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Abstract Background The usefulness of autologous pericardium treated with glutaraldehyde
(GA) for tracheal defect closure is unknown. This study preliminarily evaluated whether
a GA-treated autologous pericardial graft can effectively close tracheal defects in a
beagle model.
Methods Defects of 10mm�10mm were created on the trachea of 10 beagles and
divided into a GA-treated group (n¼5), with tracheal reconstruction using GA-treated
pericardium, and control group (n¼ 5), using fresh pericardium. Repair sites were
evaluated through bronchoscopy and histology. Blood flows on graft were measured
using laser Doppler technique on postoperative days (PODs) 0, 4, 7, 14, 28, and 56.
Repair sites were histologically evaluated on POD 56. In addition, GA-treated pericardia
of three other beagles were histologically evaluated 12 months postoperatively, for
long-term follow-up.
Results All animals survived; none developed anastomotic insufficiency. The mean
suturing time and frequency of additional suture were significantly shorter and lower in
the GA-treated group than in the control group (p¼ 0.002, 0.004). All animals in the
control group exhibited graft contraction, whereas the GA-treated group healed with
most graft residual and reepithelialization in the bronchoscopic and histological
findings (p¼ 0.01, 0.004). Further, all long-term GA-treated pericardia of three beagles
were confirmed as residual grafts with reepithelialization, without contraction, at
12 months postoperatively. Blood flows on graft using laser Doppler technique in the
GA-treated group were detected at POD 14 or thereafter.
Conclusion GA-treated pericardium was easier to handle and provided favorable
scaffolding, without graft contraction, compared with the nontreated pericardium at
short- and long-term follow-up.
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Introduction

Reconstruction of partial defects of the trachea can be closed
by end-to-end anastomosis of both tracheal ends frequently.
A previous study found that in adult cases, it was possible to
resect approximately up to half of the trachea and perform
initial anastomosis.1 However, outcomes can be serious if
anastomosis complications such as anastomotic dehiscence,
bronchial stenosis, or mediastinitis develop. Therefore, the
simpler and safer tracheal reconstruction may be preferable.

Previous studies have reported tracheal reconstruction
methods using various types of autologous tissue, such as
muscle tissue and pericardium.2,3 Such methods have been
recognized as alternatives to tracheoplasty and broncho-
plasty. Meanwhile, studies in the area of cardiovascular
surgery have reported favorable outcomes in mitral valve
repair, aortic valvuloplasty, and atrial septal defect closure,
in which glutaraldehyde (GA)-treated autologous pericardia
were used.4–6An advantage of thismethod is that autologous
graft tissue can be strengthened7 and handled easily6 while
maintaining its biocompatibility.8

Wehypothesized that itmay be possible to useGA-treated
autologous pericardium as a patch material for simple and
effective closure of a defect in the intrathoracic trachea. Thus,
we conducted a preliminary study project to evaluate the
graft survival of GA-treated autologous pericardium in patch
closure of partial tracheal defects comparedwith nontreated
pericardium for larger defects in animal (dog) models.

Materials and Methods

Animals and Preparation for Operation
Three-month-old female beagle dogs (Kitayama Labes Co.
Ltd., Nagano, Japan), with a meanweight of 12 kg, were used
as animal models. Sedation was performed with ketamine

hydrochloride (10mg/kg, Ketalar, Sankyo Co., Ltd., Tokyo,
Japan), followed by endotracheal intubation through isoflur-
ane inhalation. Surgery was performed under controlled
respiration. Cefazolin sodium (1 g/body, Nichi-Iko Pharma-
ceutical Co., Ltd., Toyama, Japan) was intravenously admin-
istered immediately prior to making an incision and at the
end of surgery. Dogs were sedated by inhalation of anes-
thetics and intermittent, intravenous administration of
vecuronium (0.1mg/kg; Fuji Pharma Co., Ltd., Tokyo, Japan).
Anesthesia was maintained throughout the operation. This
studywas conducted in compliancewith the ethics of animal
research at Kanazawa University (approval ID: AP-163767,
date of approval: April 21, 2017), as well as the 8th edition of
the Guide for the Care and Use of Laboratory Animals.

Surgical Procedure
The intrathoracic tracheas of the animal models were ex-
posed via right lateral thoracotomy while they were in a left
lateral decubitus position. A 10mm�10mm tracheal defect
(approximately⅓ circumference�3 cartilaginous rings) was
created in the right side of the tracheal cartilage using a
sharp-pointed scalpel (►Fig. 1A). A 3 cm�3 cm square peri-
cardial piece was collected, which was fixed in 0.6% GA
(Nacalai Tesque, Kyoto, Japan) solution for 10minutes. It
was rinsed twice with saline for 1minute and used as a graft
in the GA-treated group (n¼5). Pericardial pieces which
were not fixed in GA solutionwere used in the control group
(n¼5). Each tracheal defect was closed with a GA-treated or
non-GA-treated pericardial graft through continuous sutur-
ing with 4–0 polydioxanone suture (Ethicon, Somerville,
New Jersey, United States) (►Fig. 1B). A leak test was
performed at a constant pressure of 20 cm H2O. Additional
suturingwas performed using thehorizontalmattress suture
technique until air leakage was no longer visually observed.
A drain was left indwelling, and the chest was closed. The

Fig. 1 Tracheal defect and pericardial patch closure. Pleural defects of 10mm� 10mm were created by sharp dissection (A). Pericardial patch
covers the tracheal defect (B).
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drain was removed prior to the removal of the tracheal tube,
once it was confirmed that there was no leakage. In this
study, the same surgeon performed all surgeries on all
animals and alternated between the GA-treated group and
the control group to avoid the technical bias.

Graft Change and Ease of Suturing after GA Treatment
The two intraoperative endpoints were established. The first
was graft change (shrinkage with GA treatment and air
leakage that required additional suturing). The second was
ease of suturing after GA treatment, which included, the
duration of suturing (time elapsed from the start of pericar-
dial graft suturing to the completion of continuous suturing)
and the number of additional sutures (the number of hori-
zontal mattress sutures performed until leakage
disappeared).

Bronchoscopic Findings and Measurement of
Bronchial Mucosal Blood Flow at the Graft Site of the
Trachea
To chronologically evaluate the healing process of the graft
site, we set the following endpoints for bronchoscopic find-
ings: changes in graft contraction (the area measurement of
the defect covered with scar tissue expressed in four levels:
I¼0–25%, II¼25–50%, III¼50–75%, IV¼75–100%), exis-
tence of regeneration of the endotracheal mucosa, and neo-
vascularization of the graft. Areas of the defects were
captured using bronchoscopic photography and measured
using Photoshop (Adobe Systems Inc., San Jose, United States)
software. In addition to bronchoscopic observation, bronchi-
al mucosal blood flow (BMBF) was measured using the laser
Doppler method as described below. Blood flow in the
normal tracheal mucosa around the graft, and in the graft
center, was measured using bronchoscopy (Olympus MAF
Type GM; Olympus, Tokyo, Japan) on postoperative days
(PODs) 0, 4, 7, 14, 28, and 56, under general anesthesia.
BMBF was compared between the GA-treated group and the
control group. Blood flow was measured while ventilation
was stopped. The mean value of three measurements was
adopted for each site. Changes in the blood flow in the graft
were calculated relative to the blood flow in the normal
trachea, as ratios (i.e., meanvalue in the graft site/meanvalue
in the normal tracheal mucosa). A laser Doppler flowmeter
(Omega FlowFLO-N1, Omegawave, Tokyo, Japan)was used to
measure blood flow using methods previously described by
Sundset et al.9

Histologic Findings
Animals in the GA-treated group and control group were
sacrificed on POD 56. Thereafter, the trachea and its sur-
rounding tissue, including the graft, were excised all together
via median sternotomy and histologically evaluated.

The excised samples were fixed in 10% formalin and
embedded in paraffin. The fixed tissue was sliced at a
thickness of 5 μm and stained with hematoxylin and eosin.
Pathological images of the samples were evaluated with
regard to the following aspects: amount of residual graft,
regeneration of the mucosa on the graft, and neovasculari-

zation of the graft within one unit of the visualfield (�100) in
the regenerated submucosa. Neovascularizationwas defined
using the following three levels: 1þ , poor neovasculariza-
tion (up to 10 new vessels); 2þ , medium neovascularization
(11–20 new vessels); and 3þ , advanced neovascularization
(21 or more new vessels). All histologic findings were
evaluated by both the surgeon and pathologist.

Long-Term Follow-Up at 12 Months
Tracheal defect closure was performed separately in three
beagle dogs using GA-treated pericardial grafts. The animals
were sacrificed at month 12 for long-term histologic
evaluation.

Statistical Analysis
The Mann–Whitney U test was performed as a distribution-
free test for continuous values. In addition, Student’s t-test
was adopted for the analysis of normally distributed data and
Fisher’s exact test was adopted for the nonparametric anal-
ysis. The level of statistical significance was set at p � 0.05.
Continuous values are presented as medians with interquar-
tile ranges. Normally distributed data are presented as
means� standard deviations. EZR (a modified version of R)
was used in all statistical analyses.10

Results

Graft Change and Ease of Suturing after GA Treatment
No graft shrinkage associated with GA treatment was ob-
served in the GA-treated group (►Fig. 2). Surgical outcomes
are summarized in ►Table 1(A). In a postsuturing leak test,
air leakage was observed in two of five tracheas in the GA-
treatedgroup and allfive tracheas in the control group. All air
leakages caused by cutting the grafts were repaired through
additional sutures. Finally, all air leakages disappeared with
additional sutures. Themean suturing timewas significantly
shorter in the GA-treated group, at 19.4�3.5minutes, than
in the control group, at 29.2�3.2minutes (p¼0.002). The
number of additional sutures was significantly fewer in the
GA-treated group than in the control group (p¼0.004).

Bronchoscopic Findings and Measurement of BMBF at
the Graft Site of the Trachea
No anastomotic failure was observed on bronchoscopy in all
models, in both groups, throughout the observation period.
All defects were closed, and graft respiratory fluctuationwas
not observed in any models. Representative bronchoscopic
findings in both groups are presented in ►Fig. 3 and sum-
marized in ►Table 1(B). Full-epithelized graft without
shrinkage and tracheal stenosis were achieved in four of
five tracheas in the GA-treated group, throughout the obser-
vation period. In one of five tracheas in the GA-treated group,
about half of the graft area remained. Graft scar shrinkage
and slight tracheal stenosis were observed in four of five
tracheas in the control group during the observation period
(►Fig. 3B, PODs 28 and 56, p¼0.01, ►Table 1(B)). Addition-
ally, findings that suggested mucosal regeneration on the
graft were observed even in the control group at POD 14 or
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thereafter. Neovascularization was observed in four of five
grafts in the GA-treated group and in one of five grafts in the
control group at POD 28 or thereafter (►Fig. 3A, POD
28, ►Table 1(B)).

No measurement values for BMBF evaluation could be
obtained at the graft site in both groups until POD 7. Blood
flow was detected at POD 14 or thereafter (►Fig. 4). No
significant difference in bloodflow ratio at anymeasurement
time point was observed between the two groups (►Fig. 4).

Histologic Findings
Representative histologic findings in both groups are pre-
sented in ►Fig. 5 (A, GA-treated group; B, control group).
Residual grafts were observed in allmodels in the GA-treated
group (►Fig. 5A-1, A-2), and a residual graft was observed in
approximately 50% of the defect area in one model with scar
shrinkage. Grafts were replaced with fibrous granulation
tissue in all models in the control group; therefore, residual
grafts could not be observed (►Fig. 5B-1, B-2, ►Table 1(C)),

Fig. 2 No shrinkage was confirmed in pericardium treated with 0.6% glutaraldehyde for 10minutes. Fresh pericardium before treatment (A).
Pericardium treated with 0.6% glutaraldehyde for 10minutes (B).

Table 1 Surgical outcomes, bronchoscopic and histologic findings

(A) Surgical outcomes (B) Bronchoscopic findings (C) Histologic findings

Suturing Additional Graft Regenerated Neovascular Residual Regenerated Neovascular

Animal time suture contraction mucosa vessels graft mucosa vessels

no. (min) (no. of times)

1 (GA-treated) 19.5 1 I Full-epithelialized þ Full Full-epithelialized 2þ
2 (GA-treated) 24.5 1 II Full-epithelialized � �50% Full-epithelialized 1þ
3 (GA-treated) 20.0 0 I Full-epithelialized þ Full Full-epithelialized 3þ
4 (GA-treated) 18.0 0 I Full-epithelialized þ Full Full-epithelialized 2þ
5 (GA-treated) 15.0 0 I Full-epithelialized þ Full Full-epithelialized 2þ

(mean� SD) 19.4�3.5 0.4�0.55

1 (Control) 29.0 2 II Full-epithelialized � Undetectable Full-epithelialized 3þ
2 (Control) 33.5 3 III Full-epithelialized � Undetectable Full-epithelialized 3þ
3 (Control) 31.0 2 IV Full-epithelialized � Undetectable Full-epithelialized 1þ
4 (Control) 27.0 2 IV Full-epithelialized � Undetectable Full-epithelialized 2þ
5 (Control) 25.5 1 III Full-epithelialized þ Undetectable Full-epithelialized 2þ

(mean� SD) 29.2�3.2 2.0�0.71

p-Value 0.002a 0.004a 0.01b 0.21c 0.004b 0.694a

Abbreviations: GA, glutaraldehyde; SD, standard deviation.
Note: Graft contraction level: I¼ 0–25%, II¼ 25–50%, III¼ 50–75%, IV¼ 75–100%. Neovascular vessels level, 1þ : �10, 2þ : 11�20, 3þ : 21�
(numbers of vessels within 1 unit of visual field [�100]).
aStudent’s t-test.
bMann–Whitney U test.
cFisher’s exact test.
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p¼0.004). No difference in the degree of neovascularization
in the regenerated submucosa, per enlarged visual field, was
observed between the two groups at POD 56 (►Table 1(C)).
Mucosal regenerationwithin the luminal surface of the graft,
submucosal neovascularization, and formation of fibrous
granulation tissue were observed in all tracheas in both
groups. The regenerated mucosa on the graft presented as
a monolayer, which differed from the stratified layer of the
native tracheal mucosa.

Long-Term Follow-Up
No serious postoperative complications were observed in
any of the three animals that underwent defect closure with

GA-treated pericardial tissue, throughout the long-term
observation period. Moreover, tracheal stenosis was not
observed on bronchoscopy in all three animals. Histologic
findings indicated that the grafts were almost maintained,
and the graft sites were covered with regenerated mucosa
(►Fig. 6A and B). No calcification was observed in the graft
sites.

Discussion

In this study, graft residual without shrinkage was observed
in the GA-treated group, whereas graft shrinkage was ob-
served in the non-GA-treated group during the healing
period. Our results suggest that GA treatment prevented
graft shrinkage. Fixing a graft with GA made suturing easier
and shortened the suturing time as this avoids excessive
elasticity and tendency to curl. Histological findings also
indicated that grafts maintained the structure and that
mucosal regeneration of the GA-treated grafts occurred in
nearly all cases both for short and long periods. Although this
is a preliminary study in relatively small tracheal defects, GA-
treated pericardium can be useful for tracheal defect closure,
because it is easy to handle and provides a mechanical
scaffold for regenerated tissue without graft shrinkage com-
pared with fresh pericardium. In addition, the presented
method, in which autologous pericardial tissue is used, can
also be implemented in emergency settings since tissue can
be collected from the same surgical field.

Various studies have reportedmethods for reconstructing
tracheal defects other than anastomotic reconstruction, such
as using autologous tissue including cartilage, bone, pericar-
dium, muscle, and fascia flaps.3,11

In 1984, Idriss et al3 published the first study on tracheal
reconstruction using pericardium. Fanous et al previously

Fig. 3 Bronchoscopic findings. (A) Glutaraldehyde-treated pericar-
dium. (B) Control. Bronchoscopic findings reveal that the grafts
covered the regenerating mucosa at POD 14 in both groups. The
repair site is well-healed with visible neovascular vessel in the GA-
treated group compared with graft contraction at and after POD 14 in
the control group. Arrow shows a visible neovascular vessel. GA,
glutaraldehyde; POD, postoperative day.

Fig. 4 Changes in relative blood flow in the graft site. Relative
blood flow (graft site/normal bronchial mucosa): no significant
differences were demonstrated at any time points between the arms.
The flow in both arms was significantly higher at POD 14 than that at
POD 7. GA, glutaraldehyde; POD, postoperative day.

Fig. 5 Histologic findings. Postoperative hematoxylin–eosin staining
visualized using a loupe (A: GA-treated pericardium; B: control). The
suture site (A-1, B-1) with magnification at�40 and the graft site (A-2,
B-2) with magnification at �100. GA-treated pericardial graft was
detectable without contraction and resorption (double arrow). Arrows
show submucosal neovascular vessels on the graft. GA, glutaralde-
hyde; POD, postoperative day; TC, tracheal cartilage; ST, suture
thread (absorbable suture).
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reported favorable results in a long-term follow-up study on
pericardial patch reconstruction of the trachea for short- and
long-segment stenosis.12 However, other studies have sug-
gested that pericardial tissue may cause granuloma forma-
tion, which can cause graft shrinkage and tracheal stenosis
even if favorable mucosal reformation is achieved on the
patch.3,11 Although this study focused on the reconstruction
of a slightly small defect area, compared with the control
group, GA-treated grafts maintained the structure with little
scar shrinkage, simply by performing a quick fixation pro-
cess. Histological findings showed that scar shrinkage rarely
occurred in the graft site when the graft was fixed with GA,
which made a favorable scaffold for the regeneration of
mucosal and submucosal tissue. By contrast, scar shrinkage
occurredmore frequently in the nontreated group because of
graft absorption and disappearance and increased replace-
ment with fibrous granulation tissue. Filová et al reportedGA
crosslinking protected the human pericardium which the
scaffold is formed mainly from fibers of collagen types I and
III efficiently against digestion with collagenase,13 the effect
may reduce the absorption of the pericardial graft. Therefore,
in our study, the GA-treated pericardium as the residual graft
would be favorable scaffold on which vascularization and
epithelial regeneration were confirmed. Moreover, suffi-
cient, long-term graft maintenance was observed in the
long-term follow-up observation. Thus, a GA-treated graft
may contribute to reducing postoperative constriction.

On the other hand, due to the cytotoxicity of GA, it is
possible that epithelial cell transgression and neovasculari-
zation on the GA-treated graft were scarce. In this study, the
epithelial regeneration on the GA-treated graft might be
achieved without graft shrinkage due to its biocompatibility
as autologous graft even if without abundant submucosal
regeneration and neovascularization. And systematic failure
due to cytotoxicity of GA was not confirmed. Chang et al
reported that compared with GA-fixed pericardium grafts,
genipin-fixed grafts induce significantly weaker inflamma-
tory reactions, and their tissue regeneration is far faster in

bovine acellular pericardium implanted subcutaneously in
growing rats model.14 Crosslinking pericardium grafts with
genipin therefore seems to be a promising alternative pro-
cedure to the crosslinking with GA, because it provides
similarly high protection against degradation with collage-
nase, without cytotoxic effects.13

GA-treated pericardium has been occasionally used in the
field of cardiovascular surgery as a material for atrial septal
defect closure and aortic valvuloplasty.4–6 Xenopericardium,
fresh pericardium, and GA-treated pericardium have been
widely used in mitral valve repair. There are also reports
where bovine pericardial patches were used for closure of
tracheal defect.15,16 However, xenopericardium can cause
infection and immunorejection. It can also cause graft
failure due to conditions such as calcification over a long
period.17 In addition, the use of xenopericardium is costly.
Other studies have pointed out that issues with fresh
pericardium include graft shrinkage and fibrous thicken-
ing.17,18 Meanwhile, Ozaki et al previously reported favor-
able results in a long-term follow-up study of 102 cases of
aortic valve reconstruction with GA-treated autologous
pericardium.5 And the advantage of the use of autologous
patches is nearly cost free.

Various studies have reported findings related to the
concentration of fixation solution and fixation time when
using GA. A study found that concentration is particularly
important for the purposes of strengthening tissue and
preventing calcification over a long period.4 Sinha et al
studied swine and bovine pericardium and found that con-
centration-dependent calcification can occur when the con-
centration of the fixation solution exceeds 0.6%.19 Liao et al
found that excessive calcification could occur if the fixation
time was 60minutes or longer.20 In this study, fixation was
achieved using 0.6% GA for 10minutes (Ozaki’s procedure5).
No clinical problem with GA treatment was observed in the
follow-up duration, and no histological findings of calcifica-
tion were observed either in the short term (56 days) or in
the long term (12 months).

Fig. 6 Histologic findings. Postoperative hematoxylin–eosin staining visualized using a loupe (12 postoperative months). The suture site (A),
magnified at �40. The graft site (B), magnified at �100. GA-treated pericardial graft was detectable without contraction and resorption in long-
term follow-up (double arrow). GA, glutaraldehyde. TC, tracheal cartilage; ST, suture thread (absorbable suture).

Thoracic and Cardiovascular Surgeon Vol. 71 No. 6/2023 © 2022. The Author(s).

Partial Tracheal Defects Closure using Glutaraldehyde-Treated Autologous Pericardium Yoshida et al. 495



This preliminary study has some limitations. First, the
tracheal defect sites were slightly small, at 10mm�10mm,
and limited to the right lateral wall of the intrathoracic
tracheal cartilage. The study aimed to evaluate the graft
survival of GA-treated autologous pericardium in tracheal
reconstruction compared with nontreated pericardium. In
clinical settings, the first choice for defects closure in the
intrathoracic trachea may be not pericardium, but the mus-
cular flap or pericardium reinforced with muscular flap. The
use of pericardium on its own may be more appropriate for
small defects when muscular flaps are not available for
reasons such as reaching range and muscular damage due
to trauma. Further research is required to confirm the
effectiveness of the present method in the reconstruction
of larger or circumferential defects. Second, GA fixation for
the GA-treated group was performed for 10minutes at a
concentration of 0.6%. Further research is also required to
deduce the optimal GA fixation time, optimal GA concentra-
tion level, and tissue toxicity.

In conclusion, our study demonstrated good short- and
long-term healing when GA-treated autologous pericardium
was used as a graft for closure of tracheal defects. GA-treated
pericardium was easier to handle than nontreated pericar-
dium and safely repaired tracheal defects. GA-treated grafts
may provide favorable scaffolding, without graft contraction,
compared with the nontreated pericardium. After thorough
experimentation with larger defects in animal models, we
will conduct to apply this method for human use.
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