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THE DISTORTION OF THE BALI.ISTOC.~KDIOGRAM (‘;\[~sED HY THK 
MOVEMENT OF THE HEART INSIIW THE HOD\ 

H. (‘. HI.RGEK, DSc., A. NOOKDEKGKAAF, RI.Sc~., .WD 
H. J. L. KAMPS, B.5,. 

T HE problem of the difference in movement of a ballistocardiograph (brg:) 
and the subject lying on it has been treated quantitatively for various t)‘pes 

of bcg’s.‘v2 A quantitative treatment of the difference in movement of the 
heart and a part of its surrounding tissues with respect to the skeleton has not 
yet been given. In the present paper the latter treatment will be given while 
taking the former into account. The necessar?’ data, concerning the bindins of 
the heart to the skeleton, will be taken from the literature.” 

The problem that will be treated in this paper is a generalization of that in 
which only the difference in movement of subject and beg has been considered. 
The latter has been schematized as follows1,2s4: The subject and the beg arc 
coupled by a directive force and a frictional force. The hcg itself is coupled not 
only to the subject but also to the surroundings. The latter coupling is also 
represented by a directive force and a frictional OIW. 

In the above intended schema the subject is represented by a single ma:ss. 
In reality, the body must be represented by a great many masses in the three- 
dimensional space, all coupled mutually. It has been shown that the binding 
between the larger outer parts, namely, the legs and the head, is, as a first approui- 
mation, strong enough to be assumed infinitely strong.’ 

A very important coupling is that of the heart to the skeleton.2*3*“,8,g ‘I‘hc 
coupling appears not to be strong,” so that the), cm move independently to somth 
extent. As the ballistocardiographic effect is caused by the action of the heart, 
it will be of importance to realize the influence of the weakness of this binding 
upon the ballistocardiogram (BCG). As a result of this weak binding, the heart, 
with a part of the tissues surrounding it, will move with respect to the rest of 
the body. The former will be referred to as the “heart,” the tatter as the “stlb- 
ject.” The “heart” will not move as a single mass. It is a problem of a movemt’u t 
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within an almost continuous medium. However, to make the problem at issue 
solvable, the “heart” is assumed to move as a single mass as is done for the 
“subject.” 

The more general schema in which the binding between the “heart” with 
mass mh and the “subject” with mass m ‘s, as well as that between the “subject” 
and the beg with mass rnb, and that between the beg and the surroundings are 
represented as shown in Fig. l,A. Fig. 1 ,B gives a somewhat simpler illustration 
of the same system, all composing parts being drawn beside each other. This 
way of schematization has been proposed already,4 just like the couplings, each 
of them being built up from a directive force and a frictional one. 

A. 

Xb 

B. 

Fig. 1.-A. Schematic representation of the ballistocardiographic system. The heart” of the sub- 
ject is coupled to the subject by a directive force and a frictional one. The couplings between sub- 
ject and beg and between beg and surroundings are assumed as being built up in the same way. The 
masses of the “heart,” the “subject,” and the bc: are marked by ?nh, m:, and mb, respectively. The 
different couplings are represented schematically. B, A simpler illust ation of the system of A. 

To find the influence of the various couplings upon the behavior of the 
different parts, it is necessary to write down the differential equations in which 
the forces acting on the different parts of the system are included. The way in 
which these equations are to be found has been described in previous papers2J’ 
and will not be repeated here. In the case that there are two masses movable 
with respect to each other, two simultaneous differential equations have been 
found.2 In this case there are three masses movable with respect to each other. 
Then three simultaneous differential equations describe the movement. 

The driving force is assumed to work only inside the “heart.” It equals 
the product of the body mass m, and the acceleration of the center of gravity j;,. 



The displacement xc, the velocity .;C and the acceleration 2, of the center of 
gravity of the subject with mass m, (m, = rnb + rn,,) are reckoned with respect 
to the skeleton and chosen positive to the left in Fig. 1 (footward). The respec- 
tive quantities for the “heart” (index h), the “subject” (index s), and the bra 
(index b) are calculated with respect to the surroundings and chosen positivt 
to the right (headward). Every frictional force acting between two masses is i( 
assumed to be proportional to the difference in velocity of those two masses 
The proportion factors are called /3 and provided by- corresponding indexes a+ 
is shown in Fig. 1. In an analogous way every directive force is assumed to bt* 

proportional to the difference in displacement of the masses. The proportiolr 
factors are called D and are indexed in the same way. The three differential 
equations holding for this system then read as follows: 

III the case that the binding between the “heart” and the “subject” is 
infinitely strong (Dr, = N) both the differential equations holding for the problem 
that there is only difference in movement between subject and beg are founcl 
again .2 

The center of gravity of the subject is assumed to move periodically ami, 
hence, can be developed in a Fourier series. A term arbitrarily chosen from this 
series can be written in the usual exponential form 

x, = lx,! p (hi ) 

in which x, is the displacement and jze] is the amplitude of this displacement 
of the center of gravity, w = Zav, v the frequency and j2 = - 1. 

The solution of the differential equations (l), (2), and (3), valid if the move- 
ment of the various masses is stationary, can be represented by 

lxhl, lx:\ and lxbl represent the amplitude of the displacement of the “heart,” 
the “subject,” and the beg, respectively. But their values must still be CA- 
culated. The phase shift (time-lag) between the mass movement within the 
subject and between the movement of the “heart,” the “subject,” and the br.g, 
respectively, is indicated by $9h, c,o~, and cp,,. 

By substituting the formulas (4a), (4b), (4 c , and (4d) in the three differtn- ) 
tial equations, the amplitude distortion and the time-lag can be derived t,?, a 
simple but somewhat elaborate calculation. Moreover, the difference in move- 
ment of two arbitrarily chosen masses follows from this calculation. It gives 
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a for the amplitude of the “heart” 

Ix,,] = m, w* Ln Ix,\ 

b for the amplitude of the “subject” 

1~~1 = ms w* Ls 1~~1 

r c for the amplitude of the beg 

IxLI = m, w* Lb Ix,j 

The abbreviations LI,, L,, and LI, stand for: 

(5) 

(6) 

(7) 

in which 

s, = w'(m8h+ Pd.+ PAL) - @Wa+ DDbI 

s, = w3mbps- u(,UhDsf PtD+ P.Dt,+ PbDhj 

6, = w’P,J. - DID, 

b, = -w(P,D,+ PA) 

n, = -w6(mhmlgmb) + 

+w’(m,mDh+ mhmbD.+ m,,mbD,+ mhm:DLf md$b+ m&hPb+ %fihfl.+ mb!%fi*) - 

--w’ (mhD,D& m,D,,D,+ mbDhD,+ m,D,,D,+ Pt,PsDbi- PP,PLD~+ pd$h) -/- (DbD,D,) 

7~~ = W”(mnm.$s+ mhm,‘bL+ mhmbfi8-k fww%) - 

-w”(mhPbD,+ m+$.Da+ m&Db+ m,fisDh+ m&D,+ ms~hDsf m&D.+ mbPaDh+ /h@$b) 

+w(&DsDb+ PaDhDb+ P,D,DJ 

d for the ratio between 
“heart” and “subject” and 

Ix, - x’, 

the amplitude of the difference in displacement of 
the amplitude of the displacement of the “heart” 

I-Qh-- I [ 
LIZ (A,- s,)~ + (/a, - s,)2 + 

2- 
h, i- h,% 1 (8) 

We calculated this ratio because of the reason that it is interesting to know 
whether the difference in movement of “heart” and “subject” is strongly de- 
pendent on the type of beg that is made use of. It would be obvious to calculate 
for that purpose the amplitude of the difference in displacement of “heart” 
and “subject” (LX,, - xi] as a function of frequency. However, it will be clear 
that this amplitude does not give a reliable answer to the question. For the 
displacements of both types of bcg!s are widely different for the same subject. 
Consequently we took the ratio between the above-mentioned amplitude and the 
amplitude of the displacement of the “heart.” 

DL) 



P for the phase shift (time-lag) between the displacement of the rellter oj 
gravity and the displacement of the “heart” ph 

h,n, - h,n, 
tgri = h,n, + h,n, 

j‘ for the phase shift (time-lag) between the displacement of the center 0’ 
gravit!. and the displacement of the “subject” +o: 

g for the phase shift (time-lag) between the displacement of the center II~ 
gravity 2nd the displacement of the beg cpfl 

If the BCG is obtained bl- recording the displacement of a low-jkeyuenry t1c.g 
(Ilatural frequency of the loaded instrument low with respect to the heart frt.- 
quency) the recorded curve is intended to approximate the displacement of the 
center of gravit!. xc. The above given formulas (5) to (11) can be applied on 
this type of beg. 

lf the JX‘G is obtained by recording the displacement of a high-j?equrnr:y ix g 
(natural frequency of the loaded beg high with respect to the heart frequeuc! I 
the recorded curve is intended to approximate the acceleration of the center + )f 
gravity iC. So, in these formulas X, is to be considered as required, as .Y,.w~s -II 
the cases described above. For the latter type of beg the formulas below holcl, 
which follow from those given above by a simple t rnnsformntion. It Kivys 

n for the amplitude of the “heart” 

.a-,,/ = wsz,,. 5.’ I1 !: 

b for the amplitude of the “subject” 

I .Y r / = m s L , :c ,. j I1 41 

c for the amplitude of the beg 

’ . ’ pi,, = m, L,, ‘:i-,j (13-i 

d for the ratio between the amplitude of the difference in displacement of 
“heart” and “subject” and the amplitude of the displacement of the “heai t” 
formula (8) 

c the phase shift (time-lag) between the acceleration of the center d gr;tv:t > 

and the displacement the “heart,“ the “subject,” and the beg (PI,*, q’,* and 
cph*, respectively, are to be found from qhr p’s and +Q, (formulas (9), (lo), and ( 11) 1 
by a relation derived ear1ier.j 

‘To make the results of the calculations given ill the formulas more easily- 
accessible, the amplitude distortion and the phase shift can be represented grnph- 
icall>C. For that purpose, it is necessary to know the numerical values of th(* 
constants that are met with in these formulas. 
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For the values of m, = ?n; + mh, mb, p8, Pb, D,, and Db, the same numbers 
will be used as in a preceding paper.2 They are found in Table I. The improve- 
ments yielded by StarriO could not yet be taken into account. 

TABLE I 

LOW-FREQUENCY beg (BURGER) HIGH-FREQUENCY beg (STARR) 

I- 
mb (Kg.) 0.5 1.5 4.5 0.5 1.5 4.5 
m: (Kg.) 73.5 72.5 69.5 73.5 72.5 69.5 

m. mb jg:j 74 74 74 74 74 6.0 6.0 6.0 15 1.5 I 
Di, (103Kg. s-~) 1.3 3.8 12 1.3 3.8 

;; 

D, (104Kg. s-~) 6.5 6.5 6.5 6.5 6.5 6.5 
Dt, (lO*Kg. r2) 2.9 2.9 2.9 80. lo2 80.102 I 80.102 
;: (lO*Kg. (Kg. s-l) s-l) 9.8 8.5 26 9.8 77 9.8 9.8 8.5 26 9.8 77 

fib (10 Kg. S ‘) 12 12 12 9.6 9.6 E 

The numerical values of the constants appearing in the formulas given above which hold good for 
the low-frequency beg with a (loaded or not loaded) natural frequency of 0.3 c/s and for the high-fre- 
quency beg with a loaded natural frequency of 15 c/8. The values of the constants determining the 
binding between “subject” and beg (with index 8) are used in case a footplate is applied. Except those 
concerning the binding between “heart” and “subject,” all constants are taken from an earlier paper.2 

It is more difficult to trace numerical data concerning mh, Ph, and Dh. 
For mh, the mass of the “heart,” we have chosen three values, namely, 

mh = 0.5, 1.5, and 4.5 Kg. 

These values have been chosen for two reasons. In the first place, to find out 
what will be the influence of the numerical value of the “heart” mass on the 
reliability of the recorded curve. In the second place, because we are convinced 
that this region includes the correct values of mh occurring in practice. Data 
concerning Dh are given in the literature. 3a4 Von Wittern gives for the natural 
frequency of the “heart” about 5 c/s, but that number might have been deduced 
from a single measurement. GrandelI gives as a result of a series of measure- 
ments, done in another way (though at necropsy), a mean value of 8 c/s. For a 
reason that will be mentioned below, we prefer the use of the latter number. 
With the aid of the approximating formula 

4 P=Vh= = Dhlmh, 

holding for not too large dampings, the following data for Dh are found, using 
the above given data of mh respectively: 

Dh = 1.3 lo”, 3.8 lo”, and 12 10”Kg. s-‘. 

We found data concerning Bh only in the above paper of Grandell. He gives 
for the experimentally determined damping about 65 per cent per cycle as a 
mean value. We interpreted that this meant (Fig. 2) 

x0 - x* ____ = 0.65. 
x0 
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From this the damping coefficient Ijh can be derived in the following way. 
As for a free vibration x,/x, = x,/x, holds, it follows for the amplitude ratio in 
two successive inversion points: 

EL = (1 - 0.65) + = 0.59. 
0 

From this ratio, making use of a formula deduced earlier,” it follows for t-ht, 
ratio ~3h of the damping Ph and the critical damping (@,)cr;t: 

6, = 0.17. 

The critical damping equals: (/31Jcrit = 2 dSi-~-o mh hr so oh can be calculated fog 
the three above-mentioned cases in which the value of Bh is kept constant. 11 
results in : 

These numbers complete the necessary numerical data. They are tabulated irl 
Table I. 

From the given formulas (5) to (11) all characteristics are to be found whell 
use is made of the data given in Table I. But as the calculations are rather 
extensive, only a few representative characteristics have been worked out nu- 
merically. The following characteristics are represented: 

1. ‘l‘he amplitude characteristics of the low-fvegltenry beg if the displacement of the center 

of gravity xc is found by recording the displacement l-b of the “subject.” They are calculatrd 
for the cases that the mass of the “heart” equals 0.5, 1.5, and 4.5 Kg. (Fig. 3). For frequencies 
higher than 4 c/s the heights of these characteristics differ only a few percentages. ‘Therefore, 
only one line could be drawn in this region. Also a phase characteristic holding for the case th‘it 
wzh = 1.5 Kg. has been drawn as a representative for the three cases corresponding to the three 
values of WZ~ (Fig. 4). 

2. The amplitude characteristics of the Zow-frequency beg if the displacement of the center 
of gravity x, is found by recording the displacement x6 of the beg. The mass of the “heart” 
equals 0.5, 1.5, and 4.5 Kg. (Fig. 5). For frequencies higher than 4 c/s the heights of the char:*+ 
teristics agaiu differ only a few percentages. In the caPe of tnh = 1.5 Kg. the phase rharacterisrk 
is represented too (Fig. 6). 

3. The amplitude characteristic of the high-frequency beg if the acceleration of the renter 

of gravity 2 c is found by recording the displacement of the “subject” xi. The mass of the “heart” 
equals 1.5 Kg. (Fig. 7). 

4. The amplitude characteristic of the high-frequency BCG if the acceleration of the center 
of gravity x, is found by recording the displarement of the hrg ~6. The mass of the “heart” eqn& 
1.5 Kg. (Fig. 8). 

5 . The ratio between the amplitude of the difference in displacement of “heart” and “s(tb- 
ject” [xh-x:] and the amplitude of the displacement of the “heart” ’ .xh 1, if a low;frrc~uency I,cg 

is used (Fig. 9, If). 
6. The ratio between the amplitude of the difference in displacement of “heart“ and listlb- 

ject” IxJ,-x~[ and the amplitude of the displacement of the “heart” I xh/ if a high-/reclnency kg 
is used (Fig. 9, hf). 

DISCUSSION 

1. The given formulas have been checked by the examination of extreme 
cases. For instance, for the case drawn schematically in Fig. 10, in which the 
binding between “heart” and “subject” is supposed to be extremely strong 
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(Dh and,/or fiiL = m ), must hold the formula given for a more simple case.2 More- 
over, j~kj from formula (5) must then be equal to lx;] from formula (6), for two 
rigidly coupled masses must move in the same way. In the same case, the 
phase shift cp’, in formula (10) must be equal to the phase calculated earlier.$ 

Fig. Z.-The deflection from the equilibrium pos:tion E of an unforced damped system that is 
brought out of that position plotted with respect to time. 

Fig. 3. -The amplitude characteristics of a low-frequency beg if the displacement of the center 
of gravity zC is found by recording the displacement of the “subject” z’*. The difl’erence between the 
characteristics is only mm’e than a few percentages in the neighborhood of 3 c/s. The broken line holds 
if the binding between “heart” and “subject” were inflnite’y strong. 

In this way a number of other special cases are to be found. All checks 
gave the results that were predicted for the corresponding simpler cases. 

2. In Figs. 3 and 5 a high resonance peak appears in the place where the 
frequency v equals the natural frequency of the “heart” with respect to the fixed 
“subject” (V = 8 c/s). In a preceding paper, 2 in which only the relative move- 
ment of subject and beg was taken into account, this high resonance peak did 
not occur. To find out when such a peak occurs and when it does not, the be- 
havior of the system in two simplified cases will be represented graphically. 

In both simplified cases the binding between “subject” and beg is assumed 
to be infinitely strong (OS and/or p8 = w ). Therefore, the masses inside the 
outlined area of Fig. 11, A move as a whole. Fig. 11, B gives a simpler drawing 
of t,he same system. The amplitude characteristic of this system is represented 
in Fig. 13, curve 1. It is assumed that the displacement of the center of gravity 
is found by recording the displacement of the mass m; f mb. The second sim- 
plified system equals the first except that the masses mh and rn; + mb have been 
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Pig. 4.-The phase characteristic of a tax-freyuent’y beg if the displacement of the centcir of gravilY 
zr is found by recording the displacement of the “subject” r.‘. belonging 10 a value of the mass of t,hc 
“heart” of 1.5 Kg. The broken line gives the characteristic if t.here were no difference in movements 
between “heart” and “subject,” 

1 I I illll 
0.2 03 0.5 1 23 5 10 20 30 

Fig. 5.~-The amplitude characteristics of a low-frequency beg if the displacement of the center of 
gravity X? is found by recording the displacement of t,he beg x,,, The characteristic representing l,h*: 
case t,hat “heart” and “subject” were inflnbely strongly bound to each other is given by t,he broken line. 

-2od 
t 

F’g. 6.-The phase characteristic of a low-frequency beg if the displacement of the center of gravit,y 
zr is found by recording the displacement of the fcg z,, belonging to a value of the mass of the”heart” 
of 1.5 Kg. The characteristic representing the case that the compliance of the “heart” would ho zero 
is shown by the broken line. 
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interchanged (Fig. 12). The amplitude characteristic of this system is repre- 
sented in Fig. 13, curve 2. The results are scarcely dependent on the choice of 
mh. In this case it is assumed that the displacement of the center of gravit) 
is found by recording the displacement of the mass mb. In both cases the nu- 
merical values of Table I have been used. 

Fig. 7.-The amplitude characteristic of a high-frequency beg if the acceleration of the center of 
gravity XC is found by recording the displacement of the “subject” 2:. The mass of the“ heart” has 
been chosen 1.5 Kg. The ordinates are given in square seconds. 

Fig. E&-The amplitude characteristic of a high-frequency beg if the acceleration of the center of 
gravity i; is found by recording the displacement oP the beg zl,. The ordinates are given in square sec- 
onds. 

From the characteristics of Fig. 13 it appears that the height of the above- 
mentioned resonance peak is highly dependent on the sequence of the masses 
if the coupling constants remain constant. From this it is understandable that 
in the characteristics represented in Figs. 3 and 5 the height of the resonance 
peak may be great. Moreover, it is understandable why the resonance peak in 
an earlier paper2 was low. 

3. In the calculations to obtain the characteristics represented in Figs. 3 
and 5 the mass mh of the “heart” equals 0.5, 1.5, and 4.5 Kg. GrandelPgives 
for the mass of the proper heart about 0.5 Kg. But not only the heart will move 
with respect to the skeleton; a part of the tissues surrounding it will be made 
to move too. The tissue close to the heart will perform the same movement as 
the heart, while the tissue will carry out a smaller movement as it is more re- 
moved from it. We introduced therefore an effective mass ??%h. The radius of this 



effective mass is assumed to be about 2 cm. larger than that of the heart. Frorr~ 
this it follows for the value of ml, about 1.5 Kg. 

To examine the importance of the choice of the numerical value of VZ~ the. 
characteristics belonging to somewhat different values of mh are here reprcsentrcl 
in a few cases. Knowing the exact value of the “heart” mass appears not tt t 
be very important. Therefore in all cases except those of Figs. 3 ;mtl 5 VI,, ii 
taken 1.5 Kg. only. 

-1. From the above it follows that it is understandable why the height (,i 
the peaks in Figs. 3 and 5 is so great for the given binding. The resonance I,IX~ 
at about 8 U’S means that occurrences appearing with this frequent). will be rc’lr- 
resented more conspicuously than those closer to the heart frequellch,. HO\\ - 
ever, in t-he experimentally determined BCC this frequency is hardly to be fnulltl. 
Because of this reason we suppose that the damping found by GrandelI from 
his experiments might be smaller than it is in the intact human body. I’c~rh;il~~ 
this is c-aused by the removal of the 2 costal cartilages. 

2- 

Fig. O-The ratio of the amplitude of the difference in displacement of “heart” and “suhjwt” 
1 T/$-T:\ and the amplitude of the displacement of the “heart” !  IA!, whrn a lox-frequrncfl hrg is ucsxl 
(curve lf) and when a high-frequency beg is used (curve hf). 

From our calculations it followed that the height of the peak is very strollxi\ 
dependent on the value of 6&, the ratio between the damping coeficient fib as 
it presents itself in reality and its critical value. From Crandell’s paper” WC 
deduced B,, to equal 0.17. We erroneously made calculations also with 61, = 0.1 I, 
and the height of the resonance peak for Y = 8 c/s appeared to be a few tintex 
greater than in the cases ah = 0.17, represented in Figs. 3 and 5. 

As we supposed the damping determined by Grandell to be too small, WC 
calculated in one case the amplitude characteristic for a larger damping of I hc 
“heart,” namely 8h = 0.29 (Fig. 14). We believe that it would be a good plan 
to repeat the measurements concerning the natural frequency and the damping 
of the “heart” with respect to the “subject.” These should then be done with- 
out the removal of parts of the thoracic cage. Perhaps people with it splinter 
in the heart wall would be very good subjects. 

5. As has been mentioned above, von Wittern’ found for the natural ire- 
quency of the heart with respect to the thoracic cage 5 c/s. He determined this 
value in the following manner: From roentgenograms it: appeared that t hc ht,art 
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in the upright position had shifted 1 cm. with respect to the ribs in the direction 

of the feet, as compared with the reclining position. However, in comparing 
these two cases the displacement is originated by the action of gravity on all 
organs in the trunk. Von Wittern may have found a larger displacement of the 

oh . 
4 
. 

Ph / 

mh 

Fig. IO.-The system given in Fig. 1,A and B. The binding between the masses inside the out- 
lined area is assumed to be infInitely strong in this case. 

21 . 

mh mL+ mb 

B. 

Fig. Il.-A. The system given in Fig. 1, A and B. The binding between the masses inside the 
outlined area is supposed to be infinitely strong in this case. B. A simpler illustration of the system 
given in A. 

m:+mb mh 

Fig. 12.- The same system as given in Big. 11, B, except that the masses are interchanged. 

heart than would be caused by a force working on the heart alone. Starting from 
this hypothesis and using von Wittern’s formula4 it is clear that he found a low 
natural frequency (5 c/s). For this reason we did not make use of the number 
given by von Wittern. 
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I t I11111 
al 02 cl3 as 1 23 5 10 20% 

Fig. 13.-The amplitude characteristics of the systems represented in Figs. 11 and 12. if the dis- 
placement of the center of gravity zc is found by recordin : the displacement of the mass to r,he right 
in Irigs. 11. R and 12 (curves 1 and 2. respectively). 

“I 
amp4 x: 

XC 

2- 

Fig. 14.-The ampl:tude characteristic of a lowfre urncy brg if the displacement of lhe VXIIHP 
of gravity z, is found by recording the displacement of the “subject” r:. The mass of the “heart” is 
chosen 1.5 Kg. The difference between this character stic and those represented in F’g. 3 is only that 
the damping,of the “heart” is chosen somewhat larger in Fig 14. 

Fig. 15 .-The amplitude and phase characteristics taken from Figs.3 and 4 for the case that t,he 
mass of the “heart” equals 1.5 Kg. represented in one figure. The numbers along the curve represent 
the frequencies in c/a. 
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6. The representation of the displacement of the center of gravity within 
the subject, if it is recorded by a low-frequency beg, is certainly better than is 
given by the characteristics of Figs. 3, 5, or 14. Not all displacements occur 
within a part of the body that is elastically bound to the skeleton. For instance, 
the arteries in the extremities may be assumed to be bound rigidly to the skele- 
ton with respect to the binding between “heart” and skeleton. So the repre- 
sentationof the BCG will be better than is actually represented in the above-men- 
tioned characteristics. This problem and the quantitative prediction of the 
BCG will be treated in a later publication.’ 

CONCLUSION 

Records of the ballistocardiogram are distorted by the weak binding be- 
tween the heart with its surrounding tissues and the skeleton, and by the bind- 
ing between the skeleton and the ballistocardiograph. 

From the numerical treatment given in the present paper it follows that 
only the components of higher frequencies are distorted if a ballistocardiograph 
of the low-frequency type, e.g., according to Talbotr or according to ours,2J*6B is 
made use of (Figs. 3 and 5). 

Moreover, it follows from this treatment that the ballistocardiogram is also 
distorted for frequencies closer to the heart frequency if a ballistocardiograph of 
the high-frequency type (according to Starr) is used. This is caused by the 
gliding of the subject over the ballistocardiograph (Figs. 7 and 8). 

SUMMARY 

The influence of the binding between heart and skeleton and between skele- 
ton and ballistocardiograph upon the representation of the human ballistocar- 
diogram has been treated quantitatively for the low-frequency and the high- 
frequency ballistocardiograph. 

It appeared that frequencies close to the frequency of the heart are more 
distorted when a high-frequency ballistocardiograph is used than when the low- 
frequency ballistocardiograph is the recording instrument. This is caused by the 
compliance between subject and ballistocardiograph as well as by that between 
the latter and the surroundings. 

APPENDIX 

There are a number of methods for indicating the quality of representation of a phenomenon. 
To represent the distortion of the ballistocardiogram by the transducer systems we have chosen 
the method in which the amplitude and phase distortion are given separately. 

As an example of another method of representation of the distortion, the results given in 
Figs. 3 and 4 will be represented inanother way for the case mh = 1.5 Kg. A common method 
in techniques called the Nyquist diagram will be applied for this purpose. 

From the differential equations (1) to (3) it followed that 

Formula (5) is to be found from this equation by calculation of the absolute values. Moreover, 
formula (10) follows from relation (15). Instead of evaluating the amplitude ratio Ix,I/[x~~ and 
the phase shift (D: apart, both can be found from one figure. On the rectangular axes of Fig. 15 
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the real part of the right side of formula (15) is plotted on the horizontal axis while the imaginar) 
part is plotted on the vertical axis. For each frequency a point in the coordinate system is found 
The frequencies in the range from 0 to 30 c/s give the curve represented in Fig. 1.5. For an ar- 
bitrarily chosen frequency the amplitude representation is found by measuring the distance front 
the origin of the coordinate system to the point of the curve belonging to that frequency. The 
phase shift for that frequency is found by measuring the angle between the just mentioned lint 
of communication and the positive real axis. The angle is calculated positive in the direction ci 
the arrow in Fig. 15. 
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