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Effect of exercise and acclimatization on
displacement apex cardiogram in normal
young subjects1
F. Ollendorff, R. Vash,2 and A. Valero
From Faculty of Electrical Engineering, Technion-Israel Institute of Technology, Haifa; and
Cardiopulmonary Laboratory, Rambam Hospital, Haifa, Israel

The effect of exercise at three metabolic rates on the displacement apex cardiogram of young
normal subjects has been studied by a new method. A full description of the changes occurring in
the apex cardiogram due to exercise is given and analysed. Three main changes during exercise
were found.
I Exponential increase of heart movements due to left atrial contraction as related to the
ejection wave LAC/E.
2 Exponential increase in the ventricular rapid filling wave time as related to one cycle dura-
tion RFWIT.
3 Exponential decrease of the slow filling wave as related to one cycle duration SFW/T.

All the above-mentioned parameters return to their resting state during recovery, in an expo-
nentially shaped curve. The relation between all these parameters to heart rate during exercise
and recovery are also dealt with. No linear functions exist between heart movement parameters
and heart rate. These functions are more likely exponential. Training phenomena of heart move-
ment are described and dealt with. Finally it appearsfrom the present study that LACIE changes
may constitute as sensitive an index at wider ranges of metabolic rates as does the heart rate.

The effect of exercise on the apex cardiogram b) A new displacement cardiograph probe, in-
has been studied in the past mainly in patients corporating a crystal microphone for phonocardio-
with arteriosclerotic heart disease (Benchimol graph and an electrode for electrocardiograph,
and Dimond, I963). In the very few studies which enables simultaneous recording of three
undertaken in normal persons the exercise was parameters from the same point (Fig. i).
relatively mild and brief, the results being

,-hampered by limitations inherent in the FIG. I Multipurpose electrode for displace-
methods used. ment cardiogram.The purpose of this work is to describe the
cardiographic changes during exercise, re-
covery, and acclimatization, by a new method
which allows records to be taken in the erect
position at any time. coil5eight adjust

Methods and material
Instrumentation We have used in this study
the displacement cardiograph (DCG), described
in detail previously (Valero, i967; Valero, Peleg, electronic circuit
and Molcho, I969; Vas, i967). The following im- i I-ci
provements were introduced to facilitate measure-
ments during exercises.
,+) Automatic electronic zeroing of the base-line microphone for
of the recorder. phonocardiogram
*This work is part of Mr. R. Vash's D.Sc. thesis,

sr ci forcarried out under the supervision of Professor F. d_spiral coilfe r-9Ollendorff f_i dlsp cement
2 Present address: University of Strathclyde, Bio- cardiogram
engineering Unit, Glasgow. f stainless steel ring

| ~~~~forelectrocardiogramReceived 17 April1970.1
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38 Ollendorff, Vash, and Valero

Fig. 2 describes the block diagram of the instru-
ment.
The electrical properties of a coil are influenced

by its environment, and its electromagnetic be-
haviour is changed in the presence of a moving
body. The apparatus converts these changes into
voltage fed into a conventional recorder.
The detector (marked Ext. Osc. in the diagram)

is placed over the heart. The sensor (the coil) does
not touch the body at all and thereby prevents
any distortions of the heart movements. This coil
is forming a part of an oscillatory circuit with vari-
able frequency. This frequency is compared with
that of the internal oscillator, and their difference
Af is converted into a voltage, fed in turn to the
output terminals through the output stage. Part
of it is utilized as negative feed-back to the internal
oscillator for stabilizing the baseline in the
recorder.

TABLE i Relative times and amplitudes as
measured at basal metabolic rate (times are
related to one cycle duration T, and amplitudes
to ejection wave E)

Relative times SFW RFW IRP E a

T T T T T

Relative time 0-305 O-I74 0100 0 349 0-072
Actual time (sec.) 0-254 OI45 o-o83 0o290 o o6o

Relative amplitudes RFW LAC RAC
E E E

Amplitudes o-378 O-II9 0-153

to

FIG. 2 Block diagram of displacement cardiogram.

FIG. 3 Displacement cardiogram over the apex of the heart at basal metabolic rate.
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Effect of exercise on displacement apex cardiogram in normal young subjects 39

TABLE 2 Some parameter changes in displacement cardiogram during exercise and recovery

Time
(min.)

Experiment A Experiment B

a IRP E RAC a IRP E RAC
T T T E T T T E

o oo88 0-093 o-340 0-I43 0-075 O017 0 357 o-i62
5 0-095 0-I20 0-346 o-i68 o0ogg 0-II3 0-38i 0-269
IO o-o96 0-127 0-368 o-247 0°097 O-IOO 0394 0-295
20 o-o96 0-I23 0-380 O-I93 0097 o-ii8 0 374 0-25I
30 0094 0-I27 0-382 0-205 o-o96 o-I26 0-367 0.3II

Exercise 40 0-097 0-I24 0 379 0-172 o-o99 OI28 o-362 0-326
50 o-o96 0-I37 0-364 O-I90 0100 0-I29 0-364 0-32I
60 o-o98 0-124 0 373 o0i63 o-o99 01I23 0-367 o-260
70 0-092 0-127 0-378 01I97
8o o-o96 0-I40 0o363 o0I97
90 OI02 0-14I 0-356 O-I57

I o-o96 O0I24 0°397 OI78 O-IOI 0-146 0 374 0O212
5 0-I02 OI30 O0374 0O212 o-o99 0-I33 0-392 0-223

Recovery IO o-o96 0-I32 0 353 0-I40 o-o99 o-I26 0 393 0-202
20 0°094 O-I25 0 335 O-I64 0-094 OI2I 0 394 0-2I6
30 O-O9I 0-I27 0-308 0-I34 o-o9o O012 0°394 0-237

Average 0-095 0-I26 0-362 0-175 o-o96 0-I2I 0-378 0o253

In this work the displacement cardiograph and
phonocardiograph only were recorded on a dual
channel type DG55ii-C.E.C. recorder. The
probe was strapped on the chest wall over the apex
beat by means of an elastic band and the spot was
marked by indelible ink, so that recordings could
be taken during the whole experiment at the same
site.

Subjects Fifteen healthy male students, 20-28
years old, were examined after a thorough medical
examination including electrocardiogram and
x-ray of the chest.

Climatic conditions and metabolic rates All
experiments were conducted in a closed room with
controlled temperatures of 22°C. Subjects were
semi-nude, wearing shorts only. Three different
metabolic rates were tested: (a) basic; (b) ap-
proximately 300 Kcal/hr. (experiment A); and (c)
approximately 600 Kcal/hr. (experiment B).

Metabolic rates were calculated as described by
Givoni (I967). Only approximate values can be
given, since the individuals developed different
metabolic rates for the same experimental condi-

,tions. However, individual variations were slight.

Description of tests Each subject underwent
the following order of tests during a period of I5
consecutive days at a temperature of 22°C. On the
first day recordings at basal metabolic rate in the
supine position were taken. From the second to

FIG. 4 Left atrial contraction changes during
exercise. Records taken from a subject in

wexperiment B on first day: (a) at rest; (b) 20
minutes work; (c) 40 minutes work; (d) 6o
minutes work.
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40 Ollendorff, Vash, and Valero

F I G. 5 Rapid and slow filling wave changt*
during exercise. Records taken from the same
subject in experiment A third day: (a) at rest;
(b) 20 minutes work; (c) 40 minutes work;
(d) 6o minutes work.

seventh day records were taken at 300 Kcal/hr.,
and from the eighth to fifteenth day at 6oo
Kcal/hr. For the purpose of taking records, the
one-step test was used in all cases at a rate of 30
steps a minute, controlled by a metronome. The
metabolic rate was changed from 300 to 600
Kcal/hr. by raising the height of the step from
I5 cm. to 25 cm. All subjects abstained from
smoking and drinking coffee or tea. They were
submitted to uniform dietary conditions by eating
in the same restaurant during the whole experi-
ment and they all slept at least 8 hours during
nights. None did any physical work or exercise in
addition to the experiments. After this procedure
the subjects worked at io'C. and 35sC. in the
same fashion (paper in preparation).
The daily procedure was as follows: after the

first record was taken, the subject rested in a sit-
ting position for 30 minutes, then a second record
was taken before the actual exercise began. If we
mark T=o min. as the beginning of exercise,
records were taken at T - o05, I0 minutes, and
thereafter at intervals of 10 minutes.

FIG. 6 Comparison of LAC/E and heart rate changes in experiment A and experiment B
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Effect of exercise on displacement apex cardiogram in normal young subjects 41

In experiment A, the duration of exercise was
go minutes and in experiment B, 60 minutes.
During the recovery period following each exer-
cise in both experiments, recordings were taken
at I, 5, I0, 20, and 30 minutes.

Immediately before taking a record, the subject
was instructed to stop exercising and to stand still,
holding his breath in mid-expiration, the whole
procedure taking 20 seconds. All records were
taken over the apex of the heart.

Results
Fig. 3 is a displacement cardiogram taken
over the apex at rest. It illustrates the mea-
surements of amplitudes and time sequences
as applied to records taken during exercise
and recovery.

In this paper the terminology of Tafur,
Cohen, and Levine (I964) and Benchimol and
Dimond (I963) was adopted.

I is the amplitude of ejection wave (E) taken
by measuring the distance from E-point to
the end of ejection period on a line perpen-
dicular to the time axis. This is used as a
reference to all other amplitude measure-
ments. (Representation of relative values was
obviously preferred as all absolute amplitudes
will vary widely.)

II and III are the amplitudes of the ascend-
ing and descending limbs of the 'a' wave,
representing respectively the recoil of the apex
during right atrial contraction (RAC) and
left atrial contraction (LAC) (Harrison et al.,
I958; Valero et al., I969; Vas, unpublished).
IV is the amplitude of the displacement

cardiogram rapid filling period, measured
from the end of the relaxation period (opening
snap point - o) to the beginning of the slow
filling period on a line perpendicular to the
time base.

All time measurements are related to one
cycle duration, numericals I-5 refer to the
atrial contraction, the systolic wave, the iso-
volumetric relaxation, the rapid filling wave,
and the slow filling wave, respectively.

Table i summarizes the mean relative am-
,plitude and time values in the basal metabolic
rate. Heart movement recordings at basal
metabolic rate are used here as reference to
heart movement changes during exercise.

It will be seen from Table 2 that some of
the parameters in the records hardly change
during exercise. However, three significant
changes in tracings, as a function of exercise
'time, can be observed in Fig. 4 and 5, as
follows. (i) Increase in the amplitude of the
'a' wave of both right and left atrial contrac-
*tion. (2) Increase in the amplitude of the
rapid filling wave. (3) Elongation of relative
period of rapid filling wave RFW/T and
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FIG. 7 Predictability of LAC/Efrom heart
rate in experiments A and B.

shortening of the relative period of the slow
filling wave SFW/T.

Changes in heart rate during exercise and
recovery are well documented and provide a
reasonable index of the physical effort
(Brouha, I960, and others). We have, there-
fore, used the heart rate changes as a refer-
ence to changes in the displacement cardio-
gram during exercise.

Fig. 6 shows the mean values of heart rates
during exercise and recovery of the subjects
in experiments A and B.

In experiment A, the average increase from
the resting heart rate was 74 per cent. In this
experiment all subjects reached the equili-
brium state during exercise.

Exp. A

* work

o recovery
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42 Ollendorff, Vash, and Valero

In experiment B the average addition to the
resting heart rate was 95 per cent.
Measurements of displacement cardiogram

components show the following changes dur-
ing exercise and recovery.

LAC/E changes as function of exercise
Fig. 6 gives these changes for experiments A
and B. None of the subjects in either experi-
ments reached equilibrium. The mean LAC/E
change as related to the resting value was 490
per cent in experiment A and 539 per cent in
experiment B. At the end of the recovery
period in both experiments none of the sub-
jects reached the resting value. In experiment
A there was an addition of 70 per cent and in
experiment B, 57 6 per cent.
The deviation of the measured points

appearing in Fig. 6 at 20 and 40 minutes of
exercise are not due to error in measurements,
as it might appear, since this is constant for all
subjects and in all experiments. It therefore
appears to indicate the change-over from one
equilibrium line to a higher one as shown
clearly in Fig. 6.

Fig. 6 also summarizes the LAC/E changes
as compared to heart changes. Note that the
scales of the two parameters are different;
whereas the heart rate has hardly doubled it-
self, the LAC/E increased by more than 5
times. Attention is also drawn to the fact that
the heart rate in both experiments has reached
the equilibrium state whereas it did not do so
for LAC/E.
The question of predictability of LAC/E

from the heart rate is dealt with in Fig. 7.
The following deductions can be made:
i LAC/E has no linear relation to the heart
rate; this is most likely exponential.
2 Predictability of LAC/E from heart rate
can be made only if one knows whether the
subject is in a state of exercise or recovery,
since the curve has a hysteresis shape.
Whereas the scatter of LAC/E, as a func-

tion of exercise and recovery time, is minimal
and therefore shows it to have a clear mathe-
matical exponential equation (Vas, unpub-
lished), the scatter of RAC/E is much larger.
The latter shows a rising trend during exercise
and a fall during recovery, but this will not be
dealt with here any further.

Increase in RFW/E Fig. 8 shows the mean
changes in RFW/E as a function of exercise
and recovery time. The wide scatter of points
prevents the drawing of a functional line for
RFW/E. Fig. 8b, however, is a single curve,
representative of several, which does perhaps
indicate a rising exponential curve as a func-
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FIG. 8 Apex recoil during distensibility
(RFW/E) of ventricles as a function of exer-
cise and recovery. (a) Average; (b) one single
subject.

tion of exercise and a descending exponential
curve for recovery time.

RFW/T and SFW/T changes as function
of exercise Fig. 9 shows the average values
of RFW/T and SFW/T as a function of
exercise and recovery time compared with
heart rate changes. It can be seen that in both
experiments RFW and SFW did not reach
equilibrium. The mean change of RFW/T
was 67-5 per cent and of SFW/T 6o0o per
cent. In experiment B the mean changes were
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Effect of exercise on displacement apex cardiogram in normal young subjects 43
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FIG. 9 Comparison ofRFW/T and SFWIT to heart rate changes in experiment A and
experiment B.

74-0 per cent and 63-o per cent, respectively.
At the end of the recovery period the mean
change related to the resting values in experi-
ment A was 8-o per cent in RFW/T and 5-7
per cent in SFW/T. In experiment B the
mean change was 9-8 per cent in RFW/T and
6-3 per cent in SFW/T.

Predictability ofRFW/T and SFW/T from
the heart rate can be deduced from Fig. i i.

Similar hysteresis curves as seen in Fig. 6
were obtained.

a_ The following changes of acclimatization
were seen: Fig. I2 shows the changes in rela-
tion to resting values of heart rate, LAC/E,
.RFW/T, and SFW/T as a function of working
days. A clear phenomenon of acclimatization
can be seen in the heart rate curve. This can
also be seen in the results of experiment A for
*atrial and filling waves. In the higher meta-

bolic rate, however, the typical acclimatiza-
tion phenomenon does not occur. The change-
_over from a low metabolic rate to the higher
one is marked by a sudden increase in all the
values, and this is clearly seen between the
7th and 8th days.

Discussion
Contrary to the usual apex cardiogram, the
present method for recording displacement
cardiograms is convenient, as it can be applied
while the exercising subject pauses for a few
seconds in an erect position. Due to the high
sensitivity of the instrument baseline control,
we met no technical difficulties ascribed to fast
respiratory rates or tachycardia or other
artefacts.
The main changes seen on the displacement

cardiogram during exercise, i. e. the increase
in amplitudes of the 'a' wave and the RFW/E,
elongation of the RFW/T, and shortening of
the SFW/T, deserve some comment.
The change in the shape of apex recoil

during the left atrial contraction curve is
similar to the change in the corresponding
heart rate curve; they are both exponential
and with the help of a computer we have
drawn an exponential equation for these two
parameters with an accuracy of better than IO
per cent (work in preparation). At the highest
metabolic level, the LAC/E change relative to
the heart rate was the most pronounced. In

0
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44 Ollendorff, Vash, and Valero

fact, when the heart rate reached the steady
state, LAC/E was still changing. It is therefore
presumed that the measurement of LAC/E,
though more involved, may yet prove to be a
more reliable index of the metabolic level.

Whereas the onset of the LAC wave can
distinctly be seen in all the records, the RAC,
due to its earlier onset, will occasionally fall
during exercise, on the rapid filling wave
(Fig. io). This prevents the reliable deter-
mination of RAC onset in all the records and
hence the greater scatter in the time curve
(see Table 2).

Therefore, the RFW/E time curve shows
also a large scatter. Nevertheless, a definite
increase in apex recoil during the distensibility
can be seen in Fig. 8.

It appears that RFW/T rises as an expo-
nential function of exertion time, and returns
to its resting value during recovery, also in
an exponential manner. Whereas the SRW/T
decreases exponentially, the relative time of
the whole period of diastolic changes little.
RFW/T and SFW/T changes during exer-

tion are similar in value to the heart rate
change, but are not linear to it (Fig. ii). The
times taken for ventricular filling, drawn in
relation to the heart rate, result in a hysteresis
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FIG. IO An example of overlap ofRFW
wave and 'a' wave during exercise (circled
area).

curve which shows lesser changes during
exertion than during recovery.

In the acclimitization period a distinctive
feature in experiment A is the regressive
change which takes place in the relative filling
time. This, however, was not seen in experi-
ment B.
IRP/T and a/T changes during exercise

were minimal during all stages of the experi-
ments.

Finally, extension of this research to include
more different metabolic rates of different
climatic loads seems a natural and a desirable
continuation. Though all our examined can-
didates were young and healthy, the results
of this work suggest that a change in cardiac
output caused by disease should produce also
pathological changes in the displacement
cardiogram.
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FIG. I2 Acclimatization phenomenon of heart rate LACIE, RFW/T, and SFW/T.
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