supported by an International Research Fellowship (1 F05 TW04099) from the Fogarty 
International Center, National Institutes of Health, Bethesda, Maryland, and supported in 
part by the Simone del Duca Foundation, Paris, France. 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 227-242. 
© 1990 Kluwer Academic Publishers. 
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fraction [19]. The impulse is another physical term defined as the product of force 
and time. In a recent report [20], we have shown that Doppler echocardiography 
may be used for the noninvasive assessment of left ventricular ventricular impulse 
during the acceleration time. 

The object of this paper is to analyze the utility of Doppler echocardiography in 
the noninvasive assessment of left ventricular performance based on the mass­
acceleration concept. Different mathematical models of force and impulse calcula­
tion are reviewed. Finally, in view of the relationship between ejection force and 
left ventricular load, the significance of aortic blood flow velocity and acceleration 
as well as their potential role in the left ventricular load are discussed. 

18.2 Theory: Simplified approach derived from the system formulation 

In the system formulation, we 'isolate in the mind's eye' a bolus of fluid and follow 
his motion. Newton's second law states that the sum of all external forces acting on 
a body in motion relative to a fixed coordinate system is equal to the product of the 
mass and the acceleration of the body, that is F = m x a where m is the mass, a the 
acceleration, and F the resultant of forces acting on the body. For aortic blood flow, 
Newton's second law applies to the mass of a bolus of blood which flows through 
the cross-section of aorta during a given time interval. Accordingly, the basic prin­
ciple of estimating a force consists in calculating the mass of blood which is ejected 
over a given time interval and multiplying this mass by its acceleration. This mathe­
matical approach of calculation of force which acts to accelerate a given mass of 
blood has been used previously in ballistocardiography theory [1-6]. The mass of 
blood which flows through the aortic cross-sectional area during a time interval is 
proportional to the flow area, to the spatial average velocity and to the duration of 
the time interval. Consequently, different mathematical models of force can be 
studied depending on the mass of blood which is arbitrarily considered and depend­
ing on the time interval over which the force is averaged [l-<:i, 19]. 

The mass of blood (m) which crosses through the aortic cross-sectional area 
(CSA) over a time interval ~t is calculated as 

m = p xCSAxVx~t (Ll) 

where p is the mass density of blood (1.06 gm/cm3), V is the spatial mean velocity 
(in cm/sec). During the same time interval the blood undergoes an average accelera­
tion y as 

y= ~V/~t (1.2) 

where ~ V represents the velocity increment over the time interval ~t. Let us con­
sider the initial part of the aorta over a short distance as a circular cylindrical tube, 
thus the velocity varies only with time due to the unsteady state of flow (local or 
transient acceleration). If ~t represents the acceleration time (AT) which is the time 
from the onset of ejection to the attainment of peak flow, thus Equation (1.1) is 
rewritten 
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mat = p x CSA x Vat X AT (1.3) 

where Vat is the mean velocity calculated over AT, and mat is the mass of blood 
which flows over the acceleration time, and the average acceleration 'I is written 

'I=PkV/AT (1.4) 

where PkV is the peak aortic blood velocity. According to the second law of mo­
tion (force = mass x acceleration), we obtained from the Equations (1.3) and (1.4) 

MFAT = p x CSAx VatxPkV (1.5) 

where MFAT is called the mean force over the acceleration time. From multiplica­
tion of MF AT by AT (impulse = force x time) we obtain: 

MIA T = MFAT x AT = p x CSA x Vat X PkV x AT (1.6) 

where MIAT is called the mean impulse over acceleration time. Multiplying the 
mass of blood mat as calculated from Equation (1.3) by the peak instantaneous 
acceleration (PA) gives 

PFAT = P x CSA x Vat X AT x PA (1.7) 

where PF AT is called the peak instantaneous force over acceleration time. 
The mass of blood which flows through the aortic cross-sectional area over the 

ejection time (ET) or stroke volume mass is given by Equation (1.1) by substituting 
ET for Llt 

met = p x CSA x Vet x ET (1.8) 

where Vet is the mean velocity calculated over ET. 
Multiplying met by the peak acceleration we obtain the peak instantaneous force 

over ejection time 

PFET= p x CSAx VetxETxPA (1.9) 

Multiplying met by the mean acceleration 'I as calculated from Equation (1.4) we 
obtain the mean force over ejection time 

MFET = p x CSA x Vet X ET x PkV/AT (1.10) 

The product of MFET by ET gives the mean impulse over ejection time (MIET): 

MIET = p x CSA x Vet X PkV/AT X ET2 (1.11) 

Consider now Llt in Equation (1.1) approaching zero (Llt->O), thus Ll V also ap­
proaches zero. The Equation (1.1) can be rewritten 

dm;=: p x CSA x Vet) x dt (1.12) 

where dm is an element of mass which flows through the cross-section of the aorta 
during an infinitesimal time interval, and the ratio Ll V/Llt assumes a finite value 
called the instantaneous acceleration 'Ii as 

'Ii = lim LlV/Llt = dV/dt (1.13) 
t.t --? 0 
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Figure lao Example of digitized tracing recorded from a normal subject. Top, digitized aortic 
blood flow velocity tracing. Bottom, instantaneous acceleration graph (solid line) and graph 
of the instantaneous product velocity x acceleration (broken line). The instantaneous rate of 
change of ejection force is obtained from the product of [V x dV/dt] with the blood mass 
density and the aortic cross-sectional area. PkV = peak velocity; V = velocity; S = velocity 
time integral over the acceleration time. TPkV = time to peak velocity (acceleration time); 
TTHPkV = time to half-peak velocity; TTPA = time to peak acceleration; TTPF = time to 
peak rate of change of ejection force. 
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From the product of the Equations (1.12) and (1.13) we obtain 

dF=dmxYi 

= p x CSA x Vet) x dV 

where dF is an element of force. From Equation (1.14) we obtain 

dF/dt = P x CSA x Vet) x dV/dt 

(1.14) 

(1.15) 

where dF/dt is called the rate of change of ejection force [21]. The rate of change 
of ejection force at the time of peak acceleration (dF/dt at PA) is expressed as: 

dF/dt at PA = P x CSA x Vet) x PA (1.16) 

The peak rate of change of ejection force (peak dF/dt) [21] is calculated as the 
maximum value of [p x CSA x Vet) x dV/dt]. Figure la shows a typical example of 
digitized aortic blood flow velocity and acceleration tracings and the graph of the 
product Vet) x dV/dt obtained from a normal subject. An example of recording 
obtained in a patient with LV dysfunction is shown in Figure 1 b. Multiplying the 
value of Vet) x dV/dt max by p x CSA, we obtain the rate of change of ejection 
force at the time of peak acceleration (dF/dt at PA) according to the Equation 
(1.16). Multiplying the maximum value of Vet) x dV/dt by p x CSA, we obtain the 
peak rate of change of ejection force (peak dF/dt) [21]. 

18.3 Theory: Approach derived from the generalized linear momentum 
equation applied to the left ventricular/aortic coupling 

As mentioned previously [19] the models of calculation the ejection force based on 
the product of a given mass ejected into the aorta with its acceleration take into 
account only a fraction of the force involved in the ejection of blood. In fact, at any 
instant, the sum of all the forces exerted by the ventricle to accelerate the blood is 
equal to the sum of the force which acts to accelerate the blood into the aorta plus 
the force that acts to move the blood within the ventricle. Thus a more complete 
approach would include the calculation of the force involved in the acceleration of 
the ventricular blood mass. Because the mass of blood in the ventricle is changing 
continuously with time during ejection it is more convenient to use another method 
of description to apply the basic laws of motion which is the control-volume for­
mulation. A control volume refers to a region in space and is useful in the analysis 
of situations where flow occurs into and out of the space. The boundary of a control 
volume is its control surface. The control-volume concept is related to the system 
in terms of a general property of the system. The major task in going from the 
system to the control volume formulation of the basic laws is to express the rate of 
change of the arbitrary extensive property for a system in terms of time variations 
of this property associated with a control volume. 

The general equation which relates the rate of change of any arbitrary extensive 
property, N, of the system to the time variations of this property associated with the 
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control volume is expressed as: 

dN/dt I system = a/at fffev np dV + fIes npv dS, 

where cv = control volume, cs = control surface, n = the amount of property N per 
unit of mass, dV = element of volume, p = blood mass density, v = velocity, dS = 
area element. The term dN/dt I system is the total rate of change of the extensive 
property N. The term fJJev np dV is the total amount of the extensive property N 
which is contained within the control volume. The term a/at fffev na dV is the time 
rate of change of the extensive property N within the control volume. The term 
fIes npv dS is the net rate of efflux of the extensive property, N, through the control 
surface. pv dS is the rate of mass efflux through the area element dS per unit time. 
To derive the control volume formulation of Newton's second law of motion, we' 
set: 

N = mv (momentum) 

Thus, Newton's second law is expressed as: 

L F = d(mv)/dt = a/at fffev vp dV + Sfcs pvv dS (2.1) 

which is called the linear momentum equation in its integral form. In words, the 
resultant force acting on a control volume is equal to the time rate of increase of 
linear momentum within the control volume plus the net efflux of linear momen­
tum from the control volume. The application of this equation to the left ventricle 
implies that the force exerted by the contracting myocardium which acts to cause 
ejection is equal to the sum of the net rate of momentum efflux into the aorta plus 
the rate of exchange of momentum of blood in the ventricle [22]. According to the 
second right side term of the Equation (2.1) and assuming that the velocity profile 
at the aortic orifice is flat, the momentum efflux (F1) into the aorta is calculated as: 

F1 = p CSA v;, 

where va is the aortic blood velocity. The net inward flux of momentum provided 
by the motion of the ventricular wall can be neglected when compared to 
pCSA v;. The momentum of the blood in the ventricle is equal to the mass of blood 
in the ventricle times the velocity of ejection times a scaling factor k. Thus, the rate 
of change of momentum in the ventricle (F2) is written as: 

F2 = d(kv aP V)/dt, 

where V is the instantaneous ventricular volume. 
Thus, the total force which acts to cause ejection is given by: 

LF=F1 +F2= 
= pSav; + d(kva pV)/dt (2.2) 

The factor k is a dimensionless number which would be constant if the ventricle 
remains geometrically similar during contraction. Assuming the fluid motion 
within the left ventricle as irrotational, we can calculate the factor k by solving the 
Laplace equation using the Legendre polynomials. In the physiological range the 
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calculation can be greatly simplified and k can be derived from the square of the 
aorticlL V radius ratio (Isaaz K et aI., unpublished data). We showed recently that 
the variation in its value in time from the onset of flow to the peak flow is slow 
(Isaaz et al., unpublished data). Thus it is reasonable to assume k as a constant 
specifically if we consider the early systole. Thus, considering at a first approxima­
tion k as a constant during early systole, we obtain from Equation (2.2): 

L F = P CSA v; + kp[vadV/dt + dv/dt V] (2.3) 

The rate of change of left ventricular volume (dV/dt) is equal to the volumetric 
flow rate into the aorta in the absence of mitral insufficiency and considering that 
the systolic flow into the coronary arteries is negligible: 

dV/dt = - CSA x va (2.4) 

From Equations (2.3) and (2.4), we obtain: 

L F = (1- k)pCSA v; + kpV dv/dt (2.5) 

The instantaneous left ventricular volume V can be derived from the equation: 

V = LVEDV - CSA I vadt (2.6) 

where L VEDV is the left ventricular end-diastolic volume. 
Substituting the right side term of Equation (2.6) in the Equation (2.5) we obtain: 

LF = (1-k) pCSA v; + kp[LVEDV-CSA IVa dt] . dv/dt (2.7) 

The Equation (2.7) shows that at the time of peak velocity (Pkv), the total force can 
be written as: 

L F = (1 - k) pCSA v; (since dv /dt = 0) (2.8) 

From Equation (2.4) and (2.7), we can derive the rate of change of ejection force 
dF/dt as: 

dF/dt = pCSA va dv/dt (2 - 3k) + pkVd2v/dt2 (2.9) 

At the time of peak acceleration PA (d2v/dt2 = 0), Equation (2.9) reduces to: 

dF/dt = p CSA va PA (2 - 3k) (2.10) 

We see that dF/dt at the time of peak acceleration as derived from the linear momen­
tum equation is close to dF/dt as calculated by Equation (1.16). Both expressions 
differ only by the term (2 - 3k). In a recent study (Isaaz K et aI., unpublished data) 
we showed that the factor (2 - 3k) ranged from 1.60 to 1.80 in a population consist­
ing in 9 normal subjects and 10 patients with dilated cardiomyopathy. Therefore, 
dF/dt at the time of peak acceleration can be calculated from Equation (1.16) since 
2 - 3k remains almost constant from an individual to another one. 

From Equation (2.7), it is possible to calculate the impulse I of the force over a 
given time interval. By definition, the linear impulse I of the resultant force L F is 
the integral of L F over the time interval [tl' t2] during which the force Facts: 
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t2 
1= qJ F dt 

Thus, the linear· impulse of the left ventricular ejection force applied between the 
onset of flow and peak flow can be expressed as: 

Iat = or {(l-k) p CSA vi + kp v dvafdt} dt (2.11) 

where t = acceleration time 
Using integration by parts and the Equation (2.4), Equation (2.11) becomes: 

Iat = [pCSA oj t vi dt] + [kp.(LVEDV) • PkV] -

[kp CSA· {of Va dt} • PkV] 

Table 1. Doppler indexes derived from the mass acceleration concept. 

Study population 

(2.12) 

Doppler indexes Normals LVEF> 60% 60% ~ L VEF>40% L VEF ~ 40% 
(n = 11) (n = 17) (n=9) (n= 10) 

MIAT 27.3± 8 28.7 ± 8 23.5±4.1 12.8±4.9AB 
PFAT 78.8±23 73.7±22 46± 1O.5B 22.7 ± 6AB 
PFET 261 ±42.3 241 ±63.2 141.5 ± 30.7B 51.8 ± 19.9BD 
MFET 101 ±26.2 97 ±28.8 68 ±8.5c 27.5 ± 12.4BD 
MIET 90.7±12.2 91.5 ± 18.4 72± 8.1CD 32± 16.4BD 
dF/dt atPA 457 ± 103 400± 112.6 244 ±78.8AB 114.3 ± 57.5AB 
PeakdF/dt 542.6± 143 509 ± 169 328.5 ± 82.6AB 159±56.8AB 

dF/dt at PA = rate of change of ejection force at the time of peak acceleration (in Kdyn/sec); 
MFET = mean force over ejection time (in Kdyn); MIA T = mean impulse over acceleration 
time 
(in dyn x sec x 102); MIET = mean impulse over ejection time (in dyn x sec x 102); peak 
dF/dt = peak rate of change of ejection force (in Kdyn/sec); PFAT = peak instantaneous 
force over acceleration time (in Kdyn); PFET = peak instantaneous ejection force over 
ejection time (in Kdyn). 
A p<O.O 1 vs 60%~ L VEF > 40%; 
B P < 0.001 vs normals and L VEF > 60%; 
c p < 0.01 vs normals and L VEF > 60%; 
D P < 0.001 vs 60% ~ L VEF > 40%. 
All values are expressed as mean ± SD. 

18.4 Results: Doppler indexes derived from the method based on the 
system formulation 

We have shown recently [19] that the mean left ventricular ejection force over the 
acceleration time (MFAT) as calculated from Equation (1.5) using Doppler echocar­
diography relates closely to the left ventricular performance as assessed by an­
giographic ejection fraction. In a series of 36 patients undergoing cardiac 
catheterization, we found a linear correlation coefficient of 0.86 between MFAT 
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and angiographic LVEF. When the data were fitted to a power curve, the correla­
tion coefficient improved to 0.91. Peak aortic blood velocity and mean acceleration 
showed less good correlations with LVEF (r = 0.73 and r = 0.64 respectively; 
power fit, r = 0.76 and r = 0.72 respectively). Moreover, no significant difference 
was found between normal subjects and patients with L VEF between 60% and 40% 
regarding peak aortic blood velocity and mean acceleration [19]. Table 1 shows the 
values for MIAT (Equation (1.6», PFAT (Equation (1.7», MFET (Equation 
(1.10», PFET (Equation (1.9», MIET (Equation (1.11», dF/dt at the time of peak 
acceleration (Equation (1.16» and peak dF/dt in 11 normal subjects and 36 patients 
subgrouped into three groups based on L VEF. The correlations between. each of the 
indices and angiographic ejection fraction are shown in Figure 2 and Figure 3. 
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Figure 2. Relationship between angiographic ejection fraction and peak force over ejection 
time (PFET), peak force over acceleration time (PFAT), mean force over ejection time 
(MFET), and mean impulse over ejection time (MIET). 

18.5 Results: Doppler calculations based on the generalized linear 
momentum equation 

In a recent study (Isaaz K et al., unpublished data) we assessed noninvasively the 
time course of the instantaneous LV ejection force in 10 patients with dilated 



40 

a 
0 
)( 30 
u 
Q) 

'" ~ 20 
c: 
>-

:2-
.... 10 
<C 
~ 

0 
0 

1000 

U ., 
600 '" 

c: 
>- 600 '0 

~ 

~ 400 
LL 
'0 

.x 

'" ., 200 
Q. 

0 

y . 0 ,38. + 2,6 ( -<1,78 
y:] ,338'0,19. , . 0,80 
p <0 ,001 

20 40 

. .. 

60 

",. • 

Ejection F,action (%) 

y " 86 • • 9,5 ' . 0,84 
y . 68 0' (0,028.) ,= 0,g1 
P <0 ,001 

0 20 40 60 

80 100 

80 

Ejection Fraction ( % ) 

]00 

U 
600 ., 

~ 
c: 

500 >-
't> 

~ 400 
<C 
Q. 

300 
iii 

~ 200 
LL 
'C 100 

0 

100 

0 

Y . ,67.·8,1 (e 0,84 
y . 41,3 e'( .032lC) , . 0 ,87 
p < 0,001 

20 40 60 

Ejection F'action ( % ) 

237 

60 100 

Figure 3. Relationship between angiographic ejection fraction and mean impulse over ac­
celeration time (MIAT), rate of change of ejection force at the time of peak acceleration 
(dF/dt at PA), and peak rate of change of ejection force (peakdF/dt). 

cardiomyopathy using Doppler echocardiography and applying Equation (2.7). We 
found a significant decrease in the maximum value of ejection force in patients 
with cardiomyopathy when compared to normal subjects (p = 0.0001). In both 
groups, the maximum value of ejection force was attained early in ejection at the 
time of peak acceleration, and was mostly accounted for by local acceleration 
effects. We found a significant linear correlation between peak acceleration and 
maximum LV ejection force (r = 0.91). We found that, at the time of peak aortic 
velocity, the LV ejection force had fallen to 84% of its maximum value in normals 
whereas it had fallen to 64% in patients with cardiomyopathy (p < 0.01). The maxi­
mum LV ejection force resulted into a pressure gradient between the LV and the 
aorta (1: F maJCSA) of 9.8 mmhg in normals and 6 mmhg in dilated car­
diomyopathy (p = 0.0001). The values of the pressure gradient in our normal sub­
jects calculated noninvasively was in close agreement with the results reported by 
Murgo et al. [23] who published multisensor catheter measurements. 
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18.6 Discussion 

The present study shows that Doppler echocardiography, a noninvasive technique, 
may be used for the assessment of left ventricular performance based on measure­
ments of indexes derived from the mass-acceleration concept. 

The acceleration of blood, a term of the force, has been proposed many years ago 
as an index of left ventricular performance. Rudewald in 1962 speculated about the 
possible correlation between the acceleration of the ascending aortic blood flow 
and the mechanical properties of the left ventricular myocardium [24]. In 1964, 
Rushmer [7] suggested that the left ventricle acts as an impulse generator and that 
the 'initial ventricular impulse' appears to be an appropriately descriptive term for 
the dynamic properties of ventricular ejection. The potential use of the impulse 
impressed by the heart on the blood as a quantitative criterion of ventricular ejec­
tion was already suggested by Masini et al. in 1953 [4]. Then, Noble et al. [8] 
suggested from a series of animal experiments that the peak acceleration is closely 
related to the maximum force exerted by the heart in early systole. 

However, acceleration is only one of the two terms of the force, the second term 
being the accelerated mass. Thus, for a complete assessment of left ventricular 
ejection dynamics, the two terms should be considered according to the basic con­
cept of mass-acceleration. A first attempt of constructing the cardiovascular forces 
in man from the product of the mass of blood ejected with its acceleration has been 
made many years ago [1-6] and the potential utility of the mass-acceleration con­
cept applied to the heart has been emphasized more recently by Rushmer [7,9]. 
However, at this time, the application of the concept was limited by the technology. 
In particular, the flow ejection curve, upon which were based the ca1culments, was 
derived from animal ejection curves [1] or derived from the pressure pulse contour 
[3] with arbitrarily assigned coordinates [1,3]. When related to ballistocardiog­
raphy, the predicted cardiovascular ejection forces [1,3] were found to be greater 
than those reconstructed from the ballistocardiogram [3]. Ballistocardiography is 
also a technique derived from the application of Newton's second law of motion, 
and has been proposed to estimate the cardiac force from the movements of the 
body imparted by the moving blood mass [1-6]. However, this latter technique, 
although valid in its basic concept, presented limitations related to the instrumenta­
tion and to the numerous assumptions which were required. This partially explains 
why the forces involved in ejecting blood were recorded with an unknown degree 
of diminution in the ballistocardiogram [3]. By contrast, Doppler echocardiography 
has been validated for the measurement of aortic blood flow characteristics [25]. 
Thus, this technique offers the possibility of direct calculation of mass flow rate 
and acceleration, and therefore provides an accurate method for the estimation of 
the ejection force. We have shown that the mean LV ejection force as calculated 
from Equation (1.5) relates better to global left ventricular performance as assessed 
by angiographic ejection fraction than the mean acceleration alone does [18, 19]. It 
is reasonable to state that a greater mass of blood requires a greater force than a 
smaller mass to undergo the same acceleration, implying a higher level of cardiac 
performance. Our previous data [19] have shown that peak aortic blood velocity 
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and mean acceleration do not achieve any significant difference between normals 
and patients with mild to moderate LV dysfunction. This suggests that conventional 
Doppler indexes, namely peak aortic velocity and mean acceleration, are not sig­
nificantly decreased as long as a severe alteration of LV function does not occur, 
and that other indexes should be used for the diagnosis of mild to moderate LV 
dysfunction at rest. Although a high correlation with ejection fraction was found for 
PFET and MFET, we don't state that these indexes represent an appropriate physi­
cal model of calculation of the force but rather a semi-empirical model. 

Multiplying at any instant the all stroke volume mass by the local acceleration 
measured at the aortic orifice level implies that the stroke volume moves as a unit 
and that the convective component of acceleration is neglected. That is obviously 
difficult to support. Due to the flow area reduction from the left ventricle to the 
aortic anulus, especially in patients with dilated left ventricle, the local acceleration 
at the level of aortic anulus is not equal at any instant to the local acceleration at 
any point of the centerline within the ventricle. The difference, at any instant, 
between the local acceleration at a given position within the ventricle and the local 
acceleration at the aortic anulus, is dependent on the ratio of aortic orifice to 
ventricular flow section areas. Similarly, if we consider the motion of the stroke 
volume as the motion of a unit within the aorta, we see that the length of that 
column of blood (stroke distance) may attain about 25 cm in a patient with normal 
cardiac index. Due to the changes in the geometry of the aorta over such a distance, 
it is obvious that we cannot apply the same local acceleration to any point within 
the space occupied by the stroke volume. Thus, the mathematical model of estima­
tion the force from the product of instantaneous local acceleration measured at 
aortic level with the stroke volume mass, as suggested previously [1,5] appears to 
be an oversimplification of the problem. Therefore, PFET and MFET appear to be 
semi-empirical indexes that are not based on an appropriate physics model although 
closely related to cardiac function as assessed by ejection fraction. Furthermore, 
these indexes, that can be used for the noninvasive assessment of global LV perfor­
mance at rest, must be obviously sensitive to acute changes of loading conditions 
since the stroke volume is included in their calculation. 

The determination of the LV ejection force and its impulse, as indexes of left 
ventricular performance, from the product of acceleration with the mass ejected 
only during the acceleration time appears to be more valid for many reasons. First, 
it would seem more logical to multiply a positive acceleration (be it mean or peak) 
by a mass which undergoes acceleration during the same period that the accelera­
tion is positive. Second, due to the small volume occupied at any instant by the 
mass ejected during the acceleration time, the instantaneous local acceleration can 
be approximated as being the same at any point of the space within the mass with 
minor error. Furthermore, it has been suggested from experimental studies [26-28] 
that the left ventricle is contributing little to the ejection in late systole. In late 
systole, after the positive acceleration is over and maximum velocity has been 
attained, the blood would then continue to flow under its own momentum until 
resistance stops it [26-28]. More importantly, it has been shown that changes in 
stroke volume due to variations in preload resulted essentially from a change in late 
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systolic flow, and that during early systole, inertiance dominates the opposition to 
left ventricular ejection while resistance and compliance are less important [26-28]. 
Thus, the ejection force and impulse estimated over the early systole, namely the 
acceleration time (as MFAT, MITA and PFAT) appear to be conceptually more 
appropriate than those indexes calculated over the ejection time (as MFET, MIET 
and PFET) to assess the left ventricular function. 

The calculation of the LV ejection force and impulse from the linear momentum 
equation applied to the LV laortic coupling provides a more complete approach 
since the events within the LV are involved in the calculation. However, although 
all the factors involved in Equations (2.7) and (2.12) can be determined nonin­
vasively, the calculations remain more complex than those involved in the 
simplified models derived from the system formulation. Using the linear momen­
tum equation in a recent study (Isaaz K et aI., unpublished data), we confirmed the 
hypothesis of Noble et aI. [8] who suggested that peak aortic blood flow accelera­
tion is closely related to the maximum LV ejection force. Moreover, we found that 
the fall in the instantaneous LV ejection force from the onset of ejection to the time 
of peak flow was greater in patients with dilated cardiomyopathy (36%) than in 
normals (16%, p < 0.01) (Isaaz K et aI., unpublished data). 

It is known that in normal subjects, the LV wall stress declines rapidly once its 
maximum value is attained soon after the aortic valve opening [29]. In a study 
performed recently at the Cardiovascular Research Institute of San Francisco, 
University of California, we have shown that the afterload attains its peak value at 
the time of peak aortic flow acceleration (unpublished data). Thus, in normal sub­
jects, once the aortic blood flow acceleration is attained, the afterload declines 
rapidly and consequently the negative feedback between the afterload and the 
velocity of fiber shortening is less operative at the time of peak aortic flow. Con­
versely, in patients with dilated cardiomyopathy the afterload remains elevated 
during the entire ejection period [29] and the negative feedback is fully operative 
throughout the ejection. 

Assuming the left ventricle as an ellipsoid of revolution, we can show that the 
aortic blood flow velocity is proportional to the velocity of circumferential fiber 
shortening; the aortic blood flow acceleration is proportional to the sum of the 
square of velocity of circumferential fiber shortening and the acceleration of fiber 
shortening. Given the force-velocity relationships of the myocardium, the time 
course of the shortening load and the time course of the instantaneous ejection 
force, we suggested in a recent study that decreased peak aortic blood acceleration 
and velocity in cardiomyopathy result from adjustments of feedback loading func­
tions in addition to alteration in contractile state (Isaaz K et aI., unpublished data). 
The hypothesis of a negative feedback loop through which the aortic blood accelera­
tion and velocity allow the contracting myocardium to regulate partially its own 
load has been suggested previously [30, 32]. The calculation of the LV ejection 
force according to the Equation (2.7) provides a noninvasive method for the 
analysis of the intrinsic component of the load (inertial effect) on the myocardium 
which must be considered in the assessment of the total systolic load, especially in 
case of vigorous ejection as during exercise. During exercise, the inertial effects 



241 

related to peak acceleration and velocity become relatively important [23,32] and 
consideration of only the extrinsic component (aortic blood pressure) of the total 
systolic load could be misleading in the assessment of cardiac mechanics [32]. 
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19. Theoretical analysis of the left ventricular 
ejection pulse 

STEVE M. TEAGUE 
University o/Oklahoma Health Sciences Center, Oklahoma City, Oklahoma 73190, U.S.A. 

19.1 Introduction 

The preceding chapters have discussed analysis of the Doppler ejection pulse based 
upon descriptive time domain measurements. Maximal acceleration, peak velocity, 
stroke integral, and the systolic time intervals all key upon features of the flow 
profile easily measured in hard copy records. Oinical evaluations have been 
restricted to correlative studies evaluating pulse timing, rate of rise, and peak deflec­
tion with commonly accepted invasive and noninvasive reference standards of 
ventricular performance; dPJdt, ejection fraction, V cf, and power of left ventricular 
ejection. Ischemic mass, extent of coronary disease, exercise tolerance, and thal­
lium perfusion defects have also been referenced. No prior study has addressed the 
genesis of the flow pulse in the ascending aorta. 

The earliest clinical studies of Doppler aortovelography correlated the contour of 
the Doppler ejection pulse with patient clinical status [1-7]. Low, rounded pulses 
were associated with congestive heart failure or cardiogenic shock, while high 
amplitude pulses peaking early in systole were observed in septic shock or other 
high output states. However, these analyses were completely descriptive, offering 
no quantitative means by which diseases could be categorized. 

It is the purpose of this chapter to quantiate the contour, or shape of the velocity­
time curve in the ascending aorta utilizing frequency domain analysis. Pragmati­
cally, mathematical techniques and computational hardware are available to imple­
ment this approach for existing Doppler instrumentation. The hypothesis of the 
following mathematical exercise is that the shape of the ventricular ejection pulse is 
quantitatively related to ventricular performance. 

19.2 Mass balance considerations 

The following will develop a mathematical model that couples left ventricular size, 
rate, and contractility to flow pulse contour in the ascending aorta. These ends are 
accomplished by implementing the law of mass conservation. We begin by realiz­
ing that blood is incompressible under physiologic conditions. Thus, if ventricular 
septal defect and significant mitral regurgitation are absent, blood displaced from 
the ventricle during systolic contraction must appear in the ascending aorta. 

Steve M. Teague (ed.) Stress Doppler Echocardiography, 243-253. 
© 1990 Kluwer Academic Publishers. 
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Figure 1. The ejecting ventricle is modeled as a sphere with radius [R(t)] varying between 
diastolic (Rd) and systolic (Rs) limits. The aorta is modeled as a cylinder of radius r and 
height h. For discussion, see text. 

For mathematical simplicity (and with surprising physiologic accuracy), we will 
assume the aorta to be an indistensible cylinder and the ventricle to be a sphere of 
varying radius: 

4/3 1tR3 (Volume of sphere) 
1tf2h (Volume of cylinder) 

(1) 
(2) 

As shown in Figure 1, the sphere radius varies from an end-diastolic radius (Rd) to 
an end-systolic radius (Rs) during systole. The aortic radius is r. Over a brief time 
interval, ~t, the ventricular radius changes by a small amount, ~R, while the height 
of the blood column in the aorta changes by similar small amount, ~h. Following 
conservation of mass, volume lost must equal volume gained: 

(3) 

If we take the limit as ~t, ~h, and ~ approach 0, a differential equation is 
produced that describes dh/dt in terms of dR/dt and associated geometrical radii. 
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Note that dh/dt at any instant represents the velocity of flow into the ascending 
aorta. This differential equation describes the systolic aortic velocity-time curve. 
For simple application of this model, we must assume that there is no mitral regur­
gitation or ventricular septal defect, no systolic expansion of the aorta, and that the 
ventricular contractile pattern is precisely symmetrical in three dimensions. The 
velocity profile in the aortic inlet is assumed to be blunt. Although actual biologic 
conditions violate many of these assumptions, this model generated surprisingly 
physiologic pulses. 

19.3 Ventricular contractile patterns 

We must make additional assumptions regarding the time course of ventricular 
radius during systole. The radius must decrease from a maximum (Rd) to a mini­
mum (Rs) over systole. At both Rd and Rs, the rate of radius change is zero. Be­
tween these endpoints, the rate of radius change accelerates, reaches a maximum 
and then decelerates. It is reasonable to approximate the timecourse of systolic 
radius change [ret)] as sinusoidal between Rd and Rs: 

R(t) = 1/2(Rd + Rs) + 1/2 (Rd-Rs)COS m (4) 

Clinical evidence supports sinusoidal-type variation described in the above equa­
tion. Radionuclear left ventricular time-activity curves and digitized high resolution 
M-mode echocardiograms (Figure 2) disclose this quasi-sinusoidal systolic 
ventricular diameter variation. Diastolic radius changes are complex, and not ade­
quately described by a simple sinusoid. The above mQdel is only required to ad­
dress systolic function, however. 

60 

Digitized M Mode RCt) 

eo 

30 

200 

Figure 2. The validity of sinusoidal variation in ventricular chamber radius between diastolic 
(Rd) and systolic (Rs) endpoints can be evaluated by high resolution digitization of endocar­
dial borders in M-mode echocardiograms. The data of four normals are plotted over four 
seconds. The units of the y axis are millimeters while the units of the x axis are centiseconds. 
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The amplitude of the sinew ave is determined by Rd and Rs, while the radial fre­
quency (Q) of the sinusoidal variation is determined by left ventricular ejection 
time. It can be shown that left ventricular ejection time is equal to the time of the 
systolic half cycles shown in Figure 2: 

Q=n/LVET (4.5) 

An additional reason for assuming R(t) to be sinusoidal with time is that sine func­
tion first and second time derivatives are relatively simple compared to more com­
plex R(t) functions: 

R(t) = -Q/2(Rd-Rs)SIN Qt 

R(t) = Q2/2(Rd-Rs) COS m 

(5) 

(6) 

These first (5) and second (6) time derivatives of the input function R(t) will be 
required in the generation of velocity and acceleration Equations (7) and (8). 

19.4 Pulse equations 

We can now write equations for velocity and acceleration as functions of time 
based upon Equations (3) through (6). Velocity depends upon the squared radius of 
the aorta, diastolic and systolic radii of the ventricle, and left ventricular ejection 
time. Rearranging Equation (3): 

(7) 

Acceleration is the first time derivative of velocity, with similar dependence on the 
above variables: 

(8) 

where R(t), R, and R are described in Equations (4), (5), and (6). 
Relatively simple expressions for Vet) and A(t) may be written after appropriate 

substitution for R(t) and its first and second time derivatives, trigonometric 
simplification, and algebraic reduction: 

Vet) = MV [KV1COS Qt + KV2COS 2m + KV3 COS 3Qt] 

A(t) = MA [KA1SIN Qt + KA2SIN 2m + KA3SIN 3m] 

(9) 

(10) 

Notice that equations for velocity and acceleration are described by three harmoni­
cally related sine or cosine functions preceded by a common multiplier. The follow­
ing table discloses the composition of the multiplier (Mx) and the sine or cosine 
amplitude terms (Kx l , Kx2, Kx3) for velocity and acceleration: 

Mx KXI KX2 KX3 

Vet): 4BQjr2 A2 2AB 1/3B2 (11) 

A(t): 2AB (12) 
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where: 
A = 1/2(Rd + Rs), and B = 1/2(Rd- Rs) (13) 

Notice that V(t) and A(t) are (mathematically speaking) Fourier expansions of the 
input function, R(t). Amplitudes of the Fourier components, Kxl ' Kx2' and Kx3• are 
solely detennined by diastolic and systolic radii of the ventricle through A and B. 
In the multiplier reside terms describing ventricular shortening (Rd - Rs). aortic 
radius (r), and the heart rate dependent contractile frequency of the ventricle (!l). 

An interpretation of these equations would include the strong dependence of 
aortic flow velocity and acceleration upon heart rate (!l), aortic radius (r). and 
ventricular size (Rd) as well as systolic shortening performance (Rd-Rs). Implicit 
to the multiplier is the Doppler angle cosine 8. 

The shape of V(t) is defined by the harmonically related cosine amplitudes, 
while overall pulse amplitude is determined by the multiplier. H the goal of ejection 
pulse analysis is to elucidate systolic ventricular performance, attention must focus 
upon the Fourier amplitude components Kx l ' Kx2' and Kx3' for they are determined 
solely by the sum and differences of diastolic and systolic ventricular radii. Ratios 
of these Fourier amplitudes would thus contain ventricular dimensional measure­
ments, but be independent of the traditional Doppler limitations carried in the 
multiplier; angle, aortic size, and heart rate. The following ratios are defined: 

Kl = KV l/KV 2' 
K2 = KV 2/KV 2' 
K3 =KV1/KV3 (14) 

The following section presents both theoretical and clinical experience with this 
mathematical approach to ejection pulse shape analysis. 

19.5 Clinical studies 

We first sought to elucidate the performance of the above detailed model with 
physiologic input variables: 

Rd: 1 cm to 4 cm by 0.2 cm 
Rs: 0.8 cm to (Rd - 0.2) cm by 0.2 cm 
r: 1.2cm 
L VET: 0.1 to 0.34 sec by 0.02 sec 

(15) 

These input variables were allowed to vary singularly while the others were held 
constant, so tpat all permutations and combinations could be evaluated. This large 
data set simulated the range of ejection pulses observable in small and large 
ventricles under the various conditions of heart rate and contractile performance 
that might be experienced during Doppler stress testing. 

To illustrate the theoretical superiority of shape analysis over the traditional time 
domain descriptors of maximal acceleration and peak velocity, three pulses were 
selected from this data set and plotted in Figure 3. For all pulses, the left ventricular 
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ejection time is 0.3, the aortic radius is 1.2 cm, and ventricular diastolic and sys­
tolic radii are variable and recorded in the figure legend. All pulses were selected 
for maximal accelerations of 16 m/s/s, while peak ejection velocities are quite 
similar, ranging between 98 and 120 cm/s. 
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Figure 3. Selected ejection pulses with equivalent maximal accelerations and similar peak 
velocities generated from spherical model ventricles. Ejection fractions (EF) range from 0.84 
to 0.23. The diastolic and systolic radii of spheres generating these pulses are indicated. Note 
that the shapes of the pulses are dramatically different. 

Interestingly, ejection fractions of spherical model ventricles generating these 
pulses were between 0.84 and 0.23. Even though maximal accelerations were 
equivalent, shapes of the pulses varied significantly. The high performance 
ventricle (0.84) achieved peak ejection velocity in the first third of systole, and the 
deceleration phase of the pulse was concave. The impaired ventricle (0.23) 
achieved peak ejection velocity in the middle of systole and had a convex 
downslope. The normally performing ventricle (0.55) had curve contour between 
these two extremes. The surprising finding of this analysis is that the downslope of 
the ejection pulse, rather than the upstroke, appears to contain the information 
disclosing ventricular performance. 

We can observe the Fourier frequency mix responsible for these pulse contours 
by plotting the Fourier sine wave components in Figure 4. The ejection pulse of the 
high performance ventricle has frequency components rich in second and third 
order harmonics, while the fundamental frequency is attenuated. On the other hand, 
the ejection pulse of the impaired ventricle is dominated by first order fre-
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Figure 4. Fourier analysis of ejection pulse shapes depicted in Figure 3. The Fourier content 
of the EF = 0.84 pulse is dominated by second and third order harmonics, while the fre­
quency content of the EF = 0.23 pulse is dominated by the fundamental frequency. For 
further discussion, see text. Y axis: velocity in cm/s; X axis: time in seconds. 

quencies, with severely attenuated second and third order harmonics. The depen­
dence of the Fourier harmonic amplitudes upon ventricular contractile performance 
is also illustrated in Figure 5. Notice that decreasing ventricular performance is 
accompanied by increasing fundamental frequency content in the ejection pulse, 
while increasing ventricular performance is indicated by increasing second and 
third order harmonic content. 

We then became interested in evaluating the clinical merit of these ejection pulse 
contour observations. We collected ascending aortic Doppler flow profiles in ten 
patients with clinical heart failure undergoing resting radionuclear blood pool 
scanning, and in ten patients with coronary artery disease but no clinical evidence 
of ventricular dysfunction. Ejection pulses from representative patients appear in 
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Figure 5. Sine wave amplitudes of Fourier components depicted in Figure 4 are plotted as a 
function of the Fourier harmonic frequency, FI to F3. Notice the inverse dependence of 
fundamental frequency with EF, and direct dependence of EF upon second and third order 
harmonics. 

Figure 6. The first patient has heart failure and a fractional shortening (FS) of 6, but 
a peak ejection velocity of 1.1 m/s. Notice that the ejection pulse peaks in mid­
systole, and the deceleration phase is convex. In contrast, a patient with high nor­
mal ventricular performance marked by fractional shortening of 51 % and peak 
velocity of 1.5 mls has an ejection pulse peak in early systole and a concave 
deceleration phase. Since time domain observations suggested the validity of our 
model, we traced pulse envelopes of all 20 patients and proceeded to Fourier shape 
analysis. 

High quality pulses were ensemble averaged over thirty-five cycles using a 
proprietary AT computer-based signal acquisition system. 1024 point fast Fourier 
transforms were performed using MATLAB or ILS-PC software [8,9]. Based upon 
heart rate dependent omega, the fundamental frequency and its harmonics were 
identified in the frequency domain. Fourier amplitude ratios as defined in Equation 
(14) were calculated and plotted in Figure 7. Patients with radionuclear ejection 
fractions between 19 and 26% are indicated by solid bars, while patients with 
ejection fractions in the normal range from 45 to 66% are shown by crosshatched 
bars. All Fourier ratios successfully discriminated patients with abnormal and 
normal ventricular performance. The hypothesis that poor ventricular function 
results in ejection pulse contours dominated by the fundamental Fourier frequency 
(0) was supported. 



Figure 6. Representative Doppler ejection profiles acquired from the ventricular apex in 
patients with cardiomyopathy (panel A) and high normal ventricular performance (panel B). 
Medical record numbers (MR), fractional shortening (FS), diastolic radii (Rd), heart rates 
(HR), and peak ejection velocity values (Vp,M/s) are indicated. Note that pulse shapes of 
patients with excellent and poor ventricular performance are similar to model pulses depicted 
in Figure 3. 
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Figure 7. Comparison of Fourier amplitude ratios Fl , F2, and F3 (x axis) for patients with 
poor ventricular perfonnance (EF = 19 to 26: solid bars) versus patients with nonnal func­
tion (EF = 45 to 66: cross-hatched bars). All ratios were statistically successful in discrimina­
tion of the two groups. See text discussion. 

19. 6 Discussion 

The above analyses illustrate the limitations of traditional time domain measure­
ments applied to Doppler ejection pulses. Maximal acceleration and peak velocity 
are heav i 1 Y dependent upon heart rate, the size of the aorta, and the size and contrac­
tile performance of the ejecting ventricle. Doppler angle scales pulse amplitude in 
an unknown fashion during each and every clinical study. Successful correlations 
of peak velocity and acceleration against ejection fraction, Vcf, and dP/dt have 
unbewittingly relied upon similarities in the approach angles, heart rates, aortic 
sizes, and ventricular dimensions of patient or animal groups under study. Maximal 
acceleration and peak velocity evaluate only two points on the ejection pulse, while 
contour analysis shows that each and every point carries ventricular performance 

information. 
The analyses and data presented here suggest that patients will be encountered 

who have compensated for contractile impairment by appropriately increasing 
ventricular size or elevating heart rate, achieving normal maximal acceleration and 
peak velocity despite low resting ejection fractions . This is, in fact , the case. It is 
extremely unusual to encounter a clinical echocardiographic study where resting 
ejection velocity is not between 0.8 and 1.3 m/s (if the aortic valve is normal), even 
in the most impaired ventricle. 

The shape of the Doppler ejection pulse quantified by Fourier analysis is inde­
pendent of many pitfalls inherent to time domain analysis. Since the scaling multi-
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plier carries the heart rate, Doppler angle, and aortic diameter, the Fourier 
amplitude components of harmonically related sine waves synthesizing the pulse 
depend upon diastolic and systolic ventricular dimensions alone. Our preliminary 
clinical studies do suggest that shape analysis discloses ventricular performance 
status. Certainly, limitations exist in this first approach to this complex problem. 

Assumptions of our model do not consider patients with very compliant aortas, 
severe aortic valve narrowing with resulting flow turbulence, or regional 
ventricular wall motion abnormalities. Further studies will be required to validate 
the shape analysis concept in many types of disease categories under many sets of 
loading conditions. Moreover, all existing clinical Doppler instrumentation has 
been developed for time domain measurements, so that new algorithms and process­
ing techniques for shape analysis will require derivation and implementation. The 
Doppler flow signal is stochastic, and frequently resembles noise. It will be chal­
lenging to develop methods for reliable shape analysis considering the quality of 
signals obtained during the majority of clinical studies. Nonetheless, this theoretical 
analysis lends credence to the earliest clinical Doppler studies of ascending aortic 
flow, illustrating the importance of ejection pulse contour in the evaluation of 
ventricular performance. 
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20. The use of color Doppler ultrasound in 
exercise testing 

JOHN W. COOPER and NAVIN C. NANDA 
University of Alabama at Birmingham, Birmingham, Alabama, U.S.A. 

Vigorous exercise of the large skeletal muscles produces an increase in myocyte 
oxygen demand which must be satisfied by an increase in cardiac output of up to, 
or even exceeding, 500% in normal individuals. Since this is accomplished by a 
combination of increased heart rate and contractile force, myocardial oxygen 
demand also rises, and this demand, in tum, is satisfied by an increase in blood 
flow in the coronary arteries. In patients with ischemic heart disease, this increased 
flow produces a pressure drop distal to any narrowed coronary arterial segment. If 
this pressure drop is high enough, transient myocardial ischemia will result. Such 
ischemia causes changes in both electrical and functional properties of the heart 
muscle, and since these changes may be detected non-invasively in various ways, 
exercise stress testing has been useful in the detection and assessment of ischemic 
heart disease since 1931 [1]. 

Although a fairly wide variety of exercise modes have been employed, the two 
which are currently the most popular are the upright treadmill and the bicycle 
ergometer (usually with the patient supine). Each of these methods has its own set 
of advantages and limitations. With upright treadmill exercise, the oxygen demand 
is greater because more muscle groups are employed than with the bicycle, and 
ventilation is improved as well. Also, high work rates can be obtained with less 
active patient cooperation. This is a more important consideration in America than 
in other countries where bicycles are a common primary transportation source. On 
the other hand, the walking patient inherently has more movement artifact than the 
supine bicycling patient, and venous return is not quite as good, and the exercise 
induced increase in stroke volume may not be as prominent. In general, while 
upright treadmill exercise stresses the patient more and is therefore more likely to 
induce myocardial ischemia, movement artefact precludes intraexercise assessment 
of many parameters. 

With the introduction of imaging ultrasound in the late 1960's came indices of 
cardiac performance which were of potential use in an exercise setting, although 
this was limited by the poor anatomic orientation of M-mode echocardiography. 
With the advent of two-dimensional echocardiography, the use of ultrasound in 
conjunction with stress electrocardiography began in earnest, and the use of stress 
echocardiography was demonstrated to improve the rather low sensitivity of stress 
electrocardiography without interfering with its generally high specificity. 
Recently, Doppler analysis of blood flow during exercise has been used to supple-

Steve M. Teague (ed.) Stress Doppler Echocardiography, 255-261. 
© 1990 Kluwer Academic Publishers. 
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ment the stress ECG and/or echocardiographic findings, and more recently a few 
studies have been done in this setting using the new modality, color Doppler or 
Doppler color flow mapping. 

20.1 Color Doppler 

This is essentially a pulsed Doppler system, but shifts in phase rather than fre­
quency of the reflected sound are considered, and auto-correlation rather than fast 
Fourier transform analysis is used to manage the phase shift data [2, 3]. This allows 
a large number of very small sample regions to be sampled, on the order of 256 for 
each scan line position. Thus, phase shift signals from moving blood· cells can be 
displayed directly on the two-dimensional sector image. These signals are color 
coded for transducer-relative flow direction, blue representing flow away from and 
red, flow toward the probe. 

A variety of other parameters are displayed along with the basic colors, and these 
alter flow display appearance in certain predictable ways under certain cir­
cumstances. The lighter the color, for example, the higher velocity below the Ny­
quist limit. Any region of a flow exceeding the Nyquist limit will be seen to alias, 
as in conventional pulsed Doppler, but this phenomenon appears as a reversal of 
color in the region exceeding the Nyquist limit. The amplitude, or intensity, of the 
signals is influenced by the number of reflectors (cells) passing through a sampling 
region and determines the brightness of the color signal. In most systems the color 
green is added in proportion to the 'variance' in the flow, which is essentially the 
same parameter as the degree of 'spectral broadening' in a conventional spectral 
trace Doppler display. 

These elements combine to allow a virtually instantaneous appreciation of blood 
flow, its direction, its character (whether smooth and normal or disturbed), and 
within certain limits its velocity, as it moves around within the chambers and ves­
sels of the cardiovascular system. 

This aspect of color Doppler allows the potential variation and error in flow 
pattern sampling mentioned by several authors [4, 5] studying exercise conven­
tional Doppler to be reduced by aiding in confident placement and then main­
tenance of a conventional Doppler sample volume in a discrete and well defined 
portion of the flow within a vessel (for example, the region of highest velocity near 
the center of the lumen in the ascending aorta), guaranteeing that all sampling done 
will be as consistent and as uniform as possible. 

20.2. Exercise induced mitral regurgitation 

In addition to providing improved beam steering capability, color Doppler also 
allows flow parameters other than ejection acceleration and velocity to be used in 
an exercise setting. Color Doppler is an ideal means for both detecting and assess­
ing the severity of the mitral regurgitation which can occur in the presence of acute 
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myocardial ischemia. This was examined by our group in 1987 [6]. The mode of 
exercise chosen for this study was supine bicycle ergonometry using a specially 
designed bicycle table which could be tilted so that the subjects were effectively in 
45 degree left decubitus position. Thirty-nine subjects (seventeen normal 
volunteers and twenty-two patients with angiographically demonstrated coronary 
disease, none of whom had mitral regurgitation at rest), were exercised to maxi­
mum tolerance through a series of increasing work stages. Prior to exercise, a 
complete cardiac ultrasound examination, including color Doppler, was done. 
Because of the relative stability of these patients due to the nature of the exercise, a 
two-dimensional structural and color Doppler examination from the apical position 
was possible throughout exercise and for three minutes after exercise in each sub­
ject, using alternating views of the apical 2 and 4 chamber planes. 

Although there was no significant correspondence between the semi-quantitative 
degree of severity of any exercise induced mitral regurgitation and the severity of 
the subjects' coronary disease [7], the very occurrence of an exercise induced leak 
was seen to be a significant indicator of both the presence and the degree of 
severity of coronary artery disease (Figure 1). As an indication of the existence of 
disease, this parameter increased the sensitivity of the exercise test from 54% to 
59% and the specificity from 88% to 100%. If the development of left ventricular 
wall motion abnormalities was also taken into consideration, the 100% specificity 
was retained and the sensitivity further improved to 82%. When the electrographic 
changes were used in combination with the color Doppler and echocardiographic 
criteria, the specificity declined to the original 88%, but the sensitivity increased to 
91 %. Thus, this combination of criteria not only resulted in very high sensitivity 
and specificity but also in near equality of those indices, an important considera­
tion. 

In addition, as mentioned, this study also suggested that the development of 
mitral regurgitation during exercise can aid in the assessment of disease severity as 
well. A mitral leak developed in 89% of subjects with 3 vessel disease, in 36% of 
those with 1 or 2 vessel disease, and in none of the normal subjects. Thus, just over 
10% of those subjects with 2 vessel disease or less developed mitral regurgitation, 
while it was seen in nearly 90% of those with three vessel disease, and only those 
subjects with coronary artery disease developed it. 

20.3 Carotid flow studies 

Color Doppler has helped to add another potential sampling site for use in Doppler 
exercise testing. Occasionally, the suprasternal window is unavailable due to 
reasons such as patient body habitus or unusual heart position, so the flow in the 
ascending aorta is difficult or impossible to interrogate. A study done at this center 
indicates that the common carotid arteries may be used as an alternative when 
changes in the parameters of volume and velocity are being considered [8]. 

In this study, twenth-two subjects (ten normal volunteers and twelve patients 
with a previously established diagnosis of coronary artery disease) underwent 
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£igure 1. Color Doppler exercise echocardiography. A) The apical four chamber view in an 
elderly female patient shows no evidence of mitral regurgitation at baseline. B) One minute 
into the supine bicycle exercise, bluish green signals are visualized originating from the 
mitral valve (My) and occupying a large area of the left atrium (LA) indicative of significant 
mitral regurgitation (MR) resulting from exercise induced myocardial ischemia. LV = left 
ventricle. Reproduced with permission from: Cooper J, Nanda NC. Exercise conventional, 
color and carotid Doppler echocardiography. In: Patient decision making in cardiac artery 
disease: present role and future prospectives of echocardiography. Kluwer Academic 
Publishers, Dordrecht, the Netherlands, 1989 (in press). 
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staged exercise during which color guided conventional pulsed Doppler was used 
to interrogate both the right common carotid artery and left ventricular outflow 
tract (from the apical position). The mode of exercise used was again supine 
bicycle ergometry because of the inherently increased patient stability and ease in 
maintaining transducer position. The ten normal volunteers exhibited a proportional 
increase in flow velocity and calculated flow volume in both channels. This 
exercise-induced percentage change in the left ventricular outflow tract velocity 
was found to be similar to changes in the carotid flow velocity, making it possible 
to use Doppler interrogation of the carotid artery to monitor changes in stroke 
volume produced by exercise. An increase in velocity and volume occurred in those 
patients with documented disease but no resting wall motion abnormalities, but not 
to the extent seen in the normal cohort. The patients with contractile abnormalities 
at rest showed a decrease in both parameters in both channels. Since the common 
carotid artery and its flow is nearly universally available to two-dimensional struc­
tural and color Doppler interrogation because of the relative immobility of the neck 
region during exercise, the proximity of the artery to the transducer, and lack of 
interposition of obstacles to ultrasound such as lung or bone, it appears to be a 
viable alternative sampling position when changes in velocity or calculated flow 
volume are to be considered. 

20.4 Limitations to the use of color Doppler 

There are two major limitations to the use of color Doppler as a part of an exercise 
examination. In the first place, the learning curve is long and considerable operator 
experience is required before the modality can be used reliably in any setting. The 
relationships of the color control settings to one another are more complex than in 
conventional Doppler equipment and until the effects of these relationships on the 
video display are fully understood, the examinations will not be of optimal quality 
and may be confusing and misleading. The second major limitation is the presence 
of 'ghosting', an artifact caused by the assignment of color values to moving struc­
tures. The resultant display appears as transient sheets or 'flashes' of color splashed 
across the screen, and although these bear no relation to chamber and vessel con­
tours, they can cause confusion. This type of display is very common during exer­
cise because the heart tends to be hyperdynamic. Adjusting filter, compression, 
frame rate and pulse repetition frequency settings can help, but experience and 
familiarity with the equipment and its display are the most important factor in 
circumventing this limitation. 

20.S Conclusion 

The field of exercise color Doppler ultrasound is very new, and few studies have 
been done. These preliminary studies suggest that it can add important information 
to a conventional electrocardiographic stress test, and increase sensitivity and the 
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ability to assess severity of coronary artery disease, although specificity may not be 
much improved. The parameters considered, primarily related to changes in ejec­
tion velocity and acceleration during exercise and to the development of mitral 
regurgitation, all appear useful. Changes in acceleration and the development of 
mitral regurgitation appear to add the most information. It is also worthy of note 
that the best results have been achieved using a combination of modalities, each 
supplementing the others. In the mitral regurgitation study by our group, high 
sensitivity and specificity were best achieved using a combination of electrocar­
diographic, echocardiographic and Doppler criteria. Ejection velocity and accelera­
tion were not included in this study as parameters, so it is not known. what affect 
consideration of these additional criteria might have had on overall sensitivity, 
specificity, and severity assessment. This might be a subject for future considera­
tion. 

The use of color Doppler appears to have the additional utility of allowing en­
hanced appreciation of these parameters by allowing visual guidance to flow inter­
rogation using more conventional Doppler modalities. It also appears to allow 
quicker acquisition of potential sampling regions such as the left ventricular out­
flow tract, ascending aorta and the common carotid arteries, and time is an impor­
tant consideration in an exercise examination. 

The studies seem to indicate that while upright treadmill exercise produces the 
greater degree of work, both because of the larger amount of skeletal muscle in­
volved and because of its increased familiarity (at least to Americans), supine 
bicycle exercise may also play an important role in the non-invasive evaluation of 
patients with suspected or proven coronary artery disease. This is not only because 
of the more stable transducer positions involved but because the use of the cycle 
allows employment of all of the ultrasound modalities throughout exercise, in 
addition to before and after. We have found that subjects respond well to encourage­
ment as the work load increases, and are able to achieve and maintain a high degree 
of performance on the bicycle. 

The studies which have been done suggest that color Doppler ultrasound can be a 
desirable addition to exercise testing in patients with ischemic heart disease. 
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