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Summary

In the seventies of the past century Ballistocaydiphy had been thought to be obsolete in
cardiology for impossibility of objective calibrafi. In the present work the quantitative
ballistocardiography (Q-BCG) for measurement otaysforce (F) and minute cardiac force
(MF) in sitting subject was described. The new @ple of piezoelectric transducer enabled to
register the force caused by the heart and bloogement. It was not measured before. The
calibration proved that the action of the forcetlom transducer was possible to express
guantitatively without the amplitude-, time-, anfaage deformation. The close relationship of
skeletal muscle force and F was proved. The F aRddianged in different physiologic
conditions (age, partial pressure of oxygen, bodigit, skeletal muscle force). It was shown,
that the systolic force (F) and minute cardiac éaffdF) are the physiological parameters
neurohumorally regulated similarly as the head oa systolic volume.
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Introduction

The movement of the heart and blood is a primanycof the force acting on the body. The
first report on cardiac and blood motion has besdttem in 1628 by William Harvey. The first
record of such a movement of the body was madedrgd@h (1877) with a bed suspended from
the ceiling (Henderson 1905, Nickerson and Cu@#4). The ballistocardiography (BCG) was
used for measurement of cardiac output in the tia#t of 20th century (Hamiltoat al. 1945).

The method studying the cardiac output was predentdmerican Physiological Society by
Isaac Starr in 1936 (Hamilton 1962, Starr and Neaychaf 1967). The ballistocardiographs had
the frequency similar to the frequency of the heate which decreased the practical use of the
method (Jackson 1972). The ballistocardiographe wapable to measure displacement (mm),
the velocity (mm/s) and the acceleration (nfinéé motion of the body.

We were interested

1. whether the new method using the piezoelectricsttacer enables to register the force
of the heart and blood movement which was not nredsuntil now;

2. whether it is possible to calibrate the actionayté on transducer to obtain the
guantitative expression of the force;

3. whether the relation of skeletal muscle force arsdddic force (F) is present;

4. we tried to show in several examples that the nietfi@uantitative ballistocardiography
(Q-BCQG) is capable to measure the quantitative gbsaiof forces caused by the
cardiovascular activity in different physiologicanditions.

Method

Quantitative ballistocardiograph (Q-BCG)

The portable quantitative ballistocardiograph (Rigconsists of a seat, supported at three
points. The two front supports are rigid. The r@ae, on which the center of gravity of the body
is vertically projected, is a piezoelectric transglu(Trefny and Smetanka 1956, Trefny 1962,
Trefny and Wagner 1965, 1966). The patient is erathin a sitting position.

Our pick-up device, bearing structure of convenoperties, a sitting position of the
examined person in close contact with the seabanahsistor amplifier with a sufficiently long
time constant reduce and suppress the possibilityrim-, phase- and time distorsion of the
registered curves. The natural frequency of they,Wgh frequency” (VHF) — chair is higher
than 1 000 Hz so there is no interference withviheations caused by the heart activity. Neither
damping nor isolation from building vibrations arecessary. These properties enabled us to
calibrate our ballistocardiographic system anddtednine the absolute value of force acting
upon the pick-up device. The amplitude of the ifdlial waves can be measured in units of
force. For easier operation it is important that tibtal weight of the whole apparatus is only 5.5
kg which renders it portable.

The cardiac forces act on the piezoelectric traoed It is the principle of Q-BCG
method, which is capable to register the forcegré@lis no other similar method to measure it.

The mathematical analysis of the ballistocardiogi@pystem and the calibration of
apparatus was described (Trefny and Wagner 196ié) use of Q-BCG enabled us to introduce
new characteristic quantities of the systolic faff€eand the minute cardiac force (MF) which
are related to the body weight of each subjectdeioto obtain comparable values.



The systolic force (F) is the arithmetic mean & thrces measured from the
ballistocardiographic amplitudes Hl, 1J and JK fr@¥BCG curve (Fig. 2, Trefny 1970). The
systolic force (F) represents the force responasezhby the heart activity and is expressed in
unites of force (N). In order to get a measurettiertotal intensity of the heart activity, we
introduced the minute cardiac force (MF) which dgulae systolic force (F) multiplied by the
heart rate (HR) and which is expressed in uniteme per min. The physical properties of the
portable quantitative ballistocardiography werectdiégd (Trefny and Wagner 1965). We
measured the relationship between the frequenagtofg force and the amplitude of measured
force (Fig. 3). The relationship between the amdkt of acting force and the amplitude of
measured force was linear in the measured range@rt to 4 N (Fig. 3, left part). In the
frequency range from 0.1 to 60 Hz the amplitudéoafe measured in four different values did
not depend on the changes of frequency of actirggf@-ig. 3, right part). From these results it
is evident that our ballistocardiograph needs eeifmplitude, nor phase correction of the
measured force. It was proved that our ballistaogrdphic apparatus is able to measure and to
record the forces quantitatively in the frequerenyge 0.1-60.0 Hz without any practical
distortion (Fig. 3, Trefngt al. 1970, Trefnyet al. 1972). The calibration of Q-BCG: a force of 1
Newton changed the amplitude of the Q-BCG to 10 fine. force of the heart and blood motion
was expressed in Newtons (the systolic force (B)tha minute cardiac force (MF) were
measured by Q-Euro-seismo-cardio-T, GETA Ltd).

Echocardiography

By the echocardiography we measured the ejectamtién. The ratio E/A (early diastolic
filling velocity E and late diastolic — atrial Hlfing velocity A) and the maximum velocity of the
blood flow in ascendent aortan¥aowere measured by Image Point Ultrasound System étewl
Packard (Blohlaveket al. 2000).

Thoracic electrial bioimpedance (TEB)

The TEB method was used for measurement of ejefrigation (EF, %), contractility
index (IC in ml/s) and acceleration index (ACI, si/by NCCOM 3, BoMed Medical
Manufacturing Ltd., Irvine, CA (Sramek 1993).

The hyperbaric and hypobaric chamber

The hyperbaric and hyporabic chamber was used éaisorement of systolic and minute
cardiac force in different oxygen pressure condgiolen healthy men (age 20+2 years) were
examined by Q-BCG method in hypobaric chamber @sgure responding to the height of 1
500, 2 500, 4 000 and 6 000 meters above the gek Tdhe same chamber was used as
hyperbaric one when the air was respired in thegmee of 1 Atm (1 ATA), 2 ATA and 3 ATA
(10, 20 and 30 meters below the sea level). Thespre of oxygen was from 70 to 2 200 torr
corresponding to the height 6 000 meters and de@B m below the sea level. The parameters
heart rate (HR), F/kg, MF/kg were measured'imén in every experiment in inspiratory apnea.
The data were transmitted telemetrically (Trefngl &vainka 1970).

The hand grip force was measured by classic manual dynamometer.

Bicycle ergometry

The duration of three working loads was 5 min,dbeation of the last one was 2 min.
The interval between the loads was 2 min. The pednce (work) of the boys was 60, 100, 120,
240 W, in sedentary men 60, 120, 180 and 300 Wappsed, and in athletes 60, 120, 240, and
300 W. The frequency of rotation (pedaling frequgmneas 60 per min. The heart rate, Q-BCG
were examined before, and after finishing of eadwdsp of load, and after experiment (Treéty
al. 1968).



The selection of persons

For measurement of systolic force (F) and minutdiaa force (MF), different groups of persons

were collected:

— 116 boys and 112 girls, age 8-19.5 years (age-digmeimcrease of F and MF and decrease
in F/kg and MF/kg, Fig. 4, 5);

— 236 men, age 20-60 years (decrease in F and Fédilts, Fig. 6);

— 10 men, age 20+2 years (military service, relatigmbetween F/kg, MF/kg and p®ig. 7);

— 42 girls, 8-19.5 years (relationship between FAQI, EF, and BMI, BSA Fig. 8);

— 30 boys, 1315 years, 30 sedentary men, 40+4 ydarathletes, 20+2 years (relationship
between F/kg, MF/kg and working capacity measuredibycle ergometer, Fig. 9);

— 49 boys, 8-14 years (relationship between heamhwehand grip force and systolic force,
Fig. 10);

Statistical evaluation

The Student t-test for two independent collectias used in Fig. 4-7, and the
Spearmann correlation coefficient in Fig. 8 andA®ore detailed explanation is in each
Figure.

Results

The Fig. 4 describes the relationship of age astbyg force (F) and minute cardiac
force (MF) in boys and adolescent boys measured @iBCG (p<0.001). Both parameters
increased.

The Fig. 5 describes the relationship of age hedsame parameters as in Fig. 4 related
to 1 kg of body weight (F/kg, MF/kg) in girls andaescent girls. Both parameters decreased
continuously (p<0.001).

Fig. 6 describes the relationship of age of apeisons (men) between 20-60 years and
absolute value of systolic force (F) and relatiedue per kg of body weight (F/kg). Both values
were decreasing with age (p<0.001).

Fig. 7 describes changes of systolic force (F)ramtute cardiac force (MF in conditions
of different Q tension corresponding 6 000 m above sea levéQilin under the sea level.

Fig. 8 describes changes of systolic force pesfdgpdy weight (F/kg) measured by Q-
BCG, of acceleration index (ACI) measured by thmratecreical bioimpedance (TEB) and
ejection fraction (EF) measured by ECHO. All pareeremeasured by different noninvasive
methods had the same trend — there were decreaginocreasing BMI or BSA in girls.

The Fig. 9 (left part) shows curves representimgrétationship between the systolic
force per kg of the body weight (F/kg) and graddaterk load (L). In boy the steepest rise of
the curve occurred at the work load of 120 W. Tleximum effort was reached at the work load
of 240 W at which point the heart rate was 187 dpat min. In sedentary adult man the
maximum rise of the curve appeared only at the iaall of 180 W when the curve reached its
peak. At the maximum work load of 300 W the heat¢ was 180 beats per min. In athlete a
continuous rise in the curve was observed up torttwemum work load of 360 W at which
point the heart rate was 180 beats per min. Thérimaximum heart rate in all three groups at the
maximum applied work load was nearly the same. éidifferences between the groups were
found in F/kg at different work loads. The curvé$m. 9 (right part) illustrate the relationship
between the minute cardiac force per kg of bodyhte{MF/kg) and the graduated work load
(L). In boy a steep rise in the curve appearedwaet loads than in both other persons, and in
athlete it occurred at much higher loads. In bay iansedentary man a retardation of the rise of
the curve — a leveling off — was apparent at higtadmes of the work load. In athlete even at
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work loads of 360 W no similar leveling off was ebged. Comparison of the values of groups
showed that during rest and the work load of 6(héMalues in boys were the highest, whereas
in sedentary men and athletes the values were lameédid not differ. At the work load of 240
W the MF/kg of athletes was not very much more théxalf (58 %) of the value found in boys
and sedentary adults.

The relationship between heart weigh(H data from the literature) and hand grip force
(HGF) increased in boys between 8-14 years of ggbélinear shape (Fig. 10, left part). There
is a linear corelation between the systolic foraasured by Q-BCG and hand grip force
measured by manual dynamometer at the same grayd(F right part).

Discussion

Ballistocardiograhy is the method which studiesrttezhanical effects of the circulatory
system acting on the body. The oscillations oftthllistocardiographic devices are often similar
to the cardiac frequency and provoke the interfeeerso that the curve is the summation of
signals of the device and of the heart. The furtleformation of the resulting curve is the
damping of oscillatory systems in the apparatus.

In 1952 we began to construct the quantitativadiattardiograph where the examined
person was in sitting position (Trefny and Smetab®a6). We did not examine the persons in a
lying position which is inconvenient on accountlod compliance of muscles, fat and skin and
their compliant connection to the bones. This lagekes the examined person unable to rest
quite firmly upon the table. Thus a further vibngtisystem originates which interferes with the
vibrations caused by heart activity.

For this reason we decided to examine the persoasitting position. In this case the
pelvic bones are in close contact with the chail thwe coupling of the examined person and the
instrument is much better. In this way the dammhgnplied vibrations is minimal. Another
advantage of the vertical position is fact thatuhations due to the heart activity are
transmitted with minimal loss as the crystal is&ied just below the center of gravity of the
body.

New methods, such as myocardial tagging basedammetic resonance (MR) imaging
allow the non-invasive assessment of the three4asineal motion of the heart (Nagslal
1995, 1996), but the heart force was not measured.

The comparison of Fig. 4, 5 and 6 showed thaatisolute values of F (Fig. 4, upper
part) increased in boys between 7-19 years, whidults between 20-60 years it decreased
(Fig. 6, upper part). The parameters F/kg, and Mldécreased both in girls (Fig. 5, lower part)
between 7-19.5 years and in adults (Fig. 6). Smeifenges of F and MF were observed in each
series of examined persons. It was concluded tisatlate values of both F and MF increased in
growing organism from 7 to 19.5 years and decreasadults from 20 to 60 years. Both
parameters related to kg of body weight decreasatl measured groups of persons.

The increase of the systolic force (F) in the raofygne decrease of p@Fig. 7) is
relatively small so that the increase of minutal@ar force (MF) depends in a greater degree on
the increase of the heart rate (HR). The resubifect is evidently influenced by two antagonist
factors. The decreased oxygen tension has a @inelcindirect depressive influence upon the
heart muscle (Gremeés al. 1965). On the other hand, the intact organismtsegacypoxia by
an increase of the contractions of the heart mwsuleby an increase of the cardiac output.The
compensatory effect of the heart rate (HR) at dlsnaease of the systolic force (F) is in this
situation evident. We explain it by the fact tHastfunction is a complex expression of two
regulated quantities, namely the systolic forcegiJ heart rate. The minute cardiac force (MF)
is a more complex picture of the circulatory rasgmto the changes of pO



A group of children was examined using three dgffie noninvasive methods: Q-BCG,
TEB, ECHO (Fig. 8). With increasing BMI/BSA (botlales measured from the same
parameters, body weight and height) there wasehesdse of F/kg, ACI and ejection fraction
(EF) (Sramek 1993, Trefrst al. 2004, Schustest al. 2009).

Different non-invasive methods are able to yielddfic informations which are
supplementary and which deepen our knowledge d@hewgeneral picture of cardiovascular
dynamics. Every method in relation to another amega systematically higher or lower value
and the real value remains undiscovered. No simgtihod may be considered as the ,golden
standard”. These methods are not in competitionrhually support each other when working
in cooperation with each other.

The systolic force (F) describes the force respaassed by the heart activity to the
applied work load (Fig. 9). The minute cardiac &(MF) describes the total intensity of the
heart activity. A comparison of F anf MF showstttieere exist a compensatory mechanism
between the F and heart rate (HR): if the F deeedbe HR increases, so that the M F does not
decrease with increasing work load. From the FMRdcurves we can estimate at which work
load the compensation begins to work (Trefny andy&el1968).

The F curves show characteristic differences inesib of different physical fithess (Fig.
9). It is our opinion that the minute cardiac foresponse may serve as a criterion of physical
fitness and, at the same time the Q-BCG methodaappe be useful in the attempt to elucidate
certain basic principles of the heart activity (fhseet al. 1968).

It was found that there is a linear relationshippgen heart weight (according to
literature) and hand grip force (Fig.10). The linedationship between systolic force and
skeletal muscle force in growing organism showexd lioth cardiac muscle force and skeletal
muscle force are regulated by the same neurohumm@ethanisms. According to our opinion it
was not proved formerly (Fig.10).

Doing a google scholar search on the term Batlatiography provides around 10
works per year before 2000 and more than 50 pearsyeee 2008, while no reference have been
found about the Q-BCG until now to compare it wotlr results. But the other noninvasive
methods as echocardiography, radionuclide ventrigrabhy, thoracic electrical bioimpedance
(TEB) are capable to measure cardiac output, ejedtaction, ventricular end-diastolic volume,
ventricular filling and systolic function. The metls confirmed our Q-BCG method (Adaets
al. 1992; Steigeet al. 1987; Corallcet al. 1981; Poret al. 1980). Both the systolic (F) and the
minute cardiac force (MF) are the physiologicalgmaeters regulated by the neurohumoral
mechanisms similarly as the heart rate or the Bgsiatput. F and MF are regulated by the same
way as the other physiological functions.

The Q-BCG method appeared to be a useful methogeasurement of F and MF in the
attempt to elucidate the basic principles of cardisnction.
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Description of figures

Fig. 1. Scheme of portable quantitative ballistocardiogra&p— seat, Q — piezoelectric
transducer.



Fig. 2. Record of the very high frequency (VHF) quantitatballistocardiogram (Q-BCG) in a
normal man, age 42 years, 63 kg. Nomenclature ftéadmns based on revised criteria proposed
by the committee on BCG terminology of the Ameri¢éart Association, Circulation 14: 435-
450, 1956. Paper speed 50 mm/s. HI, 1J, JK — badésdiographic amplitudes.
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Fig. 3. Left part —Relationship between the amplitudes (mm) of acinal recorded exciter
forces (Newtons). The force of 1N changed the anomi#i of Q-BCG signal for 10 mm. The
exciter forces increased fluently and the recoteglitude increased also fluently in linear
dependence, that is why no point are present. Rght- Relationship between recorded exciter
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(F/kg, lower part) and between the age of adulsqes (men) between 20-60 years. Abscisse:
age in years, ordinate: force (Newtons — uppe parce per kg of the weight (lower part).
Decreasing linear relationship significance testg&tudent test p<0.0001. Predictive equation
is given on the head of each graph.
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F= 1.1455%exp(-0.1842*X)
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MF% = 1.0629%exp(-0.1883%x)
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Fig. 7. Relationship between systolic force F (upper pamthute cardiac force MF (lower part)
(ordinate) and between partial tension of oxygemkig, abscisse). Relationship between
systolic force (F), minute cardiac force (MF) aradtfal tension of oxygen has exponential form.
Predictive equation is given on the head of eaaplyrThe F and MF are expressed in per cent
of total change in hypoxia and hyperoxia. The nppshounced change was observed in the
highest hypoxia (p@= 0-8 mmHg).
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Relationship between F.kg-! (N)
and BMI in girls (Q-BCG)

F.kg (N)
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Relationship between ACI and BMI in girls (TEB)
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Fig. 8. Left upper part — Relationship between systolicddkg of body weight measured by Q-
BCG and BMI in 42 girls. Abscisse: BMI (kgfin Right upper part — Relatioship between ACI
(acceleration index) measured by thoracic eledtbimampedance (TEB) and BMI in girls. Left

lower part — Relationship between ejection frac(jeer cent) measured by ECHO and BMI in

girls; r = correlation coefficient; R-ADJ = perdesf squares of standard deviations.
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Fig. 9. Relationship between systolic force per kg of baayght (F/kg), minute cardiac force
per kg of body weight (MF/kg, right part) and grated work load in boys (1), adult sedentary
men (2) and in athlets (3). The F/kg (left part) &mF/kg (right part) was expressed in Newtons
(ordinate, N), the work load in Watts (abscissd)e Work load was measured in bicycle
ergometry and F and MF measured by Q-BCG. Restiirmexperiment from the series of 30
experiments.
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Relationship between heart weight (HW) . . =
and hand grip force (HGF) Relationship between F and HGF

HW (g) F(N)
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Fig. 10.Relationship between heart weight (HW) data fromliterature and hand grip force
(HGF) (in Newtons) in 49 boys, age 8-14 years. fitned grip force was measured by manual
dynamometer (left part). The relationship betwegsidic force (F) and HGF (right part) in the
same group of boys.
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