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Chapter 1.

INTRODUCTION.,

1. Purpose of the Investigetion.
The purpose of this investigation was %o study the effects

of diabetes mellitus and thyrotoxicosis on the heart. Common
diseases may coexist in the same patient but the frequent
association of heart disease with diesbetes and hyperthyroidism
suggests that there is a ceusal relationship. The precise nature
of the link has been the subject of much speculation and sometimes
controversy but it seems important because heart dlsease plays

a significant part in determining the pattern of morbidity and

even mortality in thyrotoxicosis and diabetes.

2. General Methods of Investigation.
Epidemiologlical methods of study have yilelded much valuable

information about this relationship but in the individual case
this has almost inevitably proved of general rather than
particular relevance. In contrast, more or less precise
information about individual patients is obtained by the standard

methods of clinical assessment, including physical and X-ray



exanination and electrocerdiography. UThese have not, however,
provided adequate answers to the problems involved in the assoce
iation of heart disease with diabetes and thyrotoxicosis.

Begic and detailed information mey be gleaned from the resulis
of more complex and elaborate techniques tut greater precision
is often achieved%at the expense of simplicity, convenience

or even freedow firom hazard.

3. Ballistocardiography.
It has been shown that the principal systolic waves of the

bellistocerdiogram bear a close relationship to the cardiac
ejection curve (Hemilton et al., 1945; Starr et al., 1950).

It is therefore possgible, admittedly in an indirect way, to
study the funcionel effieiency of the heart beat by beat. This
method involves the patient in neither discomfort nor hazard,
Its evident simplicity and safety are reassuring features and
patients sometimes fall agleep duwing the taking of the record.
Thus virtually basel conditions mey be achieved without sedation.
Thig is sn important advantage because the effects of
ensesthetic or sedative drugs, often used %o induce a basal
state in the patient, differ from subject to subject, nay
influence the ciwrculatory dynemics to varying degrees in

different persons and meay modify or falsify the results obltained.



4, Clinical Use of the Ballistocardiogram.

Numerous ballistocardiographic studies heve considered
the application of the method to the examination of patients
with & variety of cardisc or other diseases,

Because of the important effect of ageing on the ballisto~
cardiogram, the method is of most value in the study of
younger subjects, that is those under 40 years of age. If
abnormel patterns sppear in the records obtained from subjects
over that age, the significance of these aberrant contours is
quite uncertain,

The ballistocardiocgram reflects the functional state of
the heart., It is abnormal in most patients with overt heart
disense and particularly in those subjects with more sdvanced
or severe cardiac lesions. Charecteristic patterns have been
observed in a few specific types of heart disesse such as sortic
valve disease (Honig and Tenney, 1957) snd mitral stenosis
(Henderson, 1955). In most other conditions, including
coronaxry artery disease, a variety of abnormsl patterns may
oecur,

5. Qutline of the Present Study.

@&+ The higtory and principles of ballistocardiography.
This section sketches the historicel origins and

development of ballistocerdiography. It continues with a



discussion of the physlcal basis of the method and the
factors leading to the cholce of the high-frequency table
ballistocardiograph for this study. The place of stress
tests is considered and the recording of ballistocardiograus
before and after smoking is discussed in detail.

b. Hatexiels and methode employed.

Details of the subjects studied and of the technical
aspects of the method are given in this part. In oxder that
gubsequent sections mey be complete in themselves some of this
information is given agein in later chapters., This inevitably
results in some degree of repetition but it enables each
gection to remain self contained.

Similaxly in this section, some of the materiasl concerning
the assessment of the ballisgtocardiogram has been outlined in
the first part.

¢. The Subjects Studied.

i. The control series.

There were two groups of subjects in the control
series. The first consisted of apparently healthy volunteers
from the hospital staff and medical students atitending the
Western Infirmary, Glasgow. These were thé normal control

subjects in the study. The results obtained from examination



of their ballistocardiograms provided the normsl standards
for the study.ﬁ

The second group consigsted of patients with angina pectioris
or previous myocardial infarction but without evidence of
valvuler heart disease. These patients were considered to
have a cardiac sbnormality resulting in potentially defective
ventricular contraction and ejection., They provided a further
control group whose hearts were likely to function in an
abnormal way.

Because of the effect of sge on the ballistocardiogram only
persons aged less then 40 yesrs were included in the investig-
ation, The study of Elsbach (1954) provided a precedent for
this decigion.

ii. The seriesg of patients.

The other three groups congisted of petients with
diabetes mellitus, patients with thyrotoxicosis and those who
were suthyroid after treatmeni. To minimise the part pleyed by
independently existing heart disease no patient was included in
these three groups if there was overt clinical evidence of
cardiovascular digseases All patienits were less than 40 years
of age.

The object of the investigation was therefore to detect



caxrdiovascular abnormelities in young patients with endocrine
disease but without eclinical evidence of cardiovascular disease.
In the case of the diabetic subjects, +the finding of such

3
abnormalities would suggest thai an attempt to obtain better

""" diabetic control should be madeé while in the case of thyrotoxic
patients it would suggest the need for immediate and vigorous
treatment of the hyperthyroidism.

The most importent point at issue in the case of the diabetic
patients was the attempt to detect cccult coronary ertery disease.
The ballistocardiographic smoking test has been proposed as a
means of detecting coronary insufficiency (Henderson, 1953
Davis et al., 1953, 1956). This method has not been used previous-
ly in diabetic subjects. Comparisons were possible with the
raesults obtained from the normel subjects on one hand and the
patients with coronary disease on the other.

In the case of the thyrotoxic patients one of the main issues
was the attempt to verify the suggestion of Somerville and Levine
(1950) thet there might be & metabolically determined and
reversible form of coronaxry insufficiency during hyperthyroidism.
The ballistocardiogrephic smoking test was again employed for
the first time in the investigation of thyroid heart disease,

Once nmoxre comparisons could be made with the recoxds of the two
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oontrol series,

The euthyroid patients were studied in oxrder to show that
the abnormalities observed during thyrotoxicosis were
completely reversible and therefore likely to bhe due to the
metabolic upset and not to en anatomical change in the heart.

de Fresh applications of ballistocardiogravhy.
The present situdy hes extended the field of ballisto-

cardiographic research in two ways.

A systematic quantitative analysis of the reecords of the
normal subjects ellowed expected normel standards to be calculated
for subjects of eanch sex and age group. This permitted more
detailed examinstion of the ballistocardiograms of the patients
with endocrine disorders and revesled hitherto apparently
unsuspected abnormalities,

Secondly, the use of the bellistocardicgraphic smoking test
in the context of endocrine disesse was & f{resh application of

an elready existing method of cardiac investigstion.

Sunmaxy .
The purpose of thies investigation was to study the effects of
diabetes melliitus and thyrotoxicosis on the heart. The problems

chosen for particuler investigation were the detection of occult
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coronary artery disease in young disbetic pabtients who were
apparently free from the cardiovascular complications of
diabetes snd secondly the study of a form of relative coronary
insufficiency in thyroboxicosis, whese occurrence was postulated
by Semerville and Levine (1950).

The method employed in the study was ballistocardiography.
The diagnostic precision of the method wasg augmented by the use
of a stress procedure, namely cigerette smoling, in certain cases.
This has been shown to be & useful method of detecting coronary
insufficiency.

Systematic quantitative anclysis of the bhallistocardiogram and
the employment of the smoking test were fresh applications of

thig investigative method.
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Chaptex 2.

EVOLUTION OF BALLISTOCARDIOGRAPHY,

1. Observations of Body Movements due to the Heart Beat.

In 1786 Caleb Hillier Parry seaw a young woman who was seriously
111 with thyrotoxicosis and commented (Parry, 1825) that "each
gystole of the heext shook the whole trunk of the hody". The
brisk ejection and reflux of blood that occurs in severe aortic
incompetence may also cause the body to move visibly in time to
the heart beat (Starr, 19543 Rorvik, 1963). Occasionally these
novements are so vigorous that the patient's bed is shaken with
his body. This effect cen, however, be produced even by physiow
logicel heart ection., Henderson (1905) noted that "probably
everyone has occasionally been kept awske by the rattling or
¢reaking of his bed in unison with his heart beat. At such times
one may notice slight but distinot vibrations of the entire
body alternately headward and feetward." Also of great interest
wag the observation of the German geophysiclst, Angenheister,
that if he pleced a seismograph on a rigid table and a subject
lay down beside it, the instrument gave a record that showed

movement in time to the heart beat (Angenheister and Lew, 1928).
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2. Nineteenth Century HRecords.

JeW. Gordon seems to have been the first to obtein a record
or ballistocardiogram although he did not use that term o
describe it., He remarked (Goxdon, 1877) thai "4 person standing
erect in a perfectly eesy posture on the bed of an ordinary spring
welghing machine and meinteining, as far as possible, perfect
stillness, will be found, If the instrument is delicately
adjusted, to impart a rhythmic movement to the index, synchronous
with the pulse." To record these body movements Gordon used a
bed suspended from the ceiling, a set of levers and a smoked
drum. His work was discugsed later that year hy Coutts Trotter
{1877) who suggested that these movements of the body were
directly related in %ime and magnitude to changes in the
position of the body's centre of gravity caused by transfer of
blood from the heart to the great vessels. Further comument
on Gordon's paper followed from Landois (1880). In his “Lehrbuoh
der Physiologie des Menschen™ he illustrated a simple vertical
platform instrument that he had designed., With this appsratus
lLiandois made the first clinical observation in the field by
obtaining a record from a patient who had sortic insufficiency
and finding it was of fer greater amplitude than that of a healthy

PETEON..
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3. Earlier Twentieth Centbury Records.

In 19205 Yendell Henderson who was scemingly unewere of this
previous work bullt an instrument similar te that of Gordon
(1877), having noticed like him that when he stood on spring
scales the tlp of the pointer moved in time to the beating of
his heart. This led him to construct a table that was free to
move longitudinally but not in other directions. These movements
were magnified up to 100 times by o series of levers and were
recorded on a smoked drum. Henderson suggested that there was
a reletionship between the amplitude of the recorded movements
and the cardiac ouiput. DBecause respiration caused relatively
large movements that obscured the small deflections due to
cardiovascular forces, breathing had to be stopped during the record-
ing » Appavently this limitetion led Henderson to abandon the
technique although he employed a modification of the method in
en attempt to measure the effects of altitude on cardlac oubtput
vhen he accompanied an expedition to Pike's Peak in Colorado
(Douglas et ale, 1913).

Satterthwaite (1913) described similer movements of the
pointer of his scales in time to the hesrt beat. He lengthened
the pointer, recorded its tip on a smoked drum and obtained
tracings that resembled.moderm ballistocardiograms. Heald and

Tuckex (1922) were the first to employ electrical mesns of
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recording but their hot wire microphone did not distinguish
headward fron footwsrd movements and thelr records do not
resemble ballistocardiograms. The Swedish physiologist,
Abremgon (1933), built an inetruwent in which the subject sat
upright. Tossibly the problems involved in having the subject
hoth relaxed and wvertical proved Intracteble and led him to

abandon the method for he did not continue his experiments.

4o The Medexmn Era of Ballistocardiograﬁ@g.

a+ Development of the highefrequency bed ballistocardiograph.

The modern ora of ballistocardiography stems from the
publication of the first series of papers from Btarr's laboratory
(Starr et al., 1239). When Sterr began his studies in
ballistocardiography he used spperatus similar to that of
Gordon (1877) and Henderson (1905). He recorded the
displacement of the subject's body with a table which had a low
naturel frequency end like Henderson encountered difficuliy with
respiratory movements. It was necessary for the subject to hold
his breath dvring recording. Some petients fovnd this impossible
and meny subjects performed indifferently. This limitation led
Starr to spply powerful springs to the bed which then had a high
natural frequency and recorded acceleration ingteasd of

displacement. Thus the slow respiratory movements had a
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negligible effect on the record. TUnfortunaiely the increased
rigidlity of the apparatus due to its heavy springing resulted
in some movement of the subject on the table and raised furthex
problems. These are discussed in Chapter 4.

Starr et al., (1939) were the first to term the records
"ballistocardiograms." . Subsequent publications from Starrv's
laboratory demonstrated many of the physilological events
~concerned in the genesis of the ballistocardiogrem and clinical
gtudies begun in 1939 have conitinued to the present day (Starr,
i965). No doubt influenced by Henderson (1905), Starr developed
;ormulae t0 estimate cardiac output from the highefrequency
%&llistocardiegram. The resulis of his later experiments did
%ot support these calculations and he expounded the current view
that the highefrequency mecord is more closely related to the
maxiaum strength of cardiac ejection than to stroke volume.
(8tarr et al., 1950).

bs Development of the ultre=-low frequency bed ballistocardiograph.

About the same time, the ballistocardiographic method
aroused the intexest of Burger and his colleagues in the
Depariment of Medical Physica at the University of Utrecht. They
exemined the physical basis of ballistocardiography taking '

s

Newton's Laws as their point of departure., They concluded froéff

theoretical considerations thal the original simple instrumeﬁﬁé

£
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of Gordon (1877) and Henderson {(1905) which recorded pure mass
displacements (as did Starr's orviginal bed) were more satisfactory
than later instruments with platforms whose movements were
resigted by powemful springs. They desaribed an “ultra~low
fregquency" ballistocardiograrh which they had constructed and
outlined the physicel bhasis for their claim that it recorded
?oﬁy nmovements with greater fidelity than did high-~frequency
%nstruments (Burger et al., 195%; Burger and Noondergreaf, 19564,
59563). Esgentially the same solubion was reached by the American
physiclst Talbot and his assoclates who were also studying this
problem (Talbot et aley, 1954). Much of the more recent research
into the fundamentals of ballistocardiography hag employed the
ulbra~low freguency apparatus but greater precision has been
achieved to some extent at the cost of esase of operation and
robustness.

s The directwbody balligtocardiograph.

Table or bed ballistocardiogrephs ave welaetively large,

immoblle and expensive pleces of equipment whatever their natural
frequency. These dissdvantages led to the production of the
directwbody pick-up device by Dock and Taubman (1949). These
simple devices arve laid across the shins of the subject who lies
gupine. They record his movement on hisg own hody tissues without
reogtraint. Despite their obvious advantages which include port-

ability, simplicity and cheapness they have proved of little
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findamental value. These issues are discussed in Chapter 4,

Summary.

In severe thyrotoxicosis or aortic incompetence it has
been noted that the hyperdynamic ciroulatory forces may visibly
shake the patient's body and even his bed. Similer but slight
movements mey oocur in normal persons.

The early investigators in the field of ballistocardiography
conducted thelr studies largely wawsre of each others' work.
They often noticed that the peointer of spring scales moved in
time to the heart heat and used a varlety of physical methods
and mechanical devices to record the movements of the body.

The modern era of ballistocardlography stems from the
publication in 1939 of the fiwrst of a series of papers from
Starr's laboratory. Three main types of ballistcardiograph have
heen developed: the high~frequency table by Staxw, the ultra-low
frequency table by Burger and others and the direct-body pick-up

device by Dock.



Chapter 3.

PHYSICAL CONSIDERATIONS.

1., Effects of the Circulation on the Centre of Gravity of the Body.

a. The gystemic circulation.

The human eirculation consists essentially of a pump and
a closed but elastic circuit filled with blood. This elasticity
end the resultant distensibility allow the distribution of the
blood mass to change during the cardiec cycle. With everxry
contraction of the left ventricle blood is thrust into the aorta.
An ares of distension passes along the aorta and acts as if an
extra mass were moving along it with the velocity of the pulse
wave, This is true not only of the aorte but also of all other
arteries (Burger et al., 1953). Thus a periodic mass displacement
ocours in the body whose centre of gravity inevitably moves in
concert with the fluid mass of blood. As the ascending part of
the aorta dilates during early systole the centre of gravity moves
toward the head. It changes direction footwards as the descending
limb of the eorta distends progressively. The direction is

reversed again early in diastole. Murther alternating,
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oscillating movements occur during the rest of diastole. The
centre of gravity reaches its originel position just before the
start of the next systole. These movements of the blood mass
and of the centre of gravity of the body are highly consistent
and are repeated beat after beat.

b. The pulmonary circulation.

The pulmonaxry circuiétion also contributes to this
pattern of movement but its part is relatively‘small (Noorder-
graef, 1961), A certain mess motion is associated with ejection
of blood from the right ventricle into the main pulmonery axrtery
but the distance is comparatively short and its effect is
probably meagre, Beyond the pulmonary arterial bifurcation the
vessels fan out radially. Thus their ciroulatory effects act
in opposing directions and largely cancel one another,

¢. The venous system.

The movement of blood in the veins ié relatively slow
and almost uniform, It probably plays s negligible part in
producing movements of the centre of gravity of the body (Hend-
erson, 1905) and contributes little or nothing to the mass

movements that give rise to the ballistocardiogram.
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2. Effects of the Physical Properties of the Body.

a., The coupling of the hesrt and body.
The pulsating and oscillating tissue mass consisting of

the heart, great vessels and the blood they contain has been
described as a central "cardiovascular generator" (Scarborough,
1959). It is coupled to the relatively less mobile and much
larger masé of the rest of the body by a network of ligementous
énd muscular tissue. There ig little precise knowledge about
the physical bebaviour of this "intermal coupling network" and
the losses involved in the transmission of forces are quite
unknown (Reppaport, 1956A) but it seems likely that there is
some distortion of the movements initiated in the central mass.
Nevertheless the external framework of the body moves more or
less faithfully in xesponse to the forces arising in the
"central generator" and sll parts of the body move with much the
seme amplitude and phase in response to the heart's action (Von
wittorn, 1953).

b« Frequencies of the body tissues and circulation.

Recognition of the fact that forces generated by the
cardiovascular system produce movements of the whole body
reises the problem of selecting a recording method. The
solution of this problem is largely determined by the physical

characteristics of the body. In this connection two of the more
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important factors are the natural frequency of the body tissues
and the frequencies of the forces arising in the cardiovascular
system.

If a living or recently dead persom lying supine is tapped
once on the head, the body undergoes a series of vibrations
which cease fairly quickly due to the intrinsic damping qualities
of the tissues, The rate of these vibrations is termed the
natural frequency of the body. This ranges from about 3.5 to
& oycles per second (Tucker and Ostrom, 1955) but is usually
around 5 or é cycles per second (Starr et al., 1939; Reeves et
al.y 1957). This applies not only when the movemenits are
produced by an impact striking the body from ocutside but also
when they are duwe to a force initiated within the body. Thus
& movement ariging in the central cardiovascular system and
transferyred to the body as a whole through its ligamentous
network will tend to produce oscllletion of the body at a ratle
of about 5 to 6 cycles per second due to the natural frequency
and elasticity of the tissues. The freguency of the major forces
arising in the normal circulatory system ranges from about 2 to
12 oycles per second (Reeves et al., 1957). Many of these
forces are transmitted by the ligaments to the whole of the body
and dominate the physical situation so thet the general body

movements may have a variety of frequencies between 2 and 12
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cycles per second.

If this range of frequencies is to be reproduced faithfully,
the natural frequency of the recording instrument should lie
well outeide it lest resonance between the natural frequency
of the apparatus and the frequency being recoxded result in
distortion of the tracing., This has largely dictated the
physical characteristics of the different ballistocardiographic
systems which are considered in more detall in Chapter 4. It
has resulted in the production of ultrawlow frequency apparatus
(vaturel frequency less then 1 cycle per second) and high
frequency instruments (above 12 cycles per second) and largely
accounts for some of the difficulties encountered in the use of

direct«body equipment.

Summery .

The humen cireulation consists of a pump (the heart) and
a distensible vascular circuit filled with blood. The position
of the centre of gravity of the body is altered by movement of
the blood, meinly in the systemic clreculation. A small part
is played by the pulmonary circulation but the contribution of
the venous system is negligible.

The movenents initiated by the "“central cardiovascular

generstor," the heart and great vessels, are transmitted to
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the whole body by commecting ligements, Due to their innate
physical properties they probably distort these movements o
some extent, Further difficulties in recording arise because
of the need to avoild the natural frequency of the body (3 o

6 cycles per second) and the frequency of the main circulatory
forces (2 to 12 oycles per second) in the design of the
ballistocardiograph, ag resonsnces might arise and distort the

record of movemento.
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Chapter 4.

BALLISTOCARDIOGRAPHIC BYSTEMS.

1. Yypes of Balligtocaxdiograph.
The ballistocardiogrem is a record of the oscillatory body

motion that cccurs with every heart beat and is attributed to
forces produced by cardiac action., Ballistoecardiographs are of
two basic types. The first consists of a table or bed on which
the subject lies so that the movements of the body are imparted
to the table. The second is a light pick-up device that is
attached to the subject's body, usually at the shins, as he lies
supine on a rigid surface and moves to and fro on his own
elastic tissues.

2. The Table or Bed Balligtocardiograph.

a. General featureg.

This consists of a light, rigid teble or platform
suspended from sbove or supported from below in various ways.
The platform is uaually free to move in one direction, the

longitudinal, It is attached to one or more steel springs which
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act as a restoring force and return the platform to its resting
position when it has been displaced. The character and strength
of the springs determine the natural freguency of the apparatus;
that is, the rate at which it vibrates when struck by a single
blow.,

be The high-{requency ballistocardiograph.

A high~frequency ballistocardiograph has very stiff and

powerful springs which give the apparatus a natural frequency
of from 10 to 15 cycles per second., When the table is unloaded
or when it bears a dead welght such a8 bars of iron, it oseillates
for an appreciable time after it has been set in motion by e
blow; that is, the vibrations of the table ave not subject to
damping. These characteristics are greatly altered if the weight
ig repleced by & human body. When a recently dead body lying
on & high-freguency bed ballistocardiograph is struck once on
the head the system, consisting of the body and the apparatus,
oscillates at & frequency of approximately 5 ox 6 cycles per
second. These movemenis ere rapidly damped out and cease in
a manner similer to thet occurring when the body, lying on its
own elestic tissues on a rigid surface, is tapped on its head.

This would suggest that the physical properties of the body
doninate the entire system when the subject lies on a highe

frequency ballistocardiograph (Scarborough et al., 1952) butb
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the powerful resisting springs lluwit the travel of the platiorm
and there is relabtive movement of the subject on it (Buvger and
Noordergraal, 19564, 1956B; Burger et al., 1956). The movements
of the subject's body arve grester than those of the table but
they remain in phase with one ancother and the oscillations of
the platform give a reasonebly felthful lmpression of body
motion. * When the body 48 fimnely attached to its surroundings,
as in the high-frequency method, the recorded displacement of
the table is roughly proportional to the accelerstion of the

- dnternal circulatory mass and reflects cardisc strength ox
force (Reeves et al., 1957). Except for the inherent error of
enplitude which mey be largely coxrected by mechanical
calibration of the instrument, highefrequency apperatus with

a natural frequency of 15 cycles per second reproduces reliably
the accelexration of the subjeci's centre of gravity over a
renge of frequencies up to 10 cycles per second (Burger and
Noordergraaf, 19561).

Thus desplte certaein technical deficiencies it does reflect
the major, slower cerdiovascular forces. DBecause of its
intrinsic strength of structure it ls by far the most rugged
and dependable apparatus available and ylelds the wost

consigtently reproducible results (Scarborough, 1959).
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¢e. The ultre=low fregquency ballistocardiosraph.

The main disadvantage of the high-frequency system is
the movement of the body on the platform with resultant distortion
of the ballistic record. In an attempt to overcome this
difficulty extensive studies were underteken by Burger et al.,(1953),
von Wittern (1953), Talbot and Harrison (1955), Burger and
Noordergraef (1956A) and Rappaport (19%6A, 19568, 1956C). These
aunthors were substentially in agreement and suggested that the
solution lay in placing the body on & platform suspended or supp-
orted in such a manner that the coupling of the system to the
earth was relatively weak, there being little or no resistence
to movement of the subject and pletform in space., It was to be
expected that in these eircumstances the body and platform would
move as a unit and distortion would be minimel. The natural
frequency of such systems is less than 0.5 cycles per second
and they have been designated "ultra~low frequency" ballisto-
cardiographs. The simplest method by which this may be achieved
is the suspension of a light platform from the ceiling by a number
of wires esch about 10 feet in length (Burger et al., 1953).
Other methods, such as flotation of the bed on mercury (Deuchar
et al., 1955) or its support on ball bearings (Hollis, 1956)
have also been employed. Whereas the high-~frequency apparatus

records only acceleration the ultra~low frequency tables can



30

dstect the displocement, velocibty and acceleration of the
centre of gravity of the bodye.

de Comparison of high and ultra-low frequency ballistocardiosraphs.

‘The ulvraw-low frequency ballistocardiogrem provides
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infoxmbbion, particularly concerning repid wovements, that is

& .
abgent: from the records obbtained by the high~freguency table
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(Burgel et al., 1953). On the other hand it is far from certain
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that the rapid waves and notches found in the wecords from the
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ultre~ltow frequency tables have their origin in the clreulation.
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s at present no evidence that important clinical informetion
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is cen%ained in the notches and slurs recorded solely by the
% :
lowafr%quency ingtruments. It has been suvggested that they may

4

be due%ﬁo shaking of the liver and othexr owrgens inside the
abdomen (Starr and Noordergraaf, 1962).

These authors and Reeves et al.,(1957) have stressed the
essential similarity of the results obtained from high and ultra-
low frequency instruments both as regerds the form of the record
and its actuel measurcments. Since the high-irequency apparatus
records only acceleration, ballistocardiocgrams obtained by this
method are of course comparable only with acceleration records
from the ultra-low frequency beds. The more sensitive lowe
frequency tebles are much more delicate and fragile and are also

inmobile and relatively difficult to calibrate. Starr and
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Noordergraef (1962) noted the robustness and ease of callibration
of the high~frequency apperatus. They suggested that for most
purposes this instrument has considerable practicel advantages
over the theoretically more satisfactory uwltra-low frequency
ballistocardiograph.

5+ She Direct-Body Ballistocardiograph.

This simple shin-bar device, introduced by Dock (Dock and
Taubman, 1949), does have the advantages of simplicity,
cheapness, portability and ease of operation but there are
importent adverse features to set against these.

When the subject lies on a rigid surface, the natural
frequency of the tissues of the body is close to the frequency
of the mejor waves of the ballistocerdiogram. This close
correspondence mey oreate problems of interpretation since
not all the waves recorded in these circumstances will
necessarily be of cardiovescular origin. In addition the degree
of damping of body motion is so slight that oscillations
initiated by one heart beat may continue into the ensuing
cardiac cycle and distort the record. In an attempt to overcome
this defect Walker et al., (1953) fixed their subjects in
putty or send. This had the effect of increasing the natural
frequency of the body and elimineted much of the after

vibration. Noordergraef (1961) showed that if the subject lay
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on a non=slip pad with his feet pressed tightly egainst a wall,
the natural frequency of the body tissues was greatly increassed
and the outline of the shin-bsr record was much improved. This
method was recommended with slight modification by Ambrosi and
Starr (1964) but they remerked thet no reliable means of
calibration was available.

Inability to calibrate the wecoxd satisfactorily is the
second main disadventasge of the technique. Calibration methods
were devised by Smith (1952), Bixby and Henderson (1953) and
Reeves et al.(1953) but the essential simplicity of the ghin-
bat technique was thereby lost. In addition the physical
properties of the body tissues vary widely from subject to
subject, The internal ligementous network of the body, which
provides the restoring force in direct-body ballistocardiogrephy,
varies greatly from person to person. Thus the same cardiac
force mey be absorbed differently by the tissues of various
subjects. This is the source of some of the c¢alibration
difficulties and mey also result in abnormal wave contours.
Jokl (1959) reported that very powerful young men such as
professionel weight lifters had ebnormel shinebar
ballistocardiograms. It seems highly unlikely that their hearts
were abnormal. Arbeit et al. (1957) demonstrated improvement

in the high=frequency ballistoocardiogram during periods of
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intensive physical training. Their unusually well developed
musculature may have eltered the physical properties of their
body tissues sufficlently to produce changes in the direct-
body records,.

TLegtly, in divectw-body ballistocardiography the subject
moves much more in space with sach heart beat than is the case
when the table method is used (Ambrosi and Sterr, 1964). It
is therefore not unlikely that some distortion of the
bellistic waves will be caused by sheking of certain organs,
especially inside the abdomen. Some small notches in the records
from ultra-low frequency ballistocardiographs may be produced
in this way (Starr and Noordergreaf, 1962).

4. Comclusions,

Although the direct-body or shinebar method has certain
obvious advantages the unssatisfactory features that have been
discussed seriously limit its usefulness, Its defects have
led Fulton et al. (1961) to conclude that it is of little or
no value. VWhile this judgment is perhaps somewhat harsh the
limitations of this method have enebled the more complex
table or bed ballistocardiographs to meintain their leading
position in this field of investigmtion. O0f these the ultra-
low frequency method provides slightly moxe accurate records

but the robumstness and ease of operation of the high-
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frequency apparatus commend it strongly as a practical method.

Sunmary.
The bellistocardlogram is a record of the body movements

that are attributed to the action of the heart. These movements
nay be detected by placing the subject on a teble or platform
whose motion is recorded or by attaching a pick-up device

to the subject's legs as he lies supine on g rigid surface.

The natural frequency of the table spperatus mey be higher
or lower than the range of frequencies of the body and the
cirouvlatory forces, which vary from 2 to 12 cycles per second.
The ultra-low fregquency method yields the most accurate record
of bvody movements but the apparatus is immobile, delicate and
often difficult to calibrate and to operate, The high~frequency
technique provides similar elthough less acourate results but
has the adventages of robustness and ease of calibration and
operation which makes it perhaps more sultable fox routine
clinicel use.

The direct-body method using a picke-up device is simple,
cheap and portable but there are serious disadvantages that
render it of coneiderably less value as an investigative

technique.



Chaptexr 5.

THE WAVES OF THE BALLISTOCARDIOGRAM,

1., Genexal features.

The normal ballistocardiogram consists of a procession of
ragular and reproduelble waves representing forces produced
by the action of the heart (von Wittern, 1953). These were
designated H, I, J, K and L by Starr et al. (1939)., This
nomenclature has been adopted generally for all types of
ballistocardiogram and was used with slight modification by
the Commititee on Balllstocardiographic Terminology (Scarborough
and Talbot, 1956). The H, I, J and K waves have been
apsociated with systolic events and the remaianing waves
including the L wave with diastole. Fundamental studies by
Homilton et al. (1945), Starr et al. (1950) and Richmen and
Littmann (1963) have suggested that both the contour and
amplitude of {the systolic waves of the hallistocardiogram are

releted to the cardisc esjection curve.
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Pigure 1.

Diagremmatic representation of the noxrmel bvallistocardiogren,
showing the outlive cof the weves snd the letters attached to
tﬁem. The ¥, I, J and X waver represent systolic e%ents and,

the L,li, N end 0 waves, occusrr in diastole.






Normal ballistocardiogrems of healthy men. They resemble
one enother in general contour. The individuel complexes are

also similaer in each ballistocardiogram.
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Tn a nowmal ballistocardiogram, a represgntation of which
1!

é

ig shown in Fligure 1, the actual slze of hhofuomplcxeb varies
somevhat from beat to beat but the confiﬂura%ion of 2ll the
conplexes is similexr. There is a family resemblaace anong the
complexes of en individual record and normel ballistecardiograms
from different subjects elegc resemble one encther. This is
i1lustrated in FMgure 2.

2. Systolic Vaves.

8., The H wvave.

This hesdward deflection begineg its asscent at or near the
peak of the electrocerdiographic R weve (Richmen and Littmann, 1963).
It ends at or near the beginning of ventriculay ejection
(Scarborough end Talbot, 1956). Its precise origin has not been
cleawly defined and it 1s the most varisble of all the systolic
waves, chenging even from one cardise eycle to another (Hamilton
et als, 19455 Frenkel and Rothermich, 1952). It has been
suggested that the H wave is due to atriel contraction (Nickerson,
19493 De Lalla et al., 1950) and certeinly in some cases of
complate heart block distinet complexes follow each electro-
caxdiogrephic P wave, in which event the H wave of the next
ventricular complex is usually absent (Scarborough et al,, 1952).

On the other hand headward deflections closely resembling
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H waves mey be seen in records from patients with atrial
fibrillation (Gubner et al., 1953; Richman and Littmann,
1963). It is likely thet other factors such as the thrust of
the heert during isometric contraction also play some part in
its production (Hamilton et al., 19455 De Lalla et al., 19503
Richman and Littmann, 1963). Much information cen probably
be gleaned from the study of this wave and its relation to the
I wave (Moss, 1960) but in practice examinmtion of the H wave
mey prove difficult since it may disappear in the finsl
diastolic undulations of the preceeding cardiac cycle. Thus it
may be impossible to locate or measure it.

be The I wave.

The I wave is the shaxrp footward recoil deflection that
follows the H wave in normal records. It occurs early in
gystole and is associated with the ejection of blood from the
heart into the sorta and pulmonary artery (Hemilton et al., 1945;
Sterr, 19%4; Richman end Littmenn, 1963). As the wave of
pressure impacts on the crown of the arch of the aorta and
pulmonary bifuxcatien the direction of the forces is abruptly
reversed and the next prominent headwerd wave follows.
ce The J wave.

The J wave is the largest hesdward wave in the normal record
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and feollows lmmedistely on the I wave, It has a complex origin
late in systole due to deceleration of bleood in the ascending
aorta and pulmonary artery and acceleration of flow in the
descending aorte (Hamilton et al., 1945).

d. The K wave.

This is the prominent footward deflection that follows
the J wave. It occurs near the end of systole. It was initially
regarded by Starr et al., (1939) es being lorgely an artefact due
to overshooting from the preceding J wave, o view reiterated by
Richmen and Littmenn (1963), but Hamilton et al. (1945) considered
that it represented definite cardiovasoular forces produced by
the impact and reflection of the pulse wave at the periphery of
the arterial tree. Jacobs (1954) found that the depth of the K
wave was inereased by the inhalation of amyl nitrite and
suggested that the lowering of pexipheral resistance was the
principal factor involved in this lengthening of the K wave.

The opposite situation is found in coerctation of the aorta
where the K wave was noted to be much shortened (Hamilton et al.,
1945; Brown et al., 1949; Nickerson, 1949; Murphy, 1950).
Further, surgical correction of the amoxrtic abnormelity by
aoxrto-aortic end-to-end anestomosis resulted in a return of the
K wave slmost to normal form (Murphy, 1950) whereas aorto-

subclavian end-to~end anastomosis did not appreciably alter the
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the preoperative pattern (Nickerson, 1949; Murphy,1950).
Additional reports of a return of the shortened K wave pattern
towards normal after surgical correction of the aortic anomaly
have been made by Réissman and Dimond (1953) and Yuceoglu et
als (1957).

Marquis and Logsn (1955) reported that the K wave might be
shortened in aortic valve stenosis and added that surgical
treatment was followed by a reversion towards the normal pattern.
Aortic thrombosis causing the Leriche syndrome may also produce
a decrease in the length of the K wave (Elkin and Cooper, 1949
Murphy, 1950).

Wickerson (1949) used a model "heart-zorta' circulation to
demonstrate that variation in the length of the descending aorta
caused changes in the depth of the K wave and suggested that this
was one of the mein factors in determining its depth in the
humen ballistocardicgram. In practice its precise length is
influenced by other factors including the amount of pressure
between the subject's feet and the footboard of the ballisto-
cardiograph. An inorease in pressure causes shortening of the
K wave.

5« Diastolic Waves.

Honig and Tenney (1957) considered thet the initisl

diastolic vibrations or waves were related to the magnitude
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and rate of change of the cardiovascular forces that occur with
closure of the asortic valve., The pulmonexry valve contributes

to the formation of these waves only in the presence of incressed
flow or pressure in the lesser circulation. The two smaller
headward waves which follow the X wave in normal ballistocardic-
grams are termed L and N while the small footward wave between
them is desoribed as the M wave (Scarborough and Telbot, 1956).
Small weves occur later in diastole in some records but the only
one named is the 0 wave which is a footward deflection following
the ¥ wave (Hemilton et al., 1945). These authors considered
that the diastolic waves were related to specific circulatory
events and suggested that the L wave, for exaemple, was associated
with deceleration of blood in the ascending aorta at the end of
systole. There is, however, little precise information regerding
either this wave oxr the other disstolic weves end they have
generally been regerded as varieble end less important than the
pystolic deflections.

It is convenlent to mention at this point that the large
diastolic waves sometimes observed in abnormsl ballistocardiograms
are not described by these letters since they are believed to be
due to forces quite different from those which produce the

normal diagtolic waves. Scarborough end Talbot (1956) suggested
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that they should be described by thelr direction snd occurvence
in time, for example " a laige headward wave in late diastole,v

4. Relation of the Waves to the Carvdiac Bjection Cuwve.

To clarify the fundemental origing of the waves of the
ballistocardiogran Starr et al. (1950) carrvied out a series of
experiments in frosh human cadavers, At post mowtem examination,
large camulee were tied inbto the roolt of the aorie and pulmonary
artery. 7The body was placed on the hallistocaxrdiograph teble
and fluld was injected into these great vessels. The amount,
speed and force of the injection were recoxrded yphotographically
and at the same time & ballistocardiogram was obtained. The
guthors studied the mathematical relstionship between the
"oardiac ejection ourve" and the ballistocardiogram associated
vith its They concluded that the ejection curve could ?e
reproduced qualitstively by nathematioanl analysis of the systolic
vaves of the ballistooardiogran. It was not possible to estimate
the "cardiac output" by this method but there was =2 close
correspondence between the force of ejection and the size of the
ballistocardiogram end also between the shape of the ejection
curve and the form of the ballistocerdiogram.

When the injection of blood into the great vessels of the

cadever was rapld and resgular, a ballistocerdiographic curve
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similar to that found in healthy yowng adults end generally
accepted as normal was constantly obtained. BSlow, irregular
or jorky injection preduced sbnormal waves in the ballisto-
cardiogram. Most of the abnormal foxrms seen in clinical
recoxrds could be produced at will,

Thege experiments suggested that in the human subject the
waves of the ballistocardiogram are closely related to cardiac
ejection. Their form is largely determined by the outline of
the cardiac ejsction curve and their amplitude is related to the
force of ejection, It is not necessary to apply complex
mathemgtical enalysis to the ballistocardiographic record on
each occasion and the ballistocardiogrem mey be assessed and
interpreted in its own right as an empirical means of estimating

the mechanical efficiency of the heart,

SUmATy

The normal ballistocardiogram consists of a series of regular
and reproducible waves. The larger systolic waves H,1,J and X
have been related to specific events in the cardiovascular
dynamics. The origins of the diastolic waves L,M,N and O are
less clearly defined.

It has been shown that the systolic complex of the ballisto=

cardiogram is relsted to the curve of cerdiac ejection. The form
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of the record is largely detexmined by the outline of the
cardiac ejection curve and its awmplitude is related to the force
of cardisc ejection. The ballistocerdiogram mey be used ag an

empiricel measure of the mechanical efficiency of the heart.
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ASSESSMENG OF THE BALLISTOCARDIOGRAM,

1. Introductlon.

Ballistocardiogrens can be assessed in two ways. The
gimpler and hitherto move populay wmethod hes been purely
gualitative and concerned essentislly with the contour of the
vacord. The quentitzative method presents more difficulty.

In order to determine the significance of the amplitude and
other measurements of a ballistocardlogram one must possess
en instrument that can be calibrated and normsl standards
derived from the recoxrds of normal subjects examined with it.
To some extent the two methods are complementary because a
change in the foxm of & wave may well result in alteration of

the amplituvde or duration of thol vave,

2+ Guelitetive Acsessment.

a. Noxmal petterns.

Genersl inspection of & ballistecardlogrem reveals a

44



Figuxe 3.

Normal ballistocerdiogrems of healthy women. The large
wévee repregent systolic events aﬁd the swall waves are

associated with diestole.
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geries of more or less regular weves, In the noxmal record
these are repeated from cne cardiac ¢ycle to the next and are
highly consisbent. BRach cardiac cycle is represented by a
complex of systolic and diastolic woves. This is shown in
the ballistocardiograms in Figurve 3. It is guite exceptional
for the record of a healthy young adult to deviate from thisg
normal pattern (Henderson, 1953).

be Abnoznal patterms.

The normal wave patterm of the balllstocardiogram was
first described by Sterr et al. (1939). These authors found
certain well defined and commonly occurrying sbnormalities of
wove contour usuvally associsted with cardiac disesse. Three
of these varlants were nemed the early M, late M and late
dowmatroke pantterms: Henderson (1953) noted that "detailed
description of a ballistic sehmormality is never easy hecause
the contour so often chenges from bheat to beat within the
respirvatory oycle," Idke Btarr, however, he found three
main combinations of ballistocardiographic abnoxrmality. Two
of these veariants were essentially the early M and late
downstroke patterns. The third type showed a decrease in the
depth of the I wave snd lessening of the height of the J wave

which might also be deformed by slurring or notching. HMany



Moare 4.

Béllistocaxdiograms with abnommal wave patiexn.

RO

1.

2.

S

4.

S

6.

The 2nd and 5th conplexes from the left show late

M pattern,

The 3rd, 4th and 5th complexes show eaxly M pattern
and preominent headward late diasstolic waves,

The 31d complex shows late downstrcke pattern and the
Hth complex shows a morked example of early M pattern.
The others are bizarre complexes.

All complexes show abnormal HI pattern. The lst and
4th complexes show reversal of the slope of ‘the HI
segwent, which is upward instead of downwaxrd.

The 2nd complex from the left shows short K pattern
and the 5th shows early M pattern. The lst complex is
an intermediate form of short K pattern.

The 2nd complex shows prominent I pattern (the kK wave
also being deep) and the 4th complex showe early M

pattern,
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other ballistic wave abnomelities have heen described. These
include slurring oxr notching of verious systolic waves, absence
o truncation of the K wave, unduly large diastolic waves and
bizarre contours whose wave forms cannot be clearly distinguished,
(Pordy et ale, 1951). Pigure 4 shows ballistocardiogreams with
varions abnormelities of form,
Ebnormal ballistocsrdiograws may show & considereble variety
of weve pattern., Sevevel diffevent types of abnormal contour
may exist in & single vecord. This mekes it difficult to devise
a compact yel precise classification of wave abnormality in
e bhallistocerdinogram., Some ballistocardivgrams are clearly more
arnorwal thern others bul this depends essentlally oan the
propoxrtion of complexes affected by wave deformity.
¢e Degree of ballistocardiogrephic abnormelity.

In an ettempt to clarify this point Brown et al. (1950)
deavised criteria for the assessment of bellistocardiograms.
Plve dagrees of abnormality were axbitrarily defined. Normal
records were clegsified aa grade 0. In grade 1 the noxmal form
of all conplexes was preserved but the complexes registered during
expiration were relatively smell and thore war therefore an unduly
great variation in the size of the complexes. When at least half

of the complexes wewre gbnormal, usually during explratlion, the



47

ballistocardiogram was placed in grade 2. In grade 3 the
complexes showed varying degrees of abnormslity during all
phases of respiration but all complexes could be clearly
defined. Grade 4 records had totally abnormal complexes
usually of low amplitude with individuel waves that were
difficult or impossible to identify with confidence. This
system represented a substantial contribution to the
agsessment of ballistocardiograms but it did not provide for
abnormal records in which less than half the complexes were
deformed in successgive respiratory cycles. Ballistocardiograms
of this type are not uncommon and cannot be regarded as normal.
Thus it seems desirable to subdivide grade 2 into grade 2A in
which less than half the conplexes sre abnormal and grade 2B
in which more than half are abnormal.

d. Artefacts in ballistocerdiograms.

It is essential that only abnormelities that recur
regularly in a record should be considered significant; a
solitery abnormal complex must always be regarded as an
artefact until the reverse is proved. Ballistocardiograms
must be read with several sources of erroxr constantly in mind.
Any small movement, voluntary or involuntary, made by the

patient on the table mey distort a complex of the ballisto-
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cardiogram. Even overbreathing by the patient lying flat on

the table mey produce disphragmatic impects on the record,

Movements in the bullding mey also affect the record but these are

usually relatively fine vibrations which are not likely to be
mistaken for abnormal waves of cardiac origin.

es BHguivocal ballistocardiograms.

In some ballistocardiograms the abnormality or,

A
2

ebnormalities may be minimal or slight. It may be vexry
difficult for the observer to decide if the deviation from

the classically normal pattern is of real significance. This
difficulty arises essentially because the normal proceeds into
the overtly and obviously abnormal by imperceptible steps.

Thus any group of examiners or even a single observer may not
classify a group of x-~ray films or electrocardiograms in exactly
the game way on different days (Dosck et al., 1951). This problem
of observer veriation or error arises in many clinicel
observations. Difficulty has been found in the detection of
emphysens, (Fletcher, 1952) and finger clubbing {Pyke, 1954).
Considerable variation in fhe intexpretation of chest x-rays
(Birkelo et al., 1947) end electrocardiogrems (Davies, 1958) is
wldely recognised as inevitable. Thus 1t is not surprising
that occasions arise vhen great difficulty is experienced in

deciding whether a ballistocardiogram is normal ox slightly



Plgure He

Normal ballistocsrdiograms of healthy nmen., In each recond
the complexes are slike in contour but vaxy in size due %o
rgppivatory fectors.

| This is the same illustration as Figure 2.
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abnormel. It is wise to record these borderline ballisto=-
cardiograms as equivocal but to place them in grade O or grade
1 (Brown et al., 1950). They are thereby recorded as essentially
noxmel in form, This bias mey result in & few abnoxmal records
being placed in a normal category but this ie probably o more
acceptable error than the reverse. Only what is clearly and
uwnequivooelly abnormsl should be recoxded as such.
5. Guantitative Assessment.

a. Methods of measurement.

Suocesgive complexes of nenmal ballistocardiograms
resemble one another in form but vary in size due %o respiratory
factors. This may be seen in the records shown in Figure 5. Since
the amplitude of the complexes varies with each heart beat,
measurement of any single complex or wave will provide little
finite information sbout the ballistocardicgram as & whole. Starr
ot al. (1939) susgested that the average velue derived from a
single large inspirstory complex and a single smell expiratoxry
complex would yield figures applicable to the entire record.

Starr (1958) added that this average was very close to the mean
value obtained from the measurement of large numbers of complexes.
By chance, however, the selected palr of large and smell complexes
might not be representative of the whole ballistocardiogram.

Thus it is preferable to measure typical inspiratory and expiratory
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complexes from three consecutlve respiratory cycles (Scarbvorough
et als, 1953).

The line thet braces the ballistocardiogrem varies in
width for a number of technical ressons. MNeasuvements sre
usually made from either the upper or lover edge of the tracing.
This provides a "line of no thickness" and the veriable width
of different records may be ignored. The amplitudes of waves
or segments are usually meesured to the nearest 0.5 mm. and
the duration mey be measured in fractions of & seocond.

The number of measurements and calculations that mey be
derived from ballistocardiogrems is almost unlimited. These
are time consuming and not all are proefitable. It has been
shown that the IJ segment is closely related in many ways to
factors concerned with cardiac ejection. It is ususlly a prominent
end readily identified part of the ballistocardiogram (Masini
and Rossi, 1953; Van Lingen et al., 1956). I+t thus seems
sultable for quantitative study end has been used in nost
reports of this nature. A number of indices can be derived
from ite measurement. These may be helpful in distinguishing
normal from abnormael ballistocardiograms.,

It must be stressed that these neesurements and indices are

easentially meaningless unless the bellistecardiograph can be



Migmre 6.

The shif't of the baseline of the ballistocardiogram by
10mm. that occurs when o force of 280 grammes is applied to
tﬁe table, Celibration is performed whlle the gubject lles on

tﬁe ballistocerdiogragh.






Fleuxe 7.

‘The diagram on the left shows the method of measuwing the
amplitude of the IJ segment and the figurs on the right shows
neasurement of the theoretlcal triangle under the IJ segment of

tﬁe ballistocardiogron,
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calibrated. It is customexry to adjust the apparatus so that
a force of 280 graumes applied to the table causes the baseline
of the ballistocardiogram to be deflected by 10 mm. as shown
in Figure 6.

be Amplitude of the 1J segment.

The method of measuring the IJ amplitude iz shown
diagremmaticelly in Figure 7. If the ballistocardiograph has
been calibrated in the way described above, it is unnecessary
to celculate the precise mechanical force represented by the
nean ampllitude of the IJ segment. The standard practice is to
use this result as an empirical measure oi force in its own
right.

It was first suggested by Starr et al. (1950) that the
anplitude of the IJ segment was related to the maximum force
of cardiac ejection ox the "strength of the hesrt." At first
it was thought that the IJ amplitude was velated also to
surface area bul this view was later found untenable, It has
generally been agreed, however, that the age and sex of the
subject have an important bearing on this amplitude.

In an enalysis of the ballistocardiograms of 369 apparently
healthy pevsons Scerborough et al. (1953) detected o progressive
and gignificaant decrease in the size of the ballisgtocardiogrem

as age increased. Review of his owa results by Starr (1955)
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revesled a similar trend, This reised an important if partly
philosophical problem, namely whether a person's bsllistocardiogram
should be Judged by standards based on his own age group or by
those derived from a young and healthy population., This matter
has remained controversial. Starr (19%8) preferred to use standerds
based on the records of healthy young sdults for the eveluation
of all ballistocardiograms, in the belief that ageing of the
heart with oconmequent loss of strength would be shown more readily
by the comparison, but Scarborough et al. (1953) compared their
patients' records vith those of apparently healthy contemporaries.

It hag generally been agreed that the ballistocardiograms of
men arae appreciably larger than those of womer. The reason for
this is not clear but it is not due entirely to differences in
body size. Differences in muscular strength msy be at least
partly responsible., The decrease in the size of the ballisto-
cardiogram with advancing age is seen in hoth sexes when they
are considered separately but at all ages women's records are
distincetly smaller than men's.

Thus it is necessary to consider both age end sex when
standards for the amplitude of bhallistocardiogrsms are being

prepared.,



¢s Area undexr the IJ segment,

The method of messuring the IJ area is shoun
disgremmatically in Figuve 7.

The value of neasuring the IJ amplitude has been fairly
firmly established but cevisin advantoges are oblained by
estimation of the ares of the theoretical trisngle under the
slope of the IJ segment. For example, varying pressures of
the subject's heels on ‘the footboard of the ballistocaxdiograph
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