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Role of Tissue Structure on Ventricular Wall Mechanics

Benjamin A. Coppola∗ and Jeffrey H. Omens∗,†

Abstract: It is well known that systolic wall
thickening in the inner half of the left ventricu-
lar (LV) wall is of greater magnitude than pre-
dicted by myofiber contraction alone. Previous
studies have related the deformation of the LV
wall to the orientation of the laminar architec-
ture. Using this method, wall thickening can be
interpreted as the sum of contributions due to ex-
tension, thickening, and shearing of the laminar
sheets. We hypothesized that the thickening me-
chanics of the ventricular wall are determined by
the structural organization of the underlying tis-
sue, and may not be influenced by factors such as
loading and activation sequence. To test this hy-
pothesis, we calculated finite strains from biplane
cineradiography of transmural markers implanted
in apical (n = 22) and basal (n = 12) regions of
the canine anterior LV free wall. Strains were
referred to three-dimensional laminar microstruc-
tural axes measured by histology. The results in-
dicate that sheet angle is of opposite sign in the
apical and basal regions, but absolute value dif-
fers only in the subepicardium. During systole,
shearing and extension of the laminae contribute
the most to wall thickening, accounting for >90%
(transmural average) at both apex and base. These
two types of deformation are also most prominent
during diastolic inflation. Increasing afterload has
no effect on the pattern of systolic wall thicken-
ing, nor does reversing transmural activation se-
quence. The pattern of wall thickening appears
to be a function of the orientation of the laminar
sheets, which vary regionally and transmurally.
Thus, acute interventions do not appear to alter
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the contributions of the laminae to wall thicken-
ing, providing further evidence that the structural
architecture of the ventricular wall is the domi-
nant factor for its regional mechanical function.

1 Introduction

Systolic wall thickening in the left ventricle has
long been considered an important functional
measure because of its significant contribution to
stroke volume (1, 2) and its sensitivity to local
changes in perfusion (3) and metabolism (4). The
observed amount and pattern of wall thickening
cannot be explained by cell thickening alone; fiber
shortening is similar across the wall in dog (5, 6),
sheep (7), and human (8, 9), yet the radial thicken-
ing increases significantly from epicardium to en-
docardium in these and other studies (10, 11). In
addition, the magnetic resonance imaging (MRI)
studies of Rademakers et al. showed that wall
thickening is correlated with crossfiber rather than
fiber shortening, and attributed this to tissue teth-
ering between the endocardium and epicardium
(9). This suggests either a change in individ-
ual fibers during contraction, toward a more oval
cross-section, or a rearrangement of a bundle of
fibers as the wall thickens. There are a larger num-
ber of fibers across the wall during diastole than
during systole (12), providing some evidence for
the existence and function of fiber bundles. Ad-
ditionally, there is transverse shear in the endo-
cardium of sufficient magnitude and correct sign
to account for endocardial wall thickening, and
these shearing planes are closely aligned with the
myocardial laminae (13).

Examination of the macrostructure of the heart
reveals cleavage planes in the circumferential-
radial and longitudinal-radial planes (12). Elec-
tron microscopy further reveals that these cleav-
age planes arise from the organization of my-
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ofibers into laminar sheets, approximately 4 to 8
cells thick (13). These laminae exhibit variation
in transmural and regional orientation (13). Slip-
page between laminae may result in transverse
shearing and thus provide a mechanism for addi-
tional wall thickening. Costa and co-workers (14)
explored this hypothesis by expressing wall thick-
ening as the sum of the thickening due to each
of three types of sheet motion: extension, thick-
ening, and shearing. Using this same approach,
Takayama et al. looked at the effect of changes
in load during systole and diastole, and found
the contributions to be qualitatively unchanged
(15). There are changes in the deformation of the
sheets during ventricular epicardial pacing rela-
tive to normal activation (5), but the relative con-
tributions to wall thickening are unchanged.

In this study, we test the hypothesis that the thick-
ening pattern of the ventricular wall occurs in a
specific fashion based on the structural organiza-
tion of the underlying tissue. To test this hypoth-
esis, we implanted transmural bead arrays into
the left ventricle of open-chest dogs and imaged
them with biplane cineradiography. Finite strains
were computed and referred to a histologically
measured fiber-sheet coordinate system. We stud-
ied the contributions of sheet deformation to wall
thickening during systole and diastole, with dif-
ferent loading conditions, and during ventricular
pacing. We conclude that the contributions of the
myocardial sheet deformations to ventricular wall
thickening are a fixed property of the tissue that
does not appear to fluctuate acutely. It appears as
though the structural architecture of the ventric-
ular wall is the dominant factor for its regional
mechanical function.

2 Materials and Methods

All animal studies were performed according to
the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All proto-
cols were approved by the Animal Subjects Com-
mittee of the University of California, San Diego,
which is accredited by the American Association
for Accreditation of Laboratory Animal Care.

The data described herein comes from four differ-
ent sets of animal experiments performed in this

laboratory (Table 1) assembled here to examine
different experimental conditions. Three of these
sets (groups A,B,C) have been previously pub-
lished in some form (5, 15, 16); the raw data has
been re-analyzed to fit the scope of this paper. The
fourth set (group D) is original data with ventricu-
lar pacing. Several aspects of the experiments are
identical, and will be discussed first.

2.1 Common Preparation

Adult mongrel dogs (19–27 kg, n = 22) were anes-
thetized with intravenous propofol (6 mg/kg), in-
tubated, and mechanically ventilated with isoflu-
rane (0.5–2.5%), nitrous oxide (2 l/min), and
medical oxygen (2 l/min) to maintain a surgical
plane of anesthesia. The heart was exposed via a
median sternotomy and a left thoracotomy at the
fourth intercostal space, and then placed in a peri-
cardial cradle. An 8-Fr pigtail micromanometer
catheter (Millar Instruments, Houston, TX) was
inserted through a 9-Fr arterial introducer placed
in the left femoral artery, and the catheter tip was
advanced into the LV. LV pressure was monitored
with the pigtail micromanometer catheter, and the
pressure was matched with that recorded from the
side holes of the same catheter that was connected
to a fluid-filled transducer. Columns of four to six
gold beads (0.8 mm diameter) were placed from
the epicardial surface with the use of a trocar (14).
The apical marker implantation site for the set of
three columns was selected approximately one-
third of the distance from apex to base along the
LV long axis in the anterior wall. After marker
implantation, larger (2.0 mm diameter) lead beads
were sewn to the epicardial surface above each
column, as well as at the apex of the LV (apex
bead), and at the bifurcation of the left main coro-
nary artery (base bead). These epicardial mark-
ers were used to define a local set of circumfer-
ential, longitudinal, and radial cardiac coordinate
axes {X1, X2, X3} at each site, as previously de-
scribed (17).

Each animal was positioned in a biplane radiogra-
phy system, and synchronous biplane cineradio-
graphic images (125 frames/s) of the bead mark-
ers were digitally acquired with mechanical venti-
lation suspended at end expiration. After the func-



Role of Tissue Structure on Ventricular Wall Mechanics 185

Table 1: Description of Data Sources. The four sources (A-D) of the data in this paper. Groups A & B
utilized only the control data from these experiments. The largest complete sets of data are end-systolic
control data at the apex (n=22) and base (n=12).

Group Source Intervention Site Sample Size
A Ashikaga et al. 2004 #1 Control only Apex/Base 6
B Ashikaga et al. 2004 #2 Control only Apex 5
C Takayama et al. 2002 Preload & Afterload Apex/Base 6
D Original data Endo- and Epicardial Pacing Apex 5

tional data acquisition was complete, the animals
were euthanized with pentobarbital sodium and
the heart arrested and perfusion fixed with 2.5%
buffered gluteraldehyde at the end-diastolic pres-
sure measured during the atrial paced run in the
study, as described previously (18). The fixed,
silastic-filled heart was skewered from the apical
dimple to the mitral aspect of the aortic valve, to
define the LV long axis (19). To avoid the dis-
tortional effects of dehydration and embedding,
histological measurements were obtained using
freshly fixed heart tissue (14, 18). In the trans-
mural block of tissue within the implanted bead
set, the mean fiber (α) and sheet angles(β ) were
determined from epicardium to endocardium us-
ing the methods of Costa (14) or Ashikaga (18).

2.2 Differences between Preparations

In two sets of animals (groups A & C) a second set
of three columns was implanted at the basal site,
approximately two-thirds of the distance from the
apex to the base. Fig. 1A depicts this arrange-
ment. In addition, an implantable micromanome-
ter (Konigsberg Instruments; Pasadena, CA) re-
placed the Millar catheter in these groups. In
group C, a snare was placed around the inferior
vena cava (IVC) for the preload studies. Group
A differed the most - the chest was closed and
the animal recovered for 7-10 days. Functional
data was acquired with the animal lightly sedated
and hanging in a sling as described in (16). We
compared the mean sheet angles of Group A with
Groups B-D and concluded that they were not sig-
nificantly different. The relative contributions to
wall thickening were also unchanged. As a result,
we chose to combine the data sets.

Figure 1: A: schematic representation of the left
ventricle with bead arrays at the apex and base
(1/3 and 2/3 of the distance from apex and base,
respectively). X1, circumferential axis; X2, lon-
gitudinal axis; X3, radial axis; LAD, left anterior
descending; LCX, left circumflex. B: schematic
representation of local fiber-sheet axes. Fiber an-
gle (α) was measured in the X1−X2 plane at each
wall depth with reference to positive X1. Sheet an-
gle (β ) was measured in the plane perpendicular
to the fiber angle at each wall depth with refer-
ence to positive X3. Xf , fiber axis, Xs, sheet axis,
Xn, axis oriented normal to the sheet plane.

2.3 Experimental Protocol

All animals (groups A-D) were included as con-
trol data for the analysis of end-systolic function.
In total, there were 22 animals with apical bead
arrays and 12 with basal bead arrays. All other
experimental procedures involved only subsets of
animals.
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2.3.1 Preload (group C)

Apical (n=6) and basal (n=6) bead arrays. The
preload studies are described in (15). In brief,
dextran was rapidly infused into the heart to raise
end-diastolic pressure (EDP) to ∼20 mmHg. The
IVC was then abruptly occluded. Cineradio-
graphic and hemodynamic data were acquired at
levels of high EDP (17-22 mmHg), medium EDP
(12-14 mmHg), low EDP (7-9 mmHg), and a ref-
erence state (3-4 mmHg).

2.3.2 Afterload (group C)

Apical (n=6) and basal (n=6) bead arrays. The af-
terload studies are also described in (15). Briefly,
methoxamine (5 to 10 μg · kg-1 · min-1) was in-
fused to elevate LV end-systolic pressure (ESP)
by at least 35 mmHg. During methoxamine infu-
sion, dextran was transfused as needed to elevate
EDP or IVC occlusion as needed to reduce EDP
was used to ensure that the EDP was matched with
the initial value in each animal (within 1 mmHg).
Biplane cineradiography and hemodynamic data
were then recorded.

2.3.3 Pacing (group D)

Apical bead array only (n = 5). Atrial pacing
was performed by stimulating LA electrodes, and
LV pacing was performed by stimulating both LA
and LV electrodes (LA-LV delay = 35 ms), via
a square-wave constant-voltage electronic stim-
ulator (model SD9; Grass Instruments, Quincy,
MA) at a frequency 20% above baseline heart
rate to suppress native sinus rhythm. Stimulation
parameters (voltage 10% above threshold, dura-
tion 8 ms, and frequency) were kept constant in
each animal. Each animal was positioned in a
biplane radiography system, and synchronous bi-
plane cineradiographic images (125 frames/sec)
of the bead markers were digitally acquired with
mechanical ventilation suspended at end expira-
tion. Recordings were obtained during atrial pac-
ing and then following approximately 2 to 5 min-
utes of endo- or epicardial pacing (to achieve a
steady hemodynamic state). Atrial pacing was
continued between ventricular pacing runs.

2.4 Finite strain analysis

The following methods were common to all an-
imals. Biplane cineradiographic images (125
frames/s) from the X-ray image intensifiers were
spherically corrected, and the 3-D coordinates
of the bead markers were reconstructed in each
frame based as described in Ashikaga et al.
(18). A continuous polynomial position field that
mapped the beads in the undeformed reference
configuration to those in the deformed configura-
tion was determined (18, 20). The order of the
polynomial is at most linear in the circumferen-
tial and longitudinal directions, and the maximum
order in radius is typically quadratic. With this
continuous polynomial mapping from reference
position to current position, differentiation with
respect to reference position gives the deforma-
tion gradient tensor, F, which depends on posi-
tion. The Lagrangian Green’s strain tensor was
then calculated as 0.5(FT F – I) at various values
of reference wall depth, where FT is the transpose
of F and I is the identity matrix.

Six independent finite strains [circumferen-
tial (E11), longitudinal (E22), and radial (E33)
strains, circumferential-longitudinal shear
(E12), longitudinal-radial shear (E23), and
circumferential-radial sheer (E13)] were com-
puted in the local cardiac coordinate system of
circumferential, longitudinal, and radial axes
(X1, X2, X3), which were subsequently used to
compute another set of six finite strains [fiber
strain (E f f ), sheet strain (Ess), strain normal to
the sheet plane (Enn), fiber-sheet shear (E f s),
sheet shear (Esn), and fiber-normal shear (E f n)]
in the local fiber-sheet coordinate system (Xf ,
Xs, Xn) through an orthogonal transformation to
convert the strain tensor using the values of α
and β at each depth (14). The local fiber-sheet
coordinate system defines the myofiber axis(Xf ),
the sheet axis (Xs) that lies within the sheet plane
and is perpendicular to Xf , and the orthogonal Xn

axis oriented normal to the sheet plane, as shown
in Fig. 1B.

Finite strains were calculated in fiber-sheet coor-
dinates with local activation as the reference state.
During atrial pacing, this coincided with the peak
of the ECG R wave. In the case of ventricular pac-
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ing, the time of local stimulus was used as the ref-
erence state. If an aortic flow probe was present,
it was used to determine the time of end systole.
Otherwise, the pressure at the nadir of the dicrotic
notch of the central aortic pressure was used to
estimate the time of end systole from the micro-
manometer tracing. Strains were determined at
three wall depths: 20% (sub-epicardium), 50%
(midwall), and 80% (sub-endocardium).

2.5 Contributions of fiber-sheet strains to wall
thickening

Deformations expressed in the cardiac coordinate
system can be related to the laminar architecture
as described in (14). Because the sheet structure
is believed to provide a mechanism for increased
wall thickening, we can rewrite the radial strain in
terms of contributions due to sheet motion, as in
Eq. 1.

E33 = Ess cos2 β +Enn sin2 β +2Esn sinβ cosβ
(1)

The terms on the right-hand side of Eq. 1 can
be interpreted as contributions due to sheet exten-
sion (=Ess cos2 β ), sheet thickening (=Enn sin2 β ),
and sheet shearing (=2Esn cosβ sinβ ) during wall
thickening. Illustrations are provided in Fig. 2.
Conversely, during wall thinning they represent
sheet shortening, thinning, and shearing of the op-
posite sense.

2.6 Statistical analysis

Values are means ± SD. Repeated measures anal-
ysis of variance (RMANOVA) was used whenever
applicable (see RESULTS for details). Tukey’s
method was used for ANOVA post hoc analysis.
Statistical tests were performed with SigmaStat
3.0 (SPSS, Chicago, IL). Statistical significance
was accepted at P < 0.05.

3 Results

3.1 Sheet Angles

Fig. 3 shows sheet angle (β ) as a function of
transmural depth for the apical and basal mea-
surement sites (n = 22 and n = 12, respectively).

Figure 2: Contributions of different types of sheet
deformation to wall thickening. Schematics show
how a portion of the wall can thicken from an un-
deformed (top) to deformed (bottom) state, based
on sheet movement. A: extension of the sheets,
B: thickening of the sheets, C: shearing between
sheets. Wall thickening is indicated by the widen-
ing of the vertical bars, i.e. an increase in the ra-
dial direction, r. Open circles represent myofibers,
gray bars represent sheets. s, sheet direction; n,
sheet normal direction.

As opposed to the linear transmural distribution of
fiber angle, β was a nonlinear function of depth,
with the largest absolute value occurring at the
midwall (-32.2±17.7° and +25.9°±18.3 at apex
and base, respectively). The sign of the sheet
angle was negative at all depths at the apex, but
only in the sub-epicardium at the base. There was
a significant transmural gradient at both sites by
one-way RMANOVA. Pairwise comparisons re-
vealed a significant difference between midwall
and sub-endocardial sheet angles at the apex, and
between sub-epicardial and midwall sheet angles
at the base. The interaction between depth and
site could not be tested for significance due to un-
equal sample size. Instead, unpaired t-tests were
used to compare the two sites at each depth. By
this analysis, the sheet angle at the apex was sig-
nificantly different from the base at each depth.
In the subset of animals that included both api-
cal and basal data (groups A and C), a two-way
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RMANOVA was performed with depth and re-
gion as repeated variables. With this smaller sam-
ple size (n = 12), the apex was significantly dif-
ferent from the base but the transmural gradient
became insignificant. There was also an effect of
region on transmural gradient.

Figure 3: Sheet angles. Angle = 0° indicates a ra-
dial orientation. Sheet angle has opposite sign at
apical and basal sites, but similar absolute values.
The largest angle occurred at the midwall of each
site. There was a significant transmural gradient
at each site (RMANOVA, p<0.05). * p < 0.05
vs other depths. At each depth, the base was sig-
nificantly different from the apex. † p < 0.05 vs.
same depth, by unpaired t-test.

3.2 End-Systolic Contributions to Wall Thick-
ening

Transmural deformation of the ventricular wall
can be expressed in terms of the laminar archi-
tecture as described by Eq. 1 (see METHODS).
Fig. 4 shows how these three terms contribute (as
a percentage) to the overall wall thickening at end
systole. At the apex (n=22), sheet extension and
shearing were the dominating components, con-
tributing 47.2 and 46.6% as a transmural aver-
age. There was no significant transmural gradient.
At the base (n=12), sheet extension and shearing
were also dominant, but in addition there was a
significant transmural gradient. Pairwise compar-
isons showed a decrease in sheet shearing and an
increase in sheet extension in the sub-epicardium.

This shift from shear to extension in part reflects
the more radial orientation of sheets in the basal
sub-epicardium. Unpaired t-tests showed differ-
ences in each component of wall thickening be-
tween apex and base in the sub-epicardium only.
Additionally, in the subset of animals that in-
cluded both apical and basal data (groups A and
C), a two-way RMANOVA was performed with
depth and region as repeated variables. This also
showed a significant effect of both depth and re-
gion, with no significant interaction between the
two. These results were not qualitatively different
from those presented in Fig. 4.

3.3 Interventions

The magnitude of wall thickening can be altered
by external factors. Therefore, it is possible that
such interventions would also affect the relative
contributions to wall thickening. For example, a
decrease in afterload increases the magnitude of
wall thickening. This increase might be accom-
panied by an increase in shearing of sheets that is
greater than the increase of the other components
of wall thickening, thus changing the relative pro-
portions. To test this, we examined the effects of
diastolic and systolic load, as well as activation
sequence.

3.3.1 Diastolic Wall Thinning

In a subset of animals (group C) we examined the
contributions to wall thinning during diastolic in-
flation as a function of load. Fig. 5 illustrates
each component of wall thickening when inflating
hearts from a reference configuration of 3 mmHg
to a deformed configuration of 8 mmHg (“Low”),
13 mmHg (“Medium”), or 18 mmHg (“High”).
Error bars tend to be bigger at lower loads due to
smaller deformation and therefore greater relative
noise levels. A three-way RMANOVA (depth,
pressure, site) showed only significant differences
with depth. None of the components of wall
thickening were significantly altered by diastolic
load, at either the apex or base. Similarly, the
transmural gradients were not significantly altered
by load. There were significant transmural gradi-
ents in sheet extension and shearing at medium
and high loads (by one-way RMANOVA).
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Figure 4: End-systolic contributions to wall thick-
ening. Contributions to wall thickening due to
sheet extension (A), sheet thickening (B), and
sheet shearing (C). Relative contributions of sheet
deformation to wall thickening were similar at
both sites. There were significant transmural gra-
dients due to sheet extension and sheet shearing at
the basal site (RMANOVA, p<0.05). * p < 0.05
vs other depths. At the sub-epicardium only, the
relative contributions to wall thickening were sig-
nificantly different between the apical and basal
sites († p < 0.05 vs. same depth, by unpaired t-
test).

We also compared the contributions to wall thick-
ening vs. wall thinning (i.e. systolic versus di-
astolic contributions). The contributions of sheet
extension and shearing were significantly differ-
ent between systole and diastole at the apical site,
but not at the basal site. The type of deformation
did not affect the transmural gradient at either site
(two-way RMANOVA).

3.3.2 Effect of Afterload on Contributions to
Wall Thickening

In the same subset of animals (group C), we ex-
amined the effect of load on the contributions to
systolic wall thickening. Fig. 6 shows the changes
in each component when peak systolic pressure
was raised from 119 ± 22 to 169 ± 23 mmHg
without significant change in end-diastolic pres-
sure. Sub-epicardial values were excluded be-
cause the increased afterload reduced the magni-
tude of the strains; in some animals this magni-
tude became less than the uncertainty of the mea-
surement. There were no significant differences
in any of the components at the midwall or sub-
endocardial levels at either the apex or base (two-
way RMANOVA).

3.3.3 Effect of Activation Sequence on Contri-
butions to Wall Thickening

In a different subset of animals (Group D), we
investigated the effect of activation sequence on
the contribution to wall thickening. Fig. 7 shows
the time course of wall thickening over a single
cardiac cycle in a representative animal (depth =
50%), beginning at local depolarization. Stacked
bars indicate contributions of sheet motion to
overall wall thickening (bar height = E33). Fig.
7A shows an atrial paced beat with normal ven-
tricular activation. Sheet thinning occurs during
the isovolumic contraction, which acts to inhibit
the normal wall thickening. During the ejection
phase, all three components act together to in-
crease wall thickening (extension = 12%; thicken-
ing = 22%; shearing = 66% at peak wall thicken-
ing). Their relative contributions were fairly con-
stant, with sheet thickening becoming somewhat
more important approaching peak wall thicken-
ing. The isovolumic relaxation phase varied much
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Figure 5: Contributions of sheet deformation to wall thinning during diastolic loading. Bars show relative
contributions during diastolic inflation from a reference configuration of 3 mmHg to a deformed config-
uration of 8 mmHg (“Low”), 13 mmHg (“Medium”), or 18 mmHg (“High”). Contributions due to sheet
shortening, thinning, and shearing were similar at apex (A) and base (B), and their transmural gradients
were not significantly affected by diastolic load (* p < 0.05 vs. other depths).
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Figure 6: Effect of afterload on wall thickening. Bars indicate relative contributions to wall thickening
at midwall and sub-endocardial depths. Increased afterload was achieved by administering methoxamine
(“Methox.”). There were no significant differences at the apex (A) or base (B) in any of the contributers.
Sub-epicardial values were excluded due to insufficient strain magnitude to perform calculation.
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Figure 7: Time course of wall thickening during pacing during atrial pacing (A), local endocardial pacing
(B), or local epicardial pacing (C). Bar height indicates magnitude of radial strain at 50% depth as a function
of time for one cardiac cycle, in a representative animal. Stacked bars distinguish the relative contributions
of the different sheet motions. Though the time courses are different, the contributions of sheet deforma-
tion to wall thickening are relatively constant throughout the cycle as well as with different pacing modes.
Differences tended to be greatest during the isovolumic phases.
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Figure 8: Average contributions to wall thickening during pacing. Stacked bars represent the average of each
of the components of wall thickening at three transmural depths. For all components, there was a significant
transmural gradient; however, ventricular pacing (endocardial or epicardial) was not significantly different
from atrial pacing, nor was there a significant interaction with depth (2-way RMANOVA).

from animal to animal. In this example, it primar-
ily consisted of sheet shearing. Fig. 7B and 7C
depict the time course of wall thickening during
local endocardial and epicardial pacing, respec-
tively. Despite the differences in timing of peak
wall thickening, the contributions to wall thicken-
ing was similar across pacing modes.

Fig. 8 shows the average value of each compo-
nent during each of the three pacing modes. Only
the time of peak wall thickening is shown. There
was a significant transmural gradient in all com-
ponents, but not a significant effect of pacing or
an interaction between pacing and depth accord-
ing to a two-way RMANOVA.

4 Discussion

In this paper, we analyze the motion of myocar-
dial sheets under a variety of circumstances, in-
cluding passive inflation and active contraction
with varying loads, as well as different ventricular
activation sequences. The deformation measure-
ments spanned the wall transmurally at apical and
basal sites. The major findings of this study are
that the mechanisms of wall thickening/thinning
may be different in diastole than in systole at the
apex, but are independent of load at either site.
Additionally, despite significant differences in the

sign of sheet angle at the apex and base, there
were minimal differences in the relative contribu-
tions to wall thickening. Lastly, the sequence of
activation did not alter the thickening mechanics
when assessed at peak wall thickening.

4.1 Diastolic vs. Systolic Deformation of the
Wall

For the first time we compared, quantitatively,
the relative contributions to wall thickening dur-
ing diastole and systole. There were significant
differences in sheet extension and shearing be-
tween diastole and systole at the apical site, but
not the basal site, when compared with a two-way
RMANOVA. Takayama and co-workers (15) con-
cluded that the contributions were qualitatively
similar during diastole and systole. Our own
quantitative analysis of the available raw data dis-
agrees somewhat. We show a significant change
at the apex, manifested as a shift from sheet shear-
ing to extension. Nevertheless, sheet shearing
remains the predominant mode of wall thicken-
ing, consistent with the fundamental conclusions
of Takayama (15) and Costa (14). In addition, a
comparison of Figs. 4 and 5 seems to show larger
transmural gradients during diastole than systole.
However, a two-way RMANOVA with strain type
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(diastolic inflation to 18 mmHg vs. end-systolic)
and depth found that there was no significant in-
teraction of strain type on transmural gradient in
any component. Therefore, this appears to be an
artifact due to the difference in sample size be-
tween the two sets.

4.2 Choice of mean sheet angles

In this analysis, we chose to use the mean sheet
angle for our calculations. This has previously
been used when making histological measure-
ments (14, 18, 21, 22) or using diffusion tensor
MRI (DTMRI) (23-25). This is also the typi-
cal approach to quantifying the fiber angle, which
varies linearly from epicardium to endocardium
(19) and has a narrow dispersion (angular SD <

20°) (26). However, the structural arrangement of
the laminae is somewhat more complex. Our own
unpublished observations indicate that there can
be larger dispersions in the sheet angle, particu-
larly nearing the endocardium. In addition, the
sheet angle can have a bimodal distribution, again
near the endocardium. This has been described in
Hooks et al. (21), in which the authors observed
a “dominant lamina population with interspersed
small ‘pockets’ of laminae approximately perpen-
dicular to the principal alignment.” The effects of
both dispersion and bimodal populations on my-
ocardial material properties is unknown, and may
very well play an important role in the function
of the myocardium, especially wall thickening.
Thus, use of the average value of sheet angle may
be inaccurate and therefore the results misleading.
Further examination of the functional effects of
the detailed laminar structure is ongoing in this
laboratory.

4.3 Differences among species

In addition to dog, sheet angles have been mea-
sured in mice (27), rat (25), sheep (22), pig (28),
and human (29). Mice have the most similar pat-
tern of sheet angle to the dog, remaining approxi-
mately constant near –40° from epicardium to en-
docardium (27). Rat sheets are orientated more
radially than dogs in the outer half; in the inner
half, the orientation differed in sign, i.e. they are
negative at the base and positive at the apex (25).

Sheep sheets follow a notched pattern when ex-
amined in a lateral wall site; sheets are oriented
positive at the epicardium, negative in the mid-
wall, and positive again at the endocardium (22).
Studies in pig and human do not provide data in
a form suitable for direct comparison. Interest-
ingly, however, Dou et al. show with DTMRI that
the contributions to wall thickening vary greatly
based on circumferential location (29). Their an-
terior wall measurements are consistent with the
data given here. It is not clear from their data
whether or not these differences in contributions
to wall thickening are correlated with differences
in sheet orientation.

4.4 Activation sequence

The transmural sequence of activation could also
play a role in wall thickening. Myofibers are
physically coupled between the endocardium and
the epicardium, such that the deformation of
one depends on the deformation of the other.
This is a concept known as tissue tethering (30)
(5). Because the epicardial and endocardial
fiber angles are roughly perpendicular, endocar-
dial fiber shortening will result in epicardial cross-
fiber shortening and vice-versa. In the normal
sequence of activation (endo -> epi), the ear-
lier activation of the endocardium causes epicar-
dial deformation of the sheets that results in a
unique profile of contributions to wall thicken-
ing. When the activation sequence is reversed,
the epicardium now deforms as a result of its own
fiber shortening, and causes an endocardial defor-
mation. This theory may have merit due to the
early differences between endocardial and epicar-
dial pacing (Fig. 7). However, the effect appears
to be small, as the relative contributions at peak
wall thickening are not significantly different.

4.5 Limitations

There is a possibility that the insertion of beads
into the myocardium causes significant damage,
particularly in the short term. Due to surgical
trauma and loss of the normal intra-thoracic pres-
sure gradient, wall thickening is reduced in open-
chest preparations. If the chest is closed and the
animal is allowed to recover, the magnitude of
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wall thickening increases while leaving the rela-
tive contributions to wall thickening unchanged
(7). This suggests that neither bead insertion
injury nor the open-chest nature of the experi-
ments has any qualitative effect on the results.
DTMRI of a beating heart (29) is an alternative
method that can provide non-invasive measure-
ments throughout the whole heart, but with lim-
ited resolution.

There are also limitations related to the histologi-
cal assessment of sheet angle. The methods were
somewhat different for the estimation of mean an-
gle in groups A and B compared to groups C
and D. In groups A and B, cleavage plane an-
gles were measured in circumferential-radial and
longitudinal-radial sections. The sheet angles
were then reconstructed from the two views using
a least squares fitting routine to provide a trans-
mural distribution. For groups C and D, sheet an-
gle was measured directly in a plane perpendic-
ular to the local fiber direction. These measure-
ments were performed from epicardium to endo-
cardium at approximately 1mm intervals. The
sheet angles used in the analysis were then inter-
polated at 20, 50, and 80% depth (linear interpo-
lation using two nearest neighbors).

In conclusion, the myocardial wall deforms radi-
ally in a similar pattern with respect to the un-
derlying sheet architecture regardless of whether
it is thickening or thinning, at the apex or base,
at different depths, different loads, or with differ-
ent activation patterns. Myocardial sheets have
a fixed behavior relative to wall motion that we
were not able to change acutely. We do not rule
out the possibility of chronic changes, which may
provide a mechanism for wall thickening changes
during disease states such as heart failure.
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