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Canine Sternal Force-Displacement Relationship
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Abstract—A viscoelastic model developed to model human compressed by the sternum and vertebral column, while others
sternal response to the cyclic loading of manual cardiopulmonary cite evidence for a general rise in intrathoracic pressure.
resuscitation (CPR) [8] was used to evaluate the properties of Models of CPR [3] continue to use pressure application to

canine chests during CPR. Sternal compressions with ventilations the heart and/or th . | . t H .
after every fifth compression were applied to supine canines e heart and/or {horacic vessels as an Input. However, since

(n = 7) with a mechanical resuscitation device. The compressions the dynamic behavior of the rib cage and lungs affects the
were applied at a nominal rate of 90/min with a peak force near transmission of sternal force into intrathoracic pressures, these
400 N. From measurements of sternal force, sternal displacement, models cannot be used to investigate the effectiveness of
and tracheal airflow, model parameters were estimated and their sternal force waveforms which is a principal variable over

dependence on time and lung volume evaluated. The position . .
to which the chest recoiled between compressions changed WithWhICh the rescuer has control. A comprehensive model of CPR

time at a mean rate of 1.0 mm/min. Within each ventilation cycle Would require sternal force as input, thus requiring knowledge
(five compressions) the sternal recoil position decreased by 2.0 cmof the relationship between sternal force and displacement. The
for each liter of decrease in lung volume. The elastic force and purpose of the present study is to summarize the relationship
damping decreased with time and decreasing lung volume. Canine papveen the canine force and displacement during CPR with
and human [8] model parameters were found to be similar despite . . .
the notable differences in thoracic anatomy between the species,? simple phenomenological mo‘?'e' which should prove useful
supporting the continued use of canines as models for human IN the deVelOpment and evaluation of future models of CPR.
CPR. These parameters may be useful in the development of a A model has been proposed which described the relationship
model relating sternal compression forces to blood flow during between the sternal force and displacement for the human
CER. chest during actual resuscitation attempts [8]. Due to the
Index Terms—Biomechanics, canine, cardiopulmonary resusci- difficulties of studying CPR directly in humans, much of CPR
tation, elasticity, human, model, thorax, viscosity. research has been conducted using canines [3]-[5], [9], [10].
Hemodynamic similarities between these species during CPR
has been demonstrated [3], however, despite this widespread

use of canines and the significant inter-species differences

M ORE than 300000 people die each year in the Unitgd thoracic anatomy, comparison of the thoracic mechanical
States from cardiac arrest [1]. Cardiopulmonary reéSUStoperties during CPR has not been published.

citation (CPR) improves the chances of survival by generating 5 large body of literature exists which describes the be-
vascular pressure gradients which drive the flow of oxygenatgg\ior of the canine thorax during various manipulations.

blood to vital organs. The mechanisms by which these gradiyever, no descriptions were found which address the be-
ents are generated continue to be debated [2], [4], [S], [Hlavior of the sternum of an intact chest when subjected to
[10], [13], [15]. It is clear that the application of cyclic force,hgtariorly directed force oscillations at a frequency of 1.5 Hz
to the sterngm causes .deformatlor} of the thorax. The debg[,ﬁj approximately 400 N magnitude, such as those typically
centers on just how this deformation generates pressures, iy during CPR.

the vascular spaces. Some argue that the heart is directly,o objective of the present study was to quantify the
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22, S/N: 19150, Validyne Engineering Corp., Northridge, CA)
was connected in the ventilation line for measurement of
tracheal airflow.

Force(F), displacementx), and airflow(() measurements

| were digitized at a rate of 200 Hz and recorded on magnetic

I sternal vee disk for subsequent analysis. Velocity) was calculated
from displacement using a two-point centered derivative and
was then digitally filtered (2 dB cutoff frequency 18 Hz).
Acceleration was calculated by taking the first time derivative
of the filtered velocity. The force applied to the sternum was

Fig. 1. Experimental setup. The supine canines were placed in a thoracic . .
cradle and sternal compression was delivered through a sternal vee. THe@kulated by subtracting the product of the acceleration and

Iate_ral suppqrts ensure_zd repeatable compressions by maintaining the canihes mass of the sternal vee (mass 0.475 kg) from the
fo'a foroe measuing moduie [7] which was n tur connested 1o the stemig 2sured force. The zero displacement position was taken
vee. The cradle sides measured>d8.4 cm and tilted 25 off vertical, while @S the minimum value for displacement for each canine’s
the sternal vee measured 4.2 cm along the canine’s long axis by 5.6 cm, titggita set. Force and displacement are expressed in Newtons
40° off vertical. (N) and centimeters (cm), respectively, with velocity in units

of centimeters per second (cm/s). Airflow is expressed in
University, Baltimore, MD, and the care and handling of théters/second (I/s) and lung volume in liters (l).
animals were in accord with National Institutes of Health Segments of data 90 s long were selected for analysis. This
guidelines. Mongrel canings = 7) with body mass between length of data was chosen to ensure that enough compression
21.8 and 26.8 kg (meas: 23.9 kg) were anesthetized withcycles would be observed to accurately represent the chest
sodium pentobarbital (32 mg/kg iv) and additional dosag&operties and to adequately assess the dependence of these
was administered as necessary. Mechanical volume ventilat@y@perties on time and lung volume. All canines received
was provided during preparation (Harvard Respiration Pumi¥, least one minute of prior compressions to assure initial
model 607, Harvard Apparatus Co., Inc., Millis, MA). Themechanical preconditioning of the chest. Due to the use of
canines were placed supine in a cradle and sternal comechanical compression and ventilation devices the compres-
pressions were applied through a rigid sternal vee whoSi@ns were extremely repeatable (Fig. 2). This allowed analysis
purpose was to ensure repeatable application of compresgrihe effects of time and lung volume on the mechanical
force to the sternum. The sides of the sternal vee were fésponse of the sternum.
sufficient size to keep the chest compressor centered on théhe data were summarized using the model developed for
sternum while not being so large that lateral rib motioAuman sternal response properties during CPR reported in a
was impeded (Fig. 1). The sides of the thoracic cradle af&evious paper [8]
sternal vee could slide laterally to accommodate variations
in chest size and were fixed in place once being adjusted to F=F+IF'+e 1)
ensure a snug fit against for each canine. Sternal compressions
were performed by a mechanical pneumatic chest compress‘fﬂ?’?re
device modified by the manufacturer to be computer controlled

- piston
__— force module

chest cradle

e __ 2 3 4
(Fig. 1) (“Thumper,” Life Aid Cardio Pulmonary Resuscitator, Fd - a({ T OT A G237 A azET ¥ Q4T (2)
Model: X1004, Michigan Instruments, Inc., Grand Rapids, F¢ =pa 3)
MI). The piston of this device was connected to a force p=dy +dox 4)

measuring module [7] which was in turn attached to the sternal
vee. This module measured only the vertical component of th&, the elastic force, represents a nonlinear spring, and
sternal force. Sternal displacement was measured with a linéz, the damping force, represents a viscous element with
potentiometer (model: M1326-4-103, Maurey Instrumentatiodisplacement-dependent effective viscosity and ¢ is the
Chicago, IL) attached to the sternal vee and a frame mountator. A fourth-order polynomial was selected for the elastic
to the surgical table. force since it caused a significant reduction in systematic
Ventricular fibrillation was induced with 60-Hz alternatingerror over a third-order and a fifth-order did not significantly
electrical current delivered to the right ventricle via a pacingduce the error.
catheter. Following fibrillation, sternal compressions were This model differs slightly from that given in [8] in that here
delivered once every 0.67 s (equivalent to a rate of 90 cyy is a force offset rather than a displacement offset. This was
cles/min). A Bearl Adult Volume Ventilator (Bourns Medicalchosen because the mechanical compression device used in
Systems, Inc., Riverside, CA) modified to be externally corthis study did not return completely to a zero force level after
trolled was used to ventilate the canine through a tracheostoewery compression as did the manual compressions used in the
during chest compressions. Breaths of approximately 300 miman studies [8]. The model parametéss, - - -, a4, d;, d2)
room air were delivered while compressions were suspendedre estimated for each compression cycle separately using
for 1.2 s following every fifth compression. A pneumostandard linear regression [16].
tachometer (model: 3, S/N: 3.5926, Fleisch, Switzerland) Due to the highly correlated nature of the polynomial
coupled with a differential pressure transducer (model: DP4parameters(a;), the elastic force(F¢) reconstructed from
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these parameters was also represented by a four-segment liogele a further variable was calculated for each canine
spline [8] whose parameters are more independent:

20
ko + k1, when0 < F¢ < 20N > Vstnp
Be _ 20 + ko(z — 1), when20 < F* < 100N 5) V,= MT p=1,2,3,4,5. (8)
=\ 100 + ks(x — z2), when100 < F* < 300N
300 = ks(z — x3), When300 < F*. HereV,, is the mean lung volume change at the beginning of
each of the five compression cycles making up a ventilation
Here z; = (20 — ko)/ki, 22 = x1 + 80/ky, and x5 = cycle. Becausd/; is zero for the first compression after a

2 +200/k3. These elastic spline parameteéss(/ = 0 to 4)  yentilation,V, = 0, and the rest arecO because the lungs
provide an approximation of the chest's stiffness in the foyadq a net loss of volume with each compression.

force ranges. The elastic and damping properties at the lowesthe dependence of the parameteth, k1, k2j, k3j,
displacements are given By andd;, respectively. The other kyj,di;,d2;) on time and changes in lung volume was

elastic spline parameters describe the chest stiffness at highefmined and was best described by the following equations:
displacements and the damping parameigrdescribes the

dependence of the damping on displacement. The procedure k,,; = rom + K1mt; + K2m Vj, m=20,1,2,3,4
used to estimate the elastic spline parameters from the elastic ;= om + S1mt; + 62m Vi, m=1,2. (9)
polynomial parameters is described in the Appendix.

This results in a set of seven parametdis,k;,k2, Standard least squares regression was used to estimate the
ks, k4,d1,ds) for each compression cycle for each canin@arameterg(,mn“,{lm,{27,“50%51,,“52,”) for each canine.
These parameters change from cycle to cycle and in orderTteese parameters have the following interpretatieg);, is
describe this variability, we introduce additional notation. Thghe estimated value of the parametey, at the beginning
entire set of parameters for a single canine may be represeniethe data sett; = 0) and at the beginning of ventilation
as koj, kiy, k2j, ksj, kay,dij,doy (5 = 1,2,---,100). The cycle (V; = 0), i.e., just after the inflation of the lungs;,,

index, j, is the compression cycle number. describes the dependence of the paramktgon time once
Each compression cycle occurs at a particular time the dependence on lung volume has been accounted for; and
rom describes the dependence of the paramgteron lung
t;,7=1,2,---,100 (6) volume once the dependence on time has been accounted for.

Similarly for the § parameters.
where ¢; is the time at the beginning of each of the 100 The position to which the chest recoils when applied force
compression cycles which were performed during the 90issat a minimum just before each compression will be called
of acquired data (Fig. 2). This is the time elapsed since tkHee minimum displacemerit:*'*) for that compression. This
beginning of the data set (i.et; = 0 s, t, ~ 0.67 s, value changes through the duration of CPR and is also
-+, tg = 4.55 s, - --). The beginning of a compression cycledependent on the volume of air in the lungs. To quantify these
was defined as 0.05 s before the time of peak sternal velociglationships the following equation was used:
This was used as a more reliable marker of the time in which )
sternal force begins to increase. Each data set consists of et =yt + eV, j=1,2,---,100. (10)

100 compression cycles because this is the number that fflhe i indicates th te at which th -
contained in the analyzed 90 s data segment. € parameter;, indicates the rate at whic € minimum

To quantify the degree of lung inflation at the beginning o isplacement changes with time and the parameténdicates

: : . the effect of lung volume on the sternal position.
each compression cycle we introduce the following: 2 . -
P y 9 Student’s t distribution [16] was used in all statistical tests.

0, whenj = 5n —4

o tj Ill. RESULTS
Vi={v = / Qdt, whenj£sn—4 (1)
ti—1

Sample data showing two complete ventilation cycles and
the associated ten compression cycles from one of the canines
whereV; is the change in lung volume from the beginning ois displayed in Fig. 2. Sternal force and displacement, tracheal
the first compression cycle in the current ventilation cycle @irflow and lung volume change as well as the difference
the beginning of the current compression cycle (Fig. 2). Hereetween the measured force and that predicted from the model
n is the ventilation cycle number to which thth compression are all plotted versus time. The dynamic relationship between
cycle belongs(n = 1,2,---,20). For example, the first five the force and displacement can be more easily visualized in
compression cycle§j = 1, 2, 3, 4, 5) are part of the first a plot of force versus displacement [Fig. 2(lower panel)]. For
ventilation cycle(n = 1) and compression cycles 6-{0= 6, each canine the maximum force, maximum displacement, and
7, 8, 9, 10) belong to the second ventilation cy@le= 2). maximum absolute velocity were calculated and are summa-
Thus, the 100 compression cycles that occur in the 90 srafed here:410 £ 18.4 N, 4.22 &+ 0.426 cm, and60.0 £ 7.49
analyzed data, will contain 20 ventilation cycles. cm/s (meart= standard deviatior, = 7), respectively. The

To summarize the manner in which the lung voluméorce required to accelerate the sternal vee during its largest
changed with each of the five compressions of each ventilatiaoceleration was approximately 10 N, which is 2.5% of the
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Fig. 2. Sample data. (a) These measurements of sternal fétt@nd displacementz), and tracheal airflow@) are a subset of the analyzed data from
canine #4. A compression cycle (upper panel) begins 0.05 s before the point of maximum sternal velocity and continues until the beginning ofdlee next cy
except for the fifth cycle after a ventilation which is the same length as the other cy@e87(s). A ventilation cycle (upper panel) consists of five compression
cycles followed by a ventilation for a total duration .55 s. The fourth panel shows the change in lung volume which is calculated by integrating the air

791

flow in the third panel. The fifth panel displays the erte} which is the difference between the measured force and that predicted from the model.

maximum force applied to the sternum. This peak accelerationThe ability of the model to describe the data can be assessed
occurs at the beginning of the compression cycle and is oy considering the error plotted in Fig. 2 (fifth panel). The

brief duration, its rise from zero and return to zero lastinghagnitude of this error is quantified by the coefficient of
determination [8F2, which had a minimum value of 0.997

approximately 50 ms.
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TABLE |
PARAMETER ESTIMATES. (&) MEAN PARAMETER VALUES FOR ALL CANINES, (b) MEAN
PARAMETER VALUES FOR ALL CANINES EXCEPT #1, AND (C) PARAMETER UNITS

m
parameter 0 1 2 3 4
KOm —3.63 31.5 63.5 143 227
Klm —0.0518 0.00349* —0.0115* —0.0172* 0.141
Kom 44.9 —9.72* 9.24* —65.6 —193*
bom 0.497 0.852
O1m —0.001706 0.0000166*
b2um 2.76 —0.0604
i1 0.00164
Y2 —2.60
@
m
parameter 0 1 2 3 4
Kom —3.37 31.6 62.4 144 228
Kim —0.0496 0.00728t —0.01601 —0.02507t 0.114
K2m 23.1 1.20t 1.11% —37.6 —83.8
b1m —0.00142 —0.000103%
b2m 1.70 —0.0739
T 0.00164
72 —2.60
(b)
m
parameter 0 1 2 3 4
Kom N N/cm N/cm N/cm N/cm
Klm N/s N/(cm- s) N/(cm- s) N/(cm- s) N/(cm- s)
K2m N/1 N/(cm- 1) N/(cm- 1) N/(cm - 1) N/(cm - 1)
Som N - s/cm N - sfcn?
S1m N/cm N/cn?
82m N -s/(cml) N - s/(cn?-1)
Y1 cm/s
Y2 cm/1
(c
* Not significantly different than zerdp < 0.05,n = 7).
Tt Not significantly different than zer¢p < 0.05,n = 6).

compression
'/elease

x [cm]

(b)

indicating that most of the variation in the force has been
described by the model.

Mean values over the seven canines oftlands parameter
estimates are presented in Table I(a). Canine #1lsgdand
b2m values (excluding.) which were significantly different
than the mean of the other canings< 0.0001) and thus
was excluded from the mean parameters given in Table I(b).
The xo,, andéy,, values are interpreted as the representative
estimates of k, and d,,, respectively, for the first compression
of a ventilation cycle. The:,, and éy,, values indicate the
dependence of the parameter estimates on time, whilesthe

Fig. 2. (Continued. (b) Force versus displacement loops are traversed @ind é5,, values indicate the dependence on lung volume. The

a clockwise manner illustrating the dynamic relationship between the
measurements. This panel illustrates the high degree of repeatability wh

is representative of all the data acquired.

SC%Iues which were not significantly different than zero are

indicated in the table.
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5
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p
. . — . 4 1
Fig. 3. Lung volume change. The change in lung volutg [see (8)] is
plotted here versus compression cycle numbewithin the ventilation cycle. =
Each line represents the data from an individual canine (identified by number), © 31
and the heavy line is the mean of the seven canines. ;
£21
3
400 . 2 11
! X
. xhuman h 0 ‘
o + ocanine o o 24 0 1 2 3 4 5
g : % % . ko] x [em]
-— (O [M]
3 Bl ; E (b)
c% ’ ; X; ‘ XO §§ g Fig. 5. Canine-human mechanical properties comparison. The elastic force
© gg ; 25 a [F¢, see (5)] curves calculated from the canine and human mean values
Q « i S Al o (Table I(b) and [8]) are plotted versus displacement in the upper panel.
._g " 6 % | .£  The damping parameters are represented in the lower panel in plots of
n § 3] i g' damping coefficient (R) [see (4)] versus displacement. The five canine curves
% g G correspond to the five compressions in a ventilation cycle with the arrows
0 —o “h. 0 T indicating the progression from cycle one to five.
| . .
‘ To represent a typical human the following values were used
human: ky Kk, Kq kg dy 4y (ko = ON, k1 = 37.4 N/cm, ko = 66.8 N/cm, ks = 136 N/cm,
] 5 5 and k, = 282 N/cm [8]). To calculate canine parameters for
canine: Ko Ko Ky Koz Koo O Qg2 each of the five compression cycles in a ventilation cycle the

Fig. 4. Canine-human parameter comparison. The human parameters fIQMOWIng equations were used.

a previous paper [8] along with the equivalent canine parameters from thjs =

study are presented graphically. The values used for the canines argthe ~mp = fom + "52mVp7 m=0,1,2,3,4 p=1,2,3,4,5

anddo,,, values which represent the first compression in a ventilation cycley ¢ 8. V —1.92 —1.2.34.5 11
The elastic spline parameters are on the left and the damping parametefd? Om 02V p, m ’ p 2,3,4,5  (11)

are on the right. The similarity in both the mean and the variation of eachh is th . | b ithi ilati

of the parameters is evident. Only the paramater (ks for humans) was WNErep Is the compression cycle number within a ventilation
significantly different between the humans and the canipes0.025). The cycle. These values were used in (5) and (4) to create the
units for the parameters are given in Table I(c). curves shown in Fig. 5. These lines represent the elastic

and damping properties of the chests. The multiple curves

The manner in which lung volume changed with Compre§hown for the canine reflect the influence of lung volume.
sions is illustrated in Fig. 3. As expected, the greatest chanff@€ Progression from compression one to five within the
occurs with the first compression although the second a¥gntilation cycle is indicated by the arrows.
third compression also significantly reduce the volume. By
the fourth compression the lung volume has nearly reached a IV. DiscussION

steady state except in canine #2. This study characterized the dynamics of the canine sternum
In order to compare the sternal response properties @fring laboratory mechanical CPR using a model developed
humans and caninesy,, andéo,, were chosen as parameterso describe the dynamics of the human sternum during clinical
representative of each canine. These are compared graphiaahual CPR. The model is viscoelastic in nature and the elastic
with the corresponding human parameters [8] in Fig. 4. Onblement becomes more stiff while the viscous element becomes
the xo4 (ks for humans) parameter was significantly differeninore viscous with increasing displacement. This model was
(p < 0.025), with the humans being slightly higher indicatingable to describe the canine data as well as it did the human data
a stiffer chest at higher displacements. and the mechanical parameters characterizing the two species
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were similar. Similarity between human and canine thoraciehether these were the result of tissue conditioning, a slow
mechanical behavior has also been reported by Kikethlil. change in lung volume, or some other effect.
[11], though their study involved the isolated canine rib cage. The analysis of lung volume effects used the change in lung

The mechanical properties of biological tissues are knownolume rather than the absolute lung volume for three reasons.
vary with the frequency at which they are perturbed. Since th¢ The change in lung volume was calculated by integration of
force waveform applied to the sternum during this study wasr flow and any small errors in the zero level of the air flow
stereotypical of those used during CPR, the properties fousignal would accumulate yielding large errors in volume after
in this study are applicable to the study of CPR mechanigsany cycles. Thus, the volume was zeroed at the beginning
but should not be generalized to all frequencies. of each ventilation cycle. 2) To evaluate how lung volume

The position to which the chest recoils when force iaffected the changes in mechanical parameters it was not nec-
removed(z™*) varied during the course of compressions oassary to measure the total lung volume but only the relative
each canine. Likely causes were lung air volume changebanges in volume. 3) The greatest changes in lung volume
blood volume shifts, and changes in chest material propertigzok place during each compression cycle and during ventila-
During a ventilation cycle the recoil position increased withion itself. Whatever change in lung volume took place over
each compression, failing to return to the starting point of thieany ventilation cycles was likely to be small compared to the
previous compression (Fig. 2). A ventilation then restored tlw®mpression cycle changes and would have been difficult to
recoil position to near its initial position. This positign™®) measure without more sophisticated measurement systems. In
was inversely related to changes in lung volume (Tabtg), the analysis done here, such changes are lumped into the time-
(Fig. 3). In addition to this variation, there was also a tenden¢gpendence term§sy,,.1,,) in equation nine which takes
for z™™ to increase with time (Table 4;). It was not possible into account lung volume changes over time as well as other
in this study to distinguish whether it was changes in materitine-dependent changes in tissue elasticity and damping.
properties or a slow decrease in lung volume or thoracic bloodThe elastic force decreased with each compression during a
volume which was responsible for this behavior, though ¥entilation cycle as evidenced by the curves in Fig. 5 and the
seems likely that all may have contributed. The reason that this) values in Table I. The stiffness of the chest at the highest
could not be discerned from the present data is discussed latésplacements increased through the ventilation cyelg;

The k2, and &2, parameter estimates (excluding) andro4, Table I, Fig. 5). The damping coefficient decreased
for canine #1 were significantly different than the mean dhrough the ventilation cycle though its dependence on dis-
the other canines. All other data from this canine appearptcement remained unchanggd; andé.2, Table I, Fig. 5).
unremarkable and the reason for this canines unusual ref&is effect of the lung volume on the mechanical properties
tionship with lung volume changes could not be discernedf the chest was consistent across all the canines studied.
This prompted the exclusion of this canine in the creation The model presented here contains a damping term which
of Table I-B in order to provide a more reliable summary ohcreases with compression of the chest. Since much of
the canine parameters. Thus, the principal difference betwdbis damping was hypothesized to come from the motion
Table I(a) and (b) occurs in these parameters. of the abdominal and thoracic viscera whose effect on the

The parameters displayed graphically in Fig. 4 show siernal mechanics may be augmented with depth of sternal
great degree of overlap between the humans and canines. Tisglacement, the present model was formulated with a damp-
similarity in location and variability of the values is apparening coefficient which varied with sternalisplacementather
Comparison of the elastic spline and damping parameters Bean force. However, due to the forcing function used here
tween canines and humans indicated no significant differeritevas not possible to distinguish whether the changes in
except in the parametesy,. This is evident in Fig. 5 where the damping varied with force or displacement. Thus, the
it can be seen that the curves are nearly parallel with tiigportant aspect of the damping in this model is that it
exception of the upper segment of the elastic spline. Despii¢reases with compression of the chest, which may be a stress-
the canine curves being consistently lower than the humanginstrain-related phenomenon.

Fig. 5, the variation among individuals in both populations is One of the unique aspects of the model presented here is its
large enough that this difference is not significant. displacement-dependent damping. The elastic portion of this

The estimate ofq, is less than zero (Table | and Fig. 4) dugnodel could also be considered dependent on displacement
to the use of a linear spline to approximate a polynomial cur@s the stiffness increases with displacement. Thosh the
which approaches zero force at low displacements. Thus, tRlgstic and damping properties increase with displacement. A
is an artifact of the linearization and not actual negative forc@odel applied to various thoracic tissues in which the elastic
Likewise, one canine had some nonlinearity in its viscou@d damping properties varied together and seem to be coupled
behavior which resulted in a negatidig, value (Fig. 4). This has been reported by others [11], [6], [12]. The parameter used
gave a negative damping coefficient for only a small fractiddy these authors to relate the elastic and damping properties,
of the compression cycle because of the damping coefficienffgsteresivity(n), was calculated according to (12)
dependence on displacement.

The parameters in Table | indicate that as time progressed =
the elastic force and damping decrea$eg, 6:1) and there
was a slight increase in the elastic stiffness at the highest distor each of the four spline force ranges the hysteresivity was
placementgx14). Once again it is not possible to distinguisktalculated using the average canine values from Table 1-B. The

1.5¢cycle 2xrad p
s cycle k°

(12)
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values varied from 0.14-0.23 which fall in the range of valuegs]
reported by Kikuchi [11]. Despite significant differences in the
form of these models they both may be attempting to describg,
a common behavior.

The phenomenological model of sternal dynamics presented
here provides a characterization of both the human and canjig
chest which may be useful in further modeling of manual CPR.
The elastic properties of the chests were found to be highly
nonlinear while the damping properties were augmented byia;
linear function of displacement. The similarity of the thoracic
mechanical properties of the two species was remarkalﬂg]
considering the differences in thoracic anatomy. The mannerin
which sternal forces produce intrathoracic pressures is dep 1%]
dent on the mechanical properties of the thorax. This study pro-
vides direct quantitative evidence that the canine and human
chests respond similarly to sternal compressions and thus sup-
ports the continued use of canines as models for human CRR;

APPENDIX

N ; . [15]
Estimation of Elastic Spline Parameters

. . _ |L|16]

After the elastic polynomial parameters were estimated, the
elastic force was calculated and used in the estimation of the
elastic spline parameters. The elastic spline parameters were
not estimated directly from the data because the nonphysiolog-

ical discontinuities in the spline would bias the estimation of
the damping parameters. The elastic spline parameters
estimated for each canine by first calculatiny (from the
estimated:;) at each of 100 evenly spaced displacement valu
within the valid displacement range for each compressi
cycle. This set of displaceme(it;) and elastic forc¢?*(xz =
x;)] values represents the elastic force curve as modeled
the fourth order polynomial (2). The four segment linear spli
which best fit this data was determined by estimating t
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