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In vivo endothelialization and neointimal hyperplasia assessment
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Background: Previous studies have reported that the use of a patch in carotid endarterectomy (CEA)
surgery can reduce the rate of restenosis and perioperative complications. The goal of this study was to
compare the short- and medium-term outcomes of endothelialization and neointimal hyperplasia of patch
closure (PC) angioplasty in CEA with direct closure (DC) in a rabbit model. A bovine pericardial patch (BPP)
was used in the PC procedures.

Methods: Two carotid arteries were dried by air flow to simulate endarterectomy and selected for PC
and DC in each rabbit. Different animals were sacrificed at 1, 2, 3, 4, and 8 weeks after the procedure.
The endarterectomized segments were extracted and examined microscopically with histopathological and
immunohistochemical analysis, and electron-microscopy measurements.

Results: In all, 19 rabbits were included in this study; 3 rabbits were placed in a 2-week postoperative
group and 4 rabbits were placed in the 1-, 3-, 4-, and 8-week postoperative group respectively. Hematoxylin-
eosin (HE) staining showed neointima on the PC side at an early stage (1-week postoperatively), and intimal
hyperplasia could be seen on both sides. Immunohistochemical analysis showed that Ki-67 was higher on
the PC side than on the DC side at an early stage (1,661.5+1,122.9 cells/mm’, P=0.060). In the 2-week
postoperative group, von Willebrand factor (vWTF) was higher on the DC side (-377.0£155.6 cells/mm’,
P=0.052). Alpha-smooth muscle actin (a-SMA) values were comparable on both sides (P>0.05). Electron
microscopy measurements showed that functional endothelial cells exhibited a cobblestone-like morphology
and were nicely elongated in the direction of blood flow.

Conclusions: The use of BPP in PC angioplasty during CEA can maintain stability and also provide rapid
endothelialization. PC with BPP has comparable ability of efficient endothelialization with DC, but is more
likely to have early endothelialization.
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Introduction

Carotid endarterectomy (CEA) is a durable procedure
to prevent neurological symptoms and stroke in patients
with significant internal carotid artery stenosis (1), even in
elderly patients (2). Some randomized controlled trials have
demonstrated the safety and efficacy of CEA (3,4). Several
authorities have shown the reduced incidence of both early
restenosis and acute perioperative occlusion in patients
treated with patch angioplasty compared with those treated
with direct closure (DC) after CEA (5-7). According to the
2011 American Stroke Association guidelines, CEA with
patch closure (PC) reduces the risk of occlusion, restenosis,
and combined stroke or death (8). The current European
Society for Vascular Surgery guidelines on carotid artery
disease recommend routine PC after CEA (9).

A variety of patch materials are available for closure of
the arteriotomy, including autologous venous biomaterial
patches (which are derived from animal tissues) and
synthetic patches such as expanded polytetrafluoroethylene
(PTFE) and Dacron. Among them, the bovine pericardial
patch (BPP) (10,11) is the most popular option. BPP in
human carotid artery repair was first introduced by Biasi
et al. in 1996 (12). Since then, BPP has been commonly
used in CEA procedures (1,13-15).

Although BPP has been available for more than
20 years, few studies have examined neointimal hyperplasia
in PC compared with DC in CEA. Ito et a/. (16) carried out
an autopsy on a carotid artery specimen in the acute stages
after CEA with patch angioplasty. They suggested that the
intrinsic arterial wall may have an important role in intimal
regeneration after CEA; however, the neointima on the
patch was not demonstrated due to insufficient implantation
time. Previous studies have also explored the healing
response after carotid arterial injury in balloon-injured
carotid artery and PC for carotid arteriotomy (17-19).
Yet, these studies did not clarify the difference between
PC and DC after CEA. In addition, re-endothelialization
on the patch has always been particularly concerning, as it
is directly related to thrombosis (20). Moreover, it is also
unclear whether the neointima on the patch is functional.
The goal of this study was therefore to compare the short-
and medium-term outcomes of endothelialization and
neointimal hyperplasia of BPP angioplasty during CEA with
DC in a rabbit model. We present the following article in
accordance with the ARRIVE reporting checklist (available
at http://dx.doi.org/10.21037/atm-20-8103).

© Annals of Translational Medicine. All rights reserved.
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Methods
Animals

Male New Zealand white rabbits weighing 2-3 kg were
purchased from Beijing Regal Experimental Animal
Breeding Center, Beijing, China (certificate no. SCXK
2019-0015/2019-0043). Experiments were performed under
a project license (No.: 20181001) granted by institutional
ethics committee of Xuanwu Hospital, Capital Medical
University, in compliance with the National Institutes of
Health Guide for the care and use of animals.

BPP

The patch (4X, Beijing Balance Medical Technology Co.,
Ltd., China) used for PC after CEA was made of bovine
pericardium and was treated by a series of biochemical
processes, including decellularization, immunogenicity
removal, and cross linking (for extra strength). After
being sterilized, the patch was stored in normal saline
for bacteriostasis. The BPP, which is primarily used for
cardiovascular reconstruction and repair, has already
been granted marketing production approval by the
Chinese Food and Drug Administration (CFDA). With
patent treatment technology, BPP can reduce short-term
thrombosis and long-term restenosis caused by membrane
hyperplasia, and also improve the long-term patency rate of
blood vessels after surgery. Its effectiveness has been verified
through congenital heart disease operations after years of
implantation.

Management of the carotid artery

The rabbits were anaesthetized using 1 mL/kg of 2%
phenobarbital sodium via intravenous bolus through the ear
vein. Next, the dose was increased according to the awake
state of the rabbits. A middle incision approximately 2 cm in
length was made to the rabbits’ neck to expose the carotid
arteries. A mini aneurysm clip (FT7247, Aesculap AG,
Braun, Germany) was used to block the proximal and distal
ends of the carotid artery. The endothelium of the arterial
lumen was then air dried for 10 minutes at 200 mL/min via
needle puncture to simulate the CEA procedure. The
airflow rate was controlled using a glass rotameter (LZB-3,
30-300 mL/min, Senlod, China). This model has been
described in previous literature (21,22), with reports
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Figure 1 Operative situs. (A) Our surgical team member performing the surgery; (B) endothelial cells being damaged by air drying in order

to simulate the carotid endarterectomy (CEA) procedure; (C) patch closure for the right carotid artery; (D) direct closure for the left carotid

artery.

indicating that after 3 days, all the endothelial cells are
removed from the full circumference of the segment of the
artery exposed to air drying (23). The carotid artery was
subsequently cut longitudinally. BPP closure was performed
for the right carotid artery, while DC was performed for the
left carotid artery (Figure I). The operation was completed
by suturing the incision, and the rabbits were allowed to
wake up naturally from anesthesia. Following completion of
the surgery, all experimental rabbits were transferred to the
professional feeding center and fed a high-cholesterol diet.

Experimental grouping

We adopted the self-control method for comparison,
performing CEA with PC in one carotid artery and DC in
the other. All tested animals were divided into five groups
based on different postoperative feeding and sacrificing
times. The time intervals included 1, 2, 3, 4, and 8 weeks
after the procedure. At each of these time points, the
rabbits in the group were sacrificed, and their bilateral
carotid arteries were removed for histopathological,
immunohistochemical, and electron microscopy analysis.

Histopathological and immunobistochemical analysis

Each carotid artery specimen was divided into 2 parts from
the middle line. One half was fixed in 10% neutral-buffered

© Annals of Translational Medicine. All rights reserved.

formalin, dehydrated in alcohol, and embedded in paraffin,
and 2-4 mm transverse sections were made in the middle
area of the graft or DC area. Samples were sectioned at a
thickness of 5 pm for immunohistochemical analysis and
hematoxylin-eosin (HE) staining. Neointimal thickness
was measured in HE-stained transverse sections which
had been scanned into electronic documents. Neointimal
thickness was measured from the middle area of the patch
at 3 standardized positions using ImageScope (version
12.1.0, Aperio Technologies, Inc., USA). For DC, intima-
media thickness was measured from the area contrary to the
suture line. Three points were also selected to calculate the
average

Immunohistochemical analysis included monoclonal
antibodies against alpha-smooth muscle actin (a-SMA)
(mouse monoclonal antibody, dilution 1:200, GB23301,
Servicebio, China) and von Willebrand factor (vWF)
(rabbit monoclonal antibody, dilution 1:200, GB13030-2,
Servicebio, China) to evaluate the genesis of the neointima.
Monoclonal antibodies against Ki-67 (rabbit monoclonal
antibody, dilution 1:200, GB23303, Servicebio, China), a
nuclear protein associated with cellular proliferation, were
used to investigate the proliferative activity of the neointima.
For the DC side, the neointima was indistinguishable from
the original structure, so we chose an area similar to the PC
side for analysis. These immunohistochemical results were
scanned (Pannoramic 250, 3D HISTECH Ltd., Hungary)
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Figure 2 Hematoxylin-eosin staining of transverse sections through the segment of the vessels of patch closure and direct closure

(A,B,C,D,E). The different postoperative feeding times for the direct closure side (1, 2, 3, 4, and 8 weeks after surgery, respectively).

Similarly, (F,G,H,L]) show the different postoperative feeding times for the patch closure side, respectively. (C) and (H) are magnified, with

clear intimal hyperplasia visible on (C). On (H), the patch is clearly differentiated from the intrinsic tissue, and neointima on the surface of

the patch is obvious (A-J power of magnification: x20).

and analyzed quantitatively (HALO, Indica Labs, USA).
Values in the results were the averages of counts from the
indicated amounts of animals.

Electron microscopy measurements

Scanning electron microscopy (SEM) (SU8100, Hitachi,
USA) and transmission electron microscopy (HT7800,
Hitachi, USA) were used in the 5 groups. This permitted
a better comparison of morphological aspects of the
regenerated endothelium and the histological characteristics
of the cells. Endothelial cell counts on SEM were analyzed
by Image-pro plus 6.0 (Media Cybernetics, Inc., USA).

Statistical analysis

Continuous variables are expressed as mean values with
standard deviation (SD), while categorical data are
expressed as percentages. Comparisons between the PC and
DC groups were performed using the Student’s #-test or

© Annals of Translational Medicine. All rights reserved.

Mann-Whitney U test for continuous variables. The level
of significance was defined as a P value <0.05.

Results

A total of 25 rabbits were included in this study. Five rabbits
died during the perioperative period, which included
2 deaths due to anesthesia overdose and 3 deaths due to the
surgical procedure. The other rabbit died during the feeding
period in the 2-week postoperative group. Consequently,
19 rabbits were included in our analysis, with just 3 rabbits
in the 2-week postoperative group and 4 rabbits in each of
the other groups. A flow chart of experimental rabbits is
shown in Figure S1.

When the specific feeding time arrived, we harvested
the rabbits’ carotid arteries. Figure 2 shows the HE-
stained sections of the PC and DC sides. As time elapsed,
intimal hyperplasia occurred on both sides. The high-
cholesterol diet accelerated the intimal hyperplasia of
the rabbits’ carotid arteries. At an early stage (1 week
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Figure 3 Representative scanning electron microphotographs and transmission electron microphotographs of the inner surface of the patch

or vessel (A,B,C,D,E). The different postoperative feeding times for the direct closure side (1, 2, 3, 4, and 8 weeks after surgery, respectively).

Similarly, (F,G,H,L,J) show the different postoperative feeding times the for patch closure side, respectively. (F1, F2, F3) The microstructure

of endothelial cells on the patch closure side 1 week after surgery. Endothelial cells have a complete variety of organelles that are normal

in shape [power of magnification for (A,B,C,D,E,FEG,H,L]J): x1,000; power of magnification for F1: x1,000; power of magnification for F2:

x2,500; power of magnification for F3: x6,000].

postoperatively), neointima was observed on the inner
surface of the patch, and the thickness increased over time.
Subsequently, scanning electron microphotographs showed
that endothelialization occurred in the first week on the
patch side. Endothelial cells exhibited a cobblestone-like
morphology and were nicely elongated in the direction of
blood flow, which was similar to the normal morphologic
features of the endothelium in the DC side. Also,

© Annals of Translational Medicine. All rights reserved.

compared to DC side, endothelialization occurred earlier
on the PC side. Transmission electron microphotographs
showed that the endothelial cells had a complete variety
of organelles that were normal in shape (Figure 3).
Moreover, we compared the immunohistochemical results
between the PC and DC sides (7able 1). Both groups had
different a-SMA, vWFE, and Ki-67 values in the variable
feeding times. In the early stages, Ki-67 was higher in
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Table 1 Differences between the PC and DC sides in immunohistochemistry over time

;sttﬁgetri?rzze Immunohistochemistry Number Diﬁerenc;?:]ge;g \;?CI;:)S (PC side SD P value
1 week VWF (positive cells/mm?) 4 229.5 865.5 0.633
Ki-67 (positive cells/mm?) 4 1,661.5 1,122.9 0.060

a-SMA (positive area/total area, %) 4 -14.0 24.4 0.335

2 weeks VvWF (positive cells/mm?) 3 -377.0 155.6 0.052
Ki-67 (positive cells/mm?) 3 87.3 331.0 0.693

a-SMA (positive area/total area, %) 3 -14.1 32.7 0.534

3 weeks VWF (positive cells/mm?) 4 73.4 129.8 0.340
Ki-67 (positive cells/mm?) 4 326.5 616.6 0.367

a-SMA (positive area/total area, %) 4 -20.8 16.5 0.086

4 weeks VWF (positive cells/mm?) 4 -315.1 199.3 0.051
Ki-67 (positive cells/mm?) 4 284.6 5121 0.347

a-SMA (positive area/total area, %) 4 -3.3 15.7 0.702

8 weeks VWF (positive cells/mm?) 4 -148.9 217.7 0.265
Ki-67 (positive cells/mm?) 4 -82.6 169.8 0.403

a-SMA (positive area/total area, %) 4 1.7 8.3 0.708

PC, patch closure; DC, direct closure; vVWF, von Willebrand factor; a-SMA, alpha-smooth muscle actin; SD, standard deviation.

the PC side (1,661.5£1,122.9 cells/mm’, P=0.060). At
2 weeks postoperatively, vWF was higher in the DC
side (-377.0£155.6 cells/mm’, P=0.052). a-SMA values
were comparable for both sides (P>0.05). Although these
differences did not reach statistical difference, they did
reveal the potential mechanism for endothelialization in
CEA with or without patch use.

As the feeding time increased, the thickness of the
neointima on the PC side also increased. The thickness of
the intimal media contrary to the suture line was relatively
stable. The endothelial cell count was comparable in both
the PC and DC sides; however, endothelial cells could
appear earlier on the PC side (Figure 4).

Discussion

CEA is a proven treatment for extracranial carotid artery
stenosis (4,24). However, post-CEA intimal hyperplasia can
complicate and reduce the effectiveness of endarterectomy.
Some researchers discovered that expanding the lumen
with a patch can help to reduce the risk of restenosis (1). A
subgroup analysis of the CREST (Carotid Revascularization
Endarterectomy Versus Stenting Trial) study showed that

© Annals of Translational Medicine. All rights reserved.

the use of a patch in CEA could significantly reduce the
occurrence of restenosis after 2 years compared with DC
(3.1% vs. 10.7%, hazard ratio =0.35) (5). At present, the use
of patches may present some challenges, such as prolonged
operation time, graft-related infection, thrombosis,
aneurysmal dilatation, and other issues (11,25). However,
few studies have compared the intimal growth between PC
and DC after CEA.

In the present study, we explored the difference in
neointima between PC and DC groups via simulation of
the CEA procedure in a rabbit model. The rabbits were
fed a high-cholesterol diet after the procedure to simulate
patients with poorly controlled risk factors, as a high-
cholesterol diet can accelerate the process of intimal
hyperplasia (26). The results of HE staining showed that the
BPP could be clearly distinguished from the surrounding
vessel wall, indicating that this domestic BPP was very
stable in the human body. As the feeding time increased, the
proliferation of the intima became increasingly prominent.
For the PC side, the intimal thickness grew fastest in the
third week postoperatively. SEM results showed that the
endothelial cells were relatively intact on the surface of the
intima in the second week after surgery. The regenerated

Ann Transl Med 2021;9(6):471 | http://dx.doi.org/10.21037/atm-20-8103
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B Intimal-media thickness over time in DC side
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Figure 4 Quantitative analysis of the histopathological and scanning electron microphotographs findings. (A) Intimal thickness over

time in the PC side; (B) intimal-media thickness over time in the DC side; (C) endothelial cell count in the PC side via scanning electron

microphotography; (D) endothelial cell count in the DC side over time via scanning electron microphotograph. PC, patch closure; DC,

direct closure.

endothelium showed normal anatomical characteristics,
and its growth in the endarterectomized area was faster
compared to the DC side. Thyberg ez 4l. (27) also reported
that the neointima of the carotid artery had almost reached
its final size on the 14th day following balloon injury
in a rat model. They found that these neointimal cells
maintained a synthetic phenotype with prominent secretary
organelles. Our findings are consistent with these results.
The endothelial cells had a complete variety of organelles
that were normal in shape, indicating that the neointimal
cells on the PC side were functional.

Through immunohistochemical examination of the
carotid arteries of rabbits with different feeding times,
we found that Ki-67 was higher on the PC side in the
first feeding week and vWF was generally higher on the
DC side. We hypothesized that the domestic BPP might
stimulate cell proliferation, which could be beneficial for
re-endothelialization. In fact, recruitment of circulating
endothelial progenitor cells plays an important role in
vascular repair re-endothelialization (28), which might
explain this phenomenon in the present study. The fact
that vWF was higher on the DC side may be due to the
neointima on the DC side being more derived from
endothelial cells as compared to the PC side. There was

© Annals of Translational Medicine. All rights reserved.

no difference in the a-SMA value between both sides. We
speculated that the likely reason for this is that most of the
neointima was still derived from smooth muscle cells.

It is understood that thrombosis often occurs
in a region of endothelial cell injury and that early
endothelialization can effectively prevent thrombosis (29).
The endothelialization ability observed in our study was
equivalent between the PC and DC sides, although the PC
side tended to re-endothelialize earlier. This feature could
likely reduce complications or shorten the postoperative
usage time of dual-antiplatelet drugs.

The use of patch suture after CEA has been demonstrated
to effectively reduce the incidence of restenosis 2 years after
operation (3.1% wvs. 10.7%, P<0.0001), and the incidence
of events at the end of the perioperative period and 4-year
follow-up has been found to be lower than that of direct
suture (5). Bond et 4/. conducted a systematic review of
randomized controlled studies comparing carotid artery
patch suture with direct suture or different patch materials.
The results showed that the use of patch could effectively
reduce the occurrence of stroke during the perioperative
period and the occurrence of stroke and restenosis during
long-term follow-up (30). Therefore, the development of
the patch can benefit clinical practice, and this new type

Ann Transl Med 2021;9(6):471 | http://dx.doi.org/10.21037/atm-20-8103
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of patch is also expected to play a certain role in future
vascular surgery.

This study had several limitations that should be noted.
First, we did not describe the percentage of endothelium
covering the intima, but indirectly reflected this feature
through SEM. Secondly, we did not describe the restenosis
of the lumen. We believed that the thickness of intimal
hyperplasia could also indirectly reflect restenosis. Thirdly,
this study did not investigate the related mechanisms
(e.g., protein, signaling pathways), and we aim to further
explore this area in the future. Fourthly, the sample size of
this study was small, and thus, we recommend a cautious
interpretation of the results.

Conclusions

Applying BPP in CEA can maintain stability in a rabbit
model and facilitate rapid endothelialization. PC with BPP
has a comparable ability of efficient endothelialization
with DC; however it is more likely to produce early
endothelialization. The results of this research suggest
promise in the use of BPP in clinical practice although
the specific mechanisms involved still need to be further
investigated using a larger sample size.
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Figure S1 Flow chart of the experimental rabbit model.
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