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ABSTRACT

Objective: Decellularized extracellular matrix made from porcine small intestinal
submucosa, commercially available as CorMatrix (CorMatrix Cardiovascular, Inc,
Roswell, Ga) is used off-label to reconstruct heart valves. Recently, surgeons expe-
rienced failures and words of caution were raised. The aim of this study was to eval-
uate decellularized porcine small intestinal submucosa as right-sided heart valved
conduit in a xenogeneic animal model.

Methods: A pulmonary valve replacement was performed with custom-made
valved conduits in 10 lambs and 10 sheep (1 month [3 lambs and 3 sheep], 3 months
[3 lambs and 3 sheep], 6 months [4 lambs and 4 sheep]). Valve function was as-
sessed after implantation and before the animal was put to death. Explanted con-
duits were inspected macroscopically and analyzed using immunohistochemistry
and scanning electron microscopy. They also underwent mechanical testing and
testing for biochemical composition.

Results: All valved conduits were successfully implanted. Five sheep and 2 lambs
died due to congestive heart failure within 2 months after surgery. In the animals
that died, the valve leaflets were thickened with signs of inflammation (endocarditis
in 4). Five sheep and 8 lambs (1 month: 6 out of 6 animals, 3 months: 4 out of 6 an-
imals, 6 months: 3 out of 8 animals) survived planned follow-up. At the time they
were put to death, 5 lambs had significant pulmonary stenosis and 1 sheep showed
severe regurgitation. A well-functioning valve was seen in 4 sheep and 3 lambs for
up to 3 months. These leaflets showed limited signs of remodeling.

Conclusions: Fifty percent of sheep and 20% of lambs died due to valve failure
before the planned follow-up period was complete. A well-functioning valve was
seen in 35% of animals, albeit with limited signs of tissue remodeling at
�3 months after implantation. Further analysis is needed to understand the disturb-
ing dichotomous outcome before clinical application can be advised. (J Thorac Car-
diovasc Surg 2020;160:e201-15)
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Unreliable outcome of porcine small intestinal sub-
mucosa implanted as a heart valved conduit.
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CENTRAL MESSAGE

The use of CorMatrix pSIS-ECM
in heart valve surgery should be
considered with great care
because of unreliable outcomes
due to inflammatory reaction
and lack of constructive
remodeling.
PERSPECTIVE
The use of CorMatrix pSIS-ECM as heart valve
repair or replacement material may be subopti-
mal. Further histopathological evaluations should
be undertaken to better understand how CorMa-
trix behaves in the human cardiovascular system.
Until then, the use of CorMatrix cannot be
advised.

See Commentaries on pages e217, e221, and
e222.
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Abbreviations and Acronyms
aSMA ¼ alpha-smooth muscle actin
FDA ¼ Food and Drug Administration
pSIS-ECM ¼ decellularized extracellular matrix

made from porcine small intestinal
submucosa

PS ¼ pulmonary stenosis
sGAG ¼ sulfated glycosaminoglycan
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Heart valve disease is a common diagnosis worldwide in
adult and pediatric patients. Currently used valve prostheses
have resulted in enhanced survival and quality of life, but
they have significant limitations, such as enhanced throm-
boembolic risk, requirement of lifelong anticoagulation
treatment, and progressive tissue deterioration with a
limited life span requiring reoperations in the case of me-
chanical valves and bioprostheses.1 Tissue engineering of
heart valves aims at the creation of living valves with the ca-
pacity to grow, repair, and remodel.2,3 Decellularized extra-
cellular matrix made from porcine small intestinal
submucosa (pSIS-ECM) is of great interest for in situ tissue
engineering of heart valves. It is presented as naturally
occurring and harvestable ECM.4 In the pulmonary posi-
tion, a small number of animal studies have shown tissue re-
modeling; however, these studies were performed in a
homogeneic setting (porcine), whereas pSIS-ECM used in
human patients is xenogeneic.5,6 Although not extensively
and independently studied in preclinical trials, pSIS-ECM
is used off-label for valve reconstructions in human beings.
Recently, surgeons experienced early failures after valve
reconstruction using CorMatrix (CorMatrix Cardiovascu-
lar, Inc, Roswell, Ga) and a word of caution was raised
regarding the use of pSIS-ECM in heart valve repair.7 Con-
cerned about the inconsistent clinical results of using Cor-
Matrix in cardiac surgery, we aimed to evaluate the
feasibility of pSIS-ECM as a pulmonary valve in a xenoge-
neic animal model.
METHODS
Animals and Study Setup

Ten female swifter sheep (weight, 62.5� 8.7 kg and age, 3.1� 2.3 years)

and 10 female swifter lambs (weight, 33.5 � 6.4 kg and age,

7.5 � 2.2 months) underwent pulmonary valve replacement with a custom-

made valved conduit made of CorMatrix. Follow-up was 1 month (n ¼ 3

sheep and n ¼ 3 lambs), 3 months (n ¼ 3 sheep and n ¼ 3 lambs), and

6 months (n ¼ 4 sheep and n ¼ 4 lambs). Approval for the animal studies

was obtained from theUniversityMedical CenterUtrecht Animal Care Ethics

committee in agreement with the current Dutch law on animal experiments.

Conduit Construction and Pulmonary Valve
Replacement

While the operation on the sheep was started (HT, JK), a second surgeon

(PFG) constructed the valved conduit under sterile conditions. The
e202 The Journal of Thoracic and Cardiovascular Sur
constructed valved conduit is a modification of the valved conduit

described by Gilbert and colleagues.8 The width of the pSIS-ECM sheet

at level C determines the diameter of the final conduit at the level of the

top of the commissures (when folded and invaginated; 19 and 23 mm diam-

eter for lambs and sheep, respectively). (Figure 1, A) Next, the conduit was

folded inward and 2 layers were fixed at 3 points using sutures; the inner

layer forms the valve leaflets. The diameter at the proximal side (inlet

BB’ in Figure 1, A) of the conduit is larger when compared with the diam-

eter at the distal outlet (AA’ in Figure 1, A), with the aim to enlarge coap-

tation area of the leaflets. Commissures were reinforcedwith ECMpatches.

The surgical procedure is further described in Appendix E1.

(Immuno)histochemistry and Histologic
Quantification

After macroscopic inspection, sections were fixed in 10% formalin for

at least 48 hours and embedded in paraffin. Sections sized 4 mm were

stained with Mayer’s hematoxylin and eosin, elastin-van Gieson, 0.1%

(w/v), Sirius red F3B (Gurr BDH, Poole, United Kingdom), and 2% Aliz-

arin Red (A5533; Sigma-Aldrich, St Louis, Mo). Additionally, sections

were stained for macrophages (CD68) (1:200, ab22506; Abcam, Cam-

bridge, United Kingdom) and alpha-smooth muscle actin (aSMA)

(1:32.000, A2547; Sigma-Aldrich). Sections were photographed (Nikon

E800; Nikon, Tokyo, Japan) and analyzed with ImageJ software (National

Institutes of Health and the Laboratory for Optical and Computational

Instrumentation, University of Wisconsin, Madison, Wisc).9 Histological

analysis is described in Appendix E1.

Scanning Electron Microscopy
Samples processing and imaging for scanning electron microscopy is

described in Appendix E1. Leaflet and control surfaces were scanned

and images were acquired at 503, 1003, 4003, and 8003 magnification

at the upper, mid, and lower region of the leaflet of both the ventricular and

arterial side. The images were scored for endothelial cells, delamination,

and vegetation on a scale from 0 to 3 by 2 investigators (KM and BS) in

a blinded procedure, and then averaged. A score of 0 meant not present

and a score of 3 meant clearly distinguishable and extensively present.

For characterization of delamination and vegetation, images with a

maximal magnification of�503were scored. For endothelial cells, images

with magnification of either 4003 or 8003 were used. Data analysis was

performed on the average score per leaflet.

Biochemical Analyses
Biochemical analysis was performed on preimplant pSIS-ECM and at least

3 tissue samples from different regions of the valve per animal. The samples

were digested overnight (16 hours) at 60�C in 300 to 400 mL papain buffer

(100 mM phosphate buffer, 5 mM L-cysteine hydrochloride (C1276; Sigma-

Aldrich), 5mMethylenediaminetetraacetic acid, and 125 to 140mg/mLpapain

(P5306; Sigma-Aldrich). Samples were centrifuged and only the supernatant

was used formeasurements.Theconcentrationof sulfatedglycosaminoglycans

(sGAG) was assessed based on the method of Farndale and colleagues10 DNA

contentwasmeasuredusingHoechst dye33528 (14530;Sigma-Aldrich),11 and

as an indicator for the amount of collagen fibers, the hydroxyproline content

was measured according to the method of Huszar and colleagues.12

Biomechanical Analysis
Equibiaxial tests were performed on explanted samples of approxi-

mately 4 mm 3 4 mm from the midregion of the leaflets. Biomechanical

analysis is further described in Appendix E1.

Statistics
Data were analyzed using SPSS (SPSS-IBM, Inc, Armonk, NY) and

GraphPad (San Diego, Calif). Kruskal-Wallis test by ranks was
gery c October 2020



FIGURE 1. Three-dimensional valved conduit created out of flat trapezoid shaped piece of porcine small intestinal submucosa-extracellular matrix (pSIS-

ECM). A, pSIS-ECM sheet is cut to size having a larger length AA’ versus DD’. Note the arched shape of the 3 free margins of the future leaflets. The width

of the pSIS-ECM sheet at level C determines the diameter of the final conduit at the level of the top of the commissures (when folded and invaginated, either

19 or 23 mm). The sheet is then rolled to form a cylinder and festinated along its length A’D’. The formed conduit is then invaginated until CC’ is at the same

height as AA’, creating an inner- and outer tube. Free margins of individual leaflets become oversized, creating sufficient coaptation height. Stitches attach-

ing the inner- to the outer-tube at the level of fused A’C’ every 120� creates 3 equal leaflets supported by ECM patches. The distal part of the conduit is

fashioned to correct conduit length at site of implantation. B and C, Valved conduit before implantation. D, Implanted valved conduit. (Design and creation

with permission of P.F. Gr€undeman.)
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performed to evaluate statistical significance between groups. Posthoc

testing was done with Dunn’s multiple comparisons test. Mann-

Whitney tests were performed to compare medians of 2 groups. Interob-

server agreement was analyzed using Cohen’s kappa with linear

weighting.
The Journal of Thoracic and Car
RESULTS
Pulmonary Valve Replacement
All valved conduits were successfully implanted with a

median (interquartile range [IQR]) bypass time of
diovascular Surgery c Volume 160, Number 4 e203
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52 minutes (IQR, 37-67 minutes) in sheep and 44 minutes
(IQR, 35-63 minutes) in lambs. Directly after implantation,
a well-functioning pulmonary valved conduit was seen on
epicardial echocardiography in all animals. Valve leaflets
opened and closed with a large coaptation area without
signs of stenosis or regurgitation. Seven animals died before
planned follow-up (1 sheep and 1 lamb died within 1 month
after implantation and 4 sheep and 1 lamb died during the
second month after implantation) (Table 1). Most animals
died due to congestive heart failure caused by pulmonary
valve dysfunction; 1 animal showed signs of septic pulmo-
nary embolism after 16 days. Five sheep (1 month [n ¼ 3],
3 months [n ¼ 1], and 6 months [n ¼ 1]) and 8 lambs
(1 month [n ¼ 3], 3 months [n ¼ 3], and 6 months
[n ¼ 2]) survived planned follow-up.
pSIS-ECM Before Implantation
Gross examination and (immuno)histochemistry of the

conduit showed pliable leaflets with a large coaptation area
before implantation. Presence of residual cellular DNA,
TABLE 1. Summary of valve performance in 10 sheep and 10 lambs impla

pulmonary valved conduit

Follow-up (mo) Animal Premature death (d) Cau

Sheep no.

1 2

4

7

3 1 51 Hear

3

13 60 Endo

6 5

8 56 Hear

10 56 Hear

12 30 Endo

Lamb no.

1 3

5

11

3 1

4

10

6 2 16 End

p

e

6

8

9 70 End

PS, Pulmonary stenosis; PR, pulmonary regurgitation. *PS grades were defined as mild ¼

e204 The Journal of Thoracic and Cardiovascular Sur
collagen and anti-aSMA reactivity was seen (Figure 2, A
and I, and Figure E1, B and C). Measurable DNA content
was confirmed using biochemical analysis (Figure 3, A).
On scanning electronmicroscopy, a smooth and cell free sur-
facewith delamination of the layered collagen sheetwas seen
(Figure 4, A and B). Biochemical analyses showed that the
samples before implantation are collagen-richwith hydroxy-
proline concentrations in the range of native pulmonary
valves and contained low amounts of sGAGs (Figure 3, B
and C). The thickness of pSIS-ECM before implantation
was 0.35 � 0.15 mm (Figure 3, E). The tangent modulus
for the radial direction (3.8 3 104 � 1.9 3 104 kPa) was
not significantly different than for the circumferential direc-
tion (3.4 3 104 � 2.0 3 104 kPa) at a true strain of 0.3
(Figure 3, D) and was highly variable. This led to an anisot-
ropy index close to 0 (Figure 3, F).
Animals That Survived Planned Follow-up
One month. At 1 month after implantation, 1 out of 3
lambs had developed severe pulmonary valve stenosis
nted with a CorMatrix (CorMatrix Cardiovascular, Inc, Roswell, Ga)

se of death

Pmax gradient

(mm Hg) PS grade* PR grade

3.5 None None

8.9 None None

9.8 None None

t failure – – –

8.6 None None

carditis – – –

8.4 None Severe

t failure – – –

t failure – – –

carditis – – –

9.7 None None

66.5 Severe None

7.2 None None

79.6 Severe None

50.7 Moderate None

6.7 None None

ocarditis/

ulmonary

mbolism

– – –

23.9 Mild None

27.2 Mild None

ocarditis – – –

10 to 36 mm Hg; moderate ¼ 36 to 64 mm Hg; and severe>64 mm Hg.
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FIGURE 2. Histological changes of implanted decellularized extracellular matrix made from porcine small intestinal submucosa (pSIS-ECM). A, E, and I,

pSIS-ECM before implantation. B, F, and J, At 1 month follow-up. C, G, and K, Three months follow-up. D, H, and L, Six months follow-up. A through D,

Hematoxylin and eosin staining. E though H, CD68 for macrophages. I through L, Sirius red for collagen. M, Comparison between valve cellularity in lambs

and sheep. N, Pooled comparison between animals that survived and animals that died (L/D) before planned follow-up (analysis of variance, P ¼ .0204).

T 1 month and T 2 months are animals that died before follow-up. Scale bar represents 50 mm. Box plots represent median with interquartile ranges

(IQR) � 1.5 times IQR. *P<.05.
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(PS) (Pmax, 66.5 mmHg); the other surviving 2 lambs (me-
dian Pmax, 8.5 mm Hg [IQR, 7.2-9.7 mm Hg]) and 3 out of
3 sheep (Pmax, 8.9 mm Hg [IQR, 3.5-9.8 mm Hg]) were
free from PS (Table 1).

Average leaflet thickness was 0.53� 0.27 mm at 1 month
(n¼ 5). The stenosed valvewas slightly thickened (0.8 mm)
and showed signs of calcification at the base of the leaflets
The Journal of Thoracic and Car
and increased levels of inflammatory cells. In sheep, 2
valves showed lightly thickened leaflets with a rough sur-
face at 1 month. The remaining 3 valves in 2 lambs and 1
sheep, that were free of PS, showed pliable leaflets with a
smooth surface (Figure 5, A and B, and Figure 6, A and B).
Inflammatory neutrophils and macrophages were seen

lining the wall of the pSIS-ECM valved conduit;
diovascular Surgery c Volume 160, Number 4 e205



0

Pre 1m 3m 6m
T 1

m
T 2

m
Nat

ive

2

4

6

D
N

A
 (
μ

g
/m

g
)

DNA

8

10

A

Tangent moduli at 0.3 strain

0

Pre
 - 

x

Pre
 - 

y

1m
 - 

cir
c

1m
 - 

ra
d

3m
 - 

cir
c

3m
 - 

ra
d

6m
 - 

cir
c

6m
 - 

ra
d

20000

40000

T
an

g
en

t 
M

o
d

u
lu

s 
(k

P
a)

60000

P = .063

P = .087
80000

D

B

0

Pre 1m 3m 6m
T 1

m
T 2

m
Nat

ive

10

20
40 *

sG
A

G
 (
μ

g
/m

g
)

Sulfated glycosaminoglycans

50

60

70

0

Pre 1m 3m 6m
T 1

m
T 2

m

2

4

T
h

ic
kn

es
s 

(m
m

)

Thickness

6

8

P = .091

**

E

P = .052
*

0

Pre 1m 3m 6m
T 1

m
T 2

m
Nat

ive

20H
Y

P
 (
μ

g
/m

g
)

Hydroxyproline

40

60

C

-1.0

Pre 1m 3m 6m

0.0

-0.5

ra
ti

o
 (

-)

Anisotropy indices

0.5

1.5

1.0

F
FIGURE 3. Biochemical and mechanical analysis of explanted valves. Concentrations. A, DNA (analysis of variance [ANOVA], P ¼ .25). B, Sulfated

glycosaminoglycans (ANOVA, P¼ .016). C, Hydroxyproline per group (ANOVA, P¼ .011). D, The tangent moduli as representation of stiffness (ANOVA,

P ¼ .0081). E, The thickness of the leaflets (ANOVA, P ¼ .0082). F, The corresponding anisotropy indices for indication of higher stiffness in 1 direction

over the other, indicating a preferred collagen in that direction (ANOVA, P¼ .55). T 1 month and T 2months are animals that died before planned follow-up.

Sheep and lambs are pooled per time point. Box plots represent median with interquartile ranges (IQR) � 1.5 3 IQR. *P<.05. **P<.01.
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follow-up (B3), but less visible in the animals that survived planned follow-up (B2). A surface covered with endothelial cells (C1), partially covered areas

show a transition zone (C2), and a lack of endothelial cells leaves a rough surface (C3). T 1 month and T 2 months are animals that died before planned
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inflammatory infiltration of leaflets was almost absent after
1 month. The clearly visible and numerous remnant nuclei
present in the pSIS-ECM sheets before implantation, are
cleared within the first month after implantation. The
amount of cells infiltrating the sheets was significant lower
compared with the number of cells in the neotissue lining
the sheets; the amount of cells in the wall of the valved
conduit was significantly higher than in the valves. The
conduit wall, but not the leaflets, contained significant
numbers of aSMA-positive cells (Figure E1, B and C). Re-
sidual pSIS-ECM was apparent as a loose-appearing
layered sheet similar to pSIS-ECM before implantation
(Figure 2, A-D). An endothelial layer was virtually absent.
Three months. At 3 months, 2 out of 3 lambs had devel-
oped moderate-severe PS (Pmax, 50.7 mm Hg and
79.6 mm Hg). One lamb (Pmax, 6.7 mm Hg) and 1 sheep
The Journal of Thoracic and Car
(Pmax, 8.6 mm Hg) were free from valve dysfunction.
These animals had pliable leaflets without thrombus or
vegetation. Two out of 3 sheep died 1 month before planned
follow-up due to heart failure. Leaflet thickness was
0.56 � 0.08 mm and at 3 months (n ¼ 2). Stenotic valves
appeared thicker at 1.07 � 0.70 mm (n ¼ 2).
A smooth surface and moderate delamination (Figure 4,

B) was seen in all lambs and sheep. A few small lumps
were formed on the surface of leaflets of stenosed valves
(Figure 4, A). The stenosed valves showed signs of calcifi-
cation at the base of the leaflets and increased levels of in-
flammatory cells. Next to macrophages and neutrophilic
granulocytes, aSMA-positive cells were seen lining the
wall of the conduit but were almost absent in the leaflets
(Figure E1). An endothelial layer was virtually absent
(Figure 4, C).
diovascular Surgery c Volume 160, Number 4 e207



FIGURE 5. Macroscopy of explanted valves. A, One month postimplantation (sheep). B, 3 months postimplantation (sheep). C, One month after implan-

tation (lamb). D, Six months after implantation (lamb). E and F, One and 2 months after implantation in animals that died before planned follow-up.
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Six months. At 6 months, 2 out of 4 lambs and 1 out of 4
sheep survived. The surviving lambs had mild PS (Pmax,
23.9 mm Hg and 27.2 mm Hg). The sheep that survived un-
til 6 months was free of PS (Pmax, 8.4 mm Hg) but showed
severe pulmonary regurgitation. Macroscopic examination
of this conduit revealed that 2 valve leaflets had completely
disappeared and the remaining leaflet was thickened.
Microscopic examination showed calcific nodules in the
valve of 1 lamb. The leaflets measured 1.14 � 0.89 mm
thickness at 6 months (n ¼ 3).

The amount of cells in the leaflets did not increase over
time (Figure 2, N and M) and there was only limited
coverage by endothelial cells after 6 months (Figure 4,
C). New collagen formation was difficult to determine
FIGURE 6. Histology of explanted valves. A and B, Sheep that survived until p

follow-up 1 month postimplantation. A and C, Hematoxylin and eosin staining. B

died before planned follow-up (analysis of variance, P ¼ .0007). Sheep and lam

interquartile ranges (IQR) � 1.5 times IQR. *P<.05. ***P<.001.

e208 The Journal of Thoracic and Cardiovascular Sur
due to the collagen already present in the pSIS-ECM sheet
before implantation (Figure 2, I-L). Hydroxyproline con-
centrations were comparable to preimplant pSIS-ECM
(Figure 3,C). There was no elastin fiber formation and there
were no signs of remodeling into tissue resembling a 3-
layered native heart valve. The sGAG concentration
increased over time but never reached native valve levels.
DNA concentrations were highly variable and did not
significantly change over time or compared with pSIS-
ECM before implantation and was lower than in native
valves (Figure 3, A).

The tangent modulus appeared decreased at all time
points as compared with pSIS-ECM before implantation
(Figure 3, D). No significant difference in tangent modulus
E
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b are pooled. Scale bar represents 1 mm. Box plots represent median with
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FIGURE 7. Unreliable outcome of porcine small intestinal submucosa extracellular matrix (pSIS-ECM) implanted as a heart valved conduit. We evaluated

pSIS-ECM as right-sided heart valved conduit in a xenogeneic sheep model. After implantation, 5 out of 10 of sheep and 2 out of 10 of lambs died within

2 months due to significant valve dysfunction. Valve failure was caused by an intense inflammatory response to the pSIS-ECM together with calcification

and in some cases endocarditis. Awell-functioning valvewas seen in 4 out of 5 surviving sheep and 3 out of 8 surviving lambs. These valves however showed

no signs of constructive tissue remodeling at 3 months after implantation. The use of CorMatrix (CoreMatrix Cardiovascular, Roswell, Ga) pSIS-ECM in

heart valve surgery should be considered with great care because of unreliable outcomes in a xenogeneic setting.
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between circumferential and radial direction was found and
the average anisotropy index stayed close to 0 (Figure 3, F).
Animals That Died Before Planned Follow-up
Seven animals (35%) died before planned follow-up af-

ter a median of 56 days (IQR, 30-60 days) (Table 1). At the
end of the study, valve function could only be assessed in
animals that survived until planned follow-up.

Inspection of these valves showed thickened, rigid leaf-
lets with vegetative growth (Figure 5, E and F), significantly
higher than in animals that survived planned follow-up at 1
or 3 months (Figure 3, A). Bacterial endocarditis was
confirmed by Gram staining in 4 valves (Figure E2). An
intense inflammatory reaction was seen in the pSIS-EMC
sheet and lining the leaflet and the wall of the conduit.
This response mainly consisted of neutrophilic granulo-
cytes and CD68þ macrophages (Figure 6, C and D). In
the adjacent native tissue, macrophages and giant cells
were seen in combination with lymphocytic infiltration, ex-
tending into the pSIS-ECM. Several calcific noduli were
also observed in 2 sheep after 2 months.
The Journal of Thoracic and Car
Leaflets of animals that died before planned follow-up
appeared more delaminated than those that survived; all
were rated �2 (Figure 4, B). Minimal endothelialization
was found in 2 animals (Figure 4, C). In the 5 other animals
that died, no endothelial cells were observed.
A significant decrease in hydroxyproline was seen in

valves of animals that died prematurely (Figure 3, C).
The sGAG concentration was low and comparable to
surviving animals (Figure 3, B). DNA concentrations in
leaflets of 2 animals that died after 1 month varied
largely and were more consistent in animals that died af-
ter 2 months (Figure 3, A). The amount of DNA appeared
higher when compared with pSIS-ECM before implanta-
tion and of animals that survived until planned follow-
up, but no significant difference was found between
groups.
Due to thickening of the leaflets of the animals that died

before planned follow-up, equibiaxial tensile testing could
not be conducted. Leaflet thickness ranged from
1.99 � 1.85 mm (n ¼ 2) at 1 month to 3.24 � 1.70 mm
(n ¼ 5) at 2 months (Figure 3, E).
diovascular Surgery c Volume 160, Number 4 e209
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DISCUSSION
Five sheep (50%) and 8 lambs (80%) implanted with

pSIS-ECM valved conduits in the pulmonary position sur-
vived planned follow-up for up to 6 months. Of the surviv-
ing animals, 4 sheep and 3 lambs had a well functioning
heart valve prosthesis for up to 3 months. Minimal signs
of remodeling toward a 3-layered heart valve were seen,
whereas the animals with valve dysfunction showed intense
inflammatory reaction.

Since the first xenograft valve replacement in 1965,13 the
immune response to xenograft tissue has been problematic.
All currently used bioprosthetic valves are exposed to
glutaraldehyde to crosslink protein and reduce antigenicity.
It is well known that glutaraldehyde cross-linking, although
beneficial for mechanical and biological properties, can
induce calcification. Therefore, some companies try to
minimize its use; a product that completely avoids glutaral-
dehyde is CorMatrix pSIS-ECM. CorMatrix is a decellular-
ized xenograft that is lyophilized and treated to be
immunologically inert. pSIS-ECM sheets from CorMatrix
are currently approved by the Food and Drug Administra-
tion (FDA) for use in the cardiovascular environment for
pericardial reconstruction and repair, and as a patch for
intracardiac tissue repair (ie, septal defects). pSIS-ECM
has been shown to induce tissue-specific remodeling in
the organ or tissue into which it is placed in various animal
models, including heart valves.14-16 We unsuccessfully
attempted to access the FDA documents of preclinical
CorMatrix studies on which the FDA based its approval
for clinical use. It would help doctors who consider using
a new material if this (public) information could be
accessible more easily.

In 2019, CorMatrix started an FDA feasibility study for
its CorMatrix ECM tricuspid valve in a small population
of pediatric and adult patients to replace a diseased tricuspid
valve.17 First results will determine proof of principle and
initial clinical safety. Estimated study completion date is
December 2024. More than 30 other unique valve designs
have been patented by the company over the past several
years.

Probably the most important difference between Cor-
Matrix with other xenogeneic valves and patches used
in cardiac surgery is the absence of glutaraldehyde in
the processing or storage. To the best of our knowledge
there has been only 1 other nonglutaraldehyde-treated
xenogeneic product on the market, the Synergraft (Cryo-
Life Inc, Kennesaw, Ga). Synergraft produced porcine
aortic composite grafts (model 500) or pulmonary roots
(model 700) that were rendered cell-free through a propri-
etary process, and were not exposed to glutaraldehyde. In
a study published in 2003, the Synergraft was used to
reconstruct the right ventricular outflow tract in 4 pediat-
ric patients, of whom 3 died and the fourth graft was
e210 The Journal of Thoracic and Cardiovascular Sur
explanted prophylactically.18 The valves elicited a strong
inflammatory response leading to structural failure and
rapid degeneration. Preimplant samples of the porcine
Synergraft contained calcific nodules and revealed incom-
plete decellularization. These results illustrate the neces-
sity of adequate antigen removal and stabilization in
xenografts.

Since its introduction, a dozen experimental and clinical
studies have investigated the use of CorMatrix pSIS-ECM
in off-label heart valve repair and replacement. Initial
research showed good valve function and progressive endo-
thelialization and constructive remodeling in the short-term
in porcine, ovine, and human atrioventricular and pulmo-
nary valves.5,19,20 Miller and colleagues6 showed advanced
remodeling in the pig pulmonary position with myofibro-
blast infiltration, endothelialization, and conduit growth.
Despite this remodeling, all animals eventually developed
significant valve dysfunction within 6 months.6

Incomplete resorption and disorganized degradation of
pSIS-ECM accompanied by chronic inflammation, fibrosis,
and calcification led to progressive mechanical and remod-
eling failure at 4 to 6 months in small preclinical studies in
pig aortic valve.21,22 In line with these findings, the largest
recent clinical studies on valve repair using CorMatrix have
shown functional failure at short- and midterm follow-up
with high reoperation rates.23-25 These explants were
characterized by an inflammatory presence and absence of
constructive remodeling and host-cell infiltration. This
lack of histologic evidence that CorMatrix can act as a scaf-
fold for reconstitution of native valve structures was under-
lined by several smaller clinical studies.7,26,27

Our findings in a sheep model of pulmonary valve
replacement are similar to most recent reports of histologic
findings in CorMatrix regarding valve failure: the presence
of chronic inflammation and calcification, and a lack
of constructive remodeling. We chose the sheep model
because it is xenogeneic and represents the worst-case
scenario for testing valve bioprosthetics in terms of
calcification.28 It is also well known that reaction to
bioprosthetic material is more severe in the pediatric
population. CorMatrix has been used particularly in this
patient group. Therefore, we implantated our valved
conduits also in lambs.

Failure to remodel and premature dysfunction in xenoge-
neic tissue has been described as being multifactorial in na-
ture.29 It appears to be a combination of tissue origin, tissue
processing, host age, and the host’s inflammatory response
that leads to early valve deterioration. Other independent
predictors of valve degeneration may be implant position
and conduit design, both are likely related to stress distribu-
tion within the valve. We used a homemade valved conduit.
Because there were 7 animals that showed a well-
functioning valve months after implantation, we do not
gery c October 2020
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think that the design of the valved conduit has influenced the
outcome of the present study.

Inflammation in CorMatrix in our sheep model may in
part be explained by the xenogeneic nature of pSIS-ECM.
Although CorMatrix is deemed a cell-free material, we
found measurable amounts of residual DNA before implan-
tation, confirming the findings of Naso and colleagues30

who observed an alarming amount of nucleic acid debris.
On the other hand, most of the commercially available bio-
logical ECM materials contain at least some amount of
DNA; however, this is typically present as small fragments
and amounts that may be insufficient to elicit any adverse
host immune response.16,31

Our conduits showed high susceptibility to infective
endocarditis, with 20% of animals showing bacterial
colonies in the explanted valves, leading to premature valve
dysfunction and death within 2 months after implantation.
One clinical study on the other hand showed CorMatrix to
resist infection in a small number of patients with active
endocarditis.19 Endocarditis after valve transplantation in
sheep is not a rare occurrence, with reported numbers of
10% to 20% of animals in more than a dozen xenogeneic
studies.32,33 Our group is very experienced in implanting
pulmonary grafts in the ovine model and have not
previously observed the high rate of endocarditis as seen
here.34

Our study has several limitations. Because 7 animals died
before planned follow-up, statistical analysis was often
impossible due to low number of animals, limiting our abil-
ity to draw conclusions in subgroups. We included no con-
trol group because the aim of the study was not to compare
pSIS-ECM to other valve prostheses. Additionally, the
length of follow-up was short; thus, we might have missed
favorable remodeling that occurred after 6 months.
CONCLUSIONS
After implantation of a pSIS-ECM valved conduit, 5 out

of 10 sheep and 2 out of 10 lambs died within 2 months due
to significant valve dysfunction. Valve failure was caused
by an intense inflammatory response to the pSIS-ECM
together with calcification and in some cases endocarditis.
A well-functioning valve was seen in 4 out of 5 surviving
sheep and 3 out of 8 surviving lambs. These valves showed
no signs of constructive tissue remodeling at 3 months after
implantation (Figure 7). Possible cause of graft failure is
likely multifactorial and may include the method of tissue
processing and the host inflammatory response to graft-
specific xenogeneic antigens (not masked by glutaralde-
hyde) and high mechanical stress. The unpredictable
dichotomous outcome makes it challenging to predict
whether current pSIS-ECM can be successfully applied in
heart valve replacement or repair and its clinical use must
be considered with great caution.
The Journal of Thoracic and Car
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APPENDIX E1. METHODS
Pulmonary Valve Replacement
Animals were placed on cardiopulmonary bypass via the

left carotid artery and jugular vein. A left-sided anterolat-
eral thoracotomy was performed in the third or fourth inter-
costal space. On the beating heart the pulmonary artery was
transected at the level of the commissures and the native
pulmonary valve leaflets were excised. The valved conduit
was implanted as interposition graft in the pulmonary ar-
tery. The distal and proximal anastomosis was made using
running sutures. After weaning from extracorporeal circula-
tion, an epicardial echocardiography was obtained to assess
valve function and the diameter in the middle of the valved
conduit and at the proximal and distal suture line during sys-
tole. A second epicardial echocardiogram was made just
before each animal was put to death. Animals received life-
long Ascal (80 mg/d orally; Ratiopharm, Ulm, Germany).
Animals also received 1 daily dose of depomycine 1 mL/
20 kg postoperative intramuscular injection.

(Immuno)histochemistry and Histologic
Quantification

Two investigators (JWR and HT), who were blinded for
age and time point of explantation, conducted analysis of
cellularity (total amount of cells per high power field,
403 objective lens) and average area of collagen or immu-
nopositive cells, and then averaged. For cellularity, 15 areas
in the wall of the valved conduit were analyzed. At 5 levels,
the adventitial, middle, and luminal side of the graft wall
were analyzed. In the leaflet, 5 levels were analyzed, from
tip to base at pulmonary, middle and ventricular side of
the leaflets. For collagen and immunopositive cells, the
average positive area was determined by threshold at 18
high powered fields on 9 areas in the wall of the conduit
and 9 in the leaflets. All observations were made in a
blinded fashion by 2 observers and results were averaged.

For Gram staining, 4 mm sections were deparaffinized,
rehydrated, and subsequently stained with crystal violet so-
lution and mordanted with Lugol’s iodine solution. After
differentiation in absolute acetone, sections were stained
with dilute carbol fuchsin solution and differentiated.
Next, sections were counterstained with light green SF
(C.I. 42095; Gurr BDH, Poole, United Kingdom) and dehy-
drated in acetone-xylene and xylene. Gram-negative bacte-
ria color red, whereas gram-positive bacteria are blue/violet
and collagen is green.

Scanning Electron Microscopy
Samples were fixed in 2.5% glutaraldehyde and dehy-

drated in a graded ethanol series, starting from 50% to
100% in 5% to 20% increments. The ethanol was then al-
lowed to evaporate, and samples were gold-sputtered for

visualization. Scanning electron microscopy (Inspect F;
FEI Company, Eindhoven, The Netherlands) images were
obtained with a secondary electron detector at low vacuum
mode, a voltage of 10 kV and a spot size of 4.0.

Biomechanical Analysis
First, the sample thickness was measured with a digital

microscope (VHX-500FE; Keyence, Woodcliff Lake, NJ).
Thereafter, samples were mounted in a Biotester system
(Cell scale, Waterloo, Ontario, Canada) between Biorakes
with 0.7 mm thin space (World Precision Instruments,
Berlin, Germany). The samples were equibiaxial precon-
ditioned in five cycles of 0.30 strain at a strain rate of 1.0
per minute. Every strain cycle also included a recovery
period at the same strain rate and a rest period of 33
the stretch time. From the last cycle, the last measurement
was used for data analyses. The obtained force-strain
curve was translated to a stress-strain curve, in which a
sixth order polynomial curve was fitted through each indi-
vidual data set in both radial and circumferential direc-
tion. Tissue stiffness was represented by the tangent
moduli in radial (Tr) and circumferential (Tc) direction
and calculated as the slope from the tangent to the fitted
polynomial curve at the maximum strain of 0.30. To
assess collagen fiber orientation, the anisotropy index
(Ai) was defined as:

Ai ¼ Tc

Tr
�1

So for Ai>0 the predominant fiber orientation is circumfer-
ential, for Ai<0 the predominant fiber orientation is radial,
and for Ai¼0 there is no preferred direction.

RESULTS
Valve Function
In lambs, the diameter of the valved conduit during sys-

tole seemed to increase over time at the distal suture line
(9.6 � 3.5 mm at 1 month, 11.8 � 5.6 mm at 3 months,
and 16.5� 0.7 mm at 6 months). In the middle of the valved
conduit, the diameter seemed to shrink initially and
increased at 6 months (12.2 � 7.3 mm at 1 month,
9.5 � 4.8 mm at 3 months, and 17 � 0.0 mm at 6 months).
At the proximal suture line, the diameter did not increase
(11.7 � 4.5 mm at 1 month, 11 � 5 mm at 3 months, and
13.5 � 2.1 mm at 6 months). In sheep the diameter did
not increase in the middle of the valved conduit
(17 � 7 mm at 1 months, 19 mm at 3 months, and 19 mm
at 6 months), nor at the proximal or distal suture line (prox-
imal suture line; 18.3 � 6.7 mm at 1 month, 16 mm at
3 months, and 17 mm at 6 months. Diameter distal suture
line 19 � 6 mm at 1 month, 18 mm at 3 months, and 18
at 6 months).
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FIGURE E1. Conduit alpha-smooth muscle actin (aSMA) expression. A, Comparison between valve aSMA expression in lambs and sheep. Comparison

between animals who survived and animals who died (L/D) before planned follow-up. B, Valve. C, Conduit wall. T 1 month and T 2 months are animals that

died before follow-up due to valve failure.
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FIGURE E2. Gram stain examples on animals that died prematurely. A, Large colonies of gram-positive cocci in fibrin vegetation surrounded by phago-

cytosingmacrophages. B,Mixed colonies of gram-positive and gram-negative cocci on the border of porcine small intestinal submucosa extracellular matrix

(pSIS-ECM). C, Gram-positive rods in fibrin. D, Gram-positive and gram-negative cocci.
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