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ABSTRACT
Objective: The aim of this study was to explore the safety of xenogenic acellular dermal matrix for tracheal reconstruction and to explore the 
process and effectiveness of mucosal repair.
Methods: A total of 22 rabbits were divided into the control group and the experimental group. A 3-ring, 120-degree tracheal patch was 
resected, and the tracheal wall was reconstructed by xenogenic acellular dermal matrix (experimental group) or cervical fascia (control group). 
Symptoms of the animals, morphology, and micromorphology of the reconstructed tracheas area were evaluated at 1, 4, 8, 12, 16, and 24 weeks 
postoperatively.
Results: In the control group, 1 rabbit got subcutaneous emphysema and the rabbit died of airway obstruction. Tracheal stenosis was observed 
in all the animals. In the experimental group, no animal showed ingrowth of granulation tissue or accumulation of secretion of the trachea. The 
acellular dermal matrix got rapidly vascularized and epithelized with ciliated cells. Goblet cells could be observed 24 weeks postoperatively.
Conclusion: The tracheas were successfully reconstructed by the acellular dermal matrix, and they are stable with well-functional epithelial 
lining. This is a simple, safe, and effective surgical method with few complications. As a medical device, this thin membrane would expand the 
choice of repair materials during tracheal reconstruction.
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Introduction

Malignant tumors of the cervical trachea are encountered 
often during clinical work, and surgery is the preferred treat-
ment. Although many tumors can be surgically cured, recon-
struction surgery is difficult because of the complex structure 
and unique blood supply of the trachea.1 A healthy trachea has 
an epithelial lining with a rigid open lumen. In the process of 
respiration, the cartilage framework must reserve the open 
lumen under change in pressure. The mucosal epithelium is 
airtight and keeps the trachea clean. The epithelial lining and 
anatomical structure of the trachea could be maintained by 
end-to-end anastomosis. However, the maximum length has 
been limited by the complex structure and unique blood sup-
ply of the trachea, which was determined to be 6 cm. The risk 
of crack and stenosis increases with increasing defect length.2 
In fact, only few cases require circumferential resection for 
confined lesions. Window resection is a surgical method that 

only excises part of the tracheal ring; the advantage of this 
method is lower invasiveness than circumferential resection 
and the airway can be certainty secured.3 An autologous myo-
cutaneous flap graft is always viable and reliable.4 However, 
the disadvantages are obvious such as pain, muscle protrusion, 
and unaesthetic appearance of the donor site. Complications 
such as infection and hemorrhage are possibly lethal.5 The use 
of a tracheal substitute would solve such problems and make 
reconstruction both safer and easier.6

In the review literature, the ideal tracheal substitutes should be 
airtight and should have minimal collapse, good organizational 
compatibility, and rapid vascularization for nutrient trans-
portation.7 Despite many reports and studies on engineering 
materials, such as 3D-printed scaffold, polyethylene glycol 
grafted and porous polyc​aprol​acton​e/plu​ronic​ membrane were 
tried in animal models, there was still no guideline available for 
tracheal reconstruction.8-12 Acellular dermal matrix (ADM) is 
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a homogeneous extracellular matrix that is processed from 
corpse skin. It promotes cellular repopulation and migration 
that guides normal tissue regeneration as a natural template, 
which implies ADM can undergo rapid epithelialization and 
vascularization. Acellular dermal matrix was initially utilized in 
burn surgery13 and has then been widely applied clinically.14,15 
Xenogenic acellular dermal matrix (xeno-ADM) is a medi-
cal device that is derived from fetal cattle skin. It is similar to 
ADM in biological properties and is also widely used in clinic. 
The source of xeno-ADM is extensive and its lower-price 
adaptation to clinical needs much better. We have previously 
reported that application of xeno-ADM for hypopharyngeal 
mucosa repair in 40 patients; the swallowing is superior to 
that of traditional method.16 Xeno-ADM was previously used 
to reconstruct the trachea defect in 2 patients, the trachea 
remained its diameter and the reconstructed areas were clean 
and airtight.17 However, the safety of xeno-ADM in tracheal 
reconstruction and the process of mucosal repair need further 
exploration.

The purpose of this study was to evaluate xeno-ADM further 
to: (1) avoid granulation tissue formation to maintain airway 
patency, (2) allow rapid vascularization and epithelization, and 
(3) restore a functional cilium lining for reconstruction of a 
stable and functional trachea.

Methods

After the approval of this study by the Animal Ethics Committee 
of Central South University (ethical approval number: 2019-
194), animals were cared for strictly in accordance with insti-
tutional guidelines. All procedures were conducted under 
anesthesia by an intravenous injection (ear vein) of 1% pento-
barbital sodium (30 mg/kg) to minimize suffering. This study 
follows the ARRIVE Guidelines 2.0 as reporting guideline.18

Xenogenic Acellular Dermal Matrix
The xeno-ADM (fetal cattle), as a medical device, was provided 
by Yantai Zhenghai Biologic Technology Ltd Co. The specifica-
tions of the xeno-ADM are 1.5 cm × 2 cm; and thickness ranged 
from 0.30 to 0.39 mm (authorized number: 2011-3460301).

Animal Studies
All surgical processes and management of animals were con-
ducted following the regulations of the Institutional Review 
Board for animals. The animals used for this study were 22 male 
New Zealand rabbits, weighing 2.2-2.7 kg and were numbered 
1 to 22 randomly. The animals were provided by the Laboratory 
Animal Center of our hospital. There were 10 rabbits (nos 
1-10) in the control group and 12 rabbits (nos 11-22) in the 

experimental group. Four rabbits (2 rabbits in each group) got 
sacrificed at each time point (4, 8, 12, 16, and 24 weeks post-
operatively, 2 rabbits were sacrificed 1 week postoperatively in 
the experimental group to evaluate the vascularization of the 
ADM). The rabbits were acclimated for 5 days before the initia-
tion of the experiments.

The surgical procedure was as follows (shown in Figure 1). 
A 3-ring, 120-degree tracheal wall was resected. A trachea 
defect of this size has been confirmed that would result in 
serious stenosis of the trachea and subsequent death in rab-
bits while without repairing.19 In the control group, the defect 
was reconstructed by cervical fascia alone. In the experimen-
tal group, the defect was reconstructed by ADM with 6-0 
absorbable thread and reinforced by cervical fascia. The ADM 
was immerged in 0.9% sodium chloride solution for 30 min-
utes before use and the basement membrane surface faced 
to the lumen. The strap muscles were sutured with 4-0 nylon 
thread. Then, the rabbits were observed for 2 hours before 
being returned to their cages, and water and feed were freely 
available. The animals were given 50 000 IU/kg penicillin as 
prophylaxis for the following 3 days. Clinical symptoms, with 
special attention to wheezing, cough, sputum production, and 
dyspnea, were monitored daily.

Endoscopic Examination
Rabbits were anesthetized to evaluate the repaired trachea. 
Bronchoscopy was performed by a 2.7-mm 0° rigid endo-
scope. Images and videos were taken for each rabbit’s airway 
with an IKEDA 9003 endoscopic camera attached to the rigid 
endoscope.

Histologic and Electron Microscopic Examination
The animals were euthanized, and the repaired tracheal seg-
ments were harvested after endoscopic airway examinations. 
The reconstructed area was divided into 2 averaged parts. 
For histologic microscopic examination, the tracheas were 
embedded in paraffin, cut at a thickness of 4 µm, and stained 
with hematoxylin and eosin. For scanning electron microscope 
(SEM) examination, the samples were prefixed by immersion 
in 2% glutaraldehyde in 0.1 M phosphate-buffered solution, 
and post-fixed for 2 hours in 1% osmic acid dissolved in phos-
phate-buffered solution. Samples were treated in a graded 
series of ethanol and t-butyl alcohol, and dried in freeze dryer 
platinum coated using an ion coater and observed under a 
TM3030 scanning electron microscopy. In transmission elec-
tron microscope (TEM) examination, sample was processed 
as for SEM, then was cut at a thickness of 100 nm and dyed 
by 3% of uranium acetate and lead nitrate. The sample was 
observed under a S3400 transmission electron microscopy.

Results

In the control group, 1 of the 10 rabbits (no. 2) got subcutane-
ous emphysema, and anti-infective treatment was prolonged 
until the emphysema was absorbed. Unluckily, the rabbit died 
in the third week after the surgery.

In endoscopic examination, serious tracheal stenosis was 
observed in all the rabbits in the control group. Sputum scab 
was retained on the reconstructed area 4 weeks postopera-
tively (no. 1, shown in Figure 2A).

Main Points

•	 Tracheal reconstruction is difficult because of its unique 
anatomical characteristics. Reconstruction surgery of the 
trachea with artificial graft needs further exploration.

•	 Acellular dermal matrix could be used as a thin membrane for 
mucosal repair and could be used for tracheal reconstruction.

•	 The reconstructed trachea is stable and maintained its rigid 
lumen, and the epithelial lining is well functional after being 
repaired by acellular dermal matrix.
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In the experimental group, none of the rabbits showed an 
ingrowth of granulation tissue on the inner surface of the ADM, 
with no accumulation of secretions. Vessels were observed in 
ADM, and the reconstructed areas were clean and airtight the 
fourth weekend after reconstruction (shown in Figure 2B). 
Airway stenosis was minimal, and the trachea remained its 
lumen (shown in Figure 2C).

In the control group (no. 2), a granulation sized 4 mm × 4 mm 
and sputum retention were observed in the tracheal lumen 
(shown in Figure 2D), which may cause the obstruction of the 
airway and death. In the experimental group, the reconstructed 
tracheas were clear and smooth. The ADMs completely fused 
to the tracheas without granulation formation or dislocation. 
No graft failure was identified.

In the control group, the respiration epithelium was interrupted 
at the cut edge without any sign of crawling (8 weeks postop-
eratively, shown in Figure 3A). In the experimental group, the 
ADM is uncovered at the first weekend postoperatively, while 
capillaries and lymphocyte infiltration were observed (shown 
in Figure 3B). Four weeks after surgery, the ADM is partly cov-
ered by epithelium, while the central area was still bare (shown 
in Figure 3C). Respiratory epithelium covered all the ADM 
8 weeks postoperatively, and at this moment, the ADM got 
degraded (shown in Figure 3D).

The epithelium cells were different in shape and size at 
first, and villus with a few cilia could be observed (shown in 
Figure 4A). The cilia were more trimmed at the eighth week 
after the surgery (shown in Figure 4B). At the 24th week after 
surgery, the reconstructed area has been covered by neatly 
ciliated epithelium (shown in Figure 4C), comparable to that of 
a normal trachea. Goblet cells could be observed in the regen-
erated epithelium on TEM examination (shown in Figure 4D).

Discussion

There are 2 broad issues that clearly need to be considered in 
trachea reconstruction surgery. First, it is required to maintain 
the luminal form and epithelium lining; second, the postopera-
tive restenosis should be prevented. Autologous grafts such 
as pericardium, pleural, and periosteum could use for recon-
struction of small defects.20 For larger tracheal defects, flap 
with guaranteed blood supply and skeletal support is required 
to ensure the reconstruction, and the keratinocytes can well 
act as an airway lining.21 However, the myocutaneous flap can-
not undergo re-epithelialization, and the hair of the flap easily 
leads to itching and sputum retention.22 The use of an artifi-
cial prosthetic trachea, however, faces the same limitations 
of poor epithelialization.23 Trachea maintains the homeostasis 
by mucociliary clearance of the cilia. Thus, timely re-epithe-
lialization is required to prevent respiratory compromise and 

Figure 1.  Surgery photos. (A) Strap muscles were separated and the tracheal cartilages were encountered. (B) A 3-ring, 120-degree tracheal 
wall was resected. (C) The ADM was sutured to the defect.

Figure 2.  Endoscopic images and gross finding of the reconstructed area. (A) Tracheal stenosis and sputum retention on reconstructed area in 
the control group. (B-C) Well-maintained airway lumen in the experimental group. (D) The granulation tissue in rabbit no. 2.
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infectious diseases.24 Eric et al25 reported tracheal transplan-
tation in 1 patient with a 20-month follow up. The patient 
received triple-therapy immunosuppression and returned to 
work finally, which was a huge breakthrough. However, the 
transplanted trachea took a long time to restore its functions, 
and tracheal transplantation was also limited by donor supply. 
Reconstruction of a structured and functional trachea is still 
enormous challenge for surgeons.

In this study, ADM was used to repair the trachea defects. In 
the control group, scar contracture resulted in tracheal steno-
sis. Contradistinctively, in the experimental group, the airway 
lumen was well maintained, which confirmed the stiffness of 
ADM in tracheal reconstruction. Newly generated capillaries 
were observed 1 week after the surgery, which illustrated that 
ADM could undergo rapid vascularization. Excellent blood sup-
ply could promote wound healing and reduce granulation for-
mation. This may be the considerable reasons for the less scar 
contracture in the experimental group. At the fourth weekend 
after the surgery, regenerated epithelium was observed on 
ADM, and the ADM got completely epithelialized at the eighth 
weekend after the surgery. However, there was no sign of 
epithelial crawling in the control group, which indicated that, 
as a biological scaffold, ADM can promote the migration and 
repopulation of the respiratory epithelium that guides normal 
tissue regeneration. Okumura et  al26 reported that once the 
graft surface was covered by epithelium, the process of ste-
nosis stops. Rapid vascularization and epithelialization of ADM 
help to maintain the rigid lumen. Thus, the tracheal form and 
epithelium lining are reconstructed. However, for large tracheal 

defect repair, mucosal crawling over the construct is even slow 
and represents a problem. It is believed that the graft contain-
ing growth factors may shorten the regeneration time,27 and 
ways to speed up the epithelialization of ADM still need to be 
explored further.

Epithelial regeneration on the graft must be as quickly as pos-
sible for the clearance function, which is achieved through epi-
thelial cell growth and differentiation. Epithelial cell crawling 
primarily covers the repaired region followed by cell differen-
tiation.28,29 In this study, epithelial regeneration was observed. 
However, the early regenerated cells were irregular in shape 
and villus. The ciliated epithelium gradually regenerated and 
the ADM in cover by normal respiratory epithelium. The regen-
eration of goblet cells is the evidence of further improvement 
of a well-functional epithelium, even though it takes a rela-
tively long time. Meanwhile, the mucosal function is recovered. 
It is reported that application of mesenchyme stem cells on 
the scaffold would promote epithelial regeneration.30 However, 
the combination of the graft with mesenchyme stem cells for 
tracheal reconstruction needs a certain period of time for a 
separately cell culture.

Many previous studies have described the use of scaffold that 
can function as cartilage. Some studies have described the 
use of absorbable scaffolds such as polyglycolic acid stent 
or stem cells that will differentiate into cartilage.31-34 Other 
studies have described the use of non-absorbable scaffolds.35 
However, some studies have described the reconstruction of 
small tracheal defects by artificial grafts without scaffold.10,36 

Figure 3.  Optical microscope observation. (A) Respiration epithelium interrupted at the cut edge with no sign of epithelial crawling in the 
control group. (B) Newly generated capillaries were observed in the experiment group. (C) The edge of the ADM is covered by the epithelium. (D) 
Respiratory epithelium covers all of the ADM.

Figure 4.  Scanning electron microscope and TEM images of the trachea. (A) The mucosa was regenerated partially with a few irregular cilia. (B) 
The number of cilia increased and the cilia was more regular. (C) The reconstructed area has been covered by normal ciliated epithelium. (D) 
Transmission electron microscope images of the restricted area; goblet cells could be observed.
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In this study, the tracheal defects were reconstructed with 
ADM without scaffold, and the trachea maintained its lumen 
with only mild contracture. However, when repairing a large 
defect, a stent is always required to maintain the tracheal 
lumen. Ebihara et  al3 reported tracheal reconstruction with 
myocutaneous flap without scaffold in 26 cases. The maxi-
mum tracheal defects for patients who successfully decan-
nulated without dyspnea were equivalent to 7 tracheal rings 
and half of the circumference. Since ADM was tightly sutured 
to the cervical muscle to produce a “muscle flap.” We believe 
that the maximum tracheal defects could be repaired by ADM 
alone, as reported by Ebihara.3

In this study, we reported tracheal defects reconstruction by 
xeno-ADM, and the trachea maintained its rigid lumen. The 
membrane graft was quickly vascularized and covered by 
respiratory epithelium. The regeneration of normal cilia con-
firmed the clearance function of the trachea. The tracheas 
were stable with well-functional epithelial lining. As a medical 
device, this thin membrane would expand the choice of repair 
materials during tracheal reconstruction. 
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