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Abstract

OBJECTIVES: An extracellular matrix patch was implanted in the porcine right ventricle for in situ myocardial regeneration. A newly devel-
oped cardiovascular magnetic resonance protocol was utilized to investigate the regional physio-mechanical function of the patch.

METHODS: Cardiovascular magnetic resonance was performed at 60-day after the porcine right ventricular wall full thickness substitution
with an extracellular matrix cardiac patch (n = 5). Dacron patches and remote normal right ventricle served as control (n = 5/each). Late
gadolinium enhancement, strain encoding and rest perfusion were measured for scar/patch detection, regional contractility and tissue
perfusion. Image analyses were performed by two observers to validate interobserver reproducibility.

RESULTS: All imaging sequences were successfully obtained. The patches were located with late gadolinium enhancement imaging in 95%
accuracy. All the parameters demonstrated significant differences among extracellular matrix, Dacron and normal myocardium (P < 0.05),
which correlated with histological findings, including constructive remodelling with nascent myocardium and profound vasculogenesis/
angiogenesis in extracellular matrix patches, and scar formation in Dacron. Bland–Altman analysis demonstrated good interobserver repro-
ducibility with minimal bias (strain encoding/peak strain: mean difference =−0.32%, 95% limits of agreement =−1.2 to 0.57, correlation =
0.97; rest perfusion/relative maximum upslope: mean difference =−0.74, 95% limits of agreement =−2.0 to 0.53, correlation = 0.92), along
with excellent correlation obtained from linear regression (strain encoding: R2 = 0.93; rest perfusion: R2 = 0.85).

CONCLUSIONS: With the cardiovascular magnetic resonance protocol, we successfully confirmed early signs of functional myocardial re-
generation in implanted extracellular matrix patches. This approach is promising in assessing in situ regional physio-mechanical properties
and degree of regeneration of implanted tissue-engineered materials.
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INTRODUCTION

Tissue-engineered materials have been adapted to treat
damaged cardiac tissue and congenital anomalies [1, 2]. An
example of such materials is the extracellular matrix derived
from the porcine small intestine submucosa (SIS-ECM), which
has become commercially available, and its clinical application
has expanded in the past decade in the field of cardiac
surgery. The implanted SIS-ECM serves as a scaffold which
allows site-specific host cell repopulation and subsequent con-
structive remodelling. However, the detailed in situ myocardial
regeneration process has not been well described. The con-
ventional methods to evaluate tissue regeneration depend
upon post-sacrifice in vitro analyses, such as histology and
reverse-transcript polymerase chain reaction [3–5]. Only a
handful of relevant studies to assess in vivo physio-mechanical

functions of tissue-engineered material implanted in the heart
are available.
Cardiovascular magnetic resonance (CMR) has been widely

used to assess the morphology and function of the heart in both
clinical and research studies. Recent improvements in hardware
and image reconstruction techniques enabled measuring of re-
gional contractility [6] as well as tissue perfusion [7]. However, it is
still challenging to assess detailed investigation of regional physio-
mechanical properties as well as tissue characterization, especially
in the right ventricle.
We have established a CMR protocol to assess detailed physio-

mechanical functions in a localized area in the right ventricle. The
objective of the present study is to evaluate the feasibility of our
CMR protocol to assess the regional physio-mechanical properties
of the implanted SIS-ECM patch in a porcine right ventricle
model.
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METHODS

The position of implanted patches located with the CMR was eval-
uated against a macro-finding to evaluate the accuracy of detec-
tion. The measurements of the patch region from strain and
perfusion images were compared against measurements made in
the remote normal right ventricular myocardial free wall. The reli-
ability of the protocol was assessed with intra- and interobserver
reproducibility. In addition, all these CMR findings were com-
pared with the histological findings of the extracted tissues.

Cardiac patch preparation

SIS-ECM (CorMatrix® Cardiovascular Inc., Roswell, GA, USA) was
prepared for surgical implantation by soaking it in 0.9% natural
saline (Baxter International Inc., Deerfield, IL, USA) for 30 min at
room temperature. For control, a sterilized Dacron patch was
implanted for the cardiac repair (Edwards Lifescience Co., Irvine,
CA, USA).

Myocardial repair in a porcine model

The study protocol was approved by the Institutional Animal Care
and Use Committee of the University of Chicago. All animals
received humane care in compliance with the Guide for the Care
and Use of Laboratory Animals, published by the National
Institutes of Health (1996).

The animals (female, mixed breed of Yorkshire and Landrace,
20–30 kg; n = 10) were anaesthetized and placed in a left recum-
bent position. The heart was exposed via a right anterolateral
thoracotomy in the fourth intercostal space. After a bolus of lido-
caine (2 mg/kg), a tangential clamp was placed on the right ven-
tricular free wall. The ventricular wall was incised in full thickness
and was substituted with a patch (30 mm in diameter) with a 5-0
continuous polypropylene suture (Fig. 1). Routine chest closure
was performed. SIS-ECM patches were implanted in five pigs.
Similarly, Dacron patches were implanted in five pigs to serve as a
control. At 60 days after implantation, the animals were subjected
to CMR and were euthanized for further tissue examination.

Cardiovascular magnetic resonance imaging

CMR assessment was performed after the 60-day period to evalu-
ate the regional physio-mechanical properties of the implanted
patches and the normal myocardium. All animals were imaged on
1.5 T MRI hardware (Philips Achieva, Best, Netherlands), using a
five-channel cardiac array.

Cardiovascular magnetic resonance acquisition. In this
protocol, an initial localization scout was examined to determine
the approximate right ventricular patch location, using the right
anterolateral surgical incision as reference. Next, a two-chamber,
four-chamber and short-axis cine-CMR sequences were acquired
to plan the following CMR sequences in the short-axis view
that covered the right ventricular region containing the patch:
(i) strain encoding [6], (ii) first-pass myocardial perfusion [7] and
(iii) late gadolinium enhancement. All imaging techniques were
performed under respirator-controlled breath holding. For all
scans, standard CMR parameters were used: FOV = 300–340 × 300–

340 mm2; slice thickness = 6–10 mm. Additional CMR parameters,
including the pulse sequence flip angles, acquisition scheme and
window sizes, and repetition/echo time values were all set to their
respective default values provided on the scanner hardware.
For the strain-encoding sequence, full right ventricle coverage (five
to six short-axis slices covering the entire right ventricle) was
acquired sequentially, in which all slices were acquired per single
breath-hold. To account for the high heart rates, the acquisi-
tion was set over 2 (�1200–1500 ms) electrocardiogram-gated
intervals. Contrast injection was performed, using 0.05 mmol/kg of
Gadobenate Dimeglumine (Multihance; Bracco Diagnostic Inc.,
Princeton, NJ, USA) during first-pass perfusion which was imaged,
using a hybrid gradient echo/echo-planar imaging sequence (voxel
size�2.5 × 2.5 mm, slice thickness 10 mm, flip angle 20°, repetition
time 5.9 ms, echo time 2.5 ms, echo-planar imaging factor 5, delay
time 80 ms and sensitivity encoding factor 1.3) to acquire six
SA slices of the identified right ventricle region over every 2R-R
(�1200–1500 ms) electrocardiogram-gated intervals for 50
consecutive heartbeats. Late gadolinium enhancement images
were acquired in the short-axis plane 12 min post-contrast (total
0.2 mmol/kg), using a T1-weighted gradient echo pulse sequence
with a phase-sensitive inversion recovery reconstruction (TR 4.5
ms, TE 2.2 ms, TI 250–300 ms, flip angle 30°, flip angle 5°, voxel size
2 × 2 × 10 mm, sensitivity encoding factor 2). Optimal inversion
time was chosen based on a TI scout (typically 250–300 ms).

Macro inspection

After the CMR, the pigs were sacrificed. Their excised hearts were
first examined for patch position on the right ventricular free wall.
The right ventricular free wall was incised at the level of the tricus-
pid valve and the posterior wall where the interventricular septum
attaches. The photograph of the opened free wall was taken to
record the patch position (Fig. 2). Then, the patch area was pro-
cessed for histological analysis.

Cardiovascular magnetic resonance analysis

CMR image analysis was performed by two investigators (observer
1, A.T.; observer 2, T.O.).

Figure 1: A representative intraoperative surgeon’s view of implanted right ven-
tricle patch. White arrow: patch area.
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Accuracy of scar/patch detection using late gadolinium
enhancement. Location of the implanted patch was recorded at
the time of sacrifice. The right ventricular free wall was divided
into eight sections using left ventricle segmentation [8] as a
reference (Fig. 2) to compare the macro data and the patch area
located by the 2D-late gadolinium enhancement images (Fig. 3A).
All subsequent analysis was performed using the identified patch
region (Fig. 3B and C).

Strain encoding. The peak longitudinal strain and time to peak
longitudinal strain were analysed using commercial software
(Diagnosoft VIRTUE, Diagnosoft, Inc., Morrisville, NC, USA) to
determine regional contractility. Regional longitudinal myocardial
strain was calculated using a region-of-interest analysis that
accounted for local motion through the cardiac cycle [9]. The
maximal systolic strain was manually chosen from the time frame
that exhibited peak deformation at end-systole (Fig. 3D). The
measurement of the strain was performed twice per animal by
each observer with minimum 7 days between the initial and
subsequent measurements. For the intraobserver variability, the
two measurements obtained from observer 1 (A.T.) were analysed.

For the interobserver variability, the average values of both
observers were examined for interobserver reproducibility.

Rest perfusion. Signal intensity curve analysis was performed on
standard clinical workstation (Philips Healthcare, Best, Netherlands).
The maximum upslope of contrast enhancement was obtained
from signal intensity time course of the patch region of interest and
was normalized to the maximum upslope of a region of interest
placed in the left ventricular cavity to evaluate the regional
microvascular tissue perfusion [10] (Fig. 3E). The measurement
of the maximum upslope was performed twice per animal by
each observer, with minimum 7 days between the initial and
subsequent measurements. For the intraobserver variability, the
two measurements obtained from observer 1 (A.T.) were analysed.
For the interobserver variability, the average values of both
observers were examined for interobserver reproducibility.

Histology and immunohistochemistry

Excised tissues were fixed in 10% formalin for paraffin processing
and cut into 5-µm sections. The paraffin sections were

Figure 2: The right ventricular free wall segments. The right ventricular free wall was divided into eight sections using left ventricle segmentation as a reference: (A)
The basal segment and (B) mid segment are further divided into anterior, lateral and inferior segments. (C) The apical slice is smaller compared with other two longi-
tudinal segments and is divided into anterior and inferior segments. (E) An example of macro inspection of the right ventricle patch on the mid-lateral segment. (F) A
photograph of the extracted heart with the right ventricle free wall cut at the basal-inferior-apical end and opened. The colour of the eight segments corresponds to
A–D. In this specimen, the patch is located in 5, 7 and 8 (i.e. mid apical–lateral wall). Inferior: right ventricular inferior wall; LV: left ventricle; RV: right ventricle;
septum: interventricular septum.
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deparaffinized and stained with haematoxylin–eosin and
Masson’s trichrome or prepared for immunohistochemical stain-
ing. Monoclonal antibodies specific for factor-VIII-related antigen
(Dako, Carpinteria, CA, USA) and a-sarcomeric actinin (Sigma, St
Louis, MO, USA) were used. Images for the sections were captured
with a microscopic system (DP72, 12.8 MP, Olympus America Inc.,
Center Valley, PA, USA). Capillary density (number of vessels per
millimetre square) was obtained by counting the factor-VIII-related
antigen-positive capillaries under the ×200 microscopy [11]. Twenty
fields were randomly selected in each patch.

Statistical analysis

All values are expressed as the mean ± standard deviation. The
statistical differences in all data were determined by the Fisher’s
exact t-test, the Mann–Whitney test and/or ANOVA. Intra- and
interobserver variabilities were calculated from the linear regres-
sion analysis. Intra- and interobserver limits of agreements and
bias were evaluated using Bland–Altman analysis [12].

RESULTS

Cardiovascular magnetic resonance findings

Imaging was successfully performed on all 10 pigs 60 days after
each pig’s surgical patch implantation.

Scar/patch detection accuracy with 2D-late gadolinium
enhancement. The location of the implanted patch was
accurately detected in 10 of 10 studies by observer 1 (A.T.) and
9 of 10 by observer 2 (T.O.) from the 2D-late gadolinium
enhancement. The surgical reference indicated patch location in
the mid-lateral (n = 3, observer 1 = 100%, observer 2 = 100%),
mid-lateral inferior (n = 1, observer 1 = 100%, observer 2 = 0%),
mid apical-lateral (n = 3, observer 1 = 100%, observer 2 = 100%),
apical-anterior (n = 2, observer 1 = 100%, observer 2 = 100%) and
apical-anterior posterior (n = 1, observer 1 = 100%, observer
2 = 100%) walls.

Strain analysis for regional contractility. Peak longitudinal
strain (%) in the area of the patch was significantly greater in
SIS-ECM patch compared with that in Dacron patch, whereas
SIS-ECM patch was significantly less than the normal myocardium
(Fig. 4A): SIS-ECM =−16.1 ± 3.0%, Dacron =−8.9 ± 1.6% and self-
controlled normal ventricle =−25.8 ± 2.0%. (SIS-ECM versus
Dacron, P < 0.0001; SIS-ECM versus normal, P < 0.0001; Dacron
versus normal, P < 0.0001). Linear regression of peak longitudinal
strain demonstrated good intra- and interobserver correlation with
R2 = 0.89 and 0.93, respectively. Bland–Altman plot of the obtained
peak longitudinal strain showed good intraobserver reproducibility
with a minimal bias (95% limits of agreement =−1.38 to 0.9,
correlation = 0.94 P = 0.63) (Fig. 4B), and interobserver bias was
−0.32% (95% limits of agreement =−1.20 to 0.57, correlation = 0.97,
P = 0.44) (Fig. 4C).

Figure 3: Scheme of analysis for strain encoding and rest perfusion. (A) The 2D-late gadolinium enhancement image is used to detect the target lesion along with the
macro inspection. Corresponding image slice is selected for (B) strain encoding and (C) rest perfusion. The region of interest is manually picked which will generate
(D) longitudinal strain curve and (E) signal intensity curve. The arrow and encircled area indicate the location of implanted patch. The peak strain is the value obtained
at end-systole (2D). The relative maximum upslope is obtained from the ratio of maximum upslope of the target lesion to the maximum upslope of the blood pool
(left ventricular cavity).
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Relative maximum upslope for regional tissue perfusion.
Relative maximum upslope was significantly higher in SIS-ECM
patch (13.3 ± 1.3) than in Dacron patch (5.8 ± 2.1) (Fig. 4D). The
upslope in normal right ventricular myocardium—16.9 ± 3.0 SI/s—
was significantly greater than that of the SIS-ECM patch and

Dacron patch (P < 0.05). Linear regression analysis of relative
maximum upslope demonstrated excellent correlation for
intraobserver (R2 = 0.92) and interobserver (R2 = 0.85). Bland–
Altman plots for obtained relative maximum upslope demonstrated
good intra- and interobserver reproducibilities with biases of 0.31
(95% limits of agreement =−0.57 to 1.20, correlation = 0.96,
P = 0.45) and −0.74 (95% limits of agreement =−2.0 to 0.53,
correlation = 0.92, P = 0.22), respectively (Fig. 4E and F).

Macro inspections

The endocardial surface of the SIS-ECM patch was covered with a
well-organized thin white layer, and layered tissues on the patch
whose thickness were almost equal to that of the normal right
ventricular wall (Fig. 5A). A stiff and thick fibrous encapsulation
was present on the endocardial side on the Dacron patch (Fig. 5B).

Histology and immunohistochemistry

Histology results are presented in Fig. 6. The histology of SIS-ECM
demonstrated that organized cell repopulation was observed
around the scaffold collagens that extended towards the endocar-
dial surface. On the other hand, Dacron patch was surrounded by
fibrous tissues and inflammatory cells. The cells observed in

Figure 4: Results of strain encoding and rest perfusion. (A) Peak longitudinal strain (strain encoding) and (D) relative maximum upslope (rest perfusion) of normal RV,
SIS-ECM and Dacron patch is demonstrated. Bland–Altman plot for intraobserver for strain encoding (shown in B) and rest perfusion (shown in E), and interobserver
for strain encoding (shown in C) and rest perfusion (shown in F) are shown. RV: right ventricle; SIS-ECM: extracellular matrix patch derived from small intestine sub-
mucosa.

Figure 5:Macro inspection. Cross-section (endocardial surface facing up) of the
extracted patch and surrounding at 60 days after implantation. (A) Extracellular
matrix patch derived from small intestine submucosa; (B) Dacron patch.
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SIS-ECM were positive for α-sarcomeric actinin, suggesting the
presence of nascent cardiomyocytes, whereas that was negative in
the Dacron patch. The surface of the SIS-ECM patch was covered
with a well-organized monolayer of endothelial cells, but no
endothelial cells were found on the Dacron patch. The capillary
structures were predominantly distributed in the layers close to
the patch materials in the groups of both patches. Vasculogenesis/
angiogenesis was assessed by the capillary density, which was sig-
nificantly greater in the SIS-ECM patch than in the Dacron patch
(SIS-ECM 20.9 ± 1.5/mm2 vs Dacron 7.5 ± 1.3/mm2, P < 0.0001).

DISCUSSION

In the present study, our CMR protocol successfully demonstrated
the capability of detecting the small patch areas in the right ventricu-
lar free wall. CMR was also able to distinguish among SIS-ECM,
Dacron and normal myocardial tissue. The CMR parameters from

both SIS-ECM and Dacron patches correlated well with the histo-
logical findings. Strain encoding for strain analysis showed positive
contractility in the SIS-ECM patch greater than that in the Dacron
patch, whereas those were less than the contractility of the normal
RV myocardium. It would suggest that the SIS-ECM was in the early
phase of functional remodeling, which was supported by the pres-
ence of nascent cardiomyocytes (positive alpha-sarcomeric actinin
cells) in the histological [13]. The Dacron patch showed little regional
contractility and scar tissue formation around the patch consistent
with foreign body reaction. First-pass rest perfusion evaluation
demonstrated that the tissue perfusion in SIS-ECM was significantly
greater than in the Dacron patch. This finding was supported by the
result of the capillary density. Intra- and interobserver reliabilities
demonstrated good correlation and agreement between repeated
measurements with acceptable differences. Thus, the results demon-
strate that our CMR protocol was reliable and reproducible.
It is important to note that SIS-ECM patches in this study

demonstrated a great potential for reconstructive myocardial

Figure 6: Histology and immunohistochemistry. SIS-ECM (A–D and I): Well-organized cells (shown in A and B) including monolayer of endothelial cells on the endo-
cardial surface (shown in D) and layers of scattered α-sarcomeric actinin-positive cells (shown in I), were observed. The repopulated cells were predominantly
observed on the SIS-ECM and extended towards the endocardial surface. Dacron (E–H): Significant infiltration of lymphoid cells and fibrosis is observed (shown in E
and F). No endothelial cells were observed in the endocardial surface (shown in G). Capillary density (C and G): The factor-VIII-related antigen-positive capillaries
were counted under the ×200 microscopy for capillary density analysis. Vasculogenesis/angiogenesis was significantly more prevalent in SIS-ECM patch. Dacron:
Dacron patch; FVIII: immunohistochemistry staining for factor-VIII-related antigen; HE: haematoxylin–eosin staining; MT: Masson trichrome staining; SIS-ECM: extra-
cellular matrix patch derived from small intestine submucosa.
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regeneration. While the animals were sacrificed in a relatively
short study period (i.e. 60 days after implantation), the implanted
SIS-ECM patches already showed significantly repopulated host
cells including scattered α-sarcomeric actinin-positive maturing
cardiomyocytes. The clinical use of SIS-ECM has increased, and it
has been implanted to over 95 000 cardiac procedures. Unlike
inert materials (i.e. Dacron), which induce inflammation, calcifica-
tion and subsequent stiffness over a period of time, SIS-ECM has a
predominant potential for cellular repopulation with restoration
of regional tissue functionality as well as ‘growing’ potential [14].

On the other hand, tissue characterization of the remodelled
SIS-ECM has been limited to extracted specimens with histology
and RT-PCR to identify cell lines (e.g. cardiomyocyte, endothelial
cell and mesenchymal cell) [3, 15]. Other reported methodology
used for the assessment of remodelled ECM includes video micro-
scope to observe contracting cells [16], and two-photon excitation
fluorescence microscopy to image the voltage and calcium ion
[17]. All of these in vitro procedures can be performed only after
the tissue extraction. Several investigators reported in vivo assess-
ments with echocardiography or CMR to evaluate the myocar-
dium repaired with tissue-engineering materials. But they are
limited to general morphological inspection and global cardiac
function assessment, and are unable to assess localized lesions [4,
18]. Electromechanical mapping can assess regional contractility
and electrical conductivity of the implanted ECM patches, but it is
an invasive procedure and not suitable for repeated evaluation
[18, 19]. Our CMR protocol, which is a non-invasive and repeat-
able scan, can provide in vivo assessment of regional physio-
mechanical properties in the RV, including biomechanical func-
tion (strain) and tissue characteristics (perfusion). It could help us
to understand the reconstructive remodelling process correlated
with conventional in vitro studies.

This study utilized an RV model as it offers a greater challenge
for current imaging techniques (e.g. echocardiography, CMR)
commonly performed in the LV. The assessment of regional char-
acteristics of the RV myocardium is not as well studied as in the LV.
Visualization of the RV is known to be difficult with echocardiog-
raphy [20]. In addition, commonly used parameters assess func-
tions of the RV as echocardiography has proved to be not reliable
in patients with congenital heart disease [21, 22]. Our new
CMR protocol would potentially overcome such limitations. In the
current study, the thickness of the normal RV free wall, SIS-ECM
and Dacron patch regions was between 3.5 and 7 mm. While
such thin structures become sensitive to artefacts, such as partial
volume effects and motion artefacts during CMR data acquisition,
our protocol was capable of obtaining reliable data for small patch
areas implanted in the RV. RV function is crucial for patient man-
agement in congenital heart disease, heart failure and pulmonary
hypertension [23–25]. In particular, the prevalence of adult con-
genital heart disease has increased by 50% in the past decade and
is still growing [26]. Thus, our CMR protocol might also provide a
benefit in managing the patients with diseased RVs in the clinical
setting as well as assessing the efficacy of tissue-engineering treat-
ment (e.g. tissue-engineered cardiac patch repair, cell injection) as
well as improve the current clinical protocol to assess much more
detailed regional functions in the left ventricle in the future.

Limitations

The sample size is relatively small although this is a proof-
of-concept study. Also, two observers were trained for a short

period of time to perform CMR analysis; however, our results
demonstrated that even with minimal training, CMR analysis,
using conventional post-processing techniques, was able to
obtain reliable data and was feasible in this initial pilot study. In
addition, we used juvenile pigs that are presumably in a growth
phase and high levels of circulating stem and/or progenitor cells.
It may have influenced the positive remodelling of the SIS-ECM
patches and enhanced the findings of the present CMR analysis.
Finally, since this was a proof-of-concept study, we chose to use
the RV model to assess the SIS-ECM patch. It, in turn, provided us
a good and challenging opportunity to establish a CMR protocol.
It would be important to assess SIS-ECM patch in the left-side
heart to see its feasibility and durability as further studies.

CONCLUSIONS

Our CMR protocol successfully provided reliable and reproducible
data to detect and distinguish the physio-mechanical properties
among SIS-ECM patch, Dacron patch and normal myocardium in
the RV. A comprehensive CMR evaluation might be a powerful
tool for in vivo assessments to evaluate tissue-engineered materi-
als implanted into the heart.
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