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Increased Myocyte Content and Mechanical Function Within
a Tissue-Engineered Myocardial Patch Following Implantation

Damon J. Kelly, Ph.D.,1,2 Amy B. Rosen, Ph.D.,3 Adam J.T. Schuldt, Ph.D.,3

Paul V. Kochupura, M.D.,4 Sergey V. Doronin, Ph.D.,1,5 Irina A. Potapova, Ph.D.,1,5

Evren U. Azeloglu, Ph.D.,6 Stephen F. Badylak, M.D., Ph.D., D.V.M.,7 Peter R. Brink, Ph.D.,1,5

Ira S. Cohen, M.D., Ph.D.,1,5 and Glenn R. Gaudette, Ph.D.8

During the past few years, studies involving the implantation of stem cells, chemical factors, and scaffolds have
demonstrated the ability to augment the mammalian heart’s native regenerative capacity. Scaffolds comprised of
extracellular matrix (ECM) have been used to repair myocardial defects. These scaffolds become populated with
myocytes and provide regional contractile function, but quantification of the myocyte population has not yet been
conducted. The purpose of this study was to quantitate the myocyte content within the ECM bioscaffold and to
correlate this cell population with the regional mechanical function over time. Xenogenic ECM scaffolds derived
from porcine urinary bladder were implanted into a full-thickness, surgically induced, right ventricular-free wall
defect in a dog model. Zero, 2, and 8 weeks following implantation, regional function and myocyte content were
determined in each patch region. Regional function did not significantly increase from 0 to 2 weeks. At 8 weeks,
however, regional stroke work increased to 3.7� 0.7% and systolic contraction increased to 4.4� 1.2%. The
myocyte content also significantly increased during that period generating a linear relationship between regional
function and myocyte content. In conclusion, ECM used as a myocardial patch increases both the regional function
and the myocyte content over time. The mechanical function generated in the patch region is correlated with the
quantity of local tissue myocytes.

Introduction

Dacron (polyethylene terephthalate), Gore-Tex
(polytetrafluoroethylene), and glutaraldehyde-treated

bovine or human pericardium are currently used for repair of
congenital or acquired myocardial defects and replacement
of postinfarct akinetic or dyskinetic myocardium.1–3 While
these materials effectively provide mechanical stability in
place of compromised myocardium, they induce a fibrotic
host tissue response, do not resorb over time, and do not
contribute contractile function.4,5 A material that could sup-
port regeneration of functional myocardium would improve
cardiac function over the currently used materials.

Acellular extracellular matrix (ECM) derived from porcine
urinary bladder has been used successfully to repair defects in
canine and porcine right ventricles4,6 and in porcine left
ventricles.7 These studies demonstrate that when used as a
myocardial patch, ECM scaffolds that are not chemically
crosslinked provide regional contractile function and become

populated with islands of myocytes 8 weeks postimplanta-
tion, while Dacron does neither. Immediately following im-
plantation, ECM demonstrates no regional stroke work
(RSW) and negative systolic contraction (SC), due to its greater
compliance than neighboring myocardium, but proceeds to
generate positive RSW and SC 8 weeks postimplantation. This
is associated with cellularization and population by islands of
myocytes.8

This study addresses the question of whether the increase
in contractile function generated by the ECM region over
8 weeks correlates with an increase in myocyte quantity over
the same time period. Herein, we propose a method to quan-
tify the myocyte content throughout the ECM patch region.
We then investigate the relationship between the myocyte
content within the patch region and the mechanical function
generated by the region. We hypothesized that the repair of a
right ventricular defect with acellular ECM increases myocyte
content over time and that this increase correlates with the
mechanical function generated within the region.
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Materials and Methods

Experimental design

All animals used in this study received humane care in
compliance with an approved protocol by the IACUC com-
mittee at Stony Brook University and with the ‘‘Principles of
Laboratory Animal Care’’ formulated by the National Society
for Medical Research and the ‘‘Guide for the Care and Use of
Laboratory Animals’’ prepared by the National Academy of
Sciences and published by the National Institutes of Health
(Bethesda, MD; NIH Publication No. 85-23, revised 1985).

Seventeen adult mongrel dogs weighing 20–30 kg were
divided into three groups representing different survival
times after implantation of a myocardial patch. The patch
was made from a single layer of lyophilized ECM derived
from the porcine urinary bladder4 (ACell Vet V1023-LY;
ACell, Jessup, MD). The time points studied were 0, 2, and 8
weeks consisting of four, four, and nine dogs, respectively. In
the 0-week group, the patch was surgically implanted, fol-
lowed by a 15-min recovery period and subsequent evalua-
tion of mechanical function. In the 2- and 8-week groups, the
chest was closed following patch implantation, and the ani-
mals were allowed to recover for the designated time period.
A fourth group representing the baseline global function of
the right ventricle (RV) was created from the four dogs in the
0-week group and four additional dogs used in another
study.8 Baseline sonomicrometry measurements were re-
corded from these eight dogs prior to defect creation and
patch implantation, representing normal global RV function.

Surgical methods

The animals were sedated, intubated, and placed under
general anesthesia using inhalational isofluorane. A fluid-
filled pressure transducer was inserted into the femoral artery
to monitor systemic blood pressure. A right thoracotomy
was performed to expose the right ventricle, and a pericar-
dial cradle was constructed.

The defect creation and subsequent repair with the ECM
scaffold were as follows. While maintaining hemodynamics, a
vascular clamp was used to isolate a portion of the right
ventricular-free wall. A full-thickness portion of myocardium,
approximately 10�15 mm in size, was excised from the right
ventricle. An approximately 17�20 mm piece of ECM (100–
150 mm in thickness) was used to repair the defect with a
running 5-0 prolene suture. The clamp was released. If nee-
ded, gentle pressure or 5-0 prolene stitches were used to ac-
quire adequate hemostasis. For the dogs in the 2- and 8-week
groups, the chest was closed in layers, and the systemic
pressure catheter was removed.

Prior to defect creation in the dogs comprising the baseline
group, three pairs of sonomicrometry crystals (Triton, San
Diego, CA) were implanted. The crystals were stitched to the
heart to measure the distance along the baso–apical, anterior–
posterior, and right ventricular-free wall–septal axes. Fol-
lowing the sonomicrometry measurements, lidocaine was
administered to prevent arrhythmias, the defect was created,
and the ECM scaffold was implanted as described in the pre-
vious paragraph. Following an approximate 10-min recovery
period, global and regional RV mechanical function was
measured.

Following the 2- and 8-week recovery periods for the 2-
and 8-week groups, the animals were returned to the oper-

ating room, medicated, intubated, and placed under general
anesthesia. Systemic pressure was again monitored through
an arterial line in the femoral artery. The heart was exposed
via a bilateral thoracotomy. Adhesions were carefully dis-
sected off the heart to expose the patch and its suture line. A
pressure transducer (Millar Instruments, Houston, TX) was
placed into the RV through the right atrium. For dogs re-
ceiving global function measurements, sonomicrometry
crystals were implanted as described in the previous para-
graph.

Measurement of global function

Systolic function in the right ventricle was assessed using a
modified ellipsoidal shell subtraction model of right ventric-
ular volume (RVV)9 and the linearity of the Frank–Starling
relationship. The volume of the RV can be computed from
measurements along three axes by the implanted sonomic-
rometer crystals minus the right ventricular-free wall volume
(FWV):

RVV¼ p=6 · BA · AP · RVS� FWV (1)

The RVV modeled as an ellipsoidal shell is a function of the
distance from base to apex (BA), anterior to posterior (AP),
and right ventricle-free wall to septum (RVS) of the right
ventricle. We assumed FWV to be a constant value for each
heart9 (which would therefore not contribute to the determi-
nation of stroke work) for the purpose of our calculations and
used the following equation:

RVVmod¼ p=6 · BA · AP · RVS (2)

Pressure–volume loops were generated from the distance
measures obtained by sonomicrometry and RV pressure
samples as determined by the pressure transducer inserted
into the right ventricular cavity. The work for each cardiac
cycle was computed as

SW¼
Z

P · dV (3)

The stroke work (SW) performed by the right ventricle
during a cardiac cycle was computed as the integral of RV
pressure (P) with respect to the derivative of RV volume (V).

Discrete integration was performed in custom-written
software to compute stroke work values for each cardiac cy-
cle. To provide a range of RV end diastolic volumes, the vena
cava were transiently occluded during data acquisition.
Stroke work was plotted against end diastolic RVVmod

(commonly referred to as the preload recruitable stroke work
relationship) for each RV cardiac cycle, and a linear fit was
performed using Excel (Microsoft, Redmond, WA). The slope
of the line, Mw, represents right ventricular contractility, a
measure of systolic function independent of heart rate and
afterload.9

Measurement of regional mechanical function

Regional function was determined by high-density map-
ping (HDM) as described in detail elsewhere.10,12 Briefly,
silicon carbide particles (approximately 40 mm in diameter)
were applied to the epicardial surface of the heart to create a
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FIG. 1. (A) Epicardial and (B) transmural surface of one half of a 2-week ECM patch. (C) Diagram indicating how the patch
region is sectioned along the plane parallel with the transmural surface. (D) Mosaic image of 2-week patch cross section
stained with Masson’s trichrome with myocyte regions outlined with dotted yellow lines. Green circles indicate suture
locations, and red lines indicate the computed patch boundaries such that the region within the red lines is the patch region.
The normal myocardium is only seen on the far ends of the image. The fibrotic region (blue) appears to localize with the area
where the cross clamp was placed at the time of patch implantation. The red region in the center of the image appears to
consist mostly of blood clots, with few myocytes in this region. The myocytes were mostly found surrounded by fibrotic
tissue in the implantation zone. (E) Three-dimensional reconstruction of the patch region where neighboring myocardium is
indicated by blue, myocyte regions within patch boundary are red, and nonmyocyte scar regions are translucent green.
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random light intensity pattern. A complementary metal-oxide
semiconductor camera (Photron, San Diego, CA) was focused
on the region of interest (ROI) that contained the patch as
defined by the 5-0 prolene sutures. Images were acquired at
125 frames=s over 7 s, and synchronous RV pressure readings
were digitally recorded from the Millar pressure transducer
via an analog-to-digital converter (National Instruments,
Austin, TX).

Using a subpixel-extended phase correlation algorithm,
displacements of the epicardial surface during the cardiac
cycle at multiple locations within the ROI were obtained.
Based on these displacements, the change in regional area
within the ROI was determined. RSW was calculated by in-
tegrating RV pressure with respect to the area change. RSW
was normalized to developed pressure and end diastolic re-
gional area, yielding a unitless value. RSW is an index of the
amount of work being performed by the region. As the closed
line integral is path dependent, a positive value of RSW
suggests that the region is contracting in synchrony with
normal myocardium and thereby performing work. A nega-
tive value suggests that the environment is performing work
on the region (i.e., deforming it out of synchrony with the
normal contracting myocardium). SC, a measure of the area
change during systole, was computed as the difference be-
tween end diastolic area and end systolic area of the ROI,
normalized to end diastolic area.

Histology

Tissue samples consisting of one half the patch region and
approximately 1 cm of surrounding myocardium (Fig. 1A, B)
were obtained following the measurement of function, fixed
in 4% paraformaldehyde overnight, switched to 30% sucrose
for at least 12 h, and embedded in Jung tissue-freezing me-
dium (Leica Microsystems Nussloch, Wetzlar, Germany) and
frozen to �208C. The prolene sutures were left intact for
identification of the patch region boundaries. The samples
were serially sectioned at 10 mm thickness in a cryostat and
plated on numbered slides (Fig. 1C). Each section’s serial
number, the slide number that each section was plated onto,
and every lost section were recorded to determine the tissue
depth of each section.

Tissue sections were stained with either hematoxylin
and eosin (H&E) or Masson’s trichrome stain to identify
histologic structure. Cardiomyocytes were identified immuno-
histochemically using a primary monoclonal sarcomeric a-
actinin antibody (cat#: A7811; Sigma-Aldrich, St. Louis,
MO). Sections were then incubated with a biotinylated anti-
mouse secondary antibody (cat#: PK-7200; Vector Labora-
tories, Burlingame, CA). This incubation was followed by
either (1) application of an avidin and biotinylated horseradish
peroxidase complex, and then a DAB chromogen followed by
hematoxylin counterstaining, or (2) application of streptavidin-
conjugated quantum dots (cat#: 80-0004; Invitrogen, Eugene,
OR) followed by nuclear labeling with Hoechst 33342 Dye
(cat#: PA-3014; Cambrex, East Rutherford, NJ).

Recent studies have documented the possibility of myocyte
proliferation contributing to cardiac regeneration. Therefore,
to determine if myocyte proliferation might contribute to re-
generation of myocytes in the implant region, sections were
stained for cell cycle markers with a TRITC-conjugated anti-
body for Ki-67 (Santa Cruz Biotechnology, Santa Cruz, CA).

In addition, as myocardium is known to exhibit a nontrivial
amount of autoflorescence,11 sections were also stained with
HRP secondary antibodies to confirm Ki-67 and actinin
staining.

Quantification of myocyte content

One half of the patch region from three 8-week and three 2-
week ECM implants was processed for quantification of
myocyte content. At least three tissue sections uniformly sep-
arated by approximately 500-mm intervals from each sample
were stained with Masson’s trichrome stain, and adjacent
sections were stained for sarcomeric a-actinin and ventricular
myosin heavy chain. Slides were imaged on an Olympus IX51
inverted microscope, (Olympus, Center Valley, PA) with an
attached digital camera. Mosaics spanning the 1�3 cm tissue
sections were created as follows: a series of approximately 40
overlapping images spanning the tissue sections were acquired
at 680�512 pixel resolution using a 4�objective; subsequently
the photomerge feature of Adobe Photoshop (version 8.0;
Adobe Systems, San Jose, CA) was used to combine the images
into a large mosaic image of the entire tissue section with a
4800 times; 2600 pixel resolution (Fig. 1D).

From each tissue section, mosaic image (1) regions con-
taining myocytes and (2) tissue regions not containing myo-
cytes were identified. The regions composed of myocytes
were identified morphologically and traced using Adobe
Photoshop (Fig. 2). The remaining tissue regions were iden-
tified as the tissue regions not containing myocytes. Adjacent
serial tissue sections stained for sarcomeric a-actinin were
used to confirm the presence of cardiomyocytes. Prior to
staining, each slide was imaged and a mosaic was created
containing cross sections of the sutures used to stitch the patch
periphery to the neighboring myocardium. Because the
staining process washed away the sutures, the prestaining
mosaics were used to identify the Cartesian coordinates of the
suture locations in the stained sections, allowing for identifi-
cation of patch borders.

Following identification of the regions containing myo-
cytes and suture coordinates, custom software written in
Matlab (version 7.3; MathWorks, Natick, MA) was used to fit
a second-order curve to the epicardial surface of each tissue
section, defining the top boundary of the patch region. The left
and right boundaries of the patch region were defined by two
lines computationally determined to contain the left and right
suture coordinates, respectively, and intersect the top bound-
ary at the point, where a perpendicular angle was formed
with the computed line and the tangent to the epicardial curve
(Fig. 1D).

To quantify the cellular regions in the mosaics, the Red
Green Blue (RGB) color image was converted to grayscale.
Void regions, representing extracellular space, presented in
white, as opposed to cellular regions that stained red or blue.
The Matlab function gray thresh was used on each image to
compute the threshold pixel value used to create a binary ver-
sion of the image where pixels were classified as either re-
presenting a region of tissue or a region not containing tissue.
The pixels representing tissue within the computed bound-
aries were tallied for each histologic section.

The average area occupied by myocytes per histologic
section within the patch boundaries was used as the measure
of myocyte content within each patch sample. Reddish and
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bluish pixels were determined by first converting the RGB
image to the hue saturation value color space. Hue values of
reddish and bluish tissue regions were observed in multiple
images of trichrome-stained slides, and mutually exclusive
ranges of values containing all the reddish and all the bluish
pixels were selected. The reddish pixels within identified
myocyte regions were identified as comprising myocytes, and
bluish pixels represented scar tissue. The pixel to metric
scaling factor was determined and used to calculate the area
in mm2 comprised by the tallied reddish pixels. The number of
reddish pixels within each traced myocyte region (Fig. 2)
within the patch boundaries was tallied for each histologic
section, and the average myocyte area was computed from at
least three uniformly spaced histologic sections per patch
sample.

To quantify the diameter of myocytes within the implant
zone, longitudinal myocytes with discernable lateral borders
were identified from microscopic images of H&E- and tri-
chrome-stained histological sections. The distance spanning
the lateral borders and perpendicular to the longitudinal axis
of each identified myocyte was measured with ImageJ (ver-
sion 1.37v; National Institutes of Health) and recorded as the
myocyte diameter.

Three-dimensional reconstructions

The patch region and nearby neighboring myocardium
was three-dimensionally reconstructed using Matlab from a
minimum of three sections per tissue sample (Fig. 1). Myocyte
and nonmyocyte regions were identified as described in the
previous section, and binary masks were created identifying
the regions. Three different image stacks per tissue sample
were created from the binary images in Matlab representing
the neighboring myocardium, myocyte regions within the
patch boundaries, and regions of nonmyocyte scar area. Iso-
surfaces encompassing the volume of each stack were created
and visualized with the Matlab patch command.

Statistical analysis

Statistical analysis was performed using Microsoft Excel
with the Analysis Toolpack add-in (version 2003; Microsoft)
and the Matlab Statistics toolbox (MathWorks). All data are
presented as mean� standard error of the mean. One-way
analysis of variance (ANOVA) was used to determine whe-

ther there was a difference in right ventricular contractility as
measured by Mw, between the baseline, 0-week, and 8-week
groups. ANOVA was also used to determine if the values for
RSW and SC were different between any of the 0-, 2-, and 8-
week groups. A post hoc Tukey test was then used to perform
multiple pair-wise comparisons. A two-sample t-test assum-
ing equal variances was used to determine differences be-
tween the myocyte area=section ratios of the 2- and 8-week
groups. Differences were considered significant for p� 0.05.
Linear regression was used to determine how the dependent
variables RSW and SC were affected by the independent
variable myocyte area=section.

Results

Gross morphology

Following implantation, the ECM scaffold and the prolene
sutures identifying the outer boundary of the patch were
visible. Examination of cross sections of the ECM patch re-
gions sacrificed approximately 2 h after implantation showed
that the ECM scaffold was at the midmyocardial level, equi-
distant between the native endocardial and epicardial sur-
faces (Fig. 3).

Two weeks later, adhesions were present on the epicardial
surface of the patch. Once removed, the patch region and
surrounding sutures were apparent, but the ECM material
was no longer discernable (Fig. 3). Cross sections of the 2-
week patch revealed substantial thickening of the patch
region due to the deposition of host tissue comprised of col-
lagen, fibrin, and multiple cell types. At 8 weeks, the epicar-
dial surface of the patch again contained adhesions that once
removed revealed a patch region well integrated into the
neighboring myocardium. Measurements made from the
histological cross sections revealed that the ECM bioscaffold
patch region was thinner, although not statistically significant
( p¼ 0.08) at 8 weeks, decreasing from 5800� 497 mm at 2
weeks to 3357� 935 mm at 8 weeks.

In both the 2- and 8-week implants, a region of fibrosed
tissue was seen around the edge of the implants. Among the
reasons for the fibrosed tissue could be ischemia caused either
by the cross clamping of this region during patch implanta-
tion or the placement of sutures in this region. Thus, suture
location was used to calculate the implant border, rather than
the change is tissue structure.

FIG. 2. (A) Tissue within the patch region boundaries (red lines) is indicated in white. The green box circumscribes the
region shown at higher magnification in panels (B) and (C). (B) Dotted yellow lines outline myocyte-containing regions, and
red lines indicate top and right patch region boundaries. (C) Reddish and bluish pixels within the respective hue ranges in
each myocyte region are shown as either red or blue, accordingly.
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Global mechanical function over time

Contractility of the entire right ventricle as measured by
Mw was 1.9� 0.2 J=L at baseline (n¼ 8), 1.3� 0.2 J=L in the
0-week (n¼ 4), and 1.7� 0.2 J=L in the 8-week (n¼ 4) groups.
There were no significant differences between these groups,
likely due to the small size of the defect created (approxima-

tely 1.5�1.0 cm2), which represents approximately 5% of the
entire right ventricle.

Regeneration of regional mechanical function over time

The mean RSW of the ECM implant was�0.5� 1.4% imme-
diately after implantation (n¼ 4), with�4.2� 1.6% SC (Fig. 4).

FIG. 3. Epicardial (top panels) and transmural (bottom panels) views of the ECM patch region 0, 2, and 8 weeks following
implantation. Color images available online at www.liebertonline.com=ten.
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FIG. 4. Top panels show plots of right ventricular pressure versus area for the patch regions of a representative 0-, 2-, and 8-
week ECM patch. Area at end diastole is normalized to one. The loops at 8 weeks progressed in a counterclockwise direction
and indicated greater RSW relative to 2 and 0 weeks as can be seen by the larger area within the 8-week loop. The bottom
panel shows a chart of mean SC and RSW values for the all the dogs in the 0-, 2-, and 8-week groups (*p� 0.05 vs. 0 week).
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FIG. 5. Actinin, myosin heavy chain, trichrome, and control (no primary antibody) staining of myocytes from serial sections
within the scaffold region 2 weeks after implantation of UBM. (A) Sarcomeric a-actinin staining (red; Qdot 655 secondary) of
an island of myocytes within the urinary bladder matrix (UBM) implantation region. (B) Sarcomeric a-actinin staining combined
with differential interference contrast (DIC) image. (C) Ventricular myosin heavy chain staining (red; Qdot 655 secondary) from a
serial section to that shown in panel (A). (D) Ventricular myosin heavy chain staining combined with DIC image. (E) Control (no
primary antibody) staining from a serial section to that shown in panel (A). (F) Control staining combined with DIC image. (G)
Low-magnification image of trichrome-stained region within the implant boundary. Scale bar equals 0.5 mm. (H) Higher mag-
nification of image in panel (G). Scale bar equals 50mm for panels (A–F) and (H).
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This result demonstrates that upon implantation, there is no
regional work being done by the ECM implant, and the in-
crease in load on the patch during systole (resulting from an
increased RV pressure and stress exerted by contracting
neighboring myocardium) results in passive deformation of
the ECM patch (Fig. 4). This result was expected due to the
relatively high compliance of the ECM material as compared to
the neighboring myocardium.

Two weeks after implantation, the remodeled ECM patch
had near-zero SC (0.6� 0.8%; n¼ 4) and RSW (0.1� 1.2%;
n¼ 4). The regional area workloop of the 2-week ECM patch
demonstrated less change in area than the 0-week patch
(Fig. 4), which indicates that the patch region is deformed less
by the stresses generated from the RV pressure and con-
tracting neighboring myocardium. This result suggests that
the compliance of the patch region decreased between 0 and 2
weeks, likely due to the tissue buildup and increased thick-
ness of the region.

Eight weeks postimplantation, both the SC and RSW values
had increased significantly to 4.4� 1.2% (n¼ 9) and 3.7� 0.7%
(n¼ 9), respectively. The SC values measured in the 8-week
ECM are approximately one-fifth of 21.6� 1.2%, the mean
value recorded for normal healthy RV in a previous study.6

The difference between the RSW values at 2 and 8 weeks
approached significance ( p¼ 0.051), while the difference be-
tween 2- and 8-week SC values was not significant ( p¼ 0.17).
The 8-week patch region demonstrated an iso-volumic systolic
phase followed by a decrease in regional area that continued
into diastole (Fig. 4). The decrease in regional area during
systole indicates active contraction of the patch region in
synchrony with the neighboring myocardium, which suggests
the presence of contractile myocardium within the region.

Histology

Myocytes were identified within the patch boundaries in
serial sections based on their morphology. In serial sections,
cells within these same regions stained positive for sarcomeric
actinin and ventricular myosin heavy chain (Fig. 5).

In both the 2- and 8-week patches, trichrome-stained cross
sections spanning from the neighboring myocardium on one
side of the patch to the neighboring myocardium on the op-
posing side revealed collagen interspersed with islands of
myocytes (regions of myocytes separated from the neigh-
boring myocardium by collagen) both inside and outside the
computed patch boundaries. The morphology and organiza-
tion of the myocytes in the 8-week islands appeared similar to
the neighboring myocardium (Fig. 6). The myocytes in many
of the 2-week islands appeared morphologically distinct from
the myocytes in the 2-week neighboring myocardium, which
was similar to the 8-week neighboring myocardium. The
myocytes in the 2-week islands appeared more amorphous,
often lacked distinct striations, and nuclei were less visible
than in the neighboring myocardium (Fig. 6).

In most cross sections, the contiguous neighboring myo-
cardium was outside the computed patch boundary. How-
ever, in one 2-week and one 8-week patch, the neighboring
myocardium tapered through the computed boundary into
the patch region, possibly due to the myocardium being cut at
an acute or obtuse angle (not orthogonal) during defect cre-
ation. Within these regions of neighboring myocardium, two
morphologically distinct regions were observed. In the re-

FIG. 6. H&E-stained myocytes from a 2-week island (A), an
8-week island (B), and native myocardium neighboring the
2-week patch region (C) from the same histological section
as the island shown in (A). Sarcomeres were not visible in
the myocytes in the 2-week islands (A, inset) but were visible
in the myocytes in 8-week islands (B, inset), and native
myocardium neighboring the 2-week patch (C, inset). Color
images available online at www.liebertonline.com=ten.
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gions extending from the neighboring myocardium into the
patch region, the myocytes appeared normal and had fiber
orientations consistent with the rest of the neighboring myo-
cardium. At the tip of these tapering regions, the myocytes
appeared smaller and morphologically dissimilar to the other
myocytes in the neighboring myocardium. Their orientations
also became more varied and discontinuous from the neigh-
boring myocardium outside of the suture boundaries. For the
quantification of myocyte content, the region of neighboring
myocardium containing the myocytes that were continuous
and morphologically similar to the neighboring myocardium
was excluded from the quantification of myocyte content
within the patch.

The three-dimensional reconstructions of the 2- and 8-
week patches demonstrated regions of neighboring myocar-
dium (Fig. 7) predominantly outside the patch boundaries.
Islands of myocytes were located partly inside (Fig. 7, red)
and outside (Fig. 7, blue) the computed boundaries.

Myocyte content increases from 2 to 8 weeks

Diameters of individual myocytes were measured as an
indication of myocyte size. Diameters of 20 myocytes in
myocyte islands were measured from histologic sections from
each of the three 2-week and three 8-week dogs totaling
measurement of 60 myocyte diameters for the 2-week group
and 60 diameters for the 8-week group. The average myocyte
diameter was calculated for each group by averaging the
average myocyte diameter calculated from each dog in that
group.

The average diameter of myocytes in the 8-week islands
was 6.2� 0.1 mm, significantly less than the myocyte diameter
of 9.3� 1.1 mm in the 2-week islands ( p< 0.05) (Fig. 8). An
average diameter of 10.9� 1.0 mm was calculated from the
myocyte diameter of normal RV from three different dogs,
where each dog’s myocyte diameter was an average from 20
myocytes from that dog, totaling 60 myocytes total from
normal RV.

While the average diameter of myocytes was smaller in the
8-week islands, the average area per histologic section within
the patch boundaries occupied by myocytes increased signif-
icantly from 221,149� 50,352mm2 at 2 weeks to 470,666�
49,192mm2 at 8 weeks (Fig. 8). The two-dimensional area oc-
cupied by individual myocytes was not calculated due to the
difficulty in determining complete boundaries of myocytes.
However, the end-to-end length of myocytes in the 8-week
islands did not appear greater than that in the 2-week islands.
Although measurements of myocyte diameter have serious
methodological limitations, the differences in these measure-
ments suggest, at the very least, that the increases in myocyte
area observed at 8 weeks compared to 2 weeks represent some
degree of myocyte hyperplasia rather than hypertrophy.

Mechanical function is correlated with the myocyte
content within the patch region

Linear regression analysis was used to investigate the
correlation between regional patch function and the myocyte
content within the patch. Linear regression of RSW and SC
generated by each patch region with respect to the average

FIG. 7. Three-dimensional reconstructions of three 2-week (left column) and three 8-week (right column) patch regions. Blue
indicates regions of myocytes outside of the computed patch boundaries, red indicates myocyte regions within the patch
boundaries, and green indicates nonmyocyte scar throughout patch. Color images available online at www.liebertonline.com=ten.
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myocyte area per section for each patch demonstrated a pos-
itive linear relationship for both parameters. Both linear re-
lationships were significant (RSW vs. area: p¼ 0.05; SC vs. area:
p¼ 0.002). SC versus myocyte area per section more closely fit
a linear relationship than RSW versus myocyte area, as indi-
cated by the greater R2-value and the smaller p-value (Fig. 8).

Evidence of myocyte proliferation within
the urinary bladder matrix (UBM) implant region

To determine if myocyte proliferation was in part respon-
sible for the regeneration in the UBM implant region, we ex-
amined 8-week UBM implants for expression of a marker of
cell division, Ki-67. This marker was absent in neighboring
myocardium adjacent to the implant area, demonstrating that
this region was composed of mitotically silent myocytes.
However, we found numerous small cells surrounding is-
lands of myocytes with in the patch border at 2 weeks that
were Ki-67 positive (Fig. 9). Many of the small cells also
stained positive for the cardiac marker sarcomeric a-actinin.
Similar results were seen using an HRP secondary antibody,
reducing the possibility of autofluorescence contributing to
the findings. Cell cycle marker staining was much less prev-
alent in the 8-week implants than in the 2-week implants.
Many of the cells staining positive for cell cycle markers did
not appear to be myocytes, and most of the small cells staining
positive for cell cycle markers and actinin were not striated.

Discussion

A method was developed to measure myocyte content
within a full-thickness region of myocardium replaced by an
ECM-based scaffold. Measurements made with this method
demonstrate that myocyte content increased from 0 to 2 and
then again to 8 weeks within the region. The effect myocyte
content within a patch region had on the mechanical func-
tion was investigated, demonstrating that increased func-

tion was linearly correlated with increased myocyte content.
This study expands on previous studies demonstrating ECM-
induced regeneration of mechanical function4,6 by dem-
onstrating that the measured function is associated with
myocyte content, an aspect of the region’s structure. The in-
creased area of myocytes per section within the patch region
combined with the smaller diameters of the myocytes at 8
weeks is suggestive of ECM-induced expansion of myocyte
number and functionally significant myocardial regeneration.

One of the issues associated with myocardial regeneration
is the resultant production of mechanical function. The defect
created in the right ventricle, approximately 5% of the right
ventricle, is probably too small to result in significant changes
in global ventricular function.6 By using the high spatial res-
olution and accuracy associated with HDM,12 we are able to
study mechanical function within the patch region while
minimizing many of the deleterious effects associated with
global cardiac dysfunction. Future studies will focus on the
more clinically relevant issue of myocardial infarction to de-
termine if regeneration can occur with the compounding
deleterious effects of infarction, including global dysfunction.

While myocytes may be regenerated, they must still be able
to deform their substrate to provide useful mechanical work.
HDM is able to determine regional deformation within the
patch boundaries simultaneously with ventricular pressure.
From these data, it can be determined if the region is actively
contracting in sync with the rest of the myocardium. When the
material is implanted and there are no contractile cells present
(0 week; Fig. 4), the passive material increases in area with an
increased intracavitary load. However, 2 weeks after im-
plantation, cells are present. As can be seen in Figure 8, zero
RSW or SC is associated with a small level of myocyte content
within the patch. This linear fit suggests that less than ap-
proximately 225,000 mm2 of myocyte area (per section) within
the patch region is insufficient for generation of measurable
positive SC. The patch region contains large amounts of

FIG. 8. (A) The average di-
ameter of myocytes within the
patch regions decreased from
2 to 8 weeks. (B) The average
area per histologic section
within the patch boundaries
occupied by myocytes in-
creased from 2 to 8 weeks.
(C, D) The relationship be-
tween RSW versus myocyte
area=section and SC versus
myocyte area=section fit the
linear relationship indicated in
the plots where goodness of
the fit is indicated by the
R2-values. The p-values from
the regressions are �0.05,
indicating a significant corre-
lation between the variables
and myocyte area=section.
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collagen and other cell types that may provide too much re-
sistance for a small number of contracting myocytes to over-
come, preventing measurable contraction of the region, until a
critical mass of myocytes is achieved. Further, myocytes must
be electrically coupled to the rest of the myocardium to con-
tract in the rhythmic synchronous pattern necessary to per-
form stroke work. Too few cells in a given volume may not
provide sufficient coupling, preventing proper contractile
function of the region.

Previous studies investigating myocardial regeneration
using delivery of various cell sources into infarcts have
demonstrated improvements in cardiac function and have
documented the creation of new myocardium.13,14 However,
there is a need to measure total myocyte mass and individual
myocyte size to determine whether myocyte regeneration is
contributing to the improved function, as altering the passive
mechanical properties of the myocardium may also lead to
improved mechanical function.15,16 The method developed in
this study provides a means to measure myocyte content
throughout the region utilizing uniform random sampling of
the cross sections from which to make the measurements. A
limitation of this study is that this method does not directly
measure myocyte numbers. However, the decreased diameter
of 8-week myocytes combined with the increased area per
section occupied by myocytes strongly suggests an expansion
of myocyte number within the patch region from 2 to 8 weeks,
as opposed to myocyte hypertrophy. Also, the computed
borders of the patch region, while calculated based on suture
coordinates, are estimates of the actual borders and therefore
may include some neighboring myocardium within the patch
region.

The myocyte quantification results give rise to the follow-
ing two questions. Where do the myocytes at 2 weeks origi-
nate? How does the myocyte content increase from 2 to 8
weeks? One possible source of the expansion of myocytes
from 2 to 8 weeks could be the result of myocyte proliferation.

Following myocardial infarction, the heart does not re-
constitute lost cardiomyocytes and the damaged tissue is
eventually replaced by scar. However, this does not rule out
the possibility of regeneration of mammalian heart in an en-
vironment different from that of the infarcted heart. For in-
stance, noninfarcted zebrafish and amphibians regenerate
amputated parts of the heart, and in amphibians, this occurs

as a result of mitotic expansion of cardiomyocytes.17,18 Ott et al.
recently demonstrated that the rat heart could be regenerated
by reseeding the ECM from the heart with cardiac myocytes,
although they did not elucidate the mechanism involved in
regenerating the heart.19 Recent data, primarily from Anver-
sa’s lab, have suggested that myocytes can divide, and at rates
that may be clinically relevant.14,20 His laboratory has shown
that myocytes reenter the cell cycle in regions bordering a
myocardial infarction. This was indicated by their observation
that 4% of myocytes in the border zone between the infracted
and viable tissue stained positive for Ki-67, a nuclear protein
involved in cell proliferation.20 Other groups have also dem-
onstrated relatively high myocyte proliferation rates.21,22

Bone marrow–derived cells, subpopulations of which have
demonstrated the ability to differentiate into myocytes, are
attracted to the UBM scaffold23 and may play a role in in-
ducing myocyte proliferation. The increase in myocyte con-
tent measured in this study may be due at least in part to
proliferation of myocytes adjacent to and within the patch
region. However, we cannot rule out progenitor cell differ-
entiation and=or myocyte migration as the cause of the in-
creasing myocyte content in the patch region that occurs
between 2 and 8 weeks postpatch implantation. Due to the
lack of a unique specific marker to stain for myocardial pro-
genitor cells, we only sought to identify cardiac myocytes.

The complex interplay of processes by which stem cells
generate functional myocardium is not understood. Stem
cells, however, are attracted to the site of injury24 where they
are exposed to the chemical, mechanical, and electrical signals
present in the microenvironment. The microenvironment
provided by the composition and three-dimensional ultra-
structure of the ECM alone can affect cell function. Matsubara
et al. demonstrated that human mesenchymal stem cells have
an increased proliferation rate when grown on ECM as
compared to that of plastic.25 Polte et al. have demonstrated
that ECM can affect cell adhesion.25,26 Thus, it may be possible
for the ECM patch to attract cardiac progenitor cells that will
attach, proliferate, and possibly differentiate into functional
myocytes.

It may also be possible for myocytes to migrate into the
implant region from neighboring tissue. Determination of
the boundary between the native myocardium and the bio-
degradable ECM scaffold is difficult; however, computing a

FIG. 9. Cell cycle markers are present in myocytes within the implant zone. (A) Island of myocytes surrounded by dense
ring of small Ki-67þ cells shown with brown nuclei. (B) Border of island of myocytes showing higher magnification view of
Ki-67þ cells appearing directly adjacent to longitudinal myocytes; inset in the upper left corner is a zoom in view of the area
within the black box. (C) Some of the small cells in the ring stain positive for sarcomeric a-actinin shown in red.
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boundary based on a nonbiodegradable marker, the prolene
sutures, and the tissue geometry allows computation of an
objective boundary. This boundary, while an improvement
over one subjectively determined, may be altered during the
8-week recovery period, thereby incorporating a quantity of
neighboring myocardium inside the boundary line.

Future directions

Loss of healthy contractile myocytes due to pathological
conditions can lead to heart failure. A treatment that could
replenish the contractile elements in the heart would provide
invaluable prevention of many heart failure–related deaths.
ECM shows promise as a scaffold supportive of myocardial
regeneration. The addition of exogenous cells that could dif-
ferentiate into cardiomyocytes or release factors that stimulate
myocyte proliferation could further enhance regeneration.
The addition of cells may also limit postischemic remodel-
ing.27 Regardless of the methods used to induce regeneration,
quantitative measures of the structure of the region in addi-
tion to the resulting function are needed to better evaluate the
outcomes. The rules governing mammalian myocardial re-
generation are not fully understood; however, further studies
involving perturbations of the myocardial environment and
quantitative measures of consequent structure and function
will provide the insights necessary to engineer an environ-
ment favoring myocardial regeneration with the goal of re-
ducing cardiac-related mortality.
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