Determinants of Left Ventricular
Shape Change During Filling

Left ventricular shape and shape change are easy to measure and their analysis has been
proposed as a noninvasive method to determine myocardial anisotropy. In preparation for
applying this approach to studies of rats with experimentally induced cardiac hypertro-
phy, the goals of this study were to describe normal shape changes during diastolic filling
in the rat and to utilize a finite-element model to estimate the relative importance of three
factors that determine left ventricular shape change during filling: global chamber com-
pliance, fiber to crossfiber stiffness ratio, and fiber architecture. The results suggest that
left ventricular shape change is least sensitive to fiber to cross fiber stiffness ratio, and
that this will likely limit the practical utility of using shape changes to diagnose changes

in myocardial anisotropy[DOI: 10.1115/1.1645527
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Introduction the effective circumferential to longitudinal stiffness ratio of the

ventricle and thereby influence the extent of shape change during

Ing.

This study therefore had two goals with respect to understand-
ventricular shape/volume relationships and their potential util-

“in the study of cardiac disease. The purpose of the experimen-

. : X . . studies was to describe normal shape changes during diastolic
to underlying myocardial mechanics could be of diagnostic valugy; P 9 g

. 4 ! ng in the rat as a basis for comparison for studies in rats with
For example, it was recently proposed that the ratio of fiber {Q

; K ) . X é)erimentally induced cardiac disease. The purpose of the model
cross fiber stiffness of the myocardium can be deduced in patiegf§gies was to estimate the relative importance of three factors

from the pattern of volume and shape changes during left veginected to determine the extent of left ventricular shape change

tricular filling [7]. ) ) ) during filling: 1) global chamber compliance) Ziber to cross-
In a series of studies thirty years ago, Rankin and coworkegiger stiffness ratio, and)Jiber architecture.

studied dimension and shape changes in the canine left ventricle
[1-3]. They found remarkably linear relationships between eccen-
tricity (a measure of shap@nd ventricular volume during both

. P e - .Methods
diastolic filling and systolic ejection. During filling, the ventricle

becomes more spherical; during ejection, it becomes more ellipti-Experimental Data Collection. We previously reported he-
cal [2,3]. In addition, they found that the slope of the shapahodynamic changes during early volume overload in adult male
volume curve is much steeper during filling than during ejectiOSprague-Daw|ey ratsl2]. Sonomicrometry data from the seven-
[2.3]. day sham animals in that study£8) were re-analyzed for the
Sphericalization of the left ventricle during filling would bepresent study to calculate left ventricular shape, not considered in
predicted from a simple analysis of the underlying mechanics. fe original report. All studies were performed in accordance with
the equator of an ellipsoidal shell, circumferential wall stresses atg&e Guide for Care and Use of Laboratory Animfl§] and ap-
greater at a given cavity pressure than longitudinal stresses. If h@ved by Columbia University’s Institutional Animal Care and
shell is composed of an isotropic material, more stretch will bgse Committee. Sham animals underwent an abdominal surgery
induced in the circumferential than in the longitudinal direction &b expose and temporarili<5 minute$ occlude the abdominal
each cavity pressure, resulting in sphericalization during inflatiGorta and vena cava. The abdomen was closed, postoperative an-
[8]. If the shell is composed of an anisotropic material, increasirgdgesia administered, and the animals allowed to recover.
circumferential to longitudinal stiffness ratios will reduce and One week after sham surgery, animals were anesthetized with
eventually reverse the slope of the shape/volume relationship diseflurane(3.5% induction, 2.5—-3.0% maintenanead ventilated
ing inflation. at 60 breaths per minute with a tidal volume of approximately 3.0
Extending this reasoning to the left ventricle, we hypothesizedl. Body temperature was maintained with a warming pad. The
that the following factors would influence the extent of shapehest was opened by midline sternotomy, bleeding was controlled
change during filling. First, a “stiffer” ventricle will clearly expe- by electrocautery and a retractor was placed. Four 1.0-mm so-
rience less volume and shape change during inflation to a giveamicrometerg§Sonometrics, Ontario, Canadaere sewn to the
pressure; global chamber compliance, which depends on begicardium with 6-0 silk suture on the posterior wall 2/3 of the
chamber geometry and material properties, should therefore distance from apex to base, just lateral to the interventricular
one determinant of ventricular shape change. Second, pasgiveove (posterioj; on the anterior wall 2/3 of the distance from
myocardium is stiffer along the local fiber direction than transapex to base and just lateral to the interventricular gra@vge-
verse to if9—11], so both the fiber to crossfiber stiffness ratio an¢ior); on the lateral freewall under the atrial appendéggese; and
the transmural distribution of fiber orientations should determir@ the left ventricular apexape®. A calibrated Millar SP-671
miniature pressure transduc@illar Instruments, Houston, TX
Corresponding address: Biomedical Engineering ET 351, Columbia Universiy@s inserted into the left ventricle through the anterior wall, the
MC 8904, 1210 Amsterdam Avenue, New York, NY 10027. Phof&t2) 854- retractor removed and hemostasis verified. Instrumentation re-
GS?Antﬁgﬁéilg %ﬁigéﬁn e-mail: Jh5[‘)5_3_@_coltflmbia-k;el_dut o i (GURNAL OF quired 40—45 minutes from induction of anesthesia. Five seconds
B|0MECHAN|CA|_yENGlNEER?r\IlgeeIr\I/Ir;%]us“élriS;tmrgge’i)\;]edlcz)llorlhlg Bioengineering of seQmen.t length and pressure data were .vaUIrEd at 312 .HZ
Division June 19, 2003; revision received October 9, 2003. Associate Editd?VEry S minutes for the subsequent hour using the Sonometrics
J. Humphrey. software SonoLab. Following data acquisition, the animals were

Left ventricular shape and shape change have been studied
tensively in large animals and in patiefils-5]. Because ventricu-
lar shape is easy to measure noninvasively and is known not o
to change in some disease states but also to predict clinical prg
nosis[6], the ability to relate ventricular shape or shape chang
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heparinized and the hearts arrested and rapidly removed. The po- 1.0 140
sition of the sonomicrometers was recorded and the left ventricu- CE L 420
lar weight determined. 208 3 -
& (=)
Experimental Data Analysis. Sonomicrometer signals re- 50'7 %i;i?;‘;“““w 100 g
quired minimal filtering or correction. The best quality anterior- 506 T it 80 E
posterior and apex-base signals were selected for each animal and £ shape o0 5
exported along with ventricular pressure to ASCII files for analy- g o4 . §
sis using a custom routine written in Matlél 5.0, The Math- 203 40 g
Works, Natick, MA. Premature ventricular contractions and one > 02
subsequent beat were excluded from analysis. The ventricle was 01 3 20
treated as a prolate spheroid truncated 50% of the distance from 00" b 0
equator to base as suggested by Streeter and HdmajalLeft 000 004 008 012 016
ventricular cavity plus wall volume was calculated from the epi- Time (sec)

cardial anterior-posteriofAP) and base-apexBA) lengths ac-
Colrdlng to th?j'rtEquat'%mio) W'g: fb?0'5 (Eﬁ]uatllon(l)); Ica\lllt%/ d Yme (LVV, solid circles ), shape (solid triangles ), and eccentric-
volume was determined by subtracting wall volume calculate (open triangles ) curves in eight sham-operated control rats.
the measured left ventricular weight divided by a density of 1.0¢ rge solid circles on pressure tracing indicate (from left ) end
glcmg- diastole, beginning of ejection, end of ejection, and beginning

of filling.

Fig. 1 Mean left ventricular pressure  (LVP, open circles ), vol-

T AP\?2/BA T
v:§(2+3(o.5)—(o.5)3)(7) (—)=1.125—APZBA

1.5 6
(1) attachment to a rigid cannula at the mitral valve orifice. Because
Mean wall thicknesgh) was calculated at each cavity volumewe were simulating in vivo shape changes and did not want our
assuming that wall volume remained constant throughout the cesundary conditions to artificially constrain short-axis displace-
diac cycle. Endocardial minofSA) and major(LA) radii were ment, we modeled the lower 2/3 of the left ventricle, truncating
then calculated according to Equati®) and shap&S was de- the mesh at the equator and imposing symmetry boundary condi-

fined as their ratio: tions at the equatorial nodes: no longitudinal displacement, no
AP BA SA change in angle between the endocardial and epicardial surfaces
_nr _°on . _ >N and the basal plane, and no constraints on radial displacement.
SA h; LA h; 2 h . A oy
2 15 LA The model was implemented in Continuity, a finite-element soft-

For comparison to results from Rankin's aroun in dods. eccentri@re package developed and made available by the Cardiac Me-
. pari u . KIN'S group | gs, %hanics Research Group at the University of California, San Di-
ity (E) was calculated from epicardial segment lengths and megao (http://cmrg.ucsd.edu
wall thickness according to their definitiga: The stress-strain behavior of passive myocardium was modeled
(BA—0.55)2—(AP—h)?| 05 using a hyperelastic strain-energy function in terms of strains ex-
= (3) pressed relative to the local fibér), cross fiber(c), and radiakr)

- 2
(BA=0.55) directions[18,19:
Heart rate averaged 385 beats per minute, slightly more than 6 1
Hz, in the eight animals studied. Each 5-second data run recorded W= =C(e®—1) where
at 312 Hz therefore included roughly 30 beats, each represented 2 (4)
by approximately 50 points. All data from each beat were inter- Q=b1Eff+b2(E§c+ Er2r+2E2r)+b3(2E%r+2Ef2c)

polated at 50 evenly spaced time points and averaged to generate

mean interpolated curves representing each 5-second data Material parameters were not formally optimized. Using previous
Stability of the preparation was verified by confirming5% studies by Omens and co-workdrk3,19 as a guide, values of
variation in each parameter between the runs at 15, 30, and @5 0.5, b;=b,=b3;=4 were selected as a starting point for the
minutes; the interpolated curves from these time points were thisotropic simulations and found to provide a reasonable match to
averaged. Finally, these interpolated curves from each of the eigiperimental pressure-volume behavior. Material constants were
animals were averaged. Phases of the cardiac cycle were identifteeh varied as described below for each series of simulations.

as follows: end diastole was selected as the time point immedi- . . . .

ately preceding the rapid pressure upstroke, the beginning of ejecModel Simulations. Three sets of model simulations were
tion as the end of the rapid pressure upstroke, end systole as R ormed. In each case, the model was inflated passively from 0

point of maximal elastanc@VV/LVP ), and the beginning of fill- to 1.0 kPa (10.2 cmpD) in 10 steps and the.defornjed geometry
ing as the time of minimum left-ventricular pressufég. 1). recorded for each step. In the first set, an isotropic material was

simulated by setting all exponential material constants edugal (

Finite-Element Model. The finite-element model used for=b,=Db3) and varying the value of those constants from 2.5 to
this study was similar to that originally reported by Costa et al0. In the second set of simulations, a transversely isotropic ma-
[15] and used by Emery et al. in recent studies of rat ventriculéerial was simulated by setting,=b;=4 and varying the value
mechanic§16,17]. The left ventricle was modeled as an axisymef b;, the constant controlling fiber stiffness. To maintain ap-
metric thick-walled ellipsoid using three bicubic-linear prolatgroximately constant global chamber complianGewas gradu-
spheroidal finite elements. Endocardial short- and long-axis dilly decreased as; was increased; to achieve the highkstb,
mensions and uniform wall thickness were matched to averagsios, the values df, andb; were also decreased. For this simu-
experimental dimensions at the onset of filling by appropriatation, fiber orientations varied linearly from52 deg(clockwise
choice of focal length and nodal coordinate values. Fiber anglgsm circumferentigl on the epicardium to+-53 deg on the en-
varied linearly from the epicardium to the endocardium with spetocardium, the distribution used by Omens ef{ 88,19 and Em-
cific values depending on the simulatitsee below. The bound- ery et al.[16,17] in their models of the rat left ventricle based on
ary conditions for this study were slightly different from thoseheir fiber angle measurements. In the third set of simulations,
used by Emery16,17. When simulating passive inflation of thefiber stiffness was again varied but the transmural distribution was
rat left ventricle, their model extended 30 deg above the equagiifted by 10 deg, te-42 deg on the epicardium are63 deg on
and displacement was prevented at the basal nodes to simuthgendocardium.
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Fig. 2 Left ventricular shape /volume relationships. (a) Mean
data from eight rats demonstrate sphericalization (increasing

shape) of the left ventricle during filling (solid circles ) and el-
lipticalization during ejection.  (b) Plotting eccentricity, a differ-
ent measure of shape, against normalized volume for compari-
son with canine data from Rankin 1980 [2] reveals that behavior
of rat (circles ) and dog (triangles ) ventricles is similar, with the
rat LV more spherical at all volumes.

Results

reported by Rankin's group in dog#&ig. 2a) [2,3]. Shape and
volume were linearly related during fillingR? 0.977+0.020, lin-

ear fit RMS error 0.004 0.003) and ejectionR? 0.960+ 0.038,
RMS error 0.006:0.008), with a steeper slope during fillingp (
=0.007, paired-tes). When normalized by end-diastolic volume,
Rankin’s canine filling data and our rat filling data produced ec-
centricity vs. volume curves with similar slopes but different in-
tercepts; the rat left ventricle was more spherical than the dog left
ventricle throughout the volume range studi&iy. 2b).

Calculated slopes of the shape/volume relationships varied
widely (Table 1. While the 95% confidence interval was only
+28% of the mean value (0.3%0.090 ml) for end-diastolic vol-
ume and +10% of the mean for end-diastolic shape (0.592
+0.058), the 95% confidence interval for the slope of the shape/
volume filling relationship was*+50% of the mean (0.626
+0.312mlY). For ejection the 95% confidence interval was
+62% of the mean (0.4510.279 mi'1). We considered possible
approaches to normalizing for variation in ventricular size or
shape. End-diastolic volume and wall thickness, but not shape,
were significantly correlated with the slope of the shape/volume
relationship; ventricles with smaller end-diastolic volumes and
larger wall thicknesses had steeper slopes. Normalizing by wall
thickness had little effect on the variability of the calculated
slopes, but normalizing cavity volume by end-diastolic volume
greatly reduced the relative confidence intervals;t&0% of the
mean slope for filling and=39% for ejection(Table J.

Effect of Global Chamber Compliance. The influence of
global chamber compliance on shape change was tested by simu-
lating passive inflation to 1.0 kPa of a model ventricle composed
of an isotropic material with a varying exponential material con-
stant p,;=b,=b; in Equation 4. In the material constant range 3
to 6, global chamber compliance as reflected in the slope of the
pressure-volume curve was similar to the average experimental
results(Fig. 3a). The simulations traced out different portions of a
single nonlinear shape/volume curve and covered a range of vol-
ume and shape changes similar to the experimental vdkigs
3b). We calculated the ratio of total shape change to total volume
change AS/AV) for each simulation and found that a two-fold
variation in the material constant produced values that covered the
central half of the experimental 95% confidence inte(¥d. ).
However, after normalizing by end-diastolic chamber volume,
material stiffness had little effect on the shape/volume relation-
ship; the same two-fold variation in the material constant pro-
duced only a 9% change iAS/(AV/EDV), and a four-fold
variation produced only a 15% chan@ég. 3c).

Effect of Fiber Stiffness and Orientation. The influence of
fiber to crossfiber stiffness ratio was tested in two series of simu-
lations. First, using the fiber distribution employed by Omens and
coworkers in similar models based on their measurements in rats
(linear variation from—52 deg at the epicardium t&¢53 deg at
the endocardium[16—-19, the material constant governing fiber
stiffness p; in Equation 4 was increased while the scaling con-
stant in the material lawC) was decreased to hold overall cham-
ber compliance approximately constafig. 4a). Normalized
AS/AV was calculated for inflation to 1.0 kPa for each set of
material constants. Increasing fiber stiffness reduced shape change
andAS/AV (Fig. 4b). By varying the ratio of the fiber to cross-
fiber material constants from 1 to 4, it was possible to cover the

Left Ventricular Shape Changes in the Rat. Average left entire 95% confidence interval of the experimental normalized

ventricular volume, pressure, shape, and eccentricity curves foA&/AV values(Fig. 4c, open circles If the fibers were made stiff

animals studied one week after sham operation are shown in Fégough, sphericalization of the model during simulated filling

1. As expected, the rat left ventricle becomes more elliptical duteuld be completely prevented; this occurred at a fiber to crossfi-

ing ejection and more spherical during filling. Eccentricity antber material constant ratio of between 30 and(Bi@. 4c).

shape changes were opposite in sign as expected from their defiNext, the entire series of simulations was repeated with a

nitions and of equal magnitud&ig. 1). Since these indices pro- slightly shifted transmural fiber distributiof-42 to +63 deg;

vide similar information, the remainder of the study focused othis 10 deg shift was within the measurement uncertainty in re-

the simpler shape index as defined in Equati®n ported measurements of myocardial fiber ari@@,21. With the
Plotting shape against volume produced loops similar to thoskifted
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Fig. 3 Model simulations of the effect of global chamber com-
pliance on shape change. (a) Mean experimental (closed sym-
bols ) and model pressure-volume behavior  (open symbols ) at 3
different values of the isotropic exponential material constant
b,=b,=b; (C=0.5 for all simulations ). (b) Corresponding
mean experimental and model shape /volume curves. (c) Model
behavior across a larger range of material constants. A three-

fold change in the material constant produced shape change /
volume change ratios (AS/AV, open triangles ) that covered a
range similar to the 95% confidence interval of the experimen-

tal data (closed triangles ), while normalized ratios (AS/(AV/
EDV), open circles ) remained constant and slightly outside the
experimental range (closed circles ) for all simulations.

Journal of Biomechanical Engineering

distribution, a range of fiber to crossfiber material constant ratios
from 1 to 15 was required to cover the 95% confidence interval of
the experimental datéig. 4c, open triangles

Discussion

The goals of this study were to describe normal ventricular
shape changes during filling in the rat and to use a finite-element
model of the passive left ventricle to estimate the relative impor-
tance of three factors to those shape changegidbal chamber
compliance, 2 fiber to cross fiber stiffness ratio, and 8ber
architecture. Specifically, we were intrigued by the possibility that
ventricular shape changes might offer a convenient way to assess
myocardial fiber to crossfiber stiffness ratios in animals and pa-
tients using information that can be obtained noninvasively in the
intact ventricle[7]. The experimental data presented here demon-
strate that rats have similar linear shape/volume filling curves to
those described previously in dogs. The modeling results suggest
that shape change during filling is more sensitive to both global
chamber compliance and to the transmural distribution of fiber
orientations than to myocardial anisotropy. While the effect of
global chamber compliance can be easily accounted for by nor-
malizing by end-diastolic volume, it appears that very precise
knowledge of fiber angle distribution would be needed to draw
useful conclusions about changes in myocardial anisotropy from
left ventricular shape changes.

Normalization of ShapgVolume Data. We initially discov-
ered that normalizing volume data by end-diastolic volume re-
duces variability in shape change to volume change slopes and
ratios (AS/AV) by trial and error; we tested factors that correlated
with slope and found that normalizing by end-diastolic volume
produced the greatest reduction in the size of the 95% confidence
interval relative to the mean. However, the modeling studies pro-
vide a more convincing rationale for this normalization. In situa-
tions where end-diastolic pressures are about the same across the
animals or patients studieths in this study individual end-
diastolic volumes include information both about the overall size
of the left ventricle and about its global compliance. Thus, nor-
malizing by end-diastolic volume accounts for one of the three
factors that influence shape change, making it easier to extract
information about the others. It should be noted that when making
comparisons among animals or patients with very different filling
pressures, this normalization may not be as effective, since end-
diastolic volume will also incorporate information about filling
pressures.

Sensitivity to Fiber Architecture. The most surprising find-
ing of this study is the very high sensitivity of model shape
change to small changes in the transmural distribution of fiber
orientations. This raises real concerns about the practicality of
using patient or even animal data to diagnose individual fiber to
cross fiber stiffness ratios. Experimental measurements suggest
that fiber angles vary considerably from animal to animal and
even spatially within a single hedi20—-23. MacKenna et al. re-
ported epicardial fiber angles ef56+12 deg (SEM, & 8) and
endocardial fiber angles of 4323 deg with linear variation across
the wall[21]. That group’s finite-element models of the rat heart
have typically employed a symmetric, linear transmural distribu-
tion from —52 to 53 deg, and we used the same distribution for
our first series of simulations on the impact of material anisotropy
(Fig. 4c, open circles However, their measurements translate to
95% confidence intervals of 24 deg on the epicardium and45
deg on the endocardium, confirming that the 10 deg shift applied
in our second series of simulatiofBig. 4c, open triangleswas
well within typical measurement uncertainty. Streeter and Hanna
found that epicardial and endocardial fiber angles changed by
roughly 10 deg from base to apex in the dog, and that endocardial
fiber angles changed by a similar amount between diastole and
systole[20], suggesting that using models with regionally uniform
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Table 1 Shape data during filling in 8 sham-operated rats. EDV
=change in shape during filling divided by change in cavity volume; slope, int,

(AS/(AVIEDV)); slope ,=normalized shape /volume slope (slope *EDV); Cl=confidence interval.

=end diastolic volume; EDS

=end diastolic shape;
R? and RMS err =slope, intercept, squared
correlation coefficient and RMS error of linear fit to shape vs. volume data for each animal;

AS/AV

AS/AV,=normalized ratio

AS
EDV EDS AV slope int

AVF 039 0.192 0.506 1.105 1.028 0.315 0.979 0.008 0.212 0.197
AVF 046 0.357 0.535 0.460 0.492 0.361 0.997 0.001 0.164 0.175
AVF 055 0.309 0.515 0.401 0.468 0.373 0.988 0.004 0.124 0.144
AVF 060 0.160 0.631 1.622 1.577 0.386 0.982 0.011 0.259 0.252
AVF 064 0.272 0.619 0.425 0.400 0.513 0.929 0.002 0.116 0.109
AVF 068 0.319 0.599 0.318 0.384 0.479 0.976 0.003 0.101 0.123
AVF 076 0.338 0.764 0.378 0.438 0.617 0.981 0.004 0.128 0.148
AVF 083 0.588 0.569 0.200 0.222 0.437 0.979 0.002 0.117 0.130
Mean 0.317 0.592 0.614 0.626 0.435 0.977 0.004 0.153 0.160
SD 0.130 0.084 0.489 0.450 0.098 0.020 0.003 0.056 0.047
95% ClI +0.090 +0.058 +0.339 +0.312 +0.068 +0.014 +0.002 +0.039 +0.032
Cl/mean +0.28 +0.10 +0.55 +0.50 +0.16 +0.25 +0.20

fiber distributions may also prevent confident conclusions abowis not incorporatef26]. Although residual stresses are known
material anisotropy even if the fiber distributions are measuréa exist in the unloaded intact rat ventridli27], residual stress
with unusual accuracy for each individual analyzed. was not included in the finite-element model used for these stud-
) o ies. Because the shape behavior of the model was quite similar to

Experimental Limitations and Sources of Eror. The oy experimental measurements even without formal material pa-
Sonometrics dimension measurement system has excellent spafjg{eter optimization, it seems unlikely that any of these factors
(um) and temporal resolutioins) more than adequate for therepresents such a large omission as to invalidate the entire analy-
studies performed here. The largest source of error in the calgjs. The omission of residual stress is probably the most impor-
lated volumes and shapes was the assumption of a spatially uaht; a typical residual stress pattern would decrease endocardial
form wall thickness calculated from the measured wall volumetresses and therefore the contribution of endocardial fibers to
We did not attempt to measure wall thickness or endocardial dhape behavior, while increasing epicardial stresses and the con-
mensions directly because of evidence that sonomicrometer plagésution of epicardial fibers to shape behavior. For symmetric
ment into the myocardial wall impairs functi¢@4]. Because wall fiber distributions this should have little effect on shape behavior.
thickness was likely actually somewhat smaller at the apex thanHewever, since longitudinally oriented endocardial fibers pro-
the equator, this error may have resulted in calculated shape ratiagted sphericalization in the particular nonsymmetric distribution
that were largefmore sphericalthan the actual ventricle. At the tested in this studyFig. 4), the inclusion of residual stress might
mean end-diastolic epicardial dimensions in this study, if apicARve reduced the difference in shape behavior between this distri-
thickness were in fact one half of equatorial thickness, our apution and the symmetric distribution used for comparison.
proach would result in a 20% overestimation of S al

Another limitation is that volume and shape changes were mea-
sured in the open-chest, anesthetized state in sham-operated ani-
mals. Rankin and coworkers found that the open-chest, anesthe-
tized state moved animals to lower volumes on their shap€bnclusions

volume curves but did not change the curves themsdlves], In summary, the experimental data presented here demonstrate
suggesting that this limitation of our analysis is unlikely to fungat rats have similar linear shape/volume filling curves to those
damentally change the findings. Because the sham operation gigcribed previously in dogs. The modeling results suggest that
not require entering the chest, animals regained a normal boglyape change during filling is more sensitive to both global cham-
weight growth curve on postoperative day®2days before they per compliance and to the transmural distribution of fiber orienta-
were studiegl and our calculated cardiac output values in thesgons than to myocardial anisotropy. We conclude that very precise
sham-operated animals were very similar to those reported bk@owledge of fiber angle distributions would be needed to draw
number of investigators in both open- and closed-chest normaleful conclusions about changes in myocardial anisotropy from
and sham-operated rats using a variety of other technigad®- left ventricular shape changes and that this requirement will likely
active microspheres, thermodilution, &tc12], we concluded that limit the practical utility of this approach.

these sham-operated rats fairly represent “normal” ventricular he-

modynamics and could not justify the sacrifice of new unoperated

control animals for the present study.
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Fig. 4 Model simulations of the effect of fiber stiffness and
orientations on shape change. (a) Mean experimental (closed
symbols ) and model pressure-volume behavior (open sym-
bols) at three different ratios of the material constants b 1/by;
global stiffness was maintained by decreasing C as b  ; in-
creased. (b) Corresponding mean experimental and model
shape/volume curves. Increasing fiber stiffness decreases
sphericalization during filling. (c) Model behavior across a
larger range of material constants. The model covers the 95%
confidence interval of the experimental normalized shape
change ratios (AS/(AVIEDV), solid circles ) with a four-fold
variation in b./b, for a symmetric fiber distribution (open
circles ). With a 10 deg shift in the fiber distribution a 15-fold
change in the b,/b, ratio is required to simulate the same
range of shape changes (open triangles ).
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