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Epicardial deformation and left ventricular 
wall mechanics during ejection in the dog 

THEO ARTS, PIETER C. VEENSTRA, AND ROBERT S. RENEMAN 
Departments of Biophysics and Physiolugy, University of Limburg, Muastricht; und 
Department of Mechanical Engineering, University of Technology, Eindhoven, The Netherlands 

ARTS, THEO, PIETER C. VEENSTRA, AND ROBERT S. RENE- 
MAN. Epicardial deformation and left ventricular walL me- 
chanics during ejection in the dog. Am. J. Physiol. 243 (Heart 
Circ. Phvsiol. 12): H379-H390, 1982.-Significant differences 
between kpicardial and endocardial systolic stress in the wall of 
the left ventricle (LV) have been predicted by various models 
of LV mechanics. Yet a model incorporating transmural differ- 
ences in fiber orientation and torsion, defined as a rotation of 
the apex with respect to the base around the long axis of the 
LV, predicts transmural equalization of stress and shortening 
along the fiber direction during the ejection phase. This equal- 
ization is due to an interplay between torsion and myocardial 
contraction. To assess the model hypothesis, predicted epicar- 
dial deformation during the ejection phase was compared with 
that measured experimentally. For this purpose 45 sets of 
measurements were performed in four open-chest dogs using a 
triangular array of inductive gauges for the assessment of 
epicardial circumferential strain ( l C) , base-to-apex strain (et), 
and shear angle (7). Changes in shear angle are directly related 
to LV torsion. LV end-diastolic pressure was varied over a wide 
range (O-15 mmHg) by volume loading and bleeding. In the 
control state, the slope of the shear angle vs. volume strain 
curve (volume strain = 2 E(. + Ed), which is related to contraction, 
was found to be 0.74 k 0.10 (mean t SD). This compares 
reasonably with the mathematical model prediction of a slope 
of 0.67. Due to an interplay between torsion and contraction, 
left ventricular fiber stress and fiber shortening might be uni- 
formly distributed across the wall. c 

transmural stress distribution; left ventricular torsion 

INSIGHT into left ventricular energetics is often sought 
through study of the relationship between left local in- 
tramyocardial mechanical loading and global ventricular 
pump function. The latter is usually described by hemo- 
dynamic parameters such as left ventricular and aortic 
pressure as well as aortic volume flow. Regional cardiac 
mechanics may be defined by local fiber stress, velocity 
of sarcomere shortening, generated mechanical power 
per unit of tissue volume, or intramyocardial pressure. 
Knowledge of fiber stress, fiber orientation, and left 
ventricular geometry, all of which determine intramy- 
ocardial pressure (2, 4), is important because of its rela- 
tion to coronary blood supply (8, 15) and myocardial 
metabolic needs (19). 

Overall pump function of the left ventricle can be 
assessed in animal experiments by measuring with con- 
ventional techniques left ventricular pressure as welI as 
pressure and flow in the ascending aorta, In spite of 

several investigations using myocardial gauges (7,11, ZO), 
direct determination of local wall stress remains difficult 
and unreliable because of artifacts and tissue injury at 
the site of measurement (2). Hence we preferred to 
calculate wall stress from left ventricular pressure and 
dimensions using a mathematical model of left ventricu- 
lar mechanics. The model that we developed differs from 
others (16,X, 29) in that anisotropy of myocardial tissue 
as well as torsion of the left ventricle are considered. 
This torsion is associated with rotation of the apex with 
respect to the base around the long axis of the left 
ventricle. Furthermore, no transmural differences in me- 
chanical properties of the myocardial tissue that were 
previously suggested (IS) are introduced. 

Analytical results obtained with this model indicate 
that transmural differences in local fiber stress and sar- 
comere length are small throughout the entire ejection 
phase. Further analysis showed that this essential trans- 
mural uniformity of mechanical loading is a direct con- 
sequence of consideration of anisotropy (2) and torsion(4) 
in the model. Because the results obtained with this 
model contradicted the frequently calculated higher me- 
chanical loading of the subendocardial layers (16, 29), it 
was decided to test the mathematical model against left 
ventricular mechanical parameters measured in open- 
chest dogs. 

In the absence of a direct and accurate measurement 
of transmural fiber stress distribution and intramyocar- 
dial pressure, we have chosen to study local myocardial 
deformations. Epicardial left ventricular free-will defor- 
mation can be measured accurately in the open-chest 
dog without significantly influencing the mechanical be- 
havior of the ventricle (3). Epicardial deformation is fully 
described by three parameters: i.e., circumferential nat- 
ural strain, base-to-apex natural strain, and shear. The 
time course of these deformation parameters and their 
interrelation during the ejection phase were then com- 
pared with predictions by the model. 

Mathematical model of left ventricular mechanics. 
The mathematical model relates overall left ventricular 
pump function to mechanical loading of local myocardial 
tissue. The principles of the model (1, 4) are briefly 
recapitulated below. 

I) The left ventricle is assumed to be a thick-walled 
cylinder composed of eight concentric cylinder shells 
(Fig. 1). 2) Tangential stresses in the wall generate left 
ventricular pressure in accordance with Laplace’s law. In 
a cross section of the cylinder perpendicular to the axis, 
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radius under these circumstances is determined from the 
ratio of left ventricular cavity volume to wall volume, 
which is reported to be 0.54 in the end-diastolic phase 
(25). The volume of the left ventricular wall is calculated 
from the average weight of the left ventricle in the in 
vivo experiments described in this article. A flow diagram 
of the model calculations is presented in APPENDIX 2. 

influence 

Simulation of cardiac cycles by the mathematical 
model. Analysis of cardiac cycles as simulated by the 
model is presented to allow direct comparison with re- 
sults obtained in animal experiments. Thus end-diastolic 
left ventricular volumes of Z&40, 60,80, and 100 ml were 
used in the simulation to compute the time courses of 
the following variables (sampling interval 10 ms): left 
ventricular pressure, ascending aortic pressure, and vol- 
ume flow, as well as deformation of the epicardial surface 
of the left ventricle. This deformation is characterized by 
circumferential natural strain (EJ, base-to-apex natural 
strain (CL), and a shear angle (y). Here natural strain is 
defined as the natural logarithm of the ratio of actual to 
reference segment length. Thus on the outer cylinder 

FIG. 1. Cylindrical representation of left ventricle. Subdivision into 
cylindrical shells, changing fiber orientation, and torsion deformation 
are mdicated. Influence of right ventricle and septum on left ventricular 
function is simulated by a different fiber orientation in right half of 
cylinder. 

the forces exerted by the internal pressure and by axial 
stresses within the cylinder wall are in equilibrium. 3) 
Shear stresses in the‘ latter cross section act circumfer- 
entially and result in an equilibrium of torques. Thus the 
cylindkr is allowed to twist, which simulates rotation of 
the apex with respect to the base around the long axis of 
the left ventricle. 4) The myocardial tissue is considered 
to he anisotropic and is modeled by a contractile fiber 
structure embedded in a soft incompressible material (2). 
5) The myocardial tissue is assumed to be contractile 
instead of purely elastic. The contractile properties of 
the muscle fibers are taken to be uniform across the wall 
and are characterized by a stress-sarcomere length-veloc- 
ity of sarcomere shortening-time relationship expressed 
by a first-order differential equation (APPENDIX 1). 6) 
The onset of muscle contraction is assumed to be syn- 
chronous. 7) Different fiber orientations (17, 26, 27), 
sarcomere lengths (17,30), and stresses are used for each 
shell of the cylinder. 8) The afterload of the left ventricle 
is simulated in the model by a combination of a diode 
(aortic valve) in series with an inertance, a resistance 
(aortic characteristic impedance), and an arterial capac- 
itance in parallel with a second (peripheral) resistance 
(28). The values of these parameters were determined 
from the relation between aortic pressure and aortic 
volume flow, as measured in the in vivo experiments. 

surface 

6 = ln(r/R) (1) 

Ex = ln(h/H) (2) 

where r is the outer radius of the cylinder, R is the 
reference outer radius of the cylinder, h is the height of 
the cylinder, and H is reference height of the cylinder. 

The shear 
between the 

angle y is defined as the change of the angle 
circumferential direction and a line on the 

epicardium that was perpendicular to the circumference 
in a reference state of deformation. Shear occurs when 
torsion of the cylinder is present (4). This torsion, rep- 
resenting left ventricular torsion, is associated with ro- 
tation of the upper plane of the cylinder (Fig. 1) with 
respect to the lower plane around the axis of the cylinder. 
In the present study mainly changes in epicardial defor- 
mation parameters (AE~., AE~, Ay) are assessed. From Eqs. 
1 and 2 it follows that a change in natural strain only 
depends on the segment lengths before and after defor- 
mation. Therefore the actual value of the reference seg- 
ment length is irrelevant to the analysis. 

TABLE 1. Parameters substituted into model ------ Previously the fiber orientation in the left ventricular 
free wall was assumed to be representative for the whole 
circumference of the left ventricle (4)? despite apparently 
differing fiber orientations in the right ventricular free 
wall and right septal layers (26). To model this asym- 
metry the fiber orientations of the right halves of the 
outer cylindrical shells were replaced by the fiber ori- 
entations of the right ventricular free wall and right 
septal layers (Fig. 1). For simplicity of the model the 
right ventricular cavity is not considered, and in the 
calculation of equilibria of forces fiber stress as calculated 
from sarcomere length and time (APPENDIX 1) in the left 
and right half of the shell is assumed to be the same. 

End-diastolic dimensions at a cavity volume of 60 ml, mm 
Inner diameter 37.3 
Outer diameter 63.0 
Base-to-apex length 54.7 

Aortic input impedance 
Inertance of outflow tract 
Characteristic impedance 
Peripheral resistance 
Arterial capacitance 

12 x 10" Nm ‘s 
160 x 10" Nm 3 
8.3 x lo--’ N-lm” 

Transmural distribution of fiber orientation in shell 

1 
(endo) 2 3 4 5 6 7 

H 
kpi) 

LV free 0.75 0.60 0.36 0.12 -0.09 -0.24 -0.45 -0.90 The parameter values, as substituted in the simulation, 
are listed in Table 1. Parameter values, related to ge- wall 

RV and 0.25 - 1.30 ometry and fiber orientation, refer to th 
phase of the control state. The ratio of 

.e end- *diastolic 
to outer 

0.75 0.60 0.36 0.12 -0.08 

inner 
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Figure 2 shows theoretical results for nornial contrac- 
tion at an end-diastolic volume of 60 ml (i.e., control 
state). During ejection (indicated by forward aortic vol- 
ume flow), circumferential natural strain, base-to-apex 
natural strain, and shear angle were predicted to decrease 
by 0.083, 0.095, and 0.169 rad, respectively. During aortic 
occlusion systolic left ventricular pressure increased by 
90%, the duration of contraction was prolonged by 50 ms, 
and systolic changes in circumferential natural strain, 
base-to-apex natural strain, and shear angle were -0.01, 
+O.OZ, and 0.00 rad, respectively. 

To describe the left ventricular mechanics, a basic 
variable had to be introduced to which all other variables 
could be related. Often left ventricular volume is chosen. 
However, its quantification throughout the cardiac cycle 
is difficult. Therefore natural volume strain (E,) was 
introduced as the basic variable, expressing the relative 
change of volume enclosed by the epicardial surface 

l v = ln[Wh + V,)/(Vho + VW)] (3) 

where VI, is left ventricular cavity volume, VW is left 
ventricular wall volume, and I& is the reference value of 
VlV- 

The wall volume is assumed to be constant and equal 
to the total volume of the left ventricular free wall and 
septum. Applying Eqs. 1 and 2 to Eq. 3 for a cylindrical 
epicardial surface 

The parameters E, and 6x can be measured instanta- 
neously and locally on the epicardial surface of the free 
wall of the left ventricle (3), 

40 r 
kPa 

30 - 200mmHq 

I I 
am-tic - I- qao occlusion 

I I I I 
I 

1 

The curves in Fig. 3 represent the predicted pathway 
of the deformation parameters y, cC, and ~~ as a function 
of Ed during the ejection phase for five different beats 
with left ventricular end-diastolic volume (V,,,J in the 
range of 20-100 ml. The slopes of the lines connecting 
the beginning and end points of the control state curves 
(i.e., VI~,~~ = 60 ml) were 0.67, 0.32, and 0.37, respectively. 

METHODS: IN WV0 EXPERIMENTS 

The experiments were performed on four mongrel dogs 
weighing 25-34 kg. The animals were premeditated with 
Hyphorm (1 ml/kg im: I ml Hyphorm contains 10 mg 
fluanison and 0.2 mg fentanyl base). Anesthesia was 
induced by pentobarbital sodium (10 mg/kg iv) and after 
endotracheal intubation was maintained by oxygen and 
nitrous oxide. Ventilation was kept constant with a pos- 
itive-pressure respirator (Pulmomat). 

The electrocardiogram was derived from the limb 
leads. The chest was opened through the left fifth inter- 
costal space, and the heart was suspended in a pericardial 
cradle. Ascending aortic pressure was measured via the 
carotid artery with a catheter connected to a pressure 
transducer (Ailtech). Left ventricular pressure was meas- 
ured with a catheter-tip micromanometer (Millar) in- 
serted through a femoral artery. The lumen of the cath- 
eter-tip micromanometer was connected to an external 
pressure transducer (Ailtech), which could be set at a 

reference level by switching a three-way cock. This ref- 
erence was the center level of the left ventricular cavity. 
Thus end-diastolic left ventricular pressure was meas- 
ured accurately by amplifying and clipping the left ven- 
tricular pressure signal measured through the lumen of 
the catheter-tip micromanometer (full scale: O-2 kPa or 

shear 
angle 

A 

base to apex 
natural strain 

f.lll 

FIG. 2. Simulation of a normal cardiac qvcle followed by a cardiac 
cycle with aortio occlusion. Left ventricular (I),, 1 and aortic Dressure 

1 natural volume strain - 

(k;,,l), aortic volume flow (q,,,), and the deformation parameters,’ circum- FIG. 3. Results obtained from mathematical model. Epicardial de- 
ferential natural strain (E, 1, base-to-apex natural strain (E,,), and shear formation parameters plotted as a function of natural volume strain for 
angle (y) of elGcardia1 surface are plotted as a function of time. Verticd beats starting with end-diastolic left ventricular volumes (0) of 20, 40, 
lines denote beginning and end of ejection phase ( 1st beat) or half peak 60 (control), 80, and 100 ml. Open circles (0) refer to end of ejection 
value of P,v. phase. 
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O-15 mmHg). Ascending aortic volume flow was meas- 
ured with an electromagnetic flowmeter (Transflow 600). 
The probes were calibrated in vitro prior to the experi- 
ments. The end-diastolic level of the instantaneous flow 
recording was used as zero flow reference. A string around 
the ascending aorta proximal to the electromagnetic flow 
probe allowed temporary occlusion of the aorta for the 
purpose of obtaining isovolumic left ventricular contrac- 
tions, 

shear angle as well as the zero level of end-diastolic left 
ventricular pressure by switching of the three-way cock. 
All variables were registered at a paper speed of 100 mm/ 
s for 15 s, after which an aortic occlusion was induced 
during diastole for at least one beat. Thereafter, paper 
speed was reduced to 2 mm/s for continuous monitoring. 

Regional left ventricular deformation was measured 
with an inductive method (3) using a rotating magnetic- 
field-generating coil (MFGC). This coil was attached to 
the epicardium of the anterior free wall of the left ven- 
tricle approximately 30 mm lateral to the left anterior 
descending coronary artery and approximately 30 mm 
distal to the left circumflex coronary artery (Fig. 4). A 
sensor coil for detecting circumferential natural strain 
(SC,) was placed between the left anterior descending 
coronary artery and MFGC, approximately 17 mm from 
the latter. A sensor coil for detecting base-to-apex natural 
strain (SC,) was attached to the epicardium between the 
left circumflex coronary artery and MFGC, approxi- 
mately 17 mm from the latter. Thus the three coils 
formed a triangle with the field-generating coil at its right 
angle. Natural strains were derived electronically from 
changes in the amplitude of the signals induced in the 
sensor coils. The generated magnetic field spins with a 
frequency of 1,500 Hz around the axis of the MFGC. 
Therefore, the induced voltages in SC, and SC, are out 
of phase with an angle equal to the angle formed by 
SC,-MFGC-SC,. The shear angle was determined elec- 
tronically as the deviation of this phase angle from 90”. 

To increase left ventricular end-diastolic volume and 
hence stroke volume, hypervolemia was induced by ad- 
ministrating physiological saline. Measurements were re- 
peated at various levels of hypervolemia. After maximal 
hypervolemia (end-diastolic left ventricular pressure as 
high as possible but not higher than 2 kPa or 15 mmHg) 
blood volume was reduced by venous bleeding, and meas- 
urements were repeated at various blood volumes. When 
peak-systolic blood pressure decreased below 7 kPa (52 
mmHg), the experiment was terminated by giving the 
animal a lethal dose of KCl. The heart was removed, and 
the ventricles were dissected from the atria just below 
the basal plane. Left ventricular free wall and septum 
were separated from the right ventricular free wall, and 
both parts of the cardiac muscle were weighed. 

Analysis of wall shortening. To investigate whether, 
in the wall of the left ventricle, local wall shortening 
corresponded with the average value of wall shortening, 
in different experiments stroke volume (AVcB~c) as calcu- 
lated from changes in local natural volume strain was 
compared with stroke volume (AV&J as calculated by 
time integration of the instantaneous aortic volume flow. 
Using Eq. 3 it holds (APPENDIX 3) that 

After installation of the measuring devices the varia- 
bles were recorded continuously on a IO-channel paper 
recorder (Schwarzer) using a paper speed of 2 mm/s. 
Under control conditions measurements started by re- 
cording electrical reference levels of natural strains and 

AV talc = (VW + h,+,) [exphbe - G,ed,,) 
(5) 

- expb+ - &,ed,)] 

where V1v,,,lt, is left ventricular cavity volume at end- 
diastole in the control state; l .t,~, G,~~, and GAG, are 
natural volume strains at the beginning and end of ejec- 
tion and at end-diastole in the control state, respectively; 

aortic 
pressure 

II 

left ventricular 
pressure (Millar) 

rl 

volume 

measurement 

ic 
.ular 
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and V, is measured wall volume. TABLE 2. Experimental measurements on epicardial 
In our experimental setup left ventricular cavity vol- deformation and some hemodynamic parameters 

ume was not measured. End-diastolic left ventricular in the control situution and during 
cavity volume in the control state was reported (25) to hyperuolemia and hypovolemia 
be approximately 54% of left ventricular wall volume. 
Thus in Eq. 5 Vlv,e% is substituted by 0.54 V,. 

Expt. 
NO. 

RESULTS 

Figure 5 iilustrates typical recordings of a cardiac cycle 
with a normal contraction followed by an isovolumic one. 
The ejection phase is marked by the aortic volume flow 
signal. During this phase epicardial deformation was 
generally found to occur smoothly, whereas during the 
isovolumic contraction and relaxation phase often abrupt 
deformations were measured. Table 2 presents both the 
epicardial deformation as measured during the ejection 
phase and the hemodynamic variables, as measured in 
four experiments during the control state, maximum 
hypervolemia, and maximum hypovolemia. The change 
in circumferential natural strain, shear angle during the 
ejection phase, and stroke volume (AVQJ, as measured 
electromagnetically, increased significantly (P < 0.001) 
with increasing end-diastolic left ventricular pressure. 
The amplitude of the change in base-to-apex natural 
strain did not significantly depend (P > 0.05) on end- 
diastolic left ventricular pressure. Systolic and diastolic 
aortic pressure, stroke volume (AVQ,,), heart rate, end- 
diastolic left ventricular pressure, and postmortem left 
ventricular weight are mentioned to illustrate the he- 
modynamic state, whereas systolic left ventricular pres- 
sure during aortic occlusion relates to contractility of the 
cardiac muscle. After aortic occlusion the changes in l C, 
Ed, and y during the ejection phase were less pronounced. 

30 - 20OmmHg 
kPa 

20 - 

to - 

O- 

I  I  

aortic occlusion 

I I 

0.2 Y I I 
rad 

c [ I 
500 ms 

FIG. 5. Results obtained from in vivo expt. A normal cardiac cycle 
is followed by a cardiac cycle with aortic occlusion. For explanation of 
symbols and vertical lines see Fig. 2. Middle tracing (pl& is end- 
diastolic pressure signal. 

Mean -0.088 -0.041 
2 SD kO.037 to.025 

Mean -0.133 -0.053 -0.2 11 18.4 
* SD kO.044 k0.03 1 kO.034 k-2.0 

Mean -0.051 
t SD kO.019 

Deformation I Hemodynamics I 
LV 

HR 
Ay paw, Pau,d, Wpr, beats, h,ed, PI,,,, 

w 
A& k rad. kPa kPa ml 

min kPa kPa g 

-0.055 -0.017 
-0.058 -0.067 
-0.123 -0.022 
-0.117 -0.057 

Contd 
-0.095 16.0 14.5 24.8 142 
-0.179 19.2 16.9 23.2 77 
-0.162 18.0 12.5 49.1 109 
-0.167 15.2 If.3 27.5 71 

-0.151 17.1 13.6 31.2 100 
kO.038 & 1.8 +2.0 &12. I A33 

Hypervolemia 
-0.084 -0.064 -0.169 16.5 
-0.139 -0,083 -0.220 20.8 
-0.189 -0.009 -0.251 19.3 
-0.119 -0.054 -0.205 17.1 

HYPOU 
-0.023 
-0.054 
-0.067 
-0.058 

-0.010 
-0.067 
-0.012 
-0.000 

-0.022 
-+0.030 

13.8 49.2 
15.2 71.7 
10.1 63J 
12.4 31.2 

12.9 53.8 
k2.2 kl7.7 

demia 

105 1.35 24 
68 0.98 30 

105 2.50 35 
75 1.15 27 

88 1.50i 29 
*20 HI.691 k5 

103 -0.05 fl 
107 0.05 7 
130 0.30 16 mL 111 0.15 15 

113 0.11 12 
t12 kO.15 t4 

0.20 22 118 
0.32 32 124 
1.30 33 127 
0.52 22 92 

0.58 27 155 
AO.49 t6 k16 

change in epicardial circumferential strain; AE~, change in base- 
to-apex strain; y, shear angle; Pa,,&, systolic aortic pressure; Pao.d, dia- 
stolic aortic pressure; AVqao, stroke volume calculated by time integra- 
tion of instantaneous aortic volume flow; HR, heart rate; Plv,ed, end- 
diastolic left ventricular pressure; P lv,is, systolic left ventricular pressure 
during aortic occlusion; LV Wt, left ventricular weight. 1 kPa = 7.5 
mmHg. 

For example, in Fig. 5 during the part of systole where 
left ventricular pressure exceeds half of its peak value, 
l C, Ed, and y increased only 0.010, 0.026, and 0.023 rad, 
respectively. These changes are opposite and smaller 
compared with normal ejection. Moreover, systolic left 
ventricular pressure was approximately doubled, and 
ventricular relaxation was delayed approximately 50 ms. 
The peaking of the aortic volume flow seen at the onset 
of aortic occlusion probably represents an artifact due to 

a loss in contact between aorta and the electrodes of the 
electromagnetic flowmeter. 

In Fig. 6 for 45 beats obtained from four experiments 
the pathway of the shear angle y as a function of the 
instantaneous natural volume strain l v is plotted during 
the ejection phase. Each group of curves relates to one 
experiment. For comparison the model prediction (Fig. 
3) is also plotted in this figure. For all curves the slope of 
the line connecting the beginning and end points of the 
curve was determined. Within each experiment the slope 
values thus obtained were plotted in another graph (not 
shown) as a function of midejection natural volume 
strain, as determined halfway between the beginning and 
end points of the corresponding curves. The resulting 
data points got a statistical weight proportional to the 
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T shear 
angle / 

natural volume strain ) 

FIG. 6. Shear angle at epicardial surface, as measured expehen- 
tally during ejection phase, as a function of natural volume strain. 
Model prediction (Fig. 3) is also indicated. Closed and open circZes 
refer to beginning and end of ejection phase in control situation, 
respectively. Encircled numbers denote different expts. 

change of natural volume strain during the associated 
ejection phase. The latter weighing procedure accounts 
for a greater importance of a calculated slope when the 
beginning and end point are further apart. The linear 
regression line through the data points, relating slope to 
midejection natural volume strain, was calculated in each 
experiment. The control value of the slope was calculated 
as the value of the linear regression line at a midejection 
natural volume strain, as found in the control state. Thus 
the slope of the relation between y and ~~ in the control 
state was calculated to be 0.74 t 0.10 (mean t SD). 
Analogously, in Fig. 7 for the same beats the base-to- 
apex natural strain cz is plotted as a function of l V together 
with the model prediction of this relation. Also analogous 
to the analysis of the relation between y and Ed, the slope 
of ~~ vs. l v in the control state was calculated to be 0.19 
t 0.13 (n = 4), which is significantly (P < 0.004) different 
from zero, 

In Fig. 8 calculated stroke volume is plotted as a 
function of measured stroke volume. The slope of the 
relation, based on four experiments was 0.99 t 0.08, 
which is not significantly different from unity, suggesting 
that local wall shortening is close to mean shortening of 
the wall of the left ventricle. 

DISCUSSION 

Sensitivity of the model to parameter variations. The 
model is intended to relate fiber stress and fiber shorten- 

ing to left ventricular pressure and volume during the 
ejection phase. One of the results of the model was that 
during the ejection phase the mutual relation between 
the epicardial deformation parameters was nearly inde- 
pendent of variations in hemodynamic loading of the left 
ventricle. For instance, the relation between epicardial 
shear y and natural volume strain l V tends to coincide in 
one curve as shown in Fig. 3, despite wide variations in 
end-diastolic left ventricular volume (20-100 ml; control, 
60 ml). It is interesting to note that, similarly, variation 
in the model situation of end-diastolic aortic pressure 
(range, 7-25 kPa = 52-187 mmHg; control, 11 kPa = 82 

base to apex 
natural strain 

natural volume strain 
b 

FIG. 7. Base-to-apex natural strain, as measured experimentally 
during ejection phase, as a function of natural volume strain. Model 
predictions (Fig. 3) are also indicated. Closed and open circles refer to 
beginning and end of ejection phase, respectively, in the control situa- 
tion. EncircLed numbers denote different expts. 

calculated 
stroke volume 

- 
0 50 ml 
measured stroke volume 

FIG. 8. Stroke volume, as calculated from local epicardial strain 
measurements as a function of stroke volume, determined from electro- 
magnetic aortic volume flow measurements. Different symbols refer to 
different expts. 
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mmHg) or variation of myocardial fiber contractile force 
(up to 50% over control by multiplying G,,,, G,, and u, in 
APPENDIX 1 and Table 2 by a factor of 1.5) did not affect 
this relationship either; deviations in y from the curve 
were always less than 0.01 rad. Analogously, the relation 
between base-to-apex natural strain ez and natural vol- 
ume strain cv also tend to coincide in one curve (Fig. 3). 
Deviations of Ed from this curve were less than 0.002. 
Because changes in hemodynamic loading (preload and 
afterload) and in muscle properties (contractility) did not 
essentially affect the mutual relationship between the 
epicardial deformation parameters, variation in the pa- 
rameters related to aortic input impedance and muscle 
properties did not affect this relationship either. In sum- 
mary, in the model, changes in muscle properties affect 
the hemodynamics without affecting the mechanism that 
relates muscle fiber mechanics, left ventricular hemody- 
namics, and epicardial deformation. Conversely, changes 
in hemodynamic loading affect the mechanical loading of 
the muscle fibers. 

mid - systolic 
fiber stress 

sarcomere 
length at the 
beginning of the 
election phase 

~-.- 
end-dlastotlc 
volume (ml) 

x 100 0 LO 
. 80 020 
l 60 -.-~- 

stroke work per 
unit of volume 

Xx X systolic 
XX 

l omommmo 
xxx sarcomere 

endo - endo - ep~ end0 - epl 
0 

endo - epl 

FIG. 9. Calculated transmural course of midsystolic fiber stress, 
sarcomere length at beginning of ejection phase, sarcomere shortening 
during ejection, and generated mechanical stroke work per unit of 
tissue volume, for various end-diastolic left ventricular volumes. 

The parameter values related to muscle properties 
(APPENDIX 1) are based as much as possible on experi- 
mental measurements on isolated cardiac muscle. How- 
ever, most of these measurements are performed on 
different species (no dogs) and at relatively low temper- 
atures. Therefore, parameters related to the rise time, 
duration, and decay time of muscle contraction and those 
related to velocity of sarcomere shortening are chosen so 
that in the control situation hemodynamic variables such 
as duration of the ejection phase and rate of rise of left 
ventricular pressure were in a physiological range for the 
dog 

According to the model the relation between muscle 
fiber mechanics and left ventricular hemodynamics 
mainly depends on the transmural distribution of fiber 
orientation and sarcomere length and on the ratio of left 
ventricular cavity volume to wall volume. The fiber ori- 
entation is reported to be different in various parts of the 
wall of the left ventricle (17, 26, 27) and shows relatively 
large interindividual differences. A general finding in the 
free wall of the left ventricle is an approximately linear 
decrease of the fiber angle with increasing distance from 
the endocardium in the inner half of the wall, a plateau 
representing a relatively thick middle layer of circumfer- 
entially directed fibers, and a steep decrease to a more 
axial direction in the subepicardial layers. Using an esti- 
mate of the transmural course of fiber orientation (26) 
and a uniform transmural distribution of sarcomere 
length, fiber stress during the ejection phase in the con- 
trol state was calculated. Layers with a higher stress than 
the average were allowed to thicken, and layers with a 
lower stress were allowed to thin. Thus the transmural 
course of fiber orientation was adjusted, and the distri- 
bution of stress across the wall was made uniform in the 
midsystolic phase in the control state, After setting the 
transmural course of fiber orientation a characteristic 
result unique to our model was found; namely, the trans- 
mural distribution of mechanical loading was preserved 
fairly well (4) when end-diastolic left ventricular volume 
was varied over a wide range (from 20 up to 100 ml; 
control, 60 ml), Figure 9 shows the calculated transmural 
course of systolic fiber stress, sarcomere length at the 
beginning. of ejection, sarcomere shortening: during: the 

ejection phase, and contractile stroke work, generated 
per unit of muscle volume. The sensitivity of fiber stress 
in the different shells and the epicardial deformation 
parameters during the ejection phase to changes in fiber 
angle in the separate shells are shown in Table 3. Each 
row represents the increment in fiber stress in the shells 
and the epicardial deformation parameters as a result of 
a 0.1 rad increase of the fiber angle in one of the shells. 
In the top row the control values of the parameters are 
presented. The influence of considering a different fiber 
orientation for the right ventricular (RV) side and sep- 
tum can be estimated by comparing the ratios Ay/Ac, 
and AEJAE, in the control beat (Fig. 2; fiber orientations 
RV different from LV) to those obtained earlier by Arts 
et al. (4) (fiber orientation RV the same as LV). With 
different RV fiber orientation these ratios are 0.67 and 
0.37, respectively, whereas without they are 0.59 and 0.44. 

In the model the ratio of left ventricular cavity to wall 
volume is assumed to be 0.54 (25) when calculating the 
slope of y vs. l v during ejection in the control state. A 
decrease of this ratio to 0.44 would cange the slope of 
this relation from 0.67 to 0.77. 

Analysis of deformation. The relation between shear 
angle and natural volume strain was predicted to be 
nonlinear (Fig. 3). So in the analysis of experimental 
results this relation is approximated by a quadratic func- 
tion. One of the properties of such a function is that the 
slope of a line connecting two points on the related 
parabolic curve is equal to the slope of the curve where 
the x variable equals the average of the x variables 
belonging to the latter two points. This property is used 
in determining the slope of the curves and relating meas- 
ured shear angle and volume strain (Fig. 6) as a function 
of natural volume strain. 

According to the model the slope mentioned above 
depends on the ratio of left ventricular cavity volume to 
wall volume. As this ratio was not measured in our 
experiments, its value was obtained from data on cardiac 
geometry during end-diastole in the control state, as 
described elsewhere (25). Therefore, quantitative com- 
parison between model and experiment was made in the 
control situation. In the statistical analvsis the effect of 
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Control 
0.1 Rad increase of fiber 

angle in shell 
1 
2 
3 
4 
5 
6 
7 
8 

Right side 
5 
6 
7 
8 --~-- -- 

‘- 44.5 45.2 43.6 43.1 43.9 45*3 45.2 46.0 -0.169 -0.081 -0.096 -0.257 

3.4 -0.6 +0.2 +0.8 +1.f +1s +l.O -0.3 +0.004 +0.002 -0.007 -0.003 
-1.4 +2.8 -0.2 +0.5 +I.0 +1.3 +1.3 +0.3 +0.006 +0.002 -0.006 -0.003 
-1.6 -1.5 +2.3 +o.o +0.8 +1.3 +I.8 +I.4 +0.006 +o.ooo -0.003 -0.002 
-1.6 -1.8 -1.4 +l.S +0.5 +1.3 +2.1 +2.4 +0.004 -0.001 +O.ool -0.002 
-0.7 -0.9 -1.0 -0.7 +I.9 +0.3 +1.0 +I.6 -0.001 -0.002 +0.003 -0.001 
-0.3 -0.8 -1.1 -0.9 -0.5 +1.8 +0.8 +1.9 -0.002 -0.003 +o.uof.i +U.OOl 
-0.0 -0.6 -1.2 -1.2 -0.7 -0.1 +1.8 t2.4 +O.ooI -0.002 +0.005 -0.000 
+l.O +0.4 -0.4 -1.0 -1.0 -0.8 -0.2 +0.4 +0.004 -0.002 +0.005 +0.001 

-0.7 -0.9 -0.7 -0.3 +0.3 to.7 +1.3 +1.6 +o.O02 +o.ooo +o.ooo +o.ooo 
+0.7 +0.8 +0.7 +0.3 -0.3 -0.7 -1.2 -1.5 -0.002 -0.000 -o.ooo -0.000 
-0.8 -0.9 -0.8 -0.3 +0.3 +0.8 +1.3 +1.6 +o.w1 +o.ooo +o.ooo +o.ooo 
+0.9 +l.O +0.9 +0.3 -0.4 -0.9 -1.6 -1.8 -0.002 -0.000 -0.000 -0.000 -- 

A?, Change in shear angle; Ar,, change in epicardial circumferential strain; AE~, change in base-to-apex strain; A~,,change in natural volume 
strain. 

measurement variations within an experiment was re- 
duced by using data on all analyzed beats within that 
experiment. The relation between base-to-apex strain 
and natural volume strain was analyzed in a similar way 
(Fig. 7). 

Comparison of results obtained in the model and in 
animaZ experiments. This comparison is confined to the 
measurable quantities left ventricular pressure, aortic 
pressure, aortic flow, and the deformation parameters 
(circumferential natural strain l C, base-to-apex natural 
strain ez and shear angle y) at the epicardial anterior free 
wall of the left ventricle. 

The hemodynamic variables, as simulated in the model 
(Fig. Z), were similar to these variables recorded in the 
animal experiment (Fig. 5), Because of a simplified de- 
scription of the aortic valve, oscillations in aortic pressure 
and volume flow due to closure of the aortic valve are 
not simulated. In the in vivo setting the time course of 
circumferential shortening and shear during the ejection 
phase were similar to the model prediction. Base-to-apex 
shortening was predicted by the model but was overes- 
timated, which is clearly expressed by the ratio E&. In 
the model this ratio was 0.37, whereas in the in vivo 
experiments (Fig. 7) a ratio of 0.19 t 0.13 (mean t SD) 
was found (P < 0.004). From experiments reported by 
Rankin et al. (24) a value of 0.24 for this ratio could be 
calculated, which is not significantly different from our 
experimental results (P > 0.42). The overestimation of 
l z by the model might be due to the simplified assumption 
concerning the cylindrical symmetry of the left ventric- 
ular wall and neglect of the role of the papillary muscles. 

The model predicts a counterclockwise rotation of the 
apex with respect to the base during the ejection phase 
when observing the left ventricle from the apex. Such 
torsion is associated with a decrease of the measured 
epicardial shear angle during this phase. In the experi- 
ments this shear was found to exist and to occur in the 
predicted direction. Moreover, the ratio of change in 
shear angle and change in natural volume strain during 
the ejection phase in the control state as found in the 
model (0.67) was quite close (P > 0.15) to the experimen- 
tally determined value (0.74 t 0.10; mean t SD). 

Calculation of stroke volume from epicardial shorten- 
ing. The assumptions made for the calculation of stroke 
volume (Eq. 5) were a cylindrical geometry of the left 
ventricle and a homogeneous distribution of epicardial 
shortening over the wall of the left ventricle. Further- 
more, at some state of left ventricular deformation the 
ratio of left ventricular cavity volume to wall volume had 
to be known, This ratio during the end-diastolic control 
state was derived from data reported by Ross et al. (25). 
Despite these crude simplifying assumptions, stroke vol- 
ume was calculated fairly accurately as indica ted by the 
good agreement between the calculate ,d and measured 
&es (Fig. 8). The sensitivity of Eq. 5 to a change of the 
ratio of cavity to wall volume is expressed by a 7% 
decrease in the calculated stroke volume when changing 
the ratio of 0.54 to 0.44. For the measurement of natural 
volume strain at the epicardium various methods of 
segment length measurement might be used, at least 
when these segments are along the circumferential direc- 
tion and base-to-apex direction. 

Significance of epicardial deformation. The signifi- 
cance of epicardial deformation for the deformation of 
the deeper layers in the myocardial wall during contrac- 
tion is mainly determined by the amount of shear be- 
tween layers in the wall of the left ventricle parallel to 
the epicardial surface. During ejection, this shear was 
quantitatively determined to be 0.02 rad without prefer- 
ential direction (II). The average of this shear, therefore, 
was approximately zero with a standard deviation in the 
order of 0.02 rad in all directions (APPENDIX 4). This 
shear is small compared to the change in strain during 
contraction, which is measured to be approximately 0.17 
along the principal direction of the strain rate tensor. 
Hence in the normal heart the transmural course of 
deformation during ejection might be determined from 
the deformation of the epicardal surface with reasonable 
accuracy, which was also suggested by Feigl and Fry (10). 

Epicardial shear was determined by Fenton and co- 
investigators (12). In their experiments contraction of the 
epicardial surface was approximately -0.20 in one prin- 
cipal direction and zero in the perpendicular principal 
direction. Applying general mechanics (APPENDIX 5) to 
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the deformation parameters measured in our experi- 
ments (AE~ = -0,09, AE, = -0.04, and Ay = -0.15 rad), 
natural strains along both principal directions were cal- 
culated to be -0.14 and +O.Ol, respectively. The direction 
with maximum shortening was calculated to form an 
angle of 35.7” with the circumferential direction. In the 
model in the control state AE~ = -0.083, AG = -0.095, 
and Ay = -0.169 rad. Thus during the ejection phase 
natural strains along both principal directions were cal- 
culated to be -0.174 and -0.004, and the direction with 
maximum shortening formed an angle of 47” with the 
circumference. Fenton’s measurements (12), our meas- 
urements, and the model are in good agreement with 
regard to the small ratio of minimum to maximum 
shortening along the principal directions. The differences 
in the amount of shortening found in the three studies 
are not significant, because the related biological variance 
is relatively large. The angles characterizing the principal 
direction with maximum shortening are different in the 
model study and in the in vivo experiments. In both 
experimental studies they are smaller than the angle 
characterizing the fiber orientation, which is in the order 
of 55” at the epicardium (17, 26, 27). This finding implies 
that the fiber orientation does not necessarily coincide 
with the direction of maximum shortening as was sug- 
gested by Fenton and co-investigators (12). 

Extrapolation of modeled left ventricular mechanics 
to the in uiuo situation. The results in the present study 
suggest a fair agreement between the model and experi- 
ments as far as global hemodynamics and epicardial 
deformation during the ejection phase are concerned. 
Therefore, the principles of the model might be valid. 
The major conclusion derived from the model is the 
likelihood of a rather uniform distribution of mechanical 
loading across the wall of the left ventricle (Fig. 9). 
Uniformity of fiber stress across the wall could also be 
calculated by the use of another model based on a trans- 
mural gradient in the Young’s modulus of the myocardial 
tissue across the wall (IS). In this case, however, fiber 
shortening was calculated to be nonuniformly distributed 
across the wall. Other models (16, 21, 29) based on 
uniformity of mechanical characteristics across the wall 
calculated fiber stress and sarcomere shortening to be 
twice as high in the subendocardial than in the subepi- 
cardial layers. This implies an endo-epicardial ratio of 
four for mechanical stroke work per unit of tissue volume. 
Measurement of the endo-epicardial ratio of myocardial 
perfusion under normal circumstances revealed values 
close to unity (5). This finding is in agreement with 
results of the current model, when assuming proportion- 
ality of coronary perfusion to generated mechanical 
power per unit of tissue volume: 

In the model quantities related to the mechanics of the 
wall of the left ventricle are calculated to be rather 
uniformly distributed across the wall. Therefore, the 
average of these quantities is a good representative of 
their local value. The average across the wall of the 
quantities of sarcomere length (L,) and fiber stress (of), 
which are related to local wall mechanics, can be calcu- 
lated fairly accurately from the global hemodynamic 
parameters left ventricular volume (VI,) and left ventric- 
ular pressure (Plv) by a set of two equations, thus by- 
nassing the rather complicated model of left ventricular 

H387 

mechanics. The first equation is empirically derived from 
the model (results present.ed in Fig. 9) and relates sar- 
comere length to left ventricular cavity volume and left 
ventricular wall volume (V,) with an accuracy of t_O.5% 
in the range 0.12 < &,/VW < 0.94. 

L,/L,, = [ (3Vh/Vw) + 11 1/3 (6) 

where L,<, represents the extrapolated value of sarcomere 
length at zero left ventricular cavity volume. Applying 
general laws of energetics to reZation 6 (APPENDIX 6), for 
fiber stress it holds 

ot’ = [3(V,,/V,) + 11 l P1, (7) 
The average fiber stress thus calculated agrees with the 
model calculation of this stress with an accuracy of *2%. 
If the model is a good representative of the real situation, 
relations 6 and 7 may be applied to the left ventricle in 
VIVO. 

Conctusion. The values of epicardial deformation pa- 
rameters and their interrelation during ejection as cal- 
culated by the present model of the mechanics of the left 
ventricle are approximately the same as the values meas- 
ured in animal experiments. So the basic principles and 
some predictions of the model may be valid in the in vivo 
situation. An important prediction of the model is a quite 
uniform transmural distribution of fiber shortening as 
well as fiber stress during the ejection phase, at least 
when torsion of the left ventricle around the base-to-apex 
axis is allowed. 

APPENDIX 1 

Mathematical Model of Contractile 
Properties of Cardin c Muscle 

G,,,i,JL b5.s - U + Gu 
(A 1.2) 

with G,,;,, = (x - v”.i’ + 0.01 + 1) x G,act x { 1 - l/f1 + (t/t$l) 

X (1 - l/r1 + (max(0, I - [t - ML, - Ldl/h)Y]) 

where x = a&, - L.J. 
G n,llx is associated with isosarcometric stress, which is a function of 

time. The value and meaning of the parameters in Eys. A 1.2 and A 1.3 
are listed in Table 4. Fiber stress of is calculated as the sum of an active 
and a passive component bv 



H388 ARTS, VEENSTRA, AND KENEMAN 

To illustrate some characteristics of the mathematical description of 
cardiac muscle contraction, in a computer simulation the “muscle” is 
loaded isotonically. Figure 10 shows the related responses of fiber 

TABLE 4. Parameters of contractile 
properties of cardiac muscle in 
mathematical model 
--- 

Symbol Value 

G net 50x 1fY 

Go 25 x log 

Z’o 75 x 10 ; 

Elact 20 x lo6 

LX 20 x lo-’ 

2 
13 x 10” 
60 x 1W8 

b 15 x lo4 

L 75 x lo-” 

&i 75 x lo-:’ 

GpW 12 x lo7 

I ‘I’ 19 x lo-’ 

El, 60 x los 

of, Fiber stress. 

IJnit 

N.m-’ 
N.m ” 

m-s ’ 

m-’ 
m 
m-’ 
m 

m ‘-8 

S 
S 
NomF3 
m 

m-’ 

Description 

Scaling active stress 
Asymptote active stress 

(Hill’s equation) 
Asymptote velocity of 

sarcomere shortening 
Stiffness active element 
At L, > L,: ot. levels off 
Slope CT~( L,) for L, < L,, 
Extrapolated L, where 

duration activation 
= 0 

Slope relation duration 
activation vs. L, 

Rise time activation 
Decay time activation 
Scaling passive stress 
Value of L, with passive 

stress = 0 
Stiffness passive element -- 

k 

dt 

FIG. 10. Simulation of isotonic cardiac muscle contractions. Fiber 
stress (u), velocity of sarcomere shortening (dL,/dt), and sarcomere 
length (L,) as a function of time. The indices 1-9 indicate different 
contractions with increasing afterload. 

stress, sarcomere length, and velocity of sarcomere shortening as a 
function of time for nine isotonic contractions. These responses are 
similar to responses reported in experiments by Brutseart et al. (6) 
except for the time scale. The latter responses are slower because of a 
relatively low temperature (26°C) in their experiments. 

APPENDIX 2 

Flow Diagram of MdeZ CcdcrrZrttions 

To elucidate the incorporation of the model of left ventricular wall 
mechanics as presented earlier (4) into the larger model of the heart as 
a pump, the relat,ed calculations are outlined below. 

In a reference state, close to the end-diastolic control state, the 
dimensions of the cylinder, the fiber orientation, and the aortic input 
impedance were obtained from the input list. Then in the end-diastolic 
state of the cardiac cycle to be simulated, at time t = 0, initial conditions 
were set by passive inflation (or deflation in case of hypovolemia) of 
the cylinder to the end-diastolic left ventricular volume (preload), 
followed by setting the aortic pressure to its end-diastolic value (after- 
load) and the aortic volume flow to zero. As pointed out earlier (4) the 
torsion angle y and the base-to-apex length of the cylinder (h) were 
estimated and adjusted so that the equilibria of axial force (F,) and 
torque (T,) were satisfied with sufficient accuracy. After the first output 
list, corresponding with t = 0, in each shell the sarcomere length of the 
contractile mechanism (AWENUIX 1) was set to the sarcomere length, 
as calculated for t = 0 and passive elastic muscle behavior only, Then 
the time derivatives of left ventricular volume and the parameters 
related to the aortic input impedance and to the muscle contraction in 
each shell (APPENDIX I) were calculated. After increasing f by 2 ms, 

initial conditions 

t=0 
end-diastolic I - LV volume 

aortic pressure 

estimate of Y, h 

1 [calculatio; of Fz,TzI 

safcomefe 
lengths 

hemodyn. 

calculation 
of derivatives 

I 
output -- 
LV dimensions 

,F fiber mechanics 
hemodynamics 

t , t=o ? 
t=t+ 2ms 

I noI 

1 

0 STOP 

FIG. 11. Flow diagram of calculations associated with model (AP- 
PENDIX 2) of mechanics of left ventricle (LV). t, Time; y, torsion angle; 
h, base-to-apex length of cylinder; F,, axial force; T,, axial torque; and 
k, integer value. 
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new values of the latter parameters were calculated by adding their 
respective, calculated increments to their current values. Based on the 
new parameter values, y and h were estimated and the loop started 
over again. Output occurred each 10 ms, and the program was termi- 
nated after one cardiac cycle, the duration of which was 600 ms in the 
control beat. 

APPENDIX 3 

Relation Between Nutural Volume Stricin 
and Stroke Volume 

After application of Q. 3 the change in volume strain from the end- 
diastolic control state (subscript ed,,) is 

APPENDlX 5 

Relation Between Strain irz Prin c+d Directions 
and Deformrrtion Pnrrrmeters 

Let us assume that E,, E,, and y represent the circumferential natural 
strain, base-to-apex natural strain, and shear angle, respectively. Then 
a first-order approximation of the natural strain along a line, forming 
an angle /j with the circumferential direction is 

The maximum and minimum values of ~(11) are found by solving 
d&?)/db = 0, which results in 

tan(2/3) = Y/(E, - E/) (AZ?) 

Ev - fv.dc, = In[Wt, + Vd/Wk,da, + Vd] (A3.1) Substitution of the thus found values of p into the first equation results 
in the maximum (emir,) and the minimum (ftllll,) values of the natural 

Aft,er t,aking t,he antilogarithm of the left and the right side of E’q. A3.1 
and rearranging, the left vent,ricular cavit,y volume (VI,) is expressed 

strain, which also are the principal strains 

explicitly by E IllrlY.llllfl = [E , .  + E, f  J( E,.  -  tyy + f ] / 2  (AH) 

VI, = (VW + Vh.,d,,) exph - fv,t.d4,1 - V, (At=) APPENDIX 6 

Stroke volume AV,..ll, is calculated as the difference between left ven- 
tricular cavity volume at the beginning and at the end of the ejection 
phase (subscripts be and ee, respectively), which is expressed by .Gq. 5. 

Bela f iun Betu wen Fiber Stress, SU rc’t~m erc LcngUz, 
Left Ventricular Volume, and Left Ventrirulrtr- Pressure 

A small decrease in left ventricular cavity volume (Nt,.) is related to 
an amount of pumping energy 

APPENDIX 4 d&, = P,\dV,\ (A6.1) 

CaZcuZation of Standard Deriation in Myocardial 
Shear Between Luyers Parallel with WczZZ 

Shear in the wall between layers in parallel with the wall can be 
represented by a vector (x, y) expressing the shear components along 
the x and ,y coordinates. A t,wo-dimensional vector that is distributed 
symmetrically in a Gaussian way has the following probability distri- 
bution 

P(x, ,v) = exp(- [(x - 2)” + (y - y)“]/2u2)/2d (A4.1) 

where u’ is the variance, which is the same in all directions. If no 
preferential direction is present, it holds that (2, 7) = (0, 0), and the 
distribution can be written in polar coordinates as 

P(r, $) = exp(-r’/2a’)/%G (A4.2) 

After integration over 4, the one-dimensional probability distribution 
is described as a function of I’ by 

where PI,. is left ventricular pressure. Assuming a uniform distribution 
of L, and n3t‘ across the left ventricular wall, the energy that is generated 
by the fibers in the wail equals 

dEt = ut tdL,/L,)V, (A6.2) 

where u( is fiber stress, L, is sarcomere length, dL, is change in 
sarcomere length, and V, is wall volume. Because the wall generates 
the pumping energy it hoIds 

dE,, = dE’l (A6.3) 

Substituting Eqs. A6.1 and A6.2 into Ey. A6.3 renders 

After rewriting and differentiating ts’q. 6, the result for dV],/dL, is 
substituted in & A6.4, which finally results in Q. 7. 

I 
“.- 

P,(r) = P(r, 6) A$ = (r/d) exp(-+/2n’) 
II 

So the expected value for the magnitude of shear is 
St 

7= 
I 

r-P,(r)dr = aJ’7;/‘2 
II 
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