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Ambulatory ventricular
function monitoring for
serial assessments of
cardiac function during
exercise

Nagara TAMAKI
H. William STRAUSS*

Summary

An ambulatory ventricular function monitor (VEST) facilitated measuring left ventricular (LV)
function, and performing electrocardiography (ECG) in a natural environment. To assess cardiac re-
sponse to a variety of exercises, L'V function was serially recorded for each of 18 normal subjects using
a VEST. The VEST detector was fixed over the LV region following the gated blood pool scan, and
the beat-to-beat LV time-activity curve and ECG were continuously recorded. After a baseline record-
ing was made with the subject sitting quietly, the subject performed on a bicycle exercise (n=16), on
a treadmill (n=14), and by walking up 10~16 flights of stairs (n=18) while wearing the VEST. The
beat-to-beat radionuclide data were averaged for 15-30 seconds to calculate ejection fraction (EF),
relative end-diastolic (EDV) and end-systolic (ESV) volumes, and the heart rate.

Serial LV function monitoring during each exercise, particularly while walking upstairs and on a
treadmill, documented rapid increases in EF during the early stages of exercise, with increases in EDV,
decreases in ESV, and no change in EF in the later stages. Heart rate and systolic blood pressure
increased progressively with successive stages. The pressure rate product at the peak exercise was
highest during treadmill exercise (32,600) and lowest while climbing stairs (24,700). Immediately after
exercise, EDV and ESV rapidly decreased and EF increased further, particularly after bicycle and
treadmill exercise.

These data demonstrate that the VEST can measure LV function continuously in an ambulatory
environment, and that it is an effective means of evaluating normal cardiac physiology during various
exercises.
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Introduction

The effect of exercise on left ventricular func-
tion has been extensively investigated by means
of hemodynamic measurements, contrast an-
giography, and various non-invasive meth-
ods!~#. Exercise radionuclide ventriculography
has been used to assess normal cardiac responses
and cardiac function reserves in various heart
diseases®®. Although this technique provides
detailed information about left ventricular func-
tion, a gamma camera interfaced to a computer
cannot readily measure cardiac function under
ambulatory conditions. It would be difficult to
assess serial cardiac function during dynamic ex-
ercises, such as during daily activities, like
climbing stairs or during treadmill exercise. To
resolve this limitation of the gamma camera, an
ambulatory device was developed which is worn
like a vest, and can measure left ventricular func-
tion continuously while patients carry on their
daily tasks!-1. A previous study showed ex-
cellent correlations of ejection fractions at rest
and during exercise with those measured by a
gamma cameral’~!® . The present study de-
scribes the clinical application of this instrument
for assessing cardiac responses in normal sub-
jects during various exercises.

Materials and methods

Subjects

Eighteen healthy volunteers, 11 men and
seven women, aged 21 to 39 with a mean age of
30.7 years were studied. There were no histories
of chest pain, hypertension or other cardiac dis-
orders. All subjects gave their informed con-
sents.

Instrument

The ambulatory ventricular function monitor
(VEST) was used to monitor beat-to-beat left
ventricular function and to obtain electrocardio-
grams (ECG) of each subject!!~1®. The instru-
ment consisted of a Nal main detector, with a
parallel-hole collimator over the left ventricle, a
cadmium telluride background detector over the
lung, and an ECG recorder, batteries and as-
sociated electronics in a plastic garment, which

was worn like a vest (Fig. 1).

This instrument monitored one channel of
the ECG, the beat-to-beat left ventricular time
activity curves, background counts, and event
marks for up to 10 hours (Fig. 2). All informa-
tion was recorded on a modified Holter-type
cassette tape, and entered into a minicomputer
(PDP 11/73) for analysis and display.

Data acquisition

Following the intravenous administration of
stannous pyrophosphate, five ml of the subject’s
blood was drawn into a heparinized syringe
containing 25-30 mCi Tc-99 m pertechnetate.
The blood was incubated for 10 min, and cen-

Fig. 1. Ambulatory ventricular function moni-
tor (VEST).

The main radionuclide detector is placed over the
region of the left ventricle and the background detec-
tor placed over the right lung. All the nuclear data
and electrocardiogram are continuously monitored
and entered into a modified Holter recording system.
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Fig. 2. Beat-to-beat left ventricular time activity curves (top) and electrocardiogram (mid-
dle) obtained from the VEST.
Each vertical line at the bottom represents one second.
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Fig. 3. Changes in left ventricular function in a normal volunteer during graded bicycle

exercise.

Changes in ejection fraction (EF), heart rate (top), end-diastolic and end-systolic volumes (bottom)
are displayed from 26 to 56 min of recording. EF increases early in the stage of exercise without
further increase in the late stage, while heart rate increases steadily.
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Fig. 4. Changes in left ventricular function in a normal volunteer during treadmill ex-

ercise.

Note an early rise in ejection fraction without further increase in the late stage of exercise.

trifuged, the plasma discarded, and the remain-
ing red cells were resuspended in five ml saline.
Ten to 20 mCi Tc-99 m-labeled red blood cells
were reinjected into the subject for the study.

Gated blood-pool scans were recorded in the
anterior and left anterior oblique views using a
gamma camera equipped with an all-purpose
collimator. On completion of the gated blood
pool scans, the main VEST detector was posi-
tioned over the patient’s left ventricle. The
background detector was placed over the right
lung field, avoiding the major vessels. The posi-
tion of the detector was confirmed using 20-sec
static images from the gamma camera, and by
assessing the position of the silhouette of the
main detector over the left ventricular blood
pool.

ECG electrodes were placed on the patient’s

prepared skin to record a modified V5 ECG lead.
The nuclear and ECG data were recorded by
the VEST recorder.

Baseline measurements were made with the
subject sitting quietly on a chair for 5-10 min.
The baseline values were compared with those
recorded during various exercises. Subjects
stood up and walked in the hallway for 5-10
min, then walked up 10-16 flights of stairs at
their usual speed. Sixteen subjects performed
graded upright bicycle exercise, starting at 25
watts, then increasing by 25 watt increment
every three min, and 14 subjects performed
graded treadmill exercise beginning at the stage
0 of the Bruce protocol. Between exercise
periods, the subjects rested for at least 30 min.
Each sequence of exercise testing was randomly
selected. Blood pressure was recorded using a
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Table 1. Sequential changes in cardiac function during bicycle exercise (EX), treadmill

EX and stairs EX

Bicycle EX (n=16)

"EF  EDV HR SBP EF

Treadmill EX (n=14)
EDV HR SBP EF EDV

Stairs EX (n=18)

HR SBP

Stage 1 +0.08* +109%* +25* +14*
Stage 2 +0.10* +119% +41* +32*
Peak +0.15* +13% +79* +68*
Recovery +0.21* + 19%* +440* +46*

+0.14% +10%* +17* 4+13*
+0.20* +129, +32* +19*
+0.20 +219%* +86* +65*
+0.32*% + 7%* +37* 452* +0.20

+0.09% + 9%* +17* —
+0.20% +129%* +45*% —
4022 +15%%* +65* +49
0%* +34* —

* p<0.05 vs the previous stage.

The value are expressed as changes from the baseline values.

sphygmomanometer.

After completion of the protocols, 20-sec static
images were recorded again with the gamma
camera to confirm that the VEST detector had
not moved during recording!?.

Data analysis

After completion of the recording, each VEST
cassette tape was placed in a tape player and the
data were entered into a PDP 11/73 computer.
Initially, beat-to-beat radionuclide and ECG
data were displayed (Fig. 2). These data were
then summed for 15~30 sec intervals, and data
trends were displayed graphically.

When average counts exceed 600 per 31
millisec, a 15 second R wave synchronized
average time activity curve was calculated to
measure ejection fraction, heart rate, end-
diastolic and end-systolic counts, and relative
cardiac output. When average counts were less
than 600, a 30 sec average time activity curve
was calculated to minimize any statistical fluc-
tuation. Ejection fraction was calculated by
dividing the stroke counts by the background
subtracted from end-diastolic counts. Initial
calibration studies suggested a background of
70%, for each end-diastolic counts provided by
ejection fraction values with the VEST which
best correlated with those measured by the
gamma cameral®!®, Relative end-diastolic vol-
ume was expressed as 1009, at time zero.

Statistics

Data were expressed as means+standard de-
viations. For statistical analysis, the Student
paired t test was used. A p value less than 0.05

was considered significant.

Results

Representative trend analyses of normal vol-
unteers during bicycle exercise and during
treadmill exercise are shown in Figs.3 & 4. For
bicycle exercise, baseline ejection fraction was
499 before exercise; and ejection fraction
rapidly increased to 709, during bicycle ex-
ercise (25~75 watt) (Fig. 3). It did not in-
crease further from 100 to 150 watts, but
heart rate increased sequentially to 165 at the
peak exercise level. End-diastolic volume in-
creased by 69, during exercise, and end-systolic
volume gradually decreased with increases in
stroke volumes and ejection fractions. Imme-
diately after exercise, ejection fraction rose to
809, for two min, with decreases in enddiastolic
and systolic volumes.

For treadmill exercise, similar changes in
cardiac function were observed (Fig. 4).
Ejection fraction was 509, at baseline, and in-
creased to 709, within the first six min, but did
not change during the last seven min, while
heart rate increased steadily to 180 at the peak
exercise level. Immediately after exercise, fur-
ther increases in ejection fraction were observed
with decreases in end-diastolic and end-systolic
volumes.

Cardiac responses to these exercises are sum-
marized in Table 1 and Figs. 5~7. With each
exercise, heart rate and systolic blood pressure
increased steadily in each stage. Ejection
fraction also increased with mild increases in
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Fig. 5. Serial changes in ejection fraction (a), and end-diastolic and end-systolic volumes

(b) during bicycle exercise.

end-diastolic volume and marked decreases in
end-systolic volumes, compared to baseline val-
ues. The bicycle exercise study showed serial
increases in ejection fraction with increased
stages of exercise. However, treadmill and stair
climbing studies demonstrated rapid increases in
ejection fraction in the early stages of exercise,
and no further changes in the later stages, The
pressure rate product at the peak exercise was
highest in treadmill exercise (32,600) and lowest
in stair climbing (24,700). At the peak, a slight
increase in end-systolic volume was observed in
each exercise.

Immediately after completion of exercise, a
further increase in ejection fraction was ob-

served, particularly in bicycle and treadmill ex-
ercise studies. This increase was greatest in
treadmill exercise, up to 849,. End-diastolic
and end systolic volumes decreased during the
immediate post-exercise recovery period.

Discussion

Dynamic erect bicycle exercise by normal
persons has been the subject of extensive inves-
tigations using radionuclide angiography?®15:16
These studies suggested that increases in end-
diastolic volumes and decreases in end-systolic
volumes with resultant increases in stroke vol-
umes caused increases in ejection fraction.
Therefore, both the Frank-Starling mechanism
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Fig. 6. Serial changes in ejection fraction (a), and end-diastolic and end-systolic volumes

(b) during treadmill exercise.

and an enhanced contractile response contribute
to the increase in ejection fraction with ex-
ercise.!”1®, In the present study, similar re-
sponses were observed during treadmill exercise
and climbing stairs. Continuous monitoring of
left ventricular function in our study demon-
strated that increases in ejection fraction oc-
curred early, and did not change in later stages,
while heart rate and systolic blood pressure
steadily increased. Regardless of the type of
exercise, during its peak there was a slight
increase in end-systolic volume, which caused a
slight decrease in ejection fraction in some
patients. This is consistent with the results of
previous studies showing most normal increases

in stroke volume occur during the first half of
a graded exercise!®2?. At increased heart rate,
there was marked shortening of diastole, limit-
ing any further preload compensation. At the
peak exercise, after anaerobic threshold, lactic
acid accumulation may have an adverse impact
on the myocardium?%:20. While climbing stairs,
ejection fraction and heart rate increases
seemed to be more rapid; heart rate remained
constant in the later stages, probably due to a
constant exercise load, as compared to the graded
load during bicycle and treadmill exercises.
Early in the recovery phase after exercise, de-
creases both in end-diastolic and end-systolic
volumes were observed, resulting in further in-
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Fig. 7. Serial changes in ejection fraction (a), and end-diastolic and end-systolic volumes

(b) during stair climbing.

creases in ejection fraction. Batter?? and Plot-
nick?® described a similar response during the
recovery period. In the upright position, the
immediate decrease in muscular pumping in the
legs causes venous pooling, which can decrease
left ventricular filling. In addition, an early de-
crease in peripheral resistance with a resultant
decrease in afterload and continuing sympathetic
tone allow ejection fraction to increase in this
stage?®. These phenomena were more pro-
minent after vigorous exercise, such as tread-
mill or bicycle exercise.

Since Wagner et al?¥ introduced a practical
bedside device for repetitive measurements of
left ventricular function. Several studies using

the “nuclear stethoscope’” showed excellent cor-
relations between probe measurements of ejec-
tion fraction and those using gamma cam-
eras?26, Our ambulatory ventricular function
monitor (VEST) extended this concept to allow
continuous measurement of left ventricular func-
tion in a natural environment!011,

This device monitors beat-to-beat left ven-
tricular function and ECG simultaneously to
permit evaluating rapid sequential changes in
cardiac function!?~%, The time-activity curves
obtained using this device can be applied to
calculate ejection fraction, relative end-diastolic
and end-systolic volumes, relative cardiac out-
put, and various emptying and filling rates, all
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of which are valuable in assessing dynamic
cardiac physiology. To reduce the effects of sta-
tistical noise and respiratory motion, 15~30 sec
averaged time-activity curves were assessed in
the present study.

To assure collection of adequate data using
the VEST, several technical points should be
checked when this instrument is being used for
subjects. First, the VEST garment must be
tightly fixed over the chest and its position
should be confirmed by static images of the
VEST and the blood pool at the beginning and
the end of the study. Second, marked changes
in position, such as from supine to standing, may
cause cardiac rotation which can produce changes
in cardiac function. The quality control steps of
displaying average counts may help to identify
detector motion or cardiac rotation problems,
which should be eradicated before the analysis.
Third, a fixed ratio (709,) of end-diastolic counts
was used as a background, based on our previous
data!?!'¥, instead of the actual background
counts from a second detector, because the
former data were considered more reliable. How-
ever, a significant change in background has
the potential of causing large errors in calculat-
ing ejection fraction, although to a degree the
main detector could also monitor such changes.

In conclusion, using the VEST, rapid and
sequential changes in cardiac function are ob-
served during a variety of exercises. This stu-
dy demonstrated that ambulatory ventricular
function monitoring provides a better under-
standing of normal cardiac physiology.
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