
STUDIES MADEBY SIMULATING SYSTOLEAT NECROPSY.
III. ONTHE GENESIS OF THE SYSTOLIC WAVESOF

THE BALLISTOCARDIOGRAM1

BY ISAAC STARRANDTRUMANG. SCHNABEL,JRL2

(From the Department of Therapeutic Research; and from the Robinette Foundation, Medical
Division, of the- Hospital of the University of Pennsylvania, Philadelphia, Pa.)

(Submitted for publication June 19, 1953; accepted September 18, 1953)

In a previous communication experiments have
been described (1) in which, when systole was
simulated in cadavers, the size of the ballistocardio-
gram proved to be dependent on two major fac-
tors: First, on the energy of the systolic blow; and
second, on a factor which may be thought of as de-
termining the hardness or softness of the blow,
a factor varied in our experiments by changing
the padding on the mallet whose strokes provided
the energy for the simulation of systole. In this
paper we seek to unite these two major factors in
the genesis of the ballistocardiogram into a single
conception and to ascertain its relation to more
familiar aspects of cardiac function. Put another
way we have asked ouselves the question whether
there is a single aspect of cardiac performance
which is driving the ballistocardiogram and if so,
how changes in that aspect are related to changes
in the size of this record.

In making this study we shall take full ad-
vantage of the curves which record both cardiac
output and blood pressure at each instant, which
are the chief features of our experimental prepara-
tion, and which permit us to estimate many aspects
of "cardiac" performance with an accuracy not as
yet approached in measurements made on living
men or animals. In this paper we will present our
data in detail. The results show that there is in-
deed a single aspect of cardiac function, related to
the heart's force, so closely correlated with the
amplitude of the ballistocardiogram under such
a great variety of conditions that the magnitude of
the one can properly be thought of as determining
that of the other.

EXPERIMENTS

The apparatus is shown in Figure 1. It and the con-
duct of the experiments have been described in detail
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(1, 2). The results to be presented here were secured
by simulating systole in cadavers lying on a ballistocardio-
graph. All the experiments but one were performed be-
tween 3 and 12 hours after death; one, through an error,
was performed 24 hours after without any noteworthy
difference in result. Normal or abnormal diastolic pres-
sure levels were secured by an infusion of blood into the
femoral artery, which was terminated just before systole.
Systole was simulated by driving blood into the aorta and
pulmonary artery by a blow from a heavily padded mallet
falling through a known arc, which forced in the pistons
of the two syringes.

Both peripheral and central blood pressures were meas-
ured continuously by Lilly capacitance manometers (3)
while "cardiac output" at each instant of systole was regis-
tered by a record of the position of the syringe pistons
made by a slit and light beam system.

Occasionally this technique was varied. In systoles No.
10 and 11 on J. W., to get widely diverse cardiac ejection
curves, the syringes were pushed in by hand instead of by
a blow from the mallet. In systoles No. 2 and 3 in M. M.,
blood pressure was measured in the pulmonary artery in-
stead of the aorta. Figure 2 gives typical examples of
the types of records secured.

In the conduct of the experiments we sought great di-
versity. Thus the stroke volume varied from 69 to 23 cc.,
the duration of ejection corresponded to that of pulse
rates ranging from 200 to 30 per minute, the blood pres-
sure varied from a systolic of 198 and a diastolic of 114
mm. Hg to a systolic of 52 and a diastolic of 29; some
subjects showed advanced arteriosclerosis while in others
the vessels were normal. Wewere also at pains to produce
great variation in the contour of the cardiac ejection
curves.

MEASUREMENTSAND CALCULATIONS

Blood pressure, pulse wave velocity, duration of ejec-
tion, and ballistocardiograms were estimated from meas-
urements made from the photographs with a millimeter
rule and a right angle placed directly on the records; the
slopes of the syringe ejection curves were measured by
an angle protractor as is shown in Figure 3. Every
measurement was checked by remeasurement long after
the result of the first had been forgotten, and we finally
convinced ouselves that making the readings under mag-
nification did not improve our accuracy.

The two authors checked the accuracy of their meas-
urements against each other. In measuring the slopes
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GENESIS OF THE SYSTOLIC BALLISTOCARDIOGRAM

FIG. 1. GENERALARRANGEMENTFOR SIMULATING SYSTOLE IN A CADAVERLYING ON A
BALLISTOCARDIOGRAPH

The details of the apparatus have been described (1, 2) and a drawing showing the apparatus as viewed
from the side has also been published (1).

In brief: The suitably curved glass cannulas shown are of large diameter and their tips are tied into the
mouths of the aorta and pulmonary artery. Glass tubes of similar size connect these cannulas with the
syringes. The heavily padded mallet is suspended from an axis by a long handle which, at right angles
to the plane of the figure, cannot be shown in it. Systole is simulated by letting this mallet fall through
a known arc and its blow drives in both the syringe pistons and the slit which records their position: how-
ever, blows strong enough to completely empty the syringes are never used so the amount of blood in-
jected varies with the conditions of each experiment. Blood pressure is recorded in two places (usually
in the arch of the aorta and femoral artery as shown, sometimes in the pulmonary artery) by two Lilly
manometers attached to minute plastic tubes inserted into the vessel through needles and advanced until
their tips were in the desired position. The manometers and the ballistocardiograph are connected with
mirror galvanometers and records are made by light beam systems and a photokymograph. The perfusion
bottle attached to a cannula in the femoral artery is elevated at different distances above the cadaver and
so perfusion from it provides any desired "diastolic" pressure before each "systole" is delivered.

of the steepest part of our cardiac ejection curves, where
it was important to our thesis to get as high accuracy as

possible, the authors reading the angles independently
seldom differed by more than 1 and never by more than
20. When measuring distances used in estimating blood
pressure, pulse wave velocity, wave durations etc., they
usually agreed within 0.3 mm., a distance which corre-

sponded to about 1 mm. Hg pressure and 0.006 sec. time.
Wewere content to read the ballistocardiogram wave

amplitudes to the nearest millimeter and the readings were

corrected to a standard displacement of 1 cm. for 280
grams force. The decimal points which appear on the
tables are due to this correction.

The total stroke volume was measured both from the
change in the record and by reading the scale on the syr-

inges before and after each systole. These values seldom
differed by more than 2 cc. Duplicate readings of the
syringe scale often differed by 1 cc.

For purposes of reproduction in one place the curves
of cardiac output at each instant of systole were magnified
2.5 times and transposed to coordinate paper by a panto-
graph. These transposed curves were brought together
on a single sheet by tracing them over a strong light.
After inking the curves with the aid of a flexible ruler,
they have been reproduced as Figure 4. However, all
measurements of the slopes of the curves were made from
the original records, rather than from the enlargements,
which suffered some distortion in the process.

The statistical analysis of the data was performed with
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FIG. 2. FROMTYPicAL REcoRDS OF SIMULATED SYS-
TOLES IN CADAVERPREPARATIONS

Top. Systole No. 6 on cadaver H. Z. Time is at the
top, the shortest interval 0.04 sec. The record next be-
low is that of the movement of the syringe pistons and
so of the cardiac output. Next record below is the bal-
listocardiogram, the systolic deflections are shown towards
the left; its calibration, the deflection carried by the re-
moval of a force of 280 grams, is at the extreme right.
The next record is femoral blood pressure, the bottom rec-
ord aortic blood pressure; their calibrations are not
reproduced.

Middle. Systole No. 1 on M. L. The film speed is iden-
tical with that of the top record. The cardiac output rec-
ord and the ballistocardiogram, which could be readily dis-
tinguished in the original photograph, are superimposed at
the left; again the ballisto calibration is seen at the ex-
treme right. The femoral blood pressure, record is above
the aortic.

Bottom left. Systole No. 8 on J. W. Time is not shown
and film speed was similar to the top record. The bal-
listocardiogram is above the cardiac output record. The
aortic pressure record is above the femoral.

Bottom right. Systole No. 13 on H. Z. Time as in the
top record. The records are in the same order, from above
downward, as in the top record.

In all records the correction required for alignment is
negligible. The reproductions are %actual size.

FIG. 3. METHODOF MEASURING MAXIMUM SLOPE OF
CARDIAC OUTPUT CURVES

The angle protractor straight edge was placed to coin-
cide with the maximum slope and the angle with the
horizontal, e, was measured. Its tangent, the ratio a/b,
was obtained from standard tables. The maximum ve-
locity in cc. per sec. was secured by applying the cali-
bration of the cardiac output record to the vertical com-
ponent, a, and that of the time record to the horizontal
component, b.

I2.3 5~).~9 10 Mt. 50cc
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FIG. 4. CURVESOF CARDIAC EJECTION DURING SYSTOLE

The numbers correspond to the systoles as numbered in
the tables and the curves of each subject have been placed
in a row and -can be identified by the initials placed after
the last curves. The calibrations for cardiac output and
for time are in the upper right corner, and apply to all
the curves. The reproductions are %the size of the origi-
nal curves.
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GENESIS OF THE SYSTOLIC BALLISTOCARDIOGRAM

TABLE I

Data from experiments on M. L.

Ballistocardiograms
Aortic B.P. Femoral B.P.

Curve Systolic Padding Stroke Duration wave I Wave J Wave K Waveno. blow number volume of eject. velocity

Syst. Dias. Syst. Dias. Size Dur. Size Dur. Size Dur.

ergs X10-* mm. Hg mm. Hg mm. Hg mm. Hg cc. sec. m. per sec. mm. sec. mm. sec. mm. sec.
1 14.8 2 104 60 104 55 61 0.45 5.1 2.4 0.09 5.6 0.12 4.8 0.11
2 14.8 2 89 52 94 47 54 0.36 5.1 1.7 0.08 7.8 0.11 6.1 0.10
3 32.8 2 107 57 118 57 63 0.28 4.6 3.3 0.08 9.2 0.11 7.5 0.12
4 32.8 2 110 57 118 57 69 0.24 4.9 4.4 0.08 11.6 0.10 10.7 0.13
5 5.2 2 81 67 86 69 24 0.46 5.0 0.9 0.08 2.7 0.10 2.7 0.12
6 5.2 2 67 54 75 60 18 0.32 4.1 0 2.6 0.10 0.9 0.10
8 14.8 2 67 27 70 29 62 0.49 3.8 2.5 0.08 7.5 0.13 5.0 0.11
9 14.8 2 165 116 172 114 38 0.30 8.8 0.8 0.08 5.1 0.12 3.4 0.09

10 14.8 2 110 76 121 79 46 0.32 4.6
11 14.8 2 100 72 109 69 48 0.35 5.6

the aid of a Marchant calculator, using standard methods RESULTS
(4).

In Tables I to V inclusive are the results se-
MATERIAL cured in 54 consecutive systoles performed on the

The main characteristics of these subjects should be five cadavers perfused with blood. The numbers
presented here, though they have been given in more given to these systoles in the tables are not always
detail before (1). M. L., a woman of 43, weight 70 kilos, consecutive because various calibrations were also
died of leukemia; there was a mild degree of atheroma of
the great vessels. H. Z., a man of 67, weight 74 kilos, died given bs, andthe record of an ocasoal
of cardiac infarction, and had moderate arteriosclerosis. systole was lost through failure of the camera
R. R., a woman of 74, weighed 49.5 kilos and died of car- shutter to open. No data obtained on any systole
cinoma of the colon; there was marked widespread arterio- on which a record was secured have been omitted.
sclerosis. J. W., a woman of 68, weight 43 kilos, died The data given in the tables need explanation
of carcinoma of the sigmoid; there was widespread ar- on only a few points. The padding number in-
teriosclerosis. M. M., a man of 43, weight 98 kilos,
died of myelogenous leukemia; the arteries were judged creases eas tmepaing was paendeonhedmalt
to be normal. None of these subjects had hypertension and its exact meaning has been described (1).
during life. The vertical amplitudes of the ballistocardiogram

TABLE II

Data from experiments on H. Z.

Ballistocardiograms
Aortic B.P. Femoral B.P. Pulse

Curve Systolic Padding Stroke Duration wave I Wave J Wave K Wave
no. blow number volume of eject. avlocity e |JWe a

Syst. Dias. Syst. Dias. Size Dur. Size Dur. Size Dur.

ergs XIO-$ mm. Hg mm. Hg mm. Hg mm. Hg cc. sec. m. per sec. mm. sec. mm. sec. mm. sec.
1 14.8 2 134 68 133 64 48 0.36 8.9 3.8 0.062 9.2 0.10 2.3 0.09
2 14.8 2 139 63 139 59 56 0.36 10.6 4.2 0.064 12.5 0.09 4.2 0.08
3 14.8 3 141 76 150 72 44 0.25 11.1 2.9 0.064 9.8 0.086 3.3 0.08
4 14.8 3 128 62 133 63 47 0.34 11.1 2.6 0.064 8.7 0.10 3.5 0.08
5 32.8 3 196 76 193 78 67 0.35 -10.6 4.2 0.06 15.0 0.096 5.4 0.08
6 32.8 3 168 67 190 69 69 0.34 11.1 5.6 0.064 16.1 0.088 7.3 0.08
7 14.8 2 78 36 88 40 63 0.42 6.1 7.7 0.082 18.5 0.082 14.6 0.072
8 14.8 2 168 90 173 89 42 0.20 11.5 4.2 0.06 13.4 0.09 8.4 0.08
9 14.8 2 123 62 138 65 51 0.32 11.1 2.2 0.05 10.4 0.10 4.4 0.10

10 32.8 2 193 71 198 74 68 0.26 10.6 3.1 0.04 16.1 0.10 0
11 5.2 2 91 64 95 70 20 0.24 10 0 1.5 0.12 0
13 7.8 2 128 .89 138 93 20 0.18 12.8 0 3.4 0.12 0.9 0.06

13



ISAAC STARR AND TRUMANG. SCHNABEL, JR.

TABLE III

Data from experiments on R. R.

Ballistocardiograms
Aortic B.P. Femoral B.P. PulseCurve Systolic Padding Stroke Duration Pulve I Wave J Wave KWaveno. blow number volume of eject. wvelWJa K

Syst. Dias. Syst. Dias. Size Dur. Size Dur. Size Dur.

ergs X10-6 mm. Hg mm. Hg mm. Hg mm. Hg cc. sec. m. per sec. mm. sec. mm. sec. mm. sec.

1 14.8 2 114 72 125 74 36 0.29 7.0 5.1 0.07 7.3 0.10 5.1 0.08
2 14.8 2 95 54 109 85 38 0.28 5.7 6.1 0.09 12.5 0.09 11.0 0.07
3 14.8 2 68 38 73 36 43 0.32 5.3 4.6 0.09 9.1 0.11 4.6 0.06
4 14.8 2 116 68 121 66 36 0.26 6.2 5.6 0.08 10.6 0.09 6.7 0.07
5 32.8 2 146 72 155 69 46 0.22 9.1 13 0.08 25.4 0.08 21.6 0.06
6 32.8 2 89 27 62 16 69 0.30 4.2 14.9 0.09 35.8 0.10 26.8 0.06
7 32.8 2 149 64 127 43 54 0.26 7.0 12.2 0.08 23.9 0.08 23.3 0.06
8 32.8 3 145 61 145 66 58 0.31 6.0 4.9 0.08 11.9 0.10 8.1 0.06
9 32.8 3 65 31 69 30 69 0.30 3.3 17.5 0.13 15.5 0.09 10.5 0.07

10 32.8 3 169 77 174 78 50 0.26 7.0 5.8 0.08 14.2 0.08 11.6 0.06
11 11.7 3 114 81 116 79 23 0.30 7.0 1.6 0.07 3.7 0.09 2.1 0.10
12 11.7 3 95 64 103 65 29 0.27 6.6 1.7 0.10 4.5 0.09 1.7 0.07
13 11.7 3 54 34 52 33 41 0.45 3.8 3.3 0.09 6.1 0.11 1.7 0.06
14 14.8 2 111 65 110 64 30 0.20 7.0 3.3 0.08 7.2 0.10 6.7 0.07
15 14.8 2 119 75 115 65 36 0.16 7.5 5.9 0.07 12.3 0.10 5.0 0.06

waves were measured from the records' base line. experiment came in; typical plots for four sub-
The systolic ejection curves given in Figure 4 jects are given in Figure 5. Inspection of these

are numbered to correspond with the curve num- figures show at once that the correlation is re-
ber in the tables, as are the points in Figures 5, markably good for the M. L. data, where the re-
6 and 7. gression is evidently curved, but the scatter is

ANALYSIS OF RESULTS greater in the data secured on H. Z. and R. R., and
is much greater for that of M. M. Inspection of

Wewill present our analysis of the results in the data secured on the last three subjects shows
much the same order as our ideas developed, that the greater scatter is largely due to results

Westarted this study by plotting the sum of the obtained in systoles in which the mallet padding
vertical depth of the I wave and the vertical height was increased (results represented by underlined
of the J wave, to be called the I + J distance, dots in Figure 5), these values tending to gather
against the cardiac output as the results of each to the right and below the other data. Indeed, in

TABLE IV

Data from experiments on J. W.

Ballistocardiograms
Aortic B.P. Femoral B.P.

PulseCurve Systolic Padding Stroke Duration Pulse I Wave J Wave K Waveno. blow number volume of eject. velocity
Syst. Dias. Syst. Dias. Size Dur. Size Dur. Size Dur.

ergs X10-6 mm. Hg mm. Hg mm. Hg mm. Hg cc. sec. m. per sec. mm. sec. mm. sec. mm. sec.
2 15.2 2 102 50 43 0.32 3.3 0.06 3.7 0.13 0 0
3 11.0 2 81 53 26 0.33 2.5 0.06 2.5 0.09 2.8 0.06
5 15.2 2 90 48 36 0.34 3.3 0.06 5.4 0.10 0
6 15.2 2 94 52 96 51 37 0.33 5.8 3.3 0.07 7.5 0.07 2.0 0.04
7 15.2 2 115 73 111 67 32 0.25 8.2 5.0 0.07 5.8 0.08 2.5 0.05
8 15.2 2 102 60 96 52 36 0.26 6.6 3.3 0.06 7.5 0.08 2.0 0.04
9 15.2 2 56 29 67 31 48 0.39 S.1 4.2 0.06 5.8 0.09 2.0 0.04

10 Hand 2 105 77 89 59 46 0.58 5.1 0.4 0.04 3.3 0.09 2.6 0.05
11 Hand 2 88 48 86 46 55 0.65 5.1 0 0 4.6 0.08 2.5 0.05
12 14.2 2 82 45 89 48 48 0.36 6.0 3.3 0.06 5.0 0.12 1.5 0.03
14 17.3 2 117 71 105 43 51 0.35 7.3 5.0 0.07 7.5 0.10 2.5 0.05
15 17.3 2 42 29 42 29 30 0.44 5.1 1.7 0.07 2.5 0.13 2.0 0.04
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GENESIS OF THE SYSTOLIC BALLISTOCARDIOGRAM

TABLE V

Data from experiments on M. M.

Ballistocardiograms
Pul. art. or Femoral B.P. v|oec.__ill

Curve Systolic Padding aortic B.P. Stroke Duration Pulse
no. blow number volume of wjc. vave I Wave J Wave K Wave

velocity

Syst. Dias. Syst. Dias. Size Dur. Size Dur. Size Dur.

ergs X10 mm. Hg mm. Hg mm. Hg mm. Hg . sec. m. per sec. mm. sec. mm. sec. mm. sec.
2 7.8 2 46 1 94 63 28 0.28 0 0 2.8 0.13 0.4 0.14
3 31.1 2 41 8 94 49 54 0.25 2.0 0.06 11.3 0.10 14.1 0.11
4 19.2 2 68 49 80 51 58 0.36 4.8 1.6 0.05 7.3 0.11 8.1 0.09
5 19.2 4 77 61 80 61 68 0.64 4.6 0.4 0.08 1.6 0.11 1.6 0.28
6 19.2 1 81 66 83 66 62 0.32 5.0 4.8 0.08 11.3 0.08 8.9 0.08
7 19.2 2 52 38 59 36 60 0.38 3.4 1.6 0.05 4.8 0.10 6.4 0.10
8 19.2 2 103 80 115 84 44 0.28 5.6 2.9 0.06 5.6 0.09 5.6 0.09
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FIG. 5. DOTDIAGRAMSSHOWINGTHE RELATION OF THE
BALLISTIC AMPLITUDE, AS MEASUREDBY THE VERTICAL
I + J DISTANCE, TO THE SYSTOLIC STROKE VOLUMEIN
EXPERIMENTSON FOURSUBJECTS

The data on any subject are to be identified by the ini-
tials. The numbers adjacent to the points correspond to
the numbers given systoles in the tables and in the curves
in Figure 4. In diagram at upper left J.L. should be M.L.

The results of certain experiments in which extra pad-
ding was added to the mallet can be identified by bars under
the dots.

the data of R. R. inspection suggests that there
is one regression for the harder and another for
the softer blows. Obviously, the reason for the
better agreement in the case of M. L. is that the

. . L same mallet padding was used throughout this
* experiment. One therefore must conclude that the

,0* size of the I + J distance would measure the
8 *2 t_ cardiac output well, only in the absence of such

- changes in cardiac function as are simulated by in-
creasing the mallet's padding. That variations in

* r cardiac function causing a change in the form of
the cardiac ejection curve would alter the relation

- between the amplitude of the record and the car-
- diac output was realized in our first communica-
- tion on this subject (5), and a further study of the
- important relationship between the ballistocardio-
- gram and cardiac output will be the subject of
- another paper.

l, J
5Q..N MM.

R.R

40-

*6

*5
.7

30-

20-

10-

20.15
.;4 08

.13 .14
120.1i

.9
*10

0° 160 260 360 460 560 60
MAXIMUM VELOCITY CC. PEv SEC.

FIG. 6. DOT DIAGRAM SHOWINGTHE RELATION OF
BALLISTIC AMPLITUDE TO THE MAXIMUMVELOCITY OF
CARDIAC EJECTION

The numbers next to the dots correspond with the num-
bers of systoles in Table III. Data from subject R. R.
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FIG. 7. DOT DIAGRAM SHOWINGRELATION OF THE
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VELOCITY OF CARDIAC EJECFION

The numbers are as before. Data from subject R. R.

Comparing the vertical J + K distance with car-

diac output leads to still greater scatter and we

have not reproduced the dot diagrams. Obviously
the size of the cardiac output, considered by itself,
is not the prime factor in determining the ballisto-
cardiogram's amplitude.

As the data on M. L. appear to conform to a

curve convex upward the next step is obviously to
try the effect of plotting the square root of the
I + J values against the stroke volume. This
change diminishes the scatter in some subjects
and the regression more nearly passes through the
zero point, but it does not meet the need of pulling
into line the results secured after the softer sys-

tolic blows.
Plotting the I + J amplitude, or 4A77, against

the left ventricular work or power, both calculated
for us dynamically from the stroke volume and
aortic pressure curves by Mr. Walter Feder, like-
wise does not lead to improvement in the scatter,
and the value secured after the systoles made with
heavier padding are still outlying to the right and
downward. The relation of our results to such
estimates of work or power will be studied further
so these dot diagrams will not be reproduced here.

The plan of comparing the ballistic amplitude di-
rectly with the more familiar aspects of cardiac
function not having yielded a close correlation, we

turned to analysis of the cardiac output curves

given in Figure 4 and soon had a clue. When the
force of the blow is diminished by dropping the

mallet through a smaller arc both the stroke volume
and the slope of the cardiac ejection curve are di-
minished; the curves given in Figure 4 show many
examples of this. In a few instances, however,
pairs of experiments can be found in which the car-
diac output is the same in each, but the slope of
the ejection curve differs. Thus if one looks care-
fully at the curves No. 7 and. 8 on R. R. in Figure
4, and then inspects the corresponding dots in
Figure 5, one sees that the cardiac output is nearly
the same in both, but the ejection curve of No. 7
rises faster than that of No. 8. The same can be
said of curves 9 and 6 of R. R. and for other pairs
of curves in other subjects, although the difference
between the slopes is seen with much more diffi-
culty in the reduced Figure 4 than in the original
records. In these pairs the steeper curve is al-
ways accompanied by a ballistocardiogram of
greater amplitude, so we are led to inspect the re-
lation between the square root of the amplitude of
the I + J waves and the slope of the ejection curve
at the steepest point. A plot of I + J, or AIJ,
against the maximum slope of the curve meas-
ured as the angle from the horizontal in degrees
showed too much scatter to be promising, but it
was soon apparent that what was needed was not
the angle itself but its tangent, which measures the
maximum velocity attained during the ejection.

In Figure 6 the slopes of the curves of R. R., es-
timated from the tangent of the angle made by the
steepest part of the curve with the horizontal,
corrected by the calibration of the vertical limb in
cc. and thp horizontal limb for time, are plotted
against the I + J distance. Comparison with Fig-
ure 5 shows that the improvement in scatter is re-
markable. The regression is now plainly curved
by using 4'I+J instead of I + J and we get the
much straighter alignment shoewn in Figure 7.
Obviously, we are now on a promising line of
attack.

The plot of 41 + J against maximal velocity for
all five subjects is shown in Figure 8. Inspection
shows that the correlation now is of a high order,
7= 0.82, and one is certainly tempted to stop
here. Nevertheless, further inspection shows that
the data of the heaviest subject, M. M., tends to
outlie to the right and downward, while that of
the lightest subject, J. W., tends to outlie to the
left and upward, a finding which plainly suggests
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I- showed that it was clearly not so good as that
shown in Figures 8 and 9. The error in measur-
ing the time required to attain maximum velocity
was undoubtedly a large factor in the scatter and
so we were discouraged from pursuing the matter

1/1**' further.
DISCUSSION
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/ - It seems proper to expect that such aspects of
cardiac function as output, work, energy, force,
and power will vary together throughout a wide
range of physiological and clinical conditions, so

it should occasion no surprise if the ballistic am-

- plitude was found to be significantly correlated
with more than one of them. But the wide range

of our experimental conditions permits distinctions
which would be difficult or impossible to draw from
data secured during life.

T=0.83 The maximum velocity of our ejection curvesis so closely correlated to the amplitude of the

0 100 280 00 460 0
MAXIMUM VELOCITY CC.PER- SEC.

FIG. 8. DOT DIAGRAMS SHOWINGTHE RELATION BE-

TWEEN4IIj ANDMAXIMUMVELOCITY OF EJECTION FOR

ALL FIvE SUBJECTS
Dots = R. R.; triangles = H. Z.; squares = M. L.;

crosses = J. W.; x's = M. M. The line is the calculated
regression x on y.

that a consideration of the subject's size would
further diminish the scatter.

So our next step was to plot the + J against
the maximal velocity of the ejection curve divided
by the surface area for each subject, with the re-

sult shown in Figure 9; the correlation is now sur-

prisingly good, = 0.92 a value which, when
tested by Fisher's Z function (4), proves to be
significantly better than the correlation secured
without considering the subject's size.

We studied the data further by measuring the
time from the beginning of ejection to the point
at which maximum velocity was reached. In most
curves it was difficult to determine this point ex-

actly and the two authors reading independently
often differed considerably in their measurements.
Wemade a dot diagram to compare the 4II+VJ
with maximum velocity . the time required to at-
tain it, the quotient being average acceleration.
The correlation was very evident but inspection
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Symbols as in Figure 8. The best line is the calculated
regression x on y, this regression being used because we
propose to employ its equation in estimating maximum
velocity of ejection from 'ITTJ, that is from the ampli-
tude of the ballistocardiogram in any record.
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ballistocardiogram that the known errors of read-
ing the record may in large measure account for
the scatter we find, and this relation holds so well
throughout such a great diversity of experimental
conditions that one has the right to expect it will
hold for most of the commonclinical conditions.

Webelieve that the maximum velocity shown
by our curves gives us an indication of the force
of the heart beat for the following reasons. By
definition this force is estimated from the product
of mass times acceleration, and the maximum ve-

locity of our curves is the integral of the accelera-
tions of which- it is the result.

The maximum velocity recorded by our curves

is in units of cubic centimeters per second; since
the specific gravity of blood is close to one, the val-
ues for grams per second would be very similar.
By consideration of the size of the aortic cannula
or. of the aorta itself, linear velocity could be readily
computed, but when linear velocity varies with
changes in the diameter of the conducting tubes the
mass of the contained blood varies inversely, so

the product of mass X veolcity, or of mass X ac-

celeration, is independent of the vessel diameter

(6).
Thus the amplitude of the ballistocardiogram

seems to be plainly related to cardiac force, but
we are not yet in position to estimate cardiac
force in absolute units because of the uncertainty
about the mass of the blood caused to move in the
body by the heart's energy at any instant of time,
a mass that certainly far exceeds the stroke vol-
ume itself because blood is pushed on ahead of
that ejected by the heart. This difficulty has been
discussed (2), and we propose to content ourselves
with relative estimations of cardiac force until our

ideas of the energetics of cardiac action are clearer
then they are at present, and because of increasing
doubts that the classic methods of estimating car-

diac work provide the best approach to the prob-
lem.

The arrangement of our data reported in the
preceding paper (1) showed that the amplitude of
the ballistocardiogram is related to the total energy

delivered to the circulation during systole only if
that energy is supplied in a constant manner.

Energy delivered rapidly produced a far larger bal-
listocardiogram than the same energy delivered
slowly, so it appeared to be energy per unit of

time which was the genesis of the ballistic deflec-
tions (1). The relationship of this conception to
the data described in this paper is easy to see. In
our experiments, when provided with little padding
the falling mallet was stopped rapidly as it struck
the syringe pistons, and the blood was accelerated
rapidly by the energy thus rapidly delivered; when
provided with much padding the falling mallet was
stopped much more slowly and the blood was ac-
celerated more slowly. So the relationship between
our results and the force delivered to the circula-
tion is plain. The interpretation described in this
paper does much to clarify the ideas expressed
more crudely before.

This new evidence that the amplitude of the
ballistocardiogram is a measure of cardiac force
comes as no surprise to us. The equation for force
according to Newton's Laws was the basic equa-
tion from which our original treatment of the
mathematical theory was derived (5); also, in our
first experiments on the cadaver the data led to a
similar conclusion; indeed, although the former
method of measuring acceleration from our curves
(2) was cruder than that described in this publi-
cation, the correlation coefficients relating ballistic
amplitude to acceleration are almost identical in
the two groups of data (2), and the improvement
in the correlation in our recent work is manifest
only by the fact that, dealing with larger numbers
of estimates in this paper, the level required for
significance is lower.

In our first study (2), the data did not permit a

decision whether I + J or I1 + J permitted a

better estimate of cardiac performance. The newer

data permit this decision; 4II + J is significantly
better. Interestingly enough this was predicted
from theory (5). Wehave also asked ourselves
the question whether data based on the areas of the
I and J waves, treated as triangles with their bases
on the record's base line, would permit a better
estimation of cardiac force than using the sum of
the vertical depth of I and height of J. The equa-
tions given in Table VI show that the scatter

about the two regressions is almost identical, but
our early experience with dynamic calibration of
ballistocardiographs (5) provides a strong reason

for basing estimates on areas, because secondary
vibrations may greatly affect the height of a wave's
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TABLE VI

Regression equations-maximum velocity as a relative measure of cardiac force as derived from measurements
of the balistocardiogram and the body surface area*

Equation
no.

1 Maximum velocity cc. per sec. = 75.8 41 + J amplitude mm. + 37 55.5 cc. per sec.
2 Max. vel. cc. per sec. = [body surface sq. m.][51 HI + j amplitude mm. + 5] 28 cc. per sec.
3 Max. vel. cc. per sec. = [body surface sq. m.][252 -41 + J areas mm. sec. - 5] 29 cc. per sec.

* Vertical amplitudes of the ballistic waves measured in millimeters from the base line may be used in these equa-
tions only if the calibration of the ballistocardiogram is standard, i.e., a force of 280 grams produces a deflection of 10 mm.
on the record. If the calibration is not standard the measurements on the records must be corrected to this value before
inserting them in these equations.

tip when they have little or no effect on the area
of the wave.

While the clear relation of the ballistic ampli-
tude to cardiac force indicated in our newer re-
sults was in accord with our expectations (1, 2),
the advantage of multiplying the measurements
made on the record by a factor related to body size
came to us as a surprise. In our previous study
(2) the three subjects whose data provided the
comparison between acceleration and ballistic size
had been of almost identical height and two were
of identical weight. So the effect of size on the
relationship was not apparent on inspection of the
dot diagrams and the effect of the introduction of
a size factor was not investigated.

Other aspects of our recent work have given in-
dications of impedance in our system, and it
seems proper to locate this in the body rather than
in the apparatus. Our ballistocardiograph is so
sensitive and so little damped that, in the absence
of a body upon it, the vibrations in the building
keep it in motion continuously, so it seems evident
that no noteworthy impedance occurs in it. Place
a body upon it and the light spot comes to rest, as
can be seen by the straight base lines of our rec-
ords. As the calibrations shown in Figure 2 in-
dicate, the damping in the body is often close to
critical when forces corresponding in magnitude to
those which produce the ballistocardiograms are
used to test it; but in certain other cadavers, similar
tests indicate that the body's damping may also be
somewhat less than critical. Obviously we have
every right to locate the impedance in the body,
and this provides a satisfactory explanation of
other findings.

Thus, in the usual systole illustrated by the
great majority of curves shown in Figure 4, the

first ballistic deflection, the onset of the down-
stroke of the I wave, follows the beginning of ejec-
tion by an interval so short that it is hardly meas-
urable; this is illustrated by the first three of the
curves shown in Figure 2. But if the injection is
initiated more slowly as in curves 10 and 11 in
J. W. and in curve 13 in H. Z. in Figure 4, no de-
flection follows the onset of ejection for a much
longer time; and, as can be seen in the last curve
in Figure 2, the first deflection may then be head-
ward. Indeed, in early experiments in which wa-
ter was used as perfusing fluid, we were able to
inject amounts over 50 cc. into each of the great
vessels, by pushing in the syringes slowly by hand,
without causing any ballistic deflection whatsoever,
although certainly some force was being generated.
Obviously therefore, small amounts of force gen-
erated deep in the body are so impeded that they
do not "get through" to produce a deflection of the
ballistocardiogram; and when the force generated
is of a certain small magnitude, that which tends to
cause the I wave may be blocked while the larger
forces causing the J wave break through to pro-
duce a small deflection as is seen in the last curve
of Figure 2. Thus by an injection which ac-
celerates slowly we can reproduce complexes lack-
ing an I wave which are similar to those found so
frequently in records taken in the clinic, and we
have a satisfactory explanation for this common
abnormality of contour.

That increased fat would impede the delivery
of the heart's energy to the ballistocardiogram
was suspected by Bouhuys (7), and looking back-
ward over older data from this laboratory, one
sees that we have had other hints of the need of
introducing a factor related to body size into our
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basic equations. Indeed there was such a factor,
"A", an estimate of aortic cross section area from
the surface area and age of the patient, in our
original cardiac output equation (5). Looked
upon from the vantage point of 15 years experi-
ence, we see that "A" not only supplied the need
for a factor related to body size, but also, because
it increased with age, it provided a compensation
for the diminishing size of the ballistocardiogram
as age advances (8), and both aspects served to
reduce the scatter of the normal standards. When
we omitted "A" from our equation, for mathemati-
cal reasons which still seem valid (6), the scatter
of the results secured on normal subjects increased
considerably.

This newly demonstrated influence of body size
throws light on a puzzling finding discovered in
the data of other clinics besides this one (9-11).
It has always been obvious by inspection that, on
the average, men give larger ballistocardiograms
than women, and women larger than children; so
the concept that the amplitude of the ballistocardio-
gram is related to body size seems obviously cor-
rect. Indeed, if data from healthy menand women
are combined in a single group, significant positive
correlation between amplitude of ballistocardio-
gram and body surface area is readily demon-
strated. But it came as a surprise to discover that
in groups consisting of healthy adult males only,
or of healthy women only, the correlation between.
ballistic amplitude and body surface was no longer
significant. The reason now seems obvious. It
is proper to regard the force of the resting heart
beat as correlated with body size, but this relation
is in part masked by the increased impedance of
the larger bodies, so that one needs a large num-
ber of cases and a wide spread of the data before
the correlation between ballistic amplitude and
body size can be conclusively demonstrated.

Our results also throw light on one of the chief
uncertainties of the field which may be called the
errors in transmission. Even if ballistocardio-
graphs could be made mechanically perfect, one
could not avoid the hazard involved in attempting
to record forces generated in the center of the body
by apparatus placed outside it (12). Various
parts of the body must be thought of as masses of
tissue elastically connected one with another, and

completely firm attachment of the elastic body to
the rigid ballistocardiograph is obviously impos-
sible to secure (13). These factors introduce dis-
tortion into the record, and so, as we have always
emphasized, the ballistocardiogram cannot be ex-
pected to give a completely true account of the
forces generated deep in the body of which it is a
manifestation (5, 12, 14). While some data on
the movement between the body and the table has
been secured (7), and this subject deserves further
study, the errors inherent in the transmission of
forces along the mechanical train within the body
have been more difficult to evaluate. The problem
is not whether there is distortion, which we freely
concede is to be expected, but whether the distor-
tion is sufficiently uniform from time to time and
from subject to subject to permit one to avoid the
error of interpreting as changes in cardiac function,
changes in the ballistocardiogram due in reality to
differences in the body tissues, or in the attach-
ment of the subject to the ballistocardiograph.

Evidence available for some years has clearly
suggested that as far as the I and J waves are
concerned, any distortion introduced by the er-
rors of transmission behaves in an orderly way.
The extraordinary similarity of contour of ballisto-
cardiograms secured in healthy young adults of
great diversity of size and body build, recorded by
ballistocardiographs completely different in form
and construction, can hardly be interpreted other-
wise. But such data, impressive though they are,
do not give quantitative information on the point.

In the experiments described in this paper, the
ballistocardiograms secured are subject to all the
errors of transmission which occur in similar rec-
ords obtained during life, for we are recording
forces generated deep in the body, indeed, gen-
erated at the same places and in the same manner
as occurs during life, by apparatus placed outside
the body; and the attachment of our cadavers to
the ballistic table, as they lay on it with their heels
firmly against the footplate, is identical with the
technique we use when taking records during life.

We interpret the demonstration that the size
of the body affects our results as providing the
first important information about the errors of
transmission. But, after correction for body size
has been made, the correlation between our rela-
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tive estimate of cardiac force and the amplitude of
the ballistic record becomes so good that it seems
evident that the other irregularities in the trans-
mission of the forces affect little, if at all, our
ability to form a quantitative estimate of the rela-
tive strength of the heart's beating by measuring
the amplitude of the ballistocardiogram; and, in
our data, the error of the estimate compares well
with that of other useful clinical measurements
such as the estimation of the blood pressure (2).

SUMMARY

The results of experiments are reported in
which cardiac systole was simulated at necropsy
by simultaneous and similar injections of blood
into the aorta and pulmonary artery, after a sys-
temic diastolic pressure had been secured by an
infusion of blood into the femoral artery. These
experiments were conducted under widely differ-
ent conditions of stroke volume and blood pres-
sure, and both in arteriosclerotic subjects and in
those with normal vessels.

The amplitude of the resulting ballistocardio-
grams, determined by the vertical distance between
I and J wave tips, or by the sum of the areas of the
I and J waves, correlated well with the "cardiac
outputs" in certain types of experiments, but under
other conditions the relation changed. Similarly
the relation between the ballistic amplitude and
"cardiac" work or power did not hold well through-
out the varying conditions existing in the experi-
ments.

However, a study of the curves of systolic ejec-
tion of blood at each instant of time indicated that
the square root of the amplitude of the ballisto-
cardiogram, i + J, correlated well with the maxi-
mumvelocity of ejection throughout the range of
our experiments; and this relation was signifi-
cantly bettered by the inclusion of the body sur-
face area as a factor in the equation, so that the
final correlation was most gratifying.

As the maximum velocity of the injected blood
is equal to the integral of the acceleration which
preceded it, it is concluded that the amplitude of
the ballistocardiogram is related to the force of the
heart, and that this relation holds well over a wide
range of clinical conditions. However, the larger
the subject's body, the greater the impedance to

the delivery of the heart's force to the ballistocardio-
graph, so that a correction for body size improves
the estimate of the heart's force from measurements
made on the ballistocardiogram.

While uncertainties about the fundamental dy-
namics of cardiac action prevent an estimation of
cardiac force in absolute units, it seems entirely
proper to employ the ballistocardiogram to estimate
cardiac force in relative terms, and thus compare
the strength of the heart's contraction in normal
and abnormal persons, and under many different
physiological and clinical conditions.
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