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FOREWORD

T™his dissertation is offered in two parts, Part I
consists of a monograph entitled "The Ballistocardiogram" which
will be published by Charles C, Thomas in the series "American
Lectures in Circulation” under the editorship of Irvine C, Page
and A, C, Corcoran, Since no dbook however small has yet been
published in this relatively new and little understood field,
it attempts to present as simply &8s possible, ana with a mini-
mum of mathematics, a comprehensive picture of a physiological
techuique which offers promise not only in circulatory investi-
gation, but elso in c¢linical cardiology.

Cur own laboratory 1sia newcomer in the field and
most of the work cited is by others, Moreover we have attempt-
ed to move slowly and along fundasmental lines, e have, at
least, settled the controversy as to whether the balllstic
teble should be'of high or low frequency in order to reproduce
accurately the forces acting upon it. This is discussed in
the appendix, We have also described the high frequency bal-
listocardiograph which moves in the frontal plane 0f the body
and records simultaneously displacement at four points. This
is briefly discussed.

Part II represents original work which is a logical
outgrowth from investigations performed with the two dimensio-

nal instrument mentioned above, After this was built and,

IX

p
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after much difficulty installed in the basement of the Cincimmati
Generel Hospital, it soon vecame spparent that the two displaece-
ments would be much more meaningful if they could be synthesized.
How it was accomplished is described in this part entitled "The

Vectorballistocardiogram®,

II1
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PART I

THR BALLISTOCARDIOGRAH
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PREFACS

This monograrh represents a palr of lectures delivered
et the University of Cincinnati in the Spring of 1951, TWo at-
tempt has been made %0 cover the field cof ballistocardiography
in specific fashion, sven though it is a small one, 4s & matter
of fact, the time is not yet ripe for even a modest text; for
if one wers to be writtem today, it would be nearly useless by
the time of publication. And yet it may not be without point
to present, in more comprehensive fashion, & picture of this most

challenging and rapid-moving field.

Cardiac Laboratory John R, Braunstein
The Cincinnati General Hospital

May 1951
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INTRODUCTIOR

It is something over ten years now since Isaac Starr

coined the term ballistocardiogram, described a workable instru-

ment %o produce the record, end published his first major paper
in the newly named field. In the interval, many cardiologists
have been frankly skevticel of the tool, others have falled to
grasp the physiological implications of the method, some hardy
souls have tried to improve the technique; but only a few have
been more than transiently attracted to & record whose fasci-
nation lies in the fact that in it 1s locked the secret of tha
dynamic action of the heart. Quite recently, however, the con-
dition has begun to change. Many more papers are being published,
both of a clinical and fundamental nature. Gradually the rscord
is beginning to yield 1ts secrets; and, although the field is
now in a state of healthy flux, it mey be worth while to take a
look at its remote and recent ancestors, its present condition,
and hazard a guess or two as to the direction it will take in

the future. -
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HISTORY

What early man became first awars of his heart beat
is lost in antiquity, whether or not he haed yet woven a basket
or baked & vot is unknown. and what biophysicist it was that
secrotly in the middle of the night applied the law of the
conservation of momentum to his own heert action has not tran-
Spired, yet it remained for a modern Scot to make the flrst re-
cording of the forces imparted by the heart to the body. 1In
1877 in a paper entitled "On Certain lolar Lovements of the
Human Body Produced by the Circulation of the Blood" J. W. Gordon
describes a light bed suspended by ropes from the ceiling. He
also describes an earlier record taken from & spring weighing
machine which suggests that he made his 1nvezit10n vhile standing
on one of these, A record taken by each of these technigues
{8 shown in Figure 1, Nothing much seems to have come. from
Gordon'’s work, and a hiatus exists until 1905 when Yandell
Henderson, who was unaware 0f Gordon's paper, suspended a plank
from the ceiling by wires., Side motion of this plank was pre-
vented, and the head to foot motion magnified by a series of
levers and recorded on a smoxed drum, His recording device is
shown in Figure 2, and some of his early records in Flgure 3.
Henderson suggested that the amplitude 0f the record was re~
lated to the cardiac output, Unfortunately, however, his table,

which hed quite a long period, required cessation of breathing

-2 -
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Hegure 1,

. Illustrationz from Gordon's Original Article. The left hand
tracing is takxen from & spring weighing machine, The right
hand one from his constructed instyument, These early recsrds
jllustrate the fundamentsl difference between the high amd low
frequency instrument,
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Fig. 2.

In Fig. 1 the downstroke which is immediately succeeded by a long upstroke
is synchronous with the systole : the next downstroke is the second deflection
referred to in the text. The upstrokes are to be regarded merely as indicating
the instrumental tendency to restore equilibrium.

In Fig. 2 the letters bear the same significance as in Dr Galabin’s figures.
Vide infra.



Figure 2,

Henderson's recording device as illustrated in his original
articls, This is an excellent example of the crude type of
the instrumentation with which so much important physiologi-
cal work was done In the not too distant past.

-d-
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FIGURE 2.—In Figure 2 is shown the arrangement of the

recording lever. Attached to one corner of the table 7°
by the hinge A is a strip of stiff steel (15 by 1.2 by
0.2 cm.). By means of the spring .S the strip of steel
is held against the wheel /. This wheel is ground with
the utmost precision to a diameter of 10 mm. Fastened
to the wheel is an aluminum rod 10 cm. long which
connects by means of a link with the lever B. The
short arm of this lever, which is also of aluminum, is
3 cm. in length, the long arm to the writing point 15 cm.

‘Thus every movement of the table is magnified 100

times with an error of probably less than 1 per cent.
The advantages of the arrangement are that the con-
nection between the table and lever is broken by simply
loosening the spring, and that in any position of the
table the lever is easily set to write upon any part of
the smoked paper on the drum on which is recorded
the recoil curve. Throughout these investigations a

‘drum turning on a horizontal axis has been used, in

order to avoid distortion of the recoil curve by the

weight of the lever influencing the swing of the
table.



Figure 3.

Some 0f Henderson's original "recoil curves", The upper of
each of the paired curves is & pulse tracing., The lower is

the "recoil curvem., Vertical lines are time markings, Since
the table had a long period, the records are not unlike those
produced by Gordon's instrument (Figure 1, right hand tracing).

—5a
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Cerculation as Skown by o Recoil Curve.
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with excellent and simultaneous muscular relaxation in order
to obtain a record free of artefact, an athletlic feat not easi-
ly achieved by the average subject.

In the thirty o0dd years which intervened between
Henderson's paper and the early work of Isasc 3tarr anumerous
records were obtained in a variety of ways by different workers,
but in no instance did any show the sustsained interest, or sin-
gleness of purpose reguired to develop so complex & project,
These ars reviewed in Starr's early article. Douglas and his
group (which included Henderson) used a plank supported on piles
of cork during the Pike's Pesk expedition to determine whether
altitude affected cardiac output., Their observations may be
noted in Figure 4 and the instrument employed in Figure 5,

In the same year (1913) Thomas Satterthwaite of New York ob-
tained a good record from a patient sitting on a spring weigh-
ing machine (Figure 6 and 7)., Hsald and Tucker (1922) devised
a platform, on which the patient stocd, which was suspended
from the diavhragm of a drum. Change in the internal volume
of the drum was recorded by changes in the current flowing
through a hot wire placed in the iunlet. This instrument is
illustrated in Figure 8 and the results of an experiment per-
formed on it in Fgure 9. A few years later (1928), two
GCerman physicists, Angenheister and Ls=u, obtained records

from & seismograph placed alongside a subject lying on a

)
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Figure 4,

Records. teken on the Plke's Peak expedition., The comments
which are reproduced with the tracings are sel f-explanatory,

-7—
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Fig. 16.

Recoil curves obtained with apparatus shown in fig. 17. The relative amplitude of the curve of any
individual at any time is taken as an index of the systolic discharge of the heart. Note that the
curves obtained in ourselves after acclimatisation to the altitude of the Peak were not sensibly
different in size from the normals recorded in Colorado Springs. Nor are the curves of the regular
summer inhabitants of the Peak, RoBisoN, RusserL, and DEVINEY, notably different from thcse of
men of corresponding physique at sea-level. Note also that in DovGLAS on July 13, and in FurLr
on July 25 and August 4, the condition of mountain sickness was accompanied by a marked
diminution in the amplitude of the recoil curves. Somewhat the same phenomenon appears in the
curve from HALDANE on August 1 after a carbonic oxide and low oxygen experiment. The occasional
dropping of a heart heat in the records from HENDERSON was the result of tobacco, not altitude. In
the right-hand lower corner are given the original scale of the height and duration of the curves.

h
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Filgure 5.

The instrument used on the Pike's Peak expedition complete
with subject in vest and stiff collar,
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Figure 6.

Thomas Satterthwaite of New York employed a standard doctor's
spring scale popular at the time to which he attached a long,
light writing arm as illustrated. The second psn is a pulse
recorder and the bottom one a time marker,

N _ \
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Figure 7.
The record illustrated shows only what we now call the bal-

listocardiogram, Note that the head-foot convention is the
reverse 0f that now usually employed.
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Figure 8.

Heald and Pucker's Instrument,
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Fr1a. 1,

A, platform ; B, drum and diaphragm ; C, microphone and accessory cylinder ; C!, micropbone grid ; D, Wheatstone bridge circuit ;
E, Einthoven galvanometer ; F, source of light and time wheel ; G, camera and automatic developer ;
H, pulse microphone ; K, breathing microphone.



Figure 9.

Series of curves from one of Heald and TMncker's sxperiments,
These look quite unlike curves previously illustrated since
the hot wire was unable to tell which way the air was moving,
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Fig. 11

(a) Normal Recoil Curve as
general Control,

{(b) 5 minutes after 1 ounce
of Peppermint Water (to
demonstrate presence of
a psychological effect, if
any). Showing no psycho-
logical effect produced.

¢) 5 minutes after 1 ounce
of Peppermint Water, to
which 15 drops of Liquor
Adrenalin had been added.

{d) 5 minutes after 1 ounce
of Peppermint Water, to
which 1/150 grain of
Nitroglycerin had been
added. Showing great
increase in second and
third peaks.

{e) Contro! curve taken half-
an-hour after (d), show-
ing complete return to
normal.




rigld table (Figures 10 amd 11), In 1933 Abramson, a Swedish
physiologist, built a chair of aluminum glloy suspended from
springs imbedded in a cast steel base on a concrete foundation
(Figure 12)., This is said to have a natural frequency of 75‘
cycles per second when loaded with 70 kilograms of mess, an
indication of the quality of the engineering emvloyed in its
construction. A record is illustrated at both slow and fast
paper speeds in Figure 13. Abramson, however, s00n became 11l
and his project was sbandoned in spite of its auspicious begin-
nings.

In 1939, Starr published the now ciassic paper in
which he described a simple and workable high frequency in-
strument, investigated the damping of the human body, and set
up empirical equations for caleulating the stroke volume and
minute output of the heart, In the years which have followed,
end in spite of World War 11, he has continued to develop the
field, which for all practical purposes he foundedj and has
made numerous contributions to ballistic theory, instrumental
design, and the clinical application o0f the technique. During
the war, Nickerson developed the so-called low frequency, ocrit-
ically damped ballistocardiograph., He and his followers viere
at first primarily 1nterésted in output studies and the theo-
retical imvlications of the method; but of late, papers of a

clinicsl nature have begun to appeer, Since the war, Dock,

-13-
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Ilethod. used by Angenheister and Iau., The table 1s supported
on felt pads, ’

iy 1 2
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Fig. 6. Versuchsanordnung der seismographischen

Aufnahme der Herztatigkeit. 1 Tisch; 3 Filzunter-

lage; 2 Seismograph; S Spiegel; L Lampe; W Re-
gistrierwalze.



Figure 11,
Records taken by Angenheister and Leu, In spite of the com-

parative excellence of these records, note the high frequency
artefact probably due to building tremors.

-l5a
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Figure 12,

Abramson's instrument together with a natural frequency curv

obtained for it. v ‘
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Fig. 6.
Schema des Kardiodynamographen.

Fig. 7.
Der Kardiodynamograph von hinten.

Fig. 9.
Fig. 8, Eigenschwingungskurve des Kardio-
Der Kardiodynamograph von vorn. dynamographen. Zeit in !/; Sek.
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Figure 13.
A record from Abramson's mechine at slow and fast paper speeds.

Tote that even here is some high frequency artefact in spite
of a concrete foundation,

A
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realizing that the ballistocardiogram contained valuable clin-
ical information, attempted to find a simple way of recording
it. These three instruments will be considered in the next
chacter.

Anyone, however, who wishes to evaluate critically
these or other instruments which may be offered in the future
may do well perhaps to stop at this point and read the appendix,
(where a few simple principles of vibrating systems are consid-

ered) before proceeding.

-18e
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MODERN INSTRUMENTS

when Starr built his now historic table, like Yandellh
Henderson, he suspended it by long wires from the ceiling. For
his restoring force he used a piece of hardened tool steel
"mounted on a rigid welded steel structure of pipe and channel,
screwed to the floor and braced ageinst the side wall", He
prevented lateral motion with two struts attached to the wall
through a flexible joint. Figure 14, taken from his original
article, 1llustrates the construction. The natural frequency
(fy) of this table is 10,5 sec. when loaded with 150 1lbs., of
iron*, In the design of this instrument, Starr kept the bar
responsible for the restoring force separate from the supports,
a matter of some theoretical impértanoe, since the supporting
structure under the weight of the tavle and subject will under-
go & small deformation, This consideration, however, probsably
introduces a negligible error, and has been ignored by most
subsequent designers of this type. Figure 15 illustrates a
commercial model now in production, This has extension feet,
and can be moved from room to room, The loaded frequency of
the instrument 18 advertised as above 14 c.p.s. RNeither of
these instruments has any damping**, but depends upon that

provided by the subject.

*For definition of natursl frequency see page 61,

**For definition of damping see page 61,

]9
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Figure 14,.-

Design for Doctor Starr's original table.
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Figure 15.

High frequency commercial instrument (Technitrol Model 128
ballistocardiograph), Courtesy Technitrol Engineering €o.

-2l
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In our laborstory, we have constructed a high fre-
quency research instrument which moves in the frontal plane |
of the body i.e., it moves not only from head to foot but
elso from side to side, This motion is obtained by mounting
the teble top on four rods (Figure 16), Some 104 of critical
damping* is added by means of copper bars attasched to the top.
These move in the magnetic field of a set 0f permanent magnetse
Although this added damping was probably not necesszary, since
this was constructed as research instrument, we provided it to
be certain that we had enough, This instrument‘weighs some-~
thing over one ton, and in spite of its mass is extremely sen-
sitive to extranfaous vibrations. We have had, as & matter of
fact, a good deal of trouble finding a basement room where
building vibrations were minimal, 1Its duplication, for routine
work, 1s not recommended. In this last regard, the commercial
Instrument described abovg, although I have had no experience
with it, appears to be well designed, and is sald to be satis-
fectory. Anyone with a shop at his disposal and & good meché
nic should be able to make & high freguency ballistocardlograph
without too rmuch difficulty. A

Thers are only two major pltfalls, and both are avoid-
able: 1) while the top should be light it must be trussed so
that it does not bow in ‘the middle, and 2) any members used

in the base must not have a low natural frequency. This last

*For criticel damping see page 63,

-Qf -
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Figure 18,
High frequency instrument described by Braunstein, Oelker, and
Gowdy., The top moves from heai-to~-foot and side-to-side.

Side-to-side motion is recorded simultaneously at three polnts
together with head-to-foot motion.

2l
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is most easily svoided by making the baae of wood, using 4X4
posts and heavy planking.

The Nickerson instrument consists of & light table
supported on four long springs. 7This is now available commer-
cially and is illustrated in Figurs 17. Riding over the springs
are adjustable clamps so that the effective length of the springs
can be lengthened or shortened at will, Since the natural fre-
quency changes with the mass, and according to Nickerson's con-
cept should remaln fixed at 1.5 c.p.s., the effective spring
lengths are so calibrated that the natural frequéncy will re-
main constant for given increments. A sultable adjustment can
then be made according to the patient's weight, Damping is
obtained by means of a sylphon bellows containing 0il, and this
device, too, is calibrated for different increments of mass to
obtain critical damping., The sylphon provides viscous damping®
but, since the viscosity of oil varies with temperature, &snother
factor requiring control is introduced,

The third type of instrument now in use was developsd
by Professor Dock. This too is commercially available and is
illustrated in Figure 18. To use 1%, the patient lies supine
on a rigid table; and as he moves back and forth on his own
supporting structure, the instrument, which rests on his shins,
moves back and forth,to05. The motion of the instrument with

reference to the tsble ls picked up by & photocell and the

*For viscous danping definition sse page 63,
24~
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Figure 17,

A commercial instrument of the Nigkerson type.
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Figure 18,

Commercial version of FProfessor Dock's instrument. Courtesy
of the Sanborn Company. .
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output fed into a suitable recorder.

¥e have now considered the three types of instruments
in use today. In summary they are: 1) the Starr type with a
loaded natural frequency of 10 c.p.8. or higher, and with no
added damplng, (except in the case of our 0wn research instru-
ment ); 2) the Nickerson type in which critical damping and a
natural frequency of 1.5 ¢c.pP.8. are maintained constant for
di fferent increments of mass; and 3) the Dock type which re~
cords the metion of the subject as he moves back and forth on
a rigid table.

In discussiﬁg instruments, it may not be amiss to
say & few words about recording; for this aspect of instru-
mentation can, at times, be extramely exasperating. It might
even be sald that the type to use depends on the previous o=
perience and tempersment of the individual., Most recording
devices take off; In one manner or andother, the'displaoement
of the table-top, amplify this displacement, and record it
against time, Since this 1s a displacement measurement, it
is also & force measurement, Velocity curves, and accelera-
tion curves can alsp be obtained, but this is not usually
done, Most o0f the earlier instruments employed optical sys-
tems with a light source, a mirror activated by the table mo-
tion, and a camera with a moving film such as 1s used in the
string electrocardiograph. Starr invented an ingenious link

of phosphor bronze on which the mirror was mounted. Nickerson

S
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constructed a pivotel mounting with a high mechanicel advan-
tage, Such systems, if properly set up, have a certain reli-
ability about them. The operator dces not have to worry about
a change in the speed o0f light, They do not adapt easily, how-
ever, %o moving the instrument about, require some darkening
of the room unless shielded, and posseas &ll the disadvantages
inherent in the vhotographic process,

In the electrical field aevefal devices have been
useds The high freguency ballistocardiograph illustrated in
Figure 15 employs & pick up built around a R, G, A, 5743 me-~
chano-electric transducer tube which converts displacement
into an electrical sigﬁal. Og¢her devices used by workers in
this field include the capacitance manometer, the strain gauge,
{voth bonded and unbonded) plezo-elestric crystals and high
frequency ossillator systems.

In our ewn laboratory ws havs uszed the Stath&ﬁ trans-
ducer with satisfaction, This is a linear, relatively 1nexpeﬁ-
sive, and more or less fool proof take off. The inpul can be
supplied by a simple storage battery zmd the output fed direct-
ly into any standard electrocardiograph. For multiple record-
ing as in our research instrument, Figure 16, it 1s resadily
adaptable to Brush equipment, So far as direct writing is
concerned, the Brush peamotor is quite satisfactory and draws

a sharp line, Its only disadvantage lies in the curved coordi-

-28-
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nates, Most of the direct writing electreocardiographs aveid

the curved coordinates at the expense 0f a tamgemt error which
at full scale deflection mey amount to as much as 3%, The new
Cambridge direct writer avoids the tangent exrror most ingeniéus-
ly by using a vertical writing arm and feeding the paper through

a curved trough.

=29
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THE BALLISTOCARDIOGRAM
The Complex

We are now resdy to take up the ballistocardiogram
itself, This term was coined early in his investigations by
Starr to describe the record produced by his instrument, At
the same time, he labeled the significmmt peaks and troughs,
Judiciously picking a porticn of the alphabet whioh would not
overlap with the sequence used in electrocardiog;aphy. A dia-
gram taken from one of his articles is illustrated in Figure
19, In the convention which he established, an upward deflec-
tion on the paper records a headward movement, and a downward
deflectiqn a footward movement, Nickerson has mwsed the same
nomenclature although his waves occur somewhat later in time
dﬁe to the heavy damping. The firat deflection is an upward
‘one and is called the H wawé. I{ beging approximately at ths
same time &5 the intrinsicoid deflection of the electrocardio-
gram, a fact sometimes useful In its 1dentification, and is
followed by a somewhat deeper dowmward deflection called the
1 wave. This in turn is followed by an upward defleétion
usually of still greater amplitude called the J wave, After
this ocours a downward defleotion, the.x'wéve which is usunsal-
ly as deop as 1f not desper than the I wave, Mllowimg the K
wave are other less important upward and downward deflections

lebeled iIn alphabetical seguence which are either damped dut

=30~
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Figure 19,

The normal ballistocardiogram (after Starr).
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or obliterated by the next following 60mplex beginning with
the H wave,

The geneais of the H wave, the first upward deflection,
is still somewhat ohscure. At the onset of systole blood is
ajected headward in the aorta snd pulmonary artery, and the re-
c0il should be footward just as the hand is kicked back when a
pistol 13 fired., However, during the first fifth of aystels,
the H wave 1s inscribed and this is in the wrong direction,
Mokeraon thiﬁks it is céuaed by surilcular systole, snd has
produced experimental evidence t¢ support his notion obtained
qn a patiant with auriculo-ventriculsar disgsociation, In &
study of the timé relationships(of appropriate complexes he
shows that when the-qrs 0f the elesctrocardiogram is not pro-
ceded by a p wave, them the H wave of the ballistooardiogram
is not inmscribed and the resoil ococurs earlier in time.
Delaila and hig associatss think it is due {0 a comblination
of the apex thrust and euricular contraction, On the other
hend, it 18 well kmown that patients with suricular f£ibril-
lation can, and frequently do, have H waves., A4lso the pres-
ence of the large H wave seen in coronary heart disease ié
.difficnlt to explain, Whetever its cause, it i3 a complex
one; and most careful workers In this fileld are of the Opi-
nion that within the narrow time range of this portion of the

ballistic complex there are two or more forces 0f no negligible

32
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magnitude in action, Regardless of its cause the H wave does
obsours the early part of the recoil phenomenon, and thisg fact
hes led to some 0f the severest criticism of the instrument.
B& this time it ig probably necsessary only to state that what
is left of the footward {and downward) resoil is known as the
I wave, With respect to the J wave, here again the situation
is gomplax. As the blood ascends headward, on the pulmonary
side it onsounters the pulmonary T end fills the pulmonary bed,
while on the systemic side a portion continues headward and
sideward as the remainder reverses its direction around the
aortic arch, The resultent of these forces produces what is
probably the mos£ conspicuos single ommﬁonent of the record.
Following this J wave, a footward deflection {the K wave) is
inserived. It, in all likelihood, 1s czused by the abrupt
slowing of flow at the end of systole im the lower reaches of
the aorta and its branches, 3Subsequent waves are probably
caused by standing waves which are reflected ui: and down tﬁe

aorta during disstole, So much for the individual complox.

The Raspiratory Variation
Let ws now look at Figure 20 taken from a stirlip on
which the ballistocerdiogram is recorded simmltageously with
the movement 0f the rid cage. We first see that a smooth,
undulsating envelope counld he drawn over the top of the bai-

listocardiogram passing through the peak o0f each aucceeding
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. Figure 20,

Portion of & tracing taken on the instrument illustrated in
Figure 1€, ‘
A Head~to-f0o0t trace
B Pnoumogram (upward deflection indicates inspiration)
C Lead I of the electrocardiogram

-34-
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J wave, Ve also see that fhe amplitude of the J wave waxes
with 1nspiraticn, and wanes with expiration. Closer inspection
shows that the amplitude of the I wave follows the same scheme.
This phenomenon is usunally explained by stating that greater
f11ling of the heart takes place.during inspiration since in
this phase more bloesd is sucked into the chest because 0f ths
increased pressure gradient, So far as the right heart is con-
cerned this explanation is probably the correct One, and since
the introduction of the catheter technigue, it has been shown
that pulmonary artery pressure with respect to intrathoracic
pressure waxes with inspiration, a fact which serves as good
supporting evidence, On the contrary, howevgr, the systemic
pressure wanes with inspiration, and when it wanes conspicuous
1y at the wrist in partial tracheal sbatruction or cardiac
tamponade the clinicisn calls it, unfortunately, a paradoxical
pulise.* FRarthermore the work of Lemson axd his assocliates at
the Columbia Cardio-Pulmonary Laboratory strongly suggests the
eonverse, Thay hypothesize that in expiration the lungs are
squeezed, and blood is wrung out much ag water from a sponge,
This explanation seems better to fit the facts; and 1f it is

true, the respiratory variation in the head to foot ballisto-

*Bvery great man has his weak moments. In one 0f these
Rugsmaul wrote "I propose, therefore, to call this the para-
doxical pulse, partly because 0f the peculiar disproportion
between the heart activity and the arterial pulse; partly
because the pulse, in spite of the seeming irregularity, in
reality has becoms a regularly recurring waxing and waning,

1
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cardiogram must be accounted for on the basis of changes 1n
right heart activity, a matter of some importance.

At this point it may seem that the respiratory varia-
tion has been highly belabored. If this is so, 1t is only be-
cause 0f 1ts importance and this is threefvld: it must be takem
into account in any ealculation of cardiac output, & systematic
study of corresponding changes in cardiac dynamice may give
important olues as to the genesis of the rascord and finsally,
clinical ballistocardiographers are accumulating evidence which
suggests a large respirstory variatlion, especially wlth the de-
generation of the wave form in the expiratory phase represents
an abnormality of the circulation suggestive of organic myocar-
dial disease,

If I may hazard a guess at this point, I should say
that this is 80 in some cases because the comntribution of the
right heart to the ballistic pattern in expiration is minimal,

and malfunction of the left ventricle is unmasked,

=36~
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THE ABNORMAL B, XK. Go PATTERN

The ballistocardicgram may be abnormal in elther of
two ways: the complexes, when the resord is taken in the rest-
ing state, may be too small thus suggesting a decreased basal
cardiao output, or the wave form may be abnormal in shape,

'With respect to the latter, a little reflection will make it
apparent that the shape of the surve dapends upon the mechani-
cal performance of the ventricular muscle. 4 healthy young
heart contracts with a sanap and delivers a good portion of its
contents to the aorta and pulmonary artery early in systole.

A less wvigorous muscle may deliver the same amount of blood,
but much of it later in systole, In the first case the complex
will be normal {Figure 21 4), In the second case it is apt to
be of the so called "late downstroks type" (Figure 21 B)., The
first case may be oompared'to the acceleration of a modern au-
tompobile with sutomatic transmission which starts from rest

and reaches = speed 0f thirty miles per hour quiokly and smeoth-
ly. The second case may be compared to a Model T Ford which
also starts at rest and attains a speed of thirty miles per
hour somewhat later in time. If both cars have the samo mass,
at the instant the velocity of thirty miles per hour is attain-
ed, then they have ths same momentum. A grarh in which the ve-
iocity is plotted against time, however, will show a great dis-

similarity in the way it was attalned. Frequently in heart

=37
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Figure 21.

A, Tormal ballistic pattern ¢, Late M pattern
B. Late downstroke pattern D, Early M pattern

-38~
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disease we see patterns which are so disorganized that the
individual complexes cannot be identified even with a simul-
taneous E, K. G. Pushing the analogy to the limlt, these
records suggest the performance of a Model T with one cylin-
der dead, two performing more or less proverly, and a fourth
one firing at random, Other patterns which have been described
by name are the "early M" type (Figure 21 D) and the "late M
type (Figure 21 C). ~

The former represents an accentuation of the H wave
and is not frequently secn if ever excert in coronary heart
disease. WNeither is its significance well understood., The
"}ate ", nhowever, denotes lack of synchronism in the contrac-
tion of the two ventricles and 1s characterized by a double J
peak, It 1s seldom seen in bundle branch dlock, for here the
time course of contraction between the two ventricles Is usual-
1y insufficient to notch the J wave. It is usually seen when
one ventricle ejects its blood in more or less normal fashion
and the other ventricle ejects the majority late in systole.

A% this writing the normal ballistocardiogream has not
yet been well defined, Hoffman and his associates have more
or less quamtitatively defined abnormal patterns as grade I,
II, III, IV taking into account varistions in the minute vol-
ume with reapiration. Gubner and his group using the Doox

instrument have presented standards for various portions of

’
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the complex with reference to time, amplitude and form as well
as their relation to the B, K. G, and phono-~cardiogram., Jones
using the Nickerson instrument has timed wvarious portions of
the bvallistic complex with reference to the electrocardisgram,
Much remains to be done. Veloclty curves in the hu-
man aorta and pulmonary artery are not yet available. The ef-
fect of changgs in pulmonary artery pressure and systemic pres-
sure on the ballistocardiogram remain to be investigated, the
damping imparted by the body 1s imperfectly worked out, and
its variation from subject ¢to subject not known at all, These
aro only a few 0f the fundamentzal pzjoblems remaining, At first,
investigators were onl& appalled at the complexity of the pro-
blem, Kow the condition has begun to change, and systematic
investigations on various poz'tioina of the problem are underway
in different 1al;6rataries. In our own laboratory, for example,
we are attezppting t9 apply éL kaown force directly 10 the heart
mascle itself, and them record the responsse of the table to this
force, If we are successful in the endeavor and can find an
equation for the curve obtained, then for a given ballistocardio-
gran we can find the magnitude of the force vaoting at any ine-
stant, 8uch an approach is not without experimental difficuliy,
and the calculations are lengthy and tedious. Yot it is an ex-
-ample of the type ¢f work which, if successful, should do much
to improvs our understanding of the ballistocardiogram and make

it a more useful tosl,
ot O
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CARDIAC OUTPUT

Henderson observed that the size of the ballistic
“pattern was related to the cardiac ountput; and iater, follow-
ing this lead, Abramson set up formlas for ite saleulation
which were later shown by Starr to be untensble. Formulas
for the caleulation of cardiag putput have been presented by
both 3tarr and Xickerson. ™These depend on the Law 0f the Con-
servation of Momentum, a combination of Newton's second and |
third laws which, in simple terms, states that after impact
there is no loss of momentum Iin a closed system., Hence (if
there were no H wave} the I wave representing the recoil to
headward ejection by both ventricles should be equal aund op-
posite. Since momentum = m¥ then,

| m% = (m1+m2) U

where m is the mass of ejected hlood; ¥ the average velocity
of the blood; my the masgs 0f the subject; m, the mass of the
té.'ble; and U the average velocity of the table top. Uniortu-
nately for for such a simple solution the first portion of the
recoil curve is obscured and ¥ only represents an éverage fig-
ure, Velocity curves in the aorta and rulmonary artery are
not available for man, and Hachella's sortic velocity curve
obtained on a dog was obtained on a sudbJect with rapid rate,
open chest, and probably in shock;. |

Revertheless, as Nickerson has shown, if the sortic

i le
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cross-section, A, is known

-. 8
V= A

where S is the stroke volume and t the duration 5f systole,
Substituting an expression for force, F, in place 0f v this

becomes

Se K -"*—F—

where K is a constant and T is the {ime between the I and J
peaks, Instead of this equation, Starr has used an empiric
one based on the above, and his working equation becomes

s= 332 f1as4[7at) ave

in which Idt and Jdt are the areas under the I and J wave

respectively in millivolt-seconds, later, because of crit-
icism in the method of estimating the aortic cross-section,
Starr eliminated this quantity from his formula and increased
the numerical value of the constant in front of the square
root sign. Nickerson using the sams general approach assuned
that the ejection velocity would vary in some general way in-
versely with the pressure opposing it, FHe also found from a
study of Bazett's work that the linear dimensions of the 20r-

tic area are proportional t¢ the helight 0f the subject. Hemce

his formula becomes - 1[' ___~+P
8 = 2

L
where pg is the systolic pressure; py the diastolic pressure;

L the length of the subject; and K the constant determined by

42—
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the calculation against the direct Fick.

Heither of these formulas has proved to be too sate
isfactory when compared with the direct Fick, Cournamd found
that values obtained with the 3tarr formuls were approximately
18.5% low, and that even with‘thia correction values obtained
were mach t00 high on patient in shock. Otherwise the agree-
ment is good., Nigkerson's values very within - 25% on normal
subjects, and are much worse oﬁ subjects with Reart disease,
Hence the formulas avallzble today leave something to be de-
sired. Starr has expressed dissatisfactioﬁ with his own for-
mula; and uéing a statistical approach has relzted it ¢o &
deviation from known normals, perceantegewise rather than in &b~
solute values, much in the same fashion as is used in the expres-
sion ¢f the basal metabolic rate, In the past ye&ar he has pub-
lished the results of a new approéoh based on a series of‘in4
genious experiments in which he injected the aorte and pulmona-
ry artery of a series of cadavers against known pressures. In
these experiments he recorded simultaneously the ballistocardio-
gram and the motion of the injecting plunger, ¥From this data
he has been ahle to devise a formula for cardiac stremgth which,
as he points out, is more closely related to the ballistocardlo-
gram than the cardiac output. This 1s obtained by sumning up
the amplitude 0f 8 large and amall I wave and & large and small

J wave, The expested cardiac force is then calculated from the

b G
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subject's surface area, The difference between the observed
and the expected values is divided by the expected force to
give the percent deviation., Significance of deviation is
found by calculating the oritical ratio, Although this ap-
proach is most promising, investigators still yearn for a
simple and aoccurate method for determining the cardiac out-
put, Today it<is not in sight, at least with this technique;
for, as Starr has pointed out, we know enough mathematics but

not yet enough physiovlogy.
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CLINICAL SIGRIFICANCR OF THE ABNORMAL PATTERN

An sbnormal ballistic pattern denotes ébnormal cardiag
function in a mechanical sense., The heart is an oséillating 8ysSe
Vem, and éo are the body and the teble, These are acouplsd ons
to the other in a complex fashionm and when the heart beats nor-
mally a normal wave pattern is inscribed. This, of course, is
a general statement; and how much dysfunction of the heart muscle
must be present before an abnormal pattern is produced no one

. knows today. As we have already seen, the normal pattern is not
yot well definsd; and, even 1f it woere, the heavy damping of the
system would still tend to obscure minor irregularities. For
example, bundle branch block as demonstrated by the electrocar-
diogram seldom produces a pattern of the "late M" type. The
depolarization of one ventricle is delayed by a few hundredth
of a second and this is not enough to notch the J wave, A dif-
ferential in rmscle tone between the twd ventricles is apparent-
1y necessary to produce this pattern.

It would seem that a conspicuously abnormal pattern
ie 2 bad long term prognostic sign in an appérently healthy per-
80n, In an eight to ten ysars follow-up on ninety healthy indi-
viduals past forty in supposed good health, Starr found that three
of the four with abnormal patterns had developed coronary heart
disesse, Our own experience is more striking if less significant

statistically, ©Shortly after the publication of Starr's follow-up
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we collected a much smaller seriss on professors and associate
profegsors from our own medical school, Four had abnormal re-
cords, The record of one was grossly abnormal, énd this indi-
vidual died sunddenly two days lster while sitting in a chair,
T™wo died several years later of carcinoma, and both had old
myocardial infarcts at autopsy. The fourth, who is sald to
have had a normal electrocardiogram at the time, just a year
agh developed a massive anteroseptal Infarct., Hs is still
alive, but since this experience we have not been anxious to
collest records on professors in supposed good health.

fn interssting comparison of the incidence of thé
abnormal ballistocardiogram and electrocardiogram in a free
heart g¢linic can ﬁe seen from Mgure 22, The data for this
chart was compiled from 202 consecutive admissions ta the Car-
diasc Clinic of the Cincinnati General Hospital., Of thess ad-
missions, 177 had both reéords taken and 1t 1s from this group
that the ¢olums are constructed.

Such a population by snd large represents a badly
battered group and it is not surprising that 794 demonstrate
an abnormal elsctrncardiogram. This flgure is exceeded slight-
ly by the ballistocardiogram which was abmormal in pattern in
829 of the cases, It is also interesting to note that both re-
cords were abnormel in 697 of the group ard both were normal

in 7% thus leaving 24% in which the records did not agree.
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Figure 22,

Frequency of abnormalities in the electrocardiogram and bal-
listoocardiogranm, ‘

-
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In a way it is surprising that the agreement 1s as good as it
is since the two lnstruments record such widely diverse activ-
ities of the heart. In a group not 8o heavily loaded with or-
ganic heart disease it might be anticipated that the agreement
would be considerably less, and hence the use of both instru-
ments would prove o0f considerable value in the detection of
early organic disease, EBven in the c¢linic group, by employing
both techniques, the incidence o0f one 5r both being abnormsal
was increased by approximately 10%,

In this regard a highly significent study of the
ballistocardiogram and selectrocardiogram in ooronary artery
disease has been made recently by Baker, Scarborough and their
group working at the Johns Hopkins Hospital, These investiga-
tors carefully studied a selected group of 110 patients some
of whom suffered from angina pectoris 2lone. Others in the
group gave & history of myocarﬁial infarction more than 8ix
weoks 9ld, Xone had an sbnormel X-ray or a blood pressure
over 170/110 mm, Bg. Their combined date mey be seen in Fig-
ures 23 and 24, Here it will be noted that the divergence
between the two technicues is oonsideradble and, although these
investigators interpret their results cautiousiy, the pallisto-
cardiogram appears as an instrument of real value in supplying
objective evidence of chest pain when this is due to arterio-
sclerpsis of the coronary ;rteries.

Bafore leaving the subject 0f coronary heart disease
~48-
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Figure 23,

Malysis of disgnostic methods in coronary artery disease.
Abnormal and borderline values. (After Baker, et al.)
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ABNORMAL AND BORDERLINE CASES



Figure 24.

Analysis of diagnostic methods m coronary artery dlsease,
Abnormel values, (After Baker, et al,) '
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it might be well to mention that occasionally a patient is seen
with a normel pattern after a minimel myocardial infarctiox,
Usually tﬁe electrocardiogram becomes normal or nearly'so. These
patients usually do well,
¥ith respect to valvular disease it should be mention-
ed that this In and of itself does not appreclably alter the bal-
listic pattern. Such is often the case in young patients with
mitral stenoﬁis in whom damage to the haart muscle is small,
In aortic regurgitation the complexes are large but not necessa-
rily deformed, The only diagnostic pattern, s0 far as I know,
is that of coarctation of the aorta, Here thé K wave drops out
as would be expected since it is caused by slowing of the blood
in the 1owerAaortic region; but even here the s&bsence of a X
wave must be weighed since other shunts may produce the same
aeffect even though they are rarely encountered.
In summary, then, it would appear that

1) patients with myocardial diseasa.usually have
an abnormal ballistio. pattern |

2) an abnormal ballistic pattern in an otherwise
normal patient is & bad long term prognostic finding

3) an abnormal pattern is an excellent objective
finding in patients suffering from symptoms csused by coronary
artery sclerosis

4) an absent K wave is almost diagnostic of

=51l
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coarctation of the =prta

5) valvular disease in and of itself does not
appreciably affect the ballistic pattern

6) an abnormal pattern tells us only that we
are dealing with abnormal mechanical function, This informa-
tion is valuable when properly fitted into the overall clinical

picture.
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CLINICAL SIGNIFICANCE OF TER ABNORMAL OUTPUT

The ballistocardiogram is usually recorded when the
patient is rested and iu the post-absorptive state, Heunoce if
the patient's height and weight are known the cardiac inpdex can
he caloulated, This is usually expressed in liters rer minute
per square meter of body surface, Starr has published normal
values for both sexes, and has investigated conditions in which
the output is too great or too 11tt16. The first he calla hyper-
kinemia; the last hypokinemia., These are excellent physiologi~
cal terms and are worthy of more widespread use than they emnjoy
today. His data is 1llustrated in Figures 25 and 26, The two
cases 0f beri-beri heart disease which we have studied fall in
this group.

Figure 25
Occurrence of Hyperkinemia
Group Frequency of hyper—
kinemia among all
cases in the group
Healthy persons..........-.nu..........oA very few
Hyperthyreidism without
cardiac complications..........u.....Al!nOSt all
Extreme emaclatiONeccescscsrcssscacnsssssrdbout %
Patent ductus arteriosusu..o...-..e......MOSt
Periphoral A«V anourysSMecececescsescscecesseFOW
Anemj-a....0.0...0!..‘...0..5!66.‘0..0....GAbout %
Febrile disease tested
late In COUr8Gecsesvscsscsssascesesasved TEW Dnly
Hy’pertenSion.u............uo.......u...l‘. very fow
Pulmonary
After pne!monectomy................,.,4 or 5 cases

In chronic 4i186880s.cs0e0ssceeresccsncA fEW
Fasential hyperkinemi&....o-.--...u...-..30 cages
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Filgure 26
Occurrence o0f Fypokinemia

Group Frequency ©f hypo-
Xinemia among all

cases in the group

Moribund patientscoo-oooono.-opo--.c-oo-oooAll
Shock.'b.h".......o.'..l‘.l.l-..t.."...l@ul
In congestive heart
‘failure......-......................--»MOSt
Velvular heart dlsesase
not in failure.......................o.t’fbout %
Coronary heart disease:
Chronic angina PeCtOriSececeesessececeeseadmost all
So0n Bfter INfErCti0fe.eeceecsesesesssesdbOUt &
'Hypert@sionﬂ..."....Q‘OO......OAI".‘.D..About ]"/3
Endocrine diseases:
Myxedm&C.....l.‘ﬁ.Ql.".."’....h.ﬁ...‘e\ll
Pituitary or adrenBlesceocscececasss os M0y
Convalescence from severe
fobrile di80886cceescscsssanscssssnssssdbout 4
Essential m!pokineﬁﬂ&........o..-........o.aﬁ cases

It will be noted that in his hypokinemic group which represents
100 cases, 26 showed no disease to which it could be attributed,
In the hyperkinemic group of 100 sases this occurred in 20 cases.
Thus he demonstratsd objectively two distinet groups in which
the physiological response o0f the circulatory system is not nor-
mal, Such patients are usually classified by the clinician in
some such wastebasket &s neuro-circulatory asthenla, or cardiac
neurosis; and are worthy of carefully oontrolled psychological
study. The instrumentation for it is obviously available in

the ballistocardiogravh. It is also known that anxiety of a

certain type will jincrease the cardiac output. This has been

w5 6
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beautifully shown by Hickem, Cargill and Goldem who studied &
group of senior medical astudents before and after an lmportant
examination.

Unfortunately the cardiac output cennot be calculated
when the ballistic p;ttern is abnormal sinee no formulas are
as yet available. However, Starr has recently developed a for-
mula for the caloulation of initial cardiac force. This has
already been discussed, It does not require a nomal pattern
and can be applied to all records, We have found the calcula~
tion most valuable in evaluating ballistocardiograms on patients
whose patterns were questionably borderline, The résults when
this calculation was applied t0 the group of patien¥s from the
Cardisc Clinic 0f the Cincinnati General Hpspital mentisned in
the previous chapter are illustrated in Figure 27, When taken
alone it can be seen that this caloulation, whean abnormal, does
not appear in as high a percentage 0f these patlents as an ab-
normal pettern, When combined the percentage is inoreased,
The calculation may well prove of specisl value In patients with
disease of the coronary arteries since many of these have small
abnormal compiexes from which the cardiac fbrce cau be calculated
although the cardiase output camnot. For example, Dr. Bernard
Berman and I several ygears ago collected data on a series of
patients with angine pectoris before and after a large meal,

We collected both ballistocardiograms and electrocardiograms,

5=
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Mgure 27,

Frequency of abnormalities in electrocardiogram, balllstic
pattern and initial cardiac force.
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Since most of the ballistocardiograms were 5f abnormal pattern
the cardlac output could not be 2>btained,

It was interesting to note, however, that in the few
which could, the.expected increase of about 25 did not oceur,
This experiment was, in essence, &an exercise tolerance test;
and there will undoubtedly be much work of this typs done in
the future, makinsdn has recently published an article in
which he recorded ballistocardiograms before and after the
two-step test, This test gives, as ne points cut, additional
information in three ways: 1) the normal increése in sardiac
output may.not take place; 2) the rssponse may be excessive;
or 3) the form o0f the record mgy become abnormzl after exer-
cise,

| Brown, Hoffmsn, and De Lalla, noting a large respi-
ratory variation in patients with angina pectoris, have calcu-
lated the cardiac output for each phese of respiration end have
developed o formula for expressing it. This is as follows:

R, V, I, (Respiratory Variation Index) =

Surface area in 8quars lleters

' Largest Inspiratory ilinute Volume - Smallest Fxplratory Minute Volume

All of their mormal controls were found to have an R. V. I.
between zero and 450 cc. per minute per square meter of sur-
fece. In a series of 21 patisrts with typical =ngina all had

R, Vo, I.'s in excess of this figure, Like Baker and 3carborough

in their study of abnormal pattermns, it should be noted that
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Brown and his associates may well be developing a valuable
approacth in the study of coronary artery disease., It should
also be nwoted that they have taken advantage of the sensitivi-
ty of & technique which records changes with each heart beat,
a8 characteristic which has yet to be fully explolted in the
study of cardliac physiology. This presents no threat to the
patient, and requires only that he lie quistly on ths table,
The ballistocardiogram has much to0 offer today., Whem it is

better understosd, it will offer a great deal more.
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APPERD IX

As Dr, Bamilton has so drily amnd aptly put it, "The
forms which the apparatus takes are as diverse as the minds of
the men who construct them". Hencs it may bs worth whils o
review a few 0f the fundamentals o0f vibrating systems if we
wish t0 evaluete a given instrument,

Ratural Frequency: Let us first take a simpls spring

fastened securely at one end. If the other end i3 themn plucked
with the finger (or struck with a mallet i1f it 1s stiff), and
then allowed vto vibrate freely, a yhotograph of its motion te-
ken a2t right angles on a moving film (assuming no loss of en-
ergy) will appear as in Figure 28. You will notice that the
distance between any two peaks is the same. In this observa-
tion you have discovered a fundamental property of the spring,
its natural frequency (fn). In Figure 28, six peaks (five in-~
tervals of time) are counted out for 0.10 secords. Hence ihe
natural fregquency for this particular spring is 50 cycles psr
seoond (c.p.8.) and once determined will remain constamt, If
you wish to make the natural frequency higher, you may make the
spring thicker or shorter. If you wish to make it lower, then
you may make it longer, thinner or-\veight the end, This last
device is often used in the design of tuning forks,

Damping: Let us look again at Figure 28, After the
spring is plucked, the amplitude of susceeding vibrations remains

ki
-
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Figure 28,

Undamped sine wave.
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the same since no energy is removed. This is an 1deal case.
Actuslly, however, the amplitude of the succeeding vibrations
will diminish as in Figure 29, lower right. This phendmenon

is known as damping., 3By means of various mechanical and eleo-
trical devices energy can be removed from the system more guick-
ly, and the amcunt of damping increased. If thils is increased
t0 the point where the spring returms promptly to the base line
without oscillating (?igure 29, uppér left},iit is kunown as
ceritical damping, If, on the other hand, the spring returns
slowly to the base line as in Figure 29, lower left, it is

said to be overdamped.

The concept of damping is an important one, since
the body alone adds about 50% of critical damping to the bal-
listic sysfem, & point to be discussed later, TFurthermore,
so0ms instruments have mechanical oxr electrical devices attach-
éd to the moving top in osrder to obtain added damping. Ay
damping so added must be proportional to the velocity (so cal-

1led viscous demping) in order to yield to convenient mathema~
tical analysis, For the éoefficient of this property we shall
uge the symbol € and for critical damping the symbol Cc.

Spring Constant: Let us now take a mass M {Figure 29,

upper right) which is free t0o move up and down only. The force
required to displsace I ome unit of length is known a8 the spring
constant for which we shall use the symbol XK,

=53
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- Pigure 29,

Upper lefts Critical demping lower right: Underdamping
Lower left: Overdamping Upper right: Simple mass suspended
: by & spring

=Bl
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Impressed Freguency: If the mass in Fligure 29, upper

right, 13 shaken up and down by an extermal force, a little
reflection will make it apparent that the amplitude of the
response will depend on this force., XNow it so happens that
the frequency of the forced vibration depends only on the fre-
quency of the shaking foros (for this we shall use the symbol
F). The amrlitude A, however, depends not only on the magni-
tude 0f the shaking force, but also on the ratio o0f 1ts frequen-
oy to the natural frequency of the system, Hence it becomes

- unmistakably evident that, 1f the basllistocardiograph is to re-
produce accurately the forces acting upon it, this ratio will
have t0 be carefully inveatigated.

Resonange: When the ratio of the frequency of the
shaking force to the natural frequency becomes 1, Tresonance is
sald to exist, The amplitude of successive vibrations builds

‘up rapidly, and hence is most undesirsble. This is the reason
why soldiers break step when crossing a bridge; for, if the
frequency of the maroh step should happem t0 coincide with the
natural frequency of the bridge, the structure might well col-
lapse, In our case we are not particulariy worried about the
ballistocardiograph disintegrating because of the patient’s
heart beat (although this is theocretically poasible} but, as
stated above; we are interested in a measuring instrument that

will sccurstely reproduce the forces acting upon it,
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Phase Angle: Harmonic motion is the simplest form of
periodic motion, and most vibrating systems move in approximate-
ly this fashion. Now hammonic motion is a sine or cosine func-
tion, and msy be written a8 x = X 008 w t when the angular ve-
locity,w, 1s a constant (2w f), and wt an angle measured in
radians, Consider the curves in Figure 30,

The angular period for both of these curves is %)Ior
360°, Now, if we take

(1) X = X 008 wt
a8 the reference curve, then

(2) x = X 8in wt:Xcos(wt-—E-).-

Curve 2 18 g. radians or 90° out of phase. It ocan also be seen
from inspectlion, that the maximum of curve 2 cccurs one quarter
of the length of the base line (90° or g-) later than im curve 1,

Bquation of Motion: We are now ready to cdnsider the
ballistocardiograrh as a vibrating system, This has a mass M
(which may include the mess of the body), a constraining spring
constant X, and a viscous damping force whose coefficient is C,
Upon this system is impressed a shaking force which is & func-
tion of time F(t). For F(t) we cam find two values, ome by
Pourier’s expansion, and the other from Newton‘'s second law,
When these are equated each to the other we get an expression
for a single term which lookas like this

(1) Hx"+ Cx'+EKx = A sin(wt+ §)

56
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Flgure 30,

Phase relationships o0f the sine and cosine functions.
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x = X_sin wt

X cos wt
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In this squation x" is the acceleration, x' the veloclty, X the
displacement, and § the phase angle in the Fourler sxpansion,
We are famjliar with the rest of the terms. This expression is
a linear differential equation and its solution is kmown, It

may be written

(2) x = 4 sin(wt 8+~ ¢ )

" et (B uut P

in which ¢ is the phase angle between the force and displacement.
If the motion of the table were uncomplicated by the
jnertliz of the table and by the damping, then (putting M = C = O

in BEquation 2) we would have

- A
x-i-ain(wt-l-g)

since in this case the angle ¢ by whisch the displacement lags
behind the force alsp bescomes zero. In this case, the displace-
ment would be proportional to the foree, with the same constant
of proportionality I/K for all frequencies of the shaking force
F{t), This is an 1deal case, unattalnable in practice. 1If we
put x4 = A/K = the amplitude of this ideal response, we can
consider x3 &s the "desired" amplitude,

The amplitude of the actual vibration of the table
is the coeffiloient in front of sin (wt+ § -4 ) in Equation 2.
If we designate this coefficient, which is also the makimum val-

uve ¢f x, by > then

~68-
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For free vibrations of our system, the natural frequenocy, f,,

is given by the relation

- - K
wn-aﬂ’fn..vi

and the critical damping, C,, by the equation

Cs = 2Y MK
Using these equations we can express the ratio i-: ag follows

% o

X3 V (fnz_ fz,z+ uzfnz( g)z
o -

Figure 31 is plotted from this equation, except that the sub-~
script m has been dropped and x has been written instead of xp.

For critical damping %—-: 1 and the equation so-
c
quires a particularly simple form

2
n
(3) Eh-..
R fnz+ &

let us look at these curves, We first notice that
when % = 1, and thers is no damping, the ourve fliee off to
n
Infinity. Since % is fixed, x* has become large. Here we have

resonance, . Various degrees of added damping tend to pull the
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Flgure 31,
Ratio of the resultant deflection, x, to the desired deflec-

tion, X3s V8o the ratio of the impressed frequency, £, to the

natural frequemcy, f., for various values of the damping ratio.
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curve down, but since we may be dealing with some wnknown fac=
tors this retio is obviously a good one t6 stay away from. Let
us look at the curve again. Since we are interested in the ac-
curate reproduction tpat the shaking force impresses on the ta-
ble we should try to find a range where x/xd is a constant,
Inspection shows that this can be obtained by keeping :E‘/fn small.
If the ratio f/f, 18 to be small, since we can do nothing about

f, then fn st be made large, In ths equation

2
x fn

£l £
since the sgquares of these quaantities are involved the difference
between fng end £° will become even greater, In this case f be-

comes negligible and

% fn-f';!

which is epprroximately equal to
2

and a straight 1line relétionship ias maintained, If, conversely,
we reverse the ratio and make fn smaller then f then again the
squares 0f the quantities will inorease, the difference and fn
will become megligible. In this case x/xd 1s approximately

equal o

2
In
7

- -
?__n
=71l
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an expression which varies rapidly in magnitunde with changes

in f. Since f for the living subject cannot be controlled, the
inference can be drawn that the natural frequency should be as
high as possible, if the system is to reproduce the forces act-
ing upon 1t as accurately as possible. This mey also be seeﬁ

by inspection from Figurse 32.

In Figure 33 the rhase angle between the force and
the displacement 1s plotted on the y axis, On the x axis is
plotted the‘ratio of the imoressed frequency to the natural
frequency. Some five curvés are shown for various values of
the damping ratio. When f/gn is 1, resonance 1s seen to occur,
It 18 alegp seen that the only opportunity of obtalning a straight
line relationship is to move as far to the left on the x axis as
possible, Since we have no way of controlling £, then £, mst
be made large, and here the inference becomes inescapable that
only & high frequency instrument will accurately reproduce the
forces acting upon it.

Wickerson and Curtis in considering the design of
thelr instrument took a different theoretical approa&h. They
considered as an ideal case a situation in which the body floats
freely in space much as the beautiful lady on the stage appears
io float under the magilc wand of ths magloian. They then {00k
as their criterion the ratio of the amplitude of table motion to

this idsal case. Here, the system is taken as being without con-
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Figure 32,

Ratio of the resultant deflection to the desired deflection
vs. the natural frequensy, f,, ¢f the table for various im-
pressed fregueneles, f.

~75=-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



™

3

v

60 80 100

L

30 40

20

Al

e O\

W
G
O
[ ©
o
A0
O
|
O
R
o
o © © < ) o o
- pX
@- o
X

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

fo—> CPS



Figure 33,

For warious values of the damping ratio, the phase angle
between the impressed force and the table motion is plotted
againat the ratio of the impressed frequency,f, to the na-

~ tural frequency, f,e

-
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straint or damping, that is, if we apply equation (1), C and X

are both zero and drop out. Then for this ideal case

x:;ﬁz( sin wt 4§ )

Since W= 2T f by definition, the emplitude of thls motion is
not constant for a constant amplitude input, but will vary with
| f. 3ince the shaking function will not only' change with the
heart rate, but probably contains other frequencies too, it
would seem that this defect may well be a serious oOne,

In the Dock ingtrument, conditions are somew_hat_ re-
versed, Here the mass to be considered is not that of the ta-
ble, but of the instrument itself, The spring constant &ad
demping coefficient depend upon the physical properties of the
tissues overlying the shins and on which the instrument rests.
These will have to be investigated before this instrument can

be evaluated.,

-7l
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ADDEND UM

The posaible significance of the data from the Cardiasc Clin-
ic of the Cincinnati General Hospital presented here was tested in a
number of di fferent ways. - Correlation between the age of the patient
and the deviatioﬁ from normal cardiac force was attempted by means of
the Pearson Product-Moment Coefficient of Correiation and the Corre-
lation Ratio (Eta), The results were inconclusive, A regression
equation between the reciprocal of the age of the patlent and the
force was calculated, The results failed to show any correlation
between the two variables, An analysis of variance to test the sig-
nificance of the differencea between the cardiac force of various
disease groups was confémplated, but sbandoned, since the normality
of the distribution of the data and the sampling technigue employed
to oollect it were questionable. It is belleved that the last two
reasons also influenced the correlation results. Another réason might
be that the sample (240 cases) was too small in view of the wide range
of both variables,

A relationship between initial cardiac foree and the transverse
diameter 0f the heart as seen on PA Teleo Roentgenogram was sought by
Tetrachoric Correlation, 4Again the relationship appeared to be negli~
gible.

The graphical representation of the data used in this thesis
wags adopted since it was felt to be best sulted to the material.
RefBrence: J, P, Guilford "Rmdamental Statistics in Pasychology and

Education", McGraw-Hill Book Co., Inec., New York and London, 1942,
Mrst Edition, Sixth Impression,
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THE VECTORBALLISTOCAHDIOGRAM
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INTRODUCTION

When Yandell Hendérson obtained his first records
some forty five years ago, he used a plank suspended by wires
from & high celling {1). "With such o tsble," he noted, "the
heart beat causes not only longitudinal but also lateral move-
ments., The latter have not yot been examined in detail., In
fact it is neceasary, in ordsr to record the longitudinal move.
ments with accuragy, that the lateral movements should be.pre-
vented”, THow he accomplished this is shown in Flgure 1. At
each end of the tsble he placed & sharp-pointed steel pin rest-
ed in a case hardened steel cup sunk in the side 0f the table,
The other end rested in & similar cup placed in the post of the
fﬁame. As can be ssen from the figure, the apparatus was 80
arranged that the table was s8lightly off center although this
is no doubt sxagerated in the drawing.

In the years which followed, records were takem with
the subject supine, standing or even tilted, dbut all of these
recorded the head-to-foot displacement alone. These are discus-
sed elaewhere (2). It is only aquite recently, however, that
interest has begun to develop in other degrees of freedom of
the ballistic system, In 1945, Hamilton published a single
trace in which the head-to-fo0t, side-to-slde, and front-to-back
displacements were recorded simultaneously (3), He has publish-

ed no records since, and it can be inferred from a careful read-

-le
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Figﬁre 1.

vﬂenﬂerson's fable.
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ing of his article that this trace was 0btained on &a temporary
instrument constructed to elucidate & single point, i.e. the
diastolic waves of the head~to~foot compohent are reiated to
the standing wave system of thé aprta

Aamilton's paper escaped our anotice for some time,
but shortly after the construction of our first instrument in
1946, we hegan to speculate as t6 the magnitude of ths remain-
ing translations. Pilot work was accomplished by means of &
suitable plank which was placed crosswaya on the ballistic table.
The subject lay on this, first on his back to produce the side-
to-side deflection; apd then on his side t0 produce the back-to-
front deflection. In this set of experiments although the trans-
lations were not simultaneous (timing was aocomplished with an
electrocardiograph) no distortion was introduced by rotation:
and we were able to demonstrate that we were dsaling with forces
which were by no means of negligible magnitude. Ssarborough and
his co-workers have since employed the same technique and ha&é
published a preliminary report on their work (4).

Design and construction of the two-dimensional ballis-
tocardiograph next followed (2). The front-to-back translation
was eliminated a8 a simultaneous recording with the other two
since we could find no way of constructing & three-dimensional
instrument without, introducing distortion due to rotation, We

have found none since, Nevertheless the head-to-fbot and back-
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v

to-front displacements can be recorded simultaneously with it
if the subject lies on his side,

The mechanical characterlstics of this instrument on
repeated check in a variesty of ways have proved to be satisfacto-
rye

It soon became apparent, however, that the data obtain-
ed, excellent though they appeared to be, were difficult to handle,
The ballistic form variea considerably from beat to bheat, and the
analysis of a single complex requires point by point graphical

. construction from each record. Furthermore a fast paper spreed is
required if any degree of agcuracy i; to be anticipated, In this
sense, the synthesls suggested an analogy with the monocardiogram
of Mann, and 7ilson's practical solution employing a cathodeAray
oacilloscops. Our own sblution, which 1t is the purpose o9f this
thesis to present is similar, Wilson suitably named his record

the vectorcardiogram; this we call the vectorballisfocardiogram,
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THRORY

A rigid oube of iron free to move in space 1s sald
t0 have six degrees of freedom, i.0. six axes of reference are
reguired io describe its possitle motion. Mhe cube nay bs trans-
lated in any of three plsmes, or rotated about any of three axes.
A similar cube of gelatin, however, la not a rigid structure and
hes an infinite number of degrees of freedom. The animal bdody
more nearly approximates the latter; but if the six axes Jjust
mentioned could be recorded simultaneously &s & dballistocardio-
grem {see Figure 2) no doubt much valuable information would be
obtained, since at the present time only one comporent 1s usual-
1y reccrded (head-to-foot motion]).

Fickerson in a theoretical discussion considered the
body as freely floavting in space, and hence without const'raint
and damping (K = ¢ = 0)., In such a condition the ideal deflec-
tion becomes

x:-&LE-Bhl(wt+g)
MNw
Clearly the amplitude of this mbtion is not constant for a constant
amplitude input (since w= 2 TF) but depends upon the frequenq& of
~ ' the impressed force which in this system varies widely since the
‘ fUndamentallfrequency is that of the heart beat., The solution of

the problem lies as we have shown in the high frequengy ballisto-

Do
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Figure 2,

Translatiqns‘ and. Botations,
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cardiograph {2). In Figure 2 six degrees of freedom for the
ballistic hed are diagrammed and arranged in such a way as to
constitute a right-handed orthogonal frame., Flgure 3 represents
a construction which illustrates the planes, rotations, and oc-
tants. The purpose of this investigation i= 40 previde 2 method
for recording as accurately as possible the vectorballlstocsardie-
gram in the xy and xz planes, It must be admitted that the tech-
niques employed are not strictly comparadle: when the subject
lies on his side, the coupling between the body and the table
are al%ered, and some shift of the mediastinum undoubtedly OcC-
ours. This difference, however, should ba a coxrstant onse,

Starr and Friedland, in studying the respiratory va-
riétion, turned the supine subject on the ballistic bed and were
not able to reverse the reapiretory variation (5). On this evi-
.dence they concluded that the variation was not due {0 change
in the anatomical position of the heart, but was more likely due
to the pressure changes within the thorax. They investigated,
however, only one rotation and no pressures. Wwith the instru-
‘mentation now at hand we are in a position to set up a program
for the future in which the vectorballistocardiogram csn be
recorded simultaneonsly with pressures in the brachial and pul-
monary artery. In the meantime we can investigate the normal
and abnormal loops, and explore the physiological changes behind

them at a later date,

B
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DESIGN AND CONSTRUCTION

In oconsidaring the ﬁecessary instrumentation for
synthesis of the vector loop, the possibility of utilizing
available equipment was first explored., None of the ampli-
fiers on hand, sven If modified, was capable of putting out
a signal of sufficient;strength. Parthermors no a;ailable
commercial equipment apreared suitable, Ve then considered
the use of the R. d. A, Mecheno-transducer tube (which puts
out a largs signal) in place of the Statham transducer, but
abandoned the idee thongh tempting since this tube is as yet
imperfectly worked out and not too reliable for quantitative
work.

The schematic dlagram for the ballistovectorscope
is shown in Figure 4. 4 2000 c.p.s. 0sglllator provides the
input to the longitudinal strain gauge transducer. This source
is used rather then a ﬁ. C. supply in order to eliminate the need
for 8 high galn D, C, amplifier with its inherent instability.
Means are provided for balancing the strain gauge s0 no deflec-
tion of the table gives zero output.

The vutput of the strain gauge 1ls fed into a phase
sensitive A, C., amplifier, demodulated, and then fed to a push-
pull D, Cy amplifiar., The output of this amplifier is then ap-

plied to the vertical deflection plates of the oscilloscope tube.

O
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NOTE TO USERS

Oversize maps and charts are microfilmed in sections in the
following manner:

LEFT TO RIGHT, TOP TO BOTTOM, WITH SMALL
OVERLAPS |

This reproduction is the best copy available.
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A twin @ircuit prodaces the signal from the transverse strain
gauge for the horizontal deflection yplates. '

In order to record photographically the pattern for
a gingle heart veat ffsm thé face of the oscilloscope, & single
cyele circuit waé included, 4 selectcr switenr on the front pa-
nel of the scope allows the choice of a single cycle,'or contin~-
wous operaticn., ith the switch in the single cycle position,
the intensity control grid is made negatlve with respect to the
cathode, thus blanking out the oscilloscope beam. The operation
of the single cycle push button sets up a circuit to which is
fed the outrut of the electrocardiograph and permits the next r
wave from the electroéardiogram to unblank the oscilloscope beam
and begin production.of the veotor vattern. The beam is agaln
cut off either by the next E., K, G, pulse or &after a known inter-
val obtained from & multivibrator. |

To facilitate belancing, & limiter circuit which limits
the beanm deflectibn to spproximately 2" is provided, With this
in operation it is elways possidle to see the direction in which
the balancing controls must be rotatéd ta give zero deflection.

To provide dynsmic balancing (that is, balancing of
the strain gauge bridge with a subject on the table) & fllter
circuit may be switched in, which removes the ballistocardiogra-

phic signal and allows one to balance the beam to zero on the

oscilloscope tube.

-]l
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Figure b,

Layout Diagram.
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NOTE TO USERS

Oversize maps and charts are microfilmed in sections in the
following manner:

LEFT TO RIGHT, TOP TO BOTTOM, WITH SMALL
OVERLAPS |

This reproduction is the best copy available.
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Figlre Oe
Pront View of One Anplifier and Oscilloscopas

~1l4-
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Flgure 7,
Oscilloscops and One Amplifier with Covers Removed,
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Figure 8.
Bottom View of Oscilloscope and One Amplifier.
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RESULTS AND CONCLUSIONS

Filgure 9 illustrates the vectorballistogardlogram
taken in the Xy plane on & 28 years o0ld male (B. 0.} in robust
health. The upper photograph is taken in inspiration and the
lower in expiration. The E wave in both instances 1s inscribed
as a translation headward and to the lsft, the I wave footward
and to the right, and the J wave as hgadward and to the right,
The 1ncrea§ed magnitude of the HI and IJ loops during inspirs-
tion is apparent as well as the concurrent change 0f shape,

Figure 10 illustrates a similar vectorballistocexrdio-
grem on a 28 years 0ld female (G, H.) with a heart somswhat
mors vertical than in the preceding sudject. Here the same
general comments apply except in this case both loops are more
néarly vertical as might be expected. Figure 1l represents the
vectorballistocardiogram on the saﬁe subject taken in the xz
plane. Hence 1t ocan be seen that the I wave represents & mo-
tion which ig footward to the right and frontward; and the J
wave represents & motion which i1s headward, to the left and
backward,

Figure 12 represents the vectorballistocardiogram
in the xy plane on a 22 years 0ld healthy female (M, J, T.)
with an intermedlate heart., Flgure 13 represents the xz trans-
lation in the same subject., Hare even more marked change with

respiration is encountered. TFigure 14 1llustrates the vectorbal-

.
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Pigure 9.

Vectorballistocardiogram in the xy Flane.
upper trace -~ inspiration
lower trace -~ expiration

«18=
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Figura 10,

Formsl Vectorballistocardisgram in the zy Ilans,
upper trace - inspiraticn
lower trace - explration
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Figure 11.
Tormal Vectorballistocardiogram in the xz FPlane.
(same subject as in Figure 10)

-upper trace -~ inspiration -
lower trace - expiration
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Figure 12,

Normal Vectorballistocardiogram in the xy Plane.
upper trace - inspiration
lower trace - oxpiration
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Figure 13.
Normal Vectorballistocardiogram in the xz Flane.
(same subject as in Figure 12.)

upper trace - inspiration
lower trace - expiration
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Figure 14,

Borizontal Heart - Essential Hypertension.
upper trace - inspiration
lower trace - expiration

2B
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listocardiogram on a 45 years old vhysiclan (J, R. B.) with
easentlal hypertension and a horizontal heart., Conspiouous
features are the small HI loop and the marked change of direc-
tion in the 1J loop with expiration. Figure 15 is a record
taken on a 36 years 0ld man with scleroderma (J. S.). Here it
is noticed that the loops become larger with expiration, pro-
bably an abnormal finding. They also tend to reverse,

Figure 16 1llustrates the xy vectorballistocardicgram
On.a 70 years 014 man with enlarged and horizontal heart, a nor-
mal ‘glectrocardiogram, mild pulmonery congestion and a c¢linical
diagnosis of arteriosolerotic heart diseass, ilere the I wave
is represented almost entirely as a rightward deflection. Ths
J 1loop is wider than it is tall, a finding which we know from
previous synthetic studies is mever found with a normal heart.

These photographs are repreaentative of the vector
loops teken to date, 8o far it 1s =pperent that the figures
recorded on the screen 0f the oscillvscope vary conspicuously
with respiration, and are-mnch altered in diseass., The data
that we have collected ao far also suggests that preasure
changes within the thorax as well as the anatomicel position
of the heart itself are responsible for the configuration pro-

duged,

24—
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Figure 15,

Seleroderma
upper trace - IiInspiration
lower trace - expiration
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Figure 16.

Coronery Heart Diseass.
upper trace ~ inspiration
lower trace -~ expiration
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