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The search for an ideal material for cardiac tissue repair has led to utilization of porcine small intestinal submucosa
extracellular matrix (CorMatrix). Here, we examine the histologic features of CorMatrix and the associated cellular
growth at a variety of time intervals. Tissues with CorMatrix from ten patients (4male, 6 female) with ages ranging
from 2weeks to 2 years, and implant duration ranging from 1week to 2 years were included in this study. Samples
for analysis were collected at autopsy. Surgical repair sites included great vessel repair (n=9), atrial septum defect
(n=1), coronary vessels (n=1), aswell as aortic (n=1) andmitral valve (n=2) leaflets. In all specimens, CorMatrix
was composed of dense laminated regions of collagen,without appreciable elastin staining. Inmost grafts, especially
those implanted for extended periods of time, tissuewith luminal CD31 positivity covered the intimal surface of the
CorMatrix graft. This tissue (neo-intima) consisted of spindled myofibroblasts (SMA) and small CD31 positive ves-
sels with occasional mononuclear cells in a matrix composed of collagen, glycosaminoglycans, and rarely elastin,
after extended periods of implantation. These features were readily identified in patients as early as 1 month after
CorMatrix implantation. Thematrix comprising the CorMatrix itself remained largely acellular, despite implantation
times up to 2 years, with degradation of the graft material. We provide a framework for histologic expectations
whenevaluating explantedCorMatrix grafts. In this regard, theCorMatrixmatrix is likely to remain acellularwithout
significant elastin deposition, whereas the intimal and adventitial surfaces become coated by proliferating cells in a
novel matrix of collagen and glycosaminoglycans.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Surgical repair of cardiovascular tissues and defects oftentimes re-
quires the use of additional tissues to properly reconstruct structures
and vessels. While in vivo materials may often be used, certain surgical
procedures or repeated surgeries may exhaust the available in vivo tis-
sues necessary for proper reconstruction. As an alternative to native tis-
sues, decellularized extracellular matrix (CorMatrix) derived from
porcine small intestinal submucosa has been developed and success-
fully deployed for over 10 years within adult patients [1–3]. For exam-
ple, CorMatrix, used as a pericardial sac patch, was associated with a
twofold reduction in incidence of atrial fibrillation following open-
heart surgery in adults [4]. Additionally, CorMatrix has been employed
for repair of valvular disease within adult patients [5].
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Repair of congenital heart defects, which often includes multiple
procedures within the first year of life, requires the use of graft material
that can accommodate the growth and development of cardiac struc-
tures. Clinically, CorMatrix has been demonstrated by multiple investi-
gators to be a satisfactory material for this purpose, providing a
material that remains flexible, resistant to tearing and calcification,
and allows for the expansion of cardiovascular structures as the patient
ages [6].With increasing use of CorMatrix in pediatric populations [7,8],
reports have been published examining the histologic features of
CorMatrix following implantation. These reports present evidence that
the bioscaffold material is associated with a chronic inflammatory re-
sponse, including foreign-body giant cell reaction [9–11]. In contrast
to animal models, these investigators did not see tissue integration or
recellularization of patch material. Within murinemodels, extracellular
graft material is capable of being resorbed nearly completely after 180
days following implantation [12].

Here, we present the histologic features of CorMatrix used in the re-
construction of great vessels at increasing time intervals, following re-
pair of congenital heart defects, in tissues taken from autopsy
specimens.Wealso provide examples of CorMatrix used to repair differ-
ent sites within the cardiovascular system, within the same patient, ex-
emplifying the site-specific response to the implantedmaterial. Overall,
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Table 1
Patient demographics

Patient
ID

Gender Age Implant age/location Clinical history

Great
vessels

Atrial
septum

Aortic
valve

Mitral
valve

Coronary
artery

A Female 1 Week 1 Week Pulmonary valve/artery hypoplasia
B Female 2 weeks 2 weeks 2 weeks Truncus arteriosus
C Male 5 weeks 3 weeks Aortic stenosis and hypoplastic aortic arch
D Male 3 months 3 months Atrioventricular septal defect

E Female 4 months 4 months 1 Month
VSD, aortic stenosis and arch hypoplasia, dysplastic mitral/tricuspid valves,
PDA, atrial septal defect

F Female 5 months 5 weeks Heterotaxy syndrome with transposition of the great vessels
G Female 15 months 3 months 6 months Hypoplastic left heart syndrome with aortic and mitral stenosis
H Female 15 months 15 months Atrioventricular septal defect and coarctation of the aorta
I Male 6 Years 3 months 3 months Congenital heart disease including aortic valve stenosis
J Male 26 months 26 months 5 months Hypoplastic left heart syndrome
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our observations support that CorMatrix used to repair great vessels re-
mains acellular and it serves as a scaffold onto which new tissue forms.
Together, these data provide a framework for interpretation of
CorMatrix histology in a pediatric population.

2. Materials and methods

The demographics of patients examined in this study are summa-
rized in Table 1. Briefly, patients (n=10) included in this studywere se-
lected based upon their history of congenital heart defect, as well as
repair of defects using CorMatrix (CorMatrix, Roswell, GA). Patient's
ages ranged from 1 week to 6 years. Samples were collected during au-
topsy examination. Sites of CorMatrix implantation were intact and
without defect. As indicated in Table 1, themajority of samples collected
were from great vessels (aorta and pulmonary artery) augmented with
CorMatrix. Implant duration was calculated based upon the time inter-
val from the surgical procedure in which CorMatrix was used until the
patient's date of death.

Sections taken were fixed in 10% formalin, embedded in paraffin,
and used to prepare hematoxylin and eosin (H&E) and special stains
(e.g., Movat pentachrome, Masson trichrome, Verhoeff van Gieson elas-
tin [VVG]) by the histology laboratory at The Nebraska Medical Center.
Immunoperoxidase stains were conducted according to standard labo-
ratory protocols. Photomicrographs were captured using an iScan
Coreo Au Scanner and iScan Coreo 3.4.0 software (VentanaMedical Sys-
tems, Tucson, AZ, USA).

3. Results

3.1. CorMatrix histology

Histologic examination of CorMatrix implanted adjacent to native
great vessel in vivo demonstrates a regular pattern of overall anatomy
andhost response (Fig. 1). After approximately 5weeks of implantation,
the layers of the aorta (tunica intima, tunica media and tunica adventi-
tia) are readily identified on H&E stained sections. At the junction
between the native tissue and the CorMatrix, foreign debris and calcifi-
cation can be seen, consistent with the suture line used to join the two
structures. Moving on to the CorMatrix, endothelial (highlighted by
CD31) and smooth muscle cells (highlighted by vimentin and smooth
muscle actin) are seen spreading onto the intimal surface of the graft
material. Similarly, cells and tissues associated with the adventitia can
be seenmigrating onto the outer surface of the CorMatrix. Special stains
for elastin fibers (VVG, Movat) highlight the tunica media of the native
vessel. Interestingly, the CorMatrix is void of immunoreactive elastin fi-
bers, following recent (e.g., b12 months) implantation of CorMatrix. A
variably intense, but generally mild inflammatory reaction and mono-
nuclear cell infiltration is seen at the interface between the CorMatrix
and the native vessel. In particular, a CD68 positive monocyte infiltrate
can be seen at the sutured junction of native vessel and CorMatrix. Ex-
amination of an additional example of CorMatrix implanted for 5
months reveals similar CD68 findings, and immunoperoxidase staining
for CD3 reveals a mild infiltration of T-cells (data not shown). Marked
inflammatory infiltration of the issues surrounding the CorMatrixmate-
rial was not observed in any of the great vessel/CorMatrix anastomoses
examined.

3.2. Histologic changes in CorMatrix over time

Great vessel/CorMatrix anastomoses implanted for various lengths
of time were examined histologically and compared at low and high
power (Figs. 2A, 3, Supplemental Fig. 1). Specifically, sections of aorta,
repaired with CorMatrix were sectioned and stained with routine
H&E, as well as with VVG-elastin, Movat pentachrome, Masson
trichrome, and/or CD31 stains to highlight elastin/collagen fibers and
endothelial cells, respectively. Endothelial cells are seen on to the sur-
face of the CorMatrix graft after only 1 week of implantation, and with
increasing duration (3 months), small CD31 capillaries are seen in the
tissue developing on the luminal surface of the CorMatrix material
(Fig. 3A). Accordingly, quantitation of intimal thickness measured
after increasing duration of implantation demonstrate a progressive
thickening of the intimal layer (Fig. 2B). Themajority of cases examined
lack elastin fiber staining in the tissue covering the luminal aspect of
CorMatrix graft; however, at the longest time points examined (e.g.,
more than 2 years), a limited amount of fine elastin fibers are identified
in the tissue lining the intimal surface of the CorMatrix graft (Fig. 3B).
Additionally, the CorMatrix begins to degrade towhere little of the orig-
inal structure of the graft can be seen, and only focal areas of acellular
collagen can be identified (Figs. 2A and 3B).

3.3. Variation of CorMatrix tissue response depending on anatomic location

Many additional locations within the cardiovascular system have
proven amenable to repair with CorMatrix. We examined samples
taken from aortic and mitral valves, atrial septal defects and coronary
arteries (Fig. 4). Similar to the histologic features observed in patches
of the great vessels, intimal cells adjacent to the graft material migrate
on to the surface of the CorMatrix, and the CorMatrix is largely devoid
of elastin staining, though deposition of elastin fibers is seen in the tis-
sue overlaying the CorMatrix graft after 5months of implantation. Of in-
terest, graft material implanted in place of valve leaflets and as septal
defect patches demonstratemild chronic inflammation,whichwas usu-
ally increased as compared to the grafts located in the great vessels. In-
terestingly, the patient depicted with the coronary artery graft also had
a concurrent repair of the aortic valve, which did not show significant
inflammatory change, suggesting the response to the CorMatrix was
site specific.



Fig. 1.Anatomy of aorta and ECManastomosis. Pictured are photomicrographs of aorta and ECMgraft junction fromPatient C (graft age: 3weeks). Stains and immunoperoxidase stains are
indicated in the bottom right of each photograph. CorMatrix material is denoted with ‘C’ and native tissue is denoted with ‘N’.
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4. Discussion

CorMatrix has proven to be a useful tool during the repair of cardio-
vascular structures in both pediatric [7,8,13,14] and adult populations
[4,15,16]. As the use of this material becomes more widespread in the
population, and as CorMatrix is employed in ever more diverse ana-
tomic locations, understanding the characteristic histologic features to
then identify potential abnormalities will become an important practice
going forward.

Currently in our and affiliated institutions, CorMatrix is most com-
monly employed during the repair of great vessel abnormalities in a pe-
diatric population. Within this group, CorMatrix serves as a scaffolding
for new tissues to grow and develop. These layers then progressively
thicken as the graft ages, similar to vascular graft healing seen with
other graft materials, which are termed ‘neo-intima,’ in the review by
L.M. Buja and F.J. Schoen [17]. In one of the cases presented here, after
2 years of implantation, elastin fibers are seen in the tissue developing
on the intimal surface of the graft. This development corresponds with
a progressive, though delayed, dissolution of the CorMatrix. Overall,
the CorMatrix appears to accommodate the requirement of continued
anatomic development over time, such that the grafted vessel may
Fig. 2. Tunica intima thickness in relationship to increasing implant duration. (A) Low-pow
implantation is listed above each column of photomicrographs, along with the corresponding
with ‘N'. H&E and VVG-elastin stains are pictured in the top and middle rows, respective
Corresponding high-power images are available in Supplemental Fig. 1. (B) Intimal thickness
intimal layer (edge of endothelial surface to interior edge of CorMatrix) was measured from
were averaged, and standard deviation is represented by the error bars.
continue to expand as metabolic demands increase downstream of the
graft. Interestingly, CorMatrix appears to undergo a similar progression
in most other cardiovascular sites examined, including atrial septum
and aortic and pulmonary valve leaflets. However, our data indicate
that all anatomic sites may not be as equally receptive to CorMatrix
implantation.

Our observations suggest that the host inflammatory response to
CorMatrix is limited in autopsy cases with well-functioning great vessel
grafts. However, CorMatrix implantation in certain anatomic locations
may be associated with marked tissue inflammation [9,10], especially
in cases where redo procedures have been performed [16]. With regard
to this study, CorMatrix grafted to coronary artery in our study led to
profound inflammatory response in the surrounding tissues; remark-
ably, the same patient had CorMatrix used for aortic valve repair,
which did not demonstrate the same degree of tissue inflammation.
This discrepancy may be due to multiple factors. One possibility is in-
creased surgical site trauma at the coronary bed, as compared to the
aortic valve, which led to an overall picture of increased inflammatory
response. Another is the use of CorMatrix in a site with an already
pro-inflammatory milieu, such as the coronary vasculature. Others
have demonstrated that implanted CorMatrix within reconstructed
er photomicrographs of great vessel and ECM junction are pictured. Duration of in vivo
patient (see Table 1). CorMatrix material is denoted with ‘C' and native tissue is denoted
ly. Movat or Masson stained sections (as indicated) are included in the bottom row.
following graft placement for increasing periods of time are displayed in the graph. The
the above photomicrographs in multiple locations (n=4); independent measurements
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Fig. 3. Changes in luminal tissues covering CorMatrix over time. (A) Photomicrographs of H&E, VVG-elastin and CD31 stained sections of CorMatrix implanted for 3 months (Patient D).
(B) Photomicrographs of CorMatrix/native tissue anastomosis implanted for 26months stained byH&E andVVG-elastin (Patient J). CorMatrixmaterial is denotedwith ‘C' and native tissue
is denoted with ‘N’.
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valve leaflets is capable of inducing a significant inflammatory response
[14]. The variation in inflammatory response to CorMatrix may be sec-
ondary, in part, to variable immunogenic response to the porcine epi-
topes within the xenograft material. The context in which CorMatrix
material is histologically examined may also influence expectations for
appropriate degree of inflammation.

The pattern of tissue migration and proliferation, with eventual dis-
solution of the CorMatrix and establishment of an elastin permeated tis-
sue layer on the intimal surface of the CorMatrix graft is similar to
findings reported by others in animal studies [6,18]. In seminal studies
examining the use of CorMatrix to reconstruct pig pulmonary valve leaf-
lets, histologic examination demonstrated that the CorMatrix supported
the recapitulation of the native valve structures and eventual dissolu-
tion of CorMatrix within approximately 4 months of implantation
[19]. In sheep, reconstruction of tricuspid valve leaflets demonstrated
infiltration of host cells onto the atrialis of the CorMatrix bioprosthesis,
with inflammatory infiltrate near the site of suture [6]. Additionally, the
authors reported that elastin deposition was restricted to the cells
which had migrated onto the CorMatrix, and elastin was not found
within the CorMatrix itself after 12-months of implantation. Unlike
what was seen in pig, significant deterioration of CorMatrix was not
readily identified within sheep during the time points examined.

In vivo response to CorMatrix in human cardiac valve leaflets paral-
lel the findings seen in sheep. In this regard, Zaidi and colleagues dem-
onstrated that ‘neointima’ had formed on the surface of the CorMatrix,
alongwith marked inflammation, with CorMatrix persisting at its nom-
inal thickness after up to 261 days [14]. Examination of CorMatrix after
longer implant duration suggests that CorMatrix can be degraded in
non-porcine hosts. In addition to our findings presented above, pericar-
dial repair within an adult patient, which remained in vivo for 5 years,
demonstrated engulfment of the CorMatrix by native fibroblasts and
mesothelial cells, and degradation of the CorMatrix in to rare foci of
acellular collagen [1]. CorMatrix grafts may also undergo significant
degradation depending upon the site of implantation. A report in



Fig. 4. Histology of CorMatrix implanted at different anatomic locations. Included are gross photographs and corresponding photomicrographs of CorMatrix material implanted into the
indicated anatomic locations. CorMatrix material is denoted with ‘C' and native tissue is denoted with ‘N'. Refer to Table 1 for implant duration.
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which CorMatrix was used to repair a unicuspid aortic valve described
marked calcification and fibrosis necessitating a redo operation [20].
Thus, it appears that there is variability in the histologic appearance of
CorMatrix implanted for longer periods of time.

5. Conclusion

Overall, the in vivo response to CorMatrix appears to follow a regular
pattern of anatomic evolution, with variable inflammatory infiltrate
seen depending upon anatomic location. Inflammatory response is a
key attribute to identify, as profound inflammation in a grafted location
without significant traumamay indicate a hypersensitivity reaction and
preclude the future use of CorMatrix for that patient. Together, ourfind-
ings and the observations by others suggest that CorMatrixmay provide
an adaptablematerial for the in growth of native tissues and reconstruc-
tion of cardiovascular structures.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.carpath.2018.12.003.
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