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An in vivo study was conducted to determine if an
extracellular matrix (ECM) scaffold co-localized with
autologous muscle tissue could achieve constructive
remodeling of esophageal tissue without stricture.
ECM derived from the porcine urinary bladder was
processed, decellularized, configured into a tube
shape, and terminally sterilized for use as a bioscaffold for esophageal reconstruction in a dog model.
Twenty-two dogs were divided into four groups, three
groups of five and one group of seven. Groups 1 and 2
were repaired with either ECM alone or muscle tissue
alone, respectively. Groups 3 and 4 were repaired with
ECM plus either a partial (30%) covering with muscle
tissue or a complete (100%) covering with muscle tissue, respectively. Animals in groups 1 and 2 were sacrificed within approximately 3 weeks because of the
formation of intractable esophageal stricture. Four of
five dogs in group 3 and six of seven dogs in group 4
were survived for 26 days to 230 days and showed
constructive remodeling of esophageal tissue with the
formation of well organized esophageal tissue layers,
minimal stricture, esophageal motility, and a normal
clinical outcome. Mechanical testing of a subset of the
remodeled esophageal tissue from animals in groups 3
and 4 showed progressive remodeling from a relatively stiff, non-compliant ECM tube structure toward a
tissue with near normal biomechanical properties. We
conclude that ECM bioscaffolds plus autologous muscle
tissue, but not ECM scaffolds or muscle tissue alone, can
facilitate the in situ reconstitution of structurally and
functionally acceptable esophageal tissue. © 2005 Elsevier

INTRODUCTION

Surgical resection or ablation of the esophagus as a
consequence of congenital or acquired disease is associated with high morbidity and a variety of potential
post-surgical complications [1–5]. The esophagus has
little redundancy and therefore autologous tissue for
reconstruction usually is non-existent. Interpositional
tubular reconstruction procedures for even small segmental defects of the esophagus have used autologous
stomach tissue, small and large intestine, or skin.
Complication rates for such procedures are high, ranging from 30 to 40% [6 – 8] and are a major concern when
considering a radical esophagectomy [4]. It has been
shown that the technical-related complications (e.g.,
leaks, bleeding) are an independent risk factor of prognostic outcome [9]. Furthermore, up to 50% of patients
require postoperative dilations at the level of the cervical anastomosis after radical esophagectomy [4]. Palliative procedures, stent-like devices, and multiple bypasses have been designed for the treatment of
malignant and severe benign disease in an attempt to
mitigate problems with autologous graft procedures
[10 –13]. Stated differently, there is a need for effective
strategies and methods for esophageal repair and reconstruction.
Barrett’s esophagus represents metaplasia of esophageal epithelial cells and is a condition associated with
an approximately 1% incidence of adenocarcinoma
[14 –16]. The incidence of this neoplasia is rising more
rapidly than any other type of cancer and is associated
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with a 5 to 10% 5-year survival rate when not treated
in the very early stages [4, 17]. Surgical and nonsurgical treatment options currently exist for Barrett’s
esophagus (BE) with high-grade dysplasia (HGD), including esophageal resection, endoscopic mucosal resection (EMR), and photodynamic therapy (PDT) [14,
18 –21]. EMR is a promising approach, but some patients still require multiple endoscopic sessions to
achieve a complete resection and the stricture rate is
significantly increased when the resection is longer
than 30 mm or greater than three-quarters of the circumference [22, 23]. Although PDT is not as strongly
associated with stricture as EMR, it can require several treatment sessions and requires rigid screening
protocols that make the cost-effectiveness of this procedure controversial [24]. The persistence of metaplastic glands below the neoepithelial layer in the long
term follow-up make PDT a questionable cancer prevention method [25, 26]. If a complete resection for
EMR or a deep ablation for PDT could be achieved
without stricture, this might lead to a more desirable
outcome in a single endoscopic session. The cause of
esophageal stricture formation is not known with certainty, but a convincing body of evidence implicates a
role for molecular mediators of inflammation that lead
to tissue injury, cell death, and healing by scar tissue
formation.
Tissue engineering/regenerative medicine approaches
that use the principles of developmental biology, cell
biology, biomaterials, and medicine toward the goal of
reconstituting normal tissue have not been extensively
investigated for esophageal applications. In vitro attempts to reconstruct esophageal tubes from collagen,
fibroblasts, and smooth muscle cells have been partially successful but in vivo translation of these techniques for forming engineered esophageal constructs
has not been reported [27–29]. The use of extracellular
matrix (ECM) derived from the small intestinal submucosa (SIS) and urinary bladder has shown success
in pre-clinical and clinical applications for the reconstruction of numerous body structures including the
lower urinary tract [30 –33], vasculature [34 –36], skin
[37, 38], and tendons and ligaments [39, 40]. Promising
results were obtained when ECM bioscaffolds were
used for the replacement of partial (⬍50%) circumferential resection of the esophagus in a dog model [41].
One of the apparent requirements for the reconstruction
of structurally and functionally normal esophageal tissue
appeared to be the presence of adequate amounts of
autologous muscle tissue in contact with the abluminal
portion of the ECM scaffold at the time of implantation
[41]. The objective of the present study was to evaluate
the structural, functional, and biomechanical properties of full circumferential esophageal tissue following
experimental segmental resection and reconstruction

with either an ECM scaffold alone, muscle tissue alone,
or combinations of ECM plus muscle tissue.
MATERIALS AND METHODS
Overview of Experimental Design
Twenty-two adult healthy female mongrel dogs weighing between
17 and 24 kg were divided into four groups, three groups of five and
one group of seven dogs. Each dog was subjected to surgical resection
of 5 cm of the full circumferential esophageal endomucosa in the
mid-cervical region. The endomucosa was defined as the epithelium,
basal lamina (basement membrane), lamina propria, muscularis mucosa (all of which constitute the tunica mucosa), plus the tunica
submucosa. Therefore, endomucosal resection left only the muscularis externa intact. The groups varied by the amount of skeletal
muscle tissue that was subsequently removed from the outer muscular covering of the operated esophageal segment and by the placement or lack of placement of an ECM scaffold as a tubular graft in
place of the removed endomucosa. The measured endpoints included
esophageal function, morphological characteristics and, in a subset
of animals, biomechanical properties of esophageal tissue.
The dogs in group 1 (n ⫽ 5) were subjected to resection of the
complete thickness of the esophageal segment (i.e., endomucosa plus
muscularis externa) and replacement of the missing esophagus with
a tubularized form of an ECM bioscaffold derived from the porcine
urinary bladder. The dogs in group 2 (n ⫽ 5) were subjected to
removal of the endomucosa but the native muscularis externa was
left intact (i.e., the complete endomucosa was removed but no ECM
scaffold was placed). The dogs in group 3 (n ⫽ 5) were subjected to
complete resection of the entire endomucosa and replacement of the
endomucosa with an ECM tube scaffold. Seventy percent of the
complete thickness of the muscularis externa was then removed and
three narrow strips comprising approximately 30% of the native
muscularis externa skeletal musculature was left intact. The dogs in
group 4 (n ⫽ 7) were subjected to resection of the entire endomucosa
and replacement of the endomucosa with an ECM tube scaffold. One
hundred percent of the native muscularis externa skeletal musculature was left intact. Figure 1 depicts the layers of esophagus that
were removed during these surgical procedures. Table 1 summarizes
treatment of the study groups. The dogs were survived until stricture
formed that prevented swallowing (typically within 14⫺21 days) or
were electively euthanized at a later time if intractable stricture did
not occur. Harvested tissue from seven of the 12 animals in groups 3
(three dogs) and 4 (four dogs) was subjected to biomechanical testing
that consisted of pressure-diameter response evaluation and uniaxial tensile testing, both of which are described in detail below. Because the mechanical properties testing precluded immediate fixation for histomorphologic examination, it was decided to preserve a
subset of the specimens for morphological examination only (i.e., the
remaining five of 12 dogs in groups 3 and 4). The specimens subjected
to mechanical properties testing were chemically fixed (10% buffered
formaldehyde) for histological examination after the completion of
the testing (approximately 8 h).

ECM Device Preparation
Porcine urinary bladders were harvested from market weight
(approximately 110⫺130 kg) pigs (Whiteshire-Hamroc, IN). Residual
external connective tissues, including adipose tissue, were trimmed
and all residual urine removed by repeated washes with tap water.
The urothelial layer was removed by soaking of the material in 1 N
saline. The tunica serosa, tunica muscularis externa, and the tunica
submucosa were mechanically delaminated from the remaining bladder tissue. The remaining basement membrane of the tunica mucosa
and the subjacent tunica propria, collectively termed urinary bladder
matrix (UBM), were then isolated and disinfected by immersion in
0.1% (v/v) peracetic acid (), 4% (v/v) ethanol, and 96% (v/v) sterile
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FIG. 1. Graphic representation of a segment of esophagus in
which the endomucosa was removed (middle figure) and replaced by
a tubularized form of ECM. In the present study, the construct
depicted on the right hand side of this figure would be equivalent to
the procedure performed on the dogs in group 4.

water for 2 h. The UBM-ECM material was then washed twice for 15
min with PBS (pH ⫽ 7.4) and twice for 15 min with deionized water.
Multilayer tubes were created by wrapping hydrated sheets of
UBM around a 30 mm perforated tube/mandrel that was covered
with umbilical tape for a total of four complete revolutions (i.e., a four
layer tube). This construct was placed into a plastic pouch and
attached to a vacuum pump (Leybold, Export, PA, Model D4B) with
a condensate trap inline. The construct was subjected to a vacuum of
28 to 29 in Hg for 10 to 12 h to remove the water and form a tightly
coupled four-layer laminate. Each device was then removed from the
mandrel and terminally sterilized with ethylene oxide (Fig. 2).

Surgical Procedure
Each animal was anesthetized by intravenous administration of
thiopental sodium and a surgical plane of anesthesia was main-

TABLE 1
Surgical Procedures Performed on Each Group
of Dogs
Group no. (n value)

Surgical procedure

1 (n ⫽ 5)

Segmental resection of full thickness
esophagus, replacement with ECM
scaffold.
Segmental removal of full circumference
endomucosa, muscularis externa left
intact, no ECM scaffold.
Segmental removal of full circumference
endomucosa, plus 70% of muscularis
externa. ECM scaffold used to replace
endomucosa.
Segmental removal of full circumference
endomucosa. ECM scaffold used to
replace endomucosa.

2 (n ⫽ 5)
3 (n ⫽ 5)

4 (n ⫽ 7)

89

FIG. 2. Photograph of a single layer sheet of ECM following
decellularization. The insert (lower right) shows a tubularized, four
layer construct that has been vacuum pressed as described in the
text.

tained by intubation and inhalation of Isoflurane in oxygen. The neck
was shaved and the site prepared for aseptic surgery. A ventral
midline approach was made and after standard draping, the skin
was incised and the esophagus isolated. In group 1, a 5-cm full
circumferential defect including all layers of the esophagus was
created, and the defect was repaired with an interpositional placement of the ECM bioscaffold tube alone. In groups 2 to 4, a 7-cm
longitudinal incision was made on the ventral surface of the esophagus, and the endomucosa of a 5 cm length of the esophagus (full
circumference) was removed from all animals. Group 2 was a control
group. No ECM bioscaffold was placed in the dogs in group 2. The
dogs in group 3, strips of muscle from the outer muscular tube were
removed in addition to the entire circumference of the endomucosa.
The amount of muscle removed approximated 70% of the total circumference of the muscular tube, leaving three strips of muscle at
approximately the 2, 6, and 10 o’clock positions. A tubularized ECM
bioscaffold was then placed at the site of the original endomucosa in
the group 3 animals. Finally, in dogs in group 4, the entire circumference of the endomucosa was removed, and a tubularized ECM
scaffold was then placed at the site of the original endomucosa,
leaving 100% of the abluminal muscle tube intact and in place. The
ECM device in all cases was sutured to the native endomucosa at
each end with 5-0 Prolene. The muscle and subcutaneous tissues
were closed with 4-0 vicryl and skin was closed with skin staples.

Post-Surgical Care
The dogs were recovered from anesthesia, extubated and monitored
in the recovery room until they were resting comfortably in sternal
position. The dogs were kept in a cage overnight and returned to their
larger run housing on postoperative day one. The dogs were given
prophylactic antibiotics consisting of Cephalothin/Cephalexin 35 mg/
kg, bid x 7 to 9 days. After surgery the dogs received Acepromazine
(0.1 mg/kg IV) and Butorphanol (0.05 mg/kg IV), followed by Buprenorphine (0.01⫺0.02 mg/kg, SC or IM q 12 h) thereafter for
analgesia as needed. Dogs were fed from an elevated/raised platform.
The dog’s daily nutrition was calculated and divided into 2 to 3
feedings per day. Gruel/soft food was provided for 1 week postsurgery. The animals were reintroduced to solid food over a 2 to 3
week period. The dogs were weighed weekly and housed in a run
measuring approximately 10 ⫻ 14 ft to allow freedom to ambulate.
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Endoscopic examinations and barium esophagrams were completed
at approximately monthly intervals to evaluate esophageal structure
and function.

Morphological Examination
Immediately after euthanasia, the cervical esophagus was harvested. The harvested tissue included the scaffold placement site
plus native esophageal tissue both proximal and distal to the graft
site. The excised esophagus was opened by making a longitudinal
incision in the distal to proximal direction. The exposed mucosal
surface was examined and the inner circumference of the esophagus
measured. The tissue was then immersed in 10% neutral buffered
formalin, trimmed, sectioned, and stained with both Hematoxylin
and Eosin and Masson’s Trichrome stains. The areas examined included the native esophagus, the proximal and distal anastomoses,
and the mid-scaffold region.

Biomechanical Testing

Pressure—Diameter Responses
Immediately after euthanasia, the intact esophagus from seven
animals in groups 3 and 4 was isolated and a custom clamping device
[42] was used to maintain the in vivo length. The esophagus was
excised in its entirety and was placed in lactated Ringer’s solution at
4°C until time for testing (2⫺4 h). The esophagus was secured to
stainless steel cannulae with 4-0 sutures and restored to its in vivo
length inside an in vitro pressure-diameter testing system, which
was modified from an ex vivo vascular perfusion apparatus system
previously described [43, 44]. The mounted esophagus was enclosed
within an 800 ml bathing chamber, the temperature of which was
maintained at 37°C using a heated circulating saline loop. A laser
micrometer (Beta Lasermike Model 162, Dayton, OH) was positioned
orthogonal to the sample to measure the outer diameter (OD). Diameter measurements were obtained 10 and 5 mm into the native
tissue direction and 5 mm into the scaffold direction from the proximal anastomosis. An adjustable height reservoir was used to translate hydrostatic pressure into transmural pressure as previously
described [43, 44]. The specimens were first pre-conditioned by cycling between 0 and 9 mmHg 10 times with 10 s per cycle. After
pre-conditioning, pressure-diameter responses were determined for
each of the three locations by increasing the intraluminal pressure
from 0 to 30 mmHg in 3 mmHg increments. The OD for each pressure was recorded and was normalized to the OD value at 0 mmHg.
Compliance (C) was calculated as:

C⫽

冉

OD12 ⫺ Do
Do

冊

1
P12 ⫺ Po

(1)

where OD 12 is the OD at 12 mmHg and D o is the OD at the reference
pressure P o (0 mmHg). Although the pressure-diameter response
was measured up to 30 mmHg, compliance was only measured up to
12 mmHg because of changes in the shape of the pressure-diameter
curve at this point, which in some cases led to diameters outside the
range of the laser micrometer. For comparison, the compliance of the
graft was normalized by the compliance of the native esophagus.

Tensile Testing
Test specimens were prepared by cutting the tissue into flat rectangular pieces (4 cm ⫻ 1 cm) with longitudinal or circumferential
axis orientation. Additional test specimens were obtained from a
piece of scaffold material before implantation as a Time Zero control.
Each specimen was equilibrated to room temperature by immersion
in fresh saline before biomechanical testing. The specimens were

mounted in a previously described uniaxial tensile testing apparatus
[45] and continuously wetted with saline.
The uniaxial tensile testing system consisted of a rail table with a
computer-interfaced microstepping motor (Model S57-83; Parker
Hannifin Corporation, Compumotor, Rohmert Park, CA) [45]. The
tees that held the clamped specimen were supported by two brackets
and these tees moved in opposite directions during the testing procedure. A 25-lb tension load cell (Model 311430-04; Sensotec, Columbus, OH) was mounted at one end of the mounting brackets and the
output magnified by an amplifier (Model SA-BII; Sensotec, Columbus, OH). An A/D converter (Model DT2801; Data Translations,
Marlborough, MA) was used to digitize the load cell and output at 5
Hz, and the data were subsequently stored on a dedicated computer.
To ensure that the specimen did not slip from the clamp, a small
amount of cyanoacrylate glue was used between the specimen and
the face of the clamp as previously done for other tissues [46]. A
pre-load of 0.05 N was applied to each specimen before testing. The
thickness and width of each specimen were measured at three different positions using a dial caliper. The average width and average
thickness was used to calculate an initial cross sectional area for the
specimen. Each specimen was preconditioned by cyclically loading it
to 7% strain at a constant strain rate of 8.5%/min for 10 cycles.
Following pre-conditioning, the specimen was stretched from its
initial gauge length until failure at a strain rate of 8.5%/min. The
change in specimen length was related to the recorded load using the
known strain rate and the initial gauge length.
From the recorded load, elongation, and initial cross-sectional
area, stress () and strain () were computed as follows [46]:

⫽

⫽

⌬l

(2)

l0

f
ao

(1 ⫹ )

(3)

where f is the force recorded by the transducer, a o is the original
cross-sectional area, ⌬l is the change in length associated with each
force, and l o is the original length of the specimen. The ultimate
tensile strength (UTS) was taken as the peak stress attained before
specimen failure. From the stress versus strain curve, the maximum
tangential modulus (MTM) was computed. For comparison, the tangent modulus and ultimate tensile strength for the remodeled graft
were normalized to those for the native esophagus.

RESULTS

The surgical procedure was successfully completed
in all dogs and there was an uneventful immediate
post-operative course. All five animals in group 1 (ECM
scaffold alone) and group 2 (muscle alone with no ECM
scaffold) developed severe esophageal stricture within
approximately 3 weeks. Four of five dogs in group 3
(ECM scaffold with 30% skeletal muscle) showed constructive remodeling of the scaffold with the development of an organized, laminated tissue structure. Six
of seven dogs in group 4 (ECM scaffold with 100%
skeletal muscle) showed constructive remodeling of the
scaffold with similar organized, differentiated tissue
layers as was found in group 3. The results of this
study are summarized in Table 2.
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TABLE 2
Summary of Treatment Outcome and Survival Time
for All Dogs in the Study
Group
No.
1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
4
4
4
4
4
4
4

Treatment
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold
Muscle alone
Muscle alone
Muscle alone
Muscle alone
Muscle alone
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold
ECM scaffold

alone
alone
alone
alone
alone

⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹

30% muscle
30% muscle
30% muscle
30% muscle
30% muscle
100% muscle
100% muscle
100% muscle
100% muscle
100% muscle
100% muscle
100% muscle

Survival
time (days)

Outcome

14
17
19
15
13
21
27
15
20
19
72
101
104
91
26
180
230
144
104
217
36
125

Stricture
Stricture
Stricture
Stricture
Stricture
Stricture
Stricture
Stricture
Stricture
Stricture
Remodeled
Remodeled
Remodeled
Remodeled
Stricture
Remodeled
Remodeled
Remodeled
Remodeled
Remodeled
Stricture
Remodeled

Endoscopic and Positive Contrast Examination Results

Endoscopic examination of the dogs in groups 1 and
2 showed progressive stricture with inability to pass
the endoscope (six French) beyond the proximal suture
line after approximately 10 days post-surgery. The operated segment developed an irregular mucosal covering with scattered foci of glistening, shiny surface
mixed with reddened eroded surface by approximately
7 days post-surgery.
The endoscopic examination of dogs in groups 3 and
4 showed the rapid formation of a normal appearing
mucosal surface by approximately 14 days postsurgery. The anastomotic sites in approximately 50%
of the animals showed evidence of scarring with a
dense white connective tissue that differed from that of
either the native esophagus or the mid-scaffold region.
In animals that were survived beyond 2 months postsurgery, there was obvious esophageal motility in the
remodeled scaffold area as evidenced by active contraction of the esophageal tissue during endoscopic examination of the remodeled region and during visualization of the positive contrast esophagrams. No evidence
for active inflammation, erosion, scarring, or necrosis
was seen by endoscopic examination of the esophagus
of animals from groups 3 or 4.
Positive contrast esophagrams in the animals in
groups 1 and 2 showed progressive stricture with very
limited passage of the barium beyond the proximal
anastomotic line after approximately 2 weeks post-
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surgery. The positive contrast studies in the animals in
groups 3 and 4 showed passage of the positive contrast
material with motility of the graft region after approximately 2 to 3 months. However, the motility of the
remodeled graft tissue did not appear to be synchronous with the adjacent native esophageal tissue.
Clinical Outcomes

The animals in groups 1 and 2 showed frequent
regurgitation after eating beginning on approximately
post-surgery day 10. When maintenance of normal hydration became necessary by parenterally administered fluids, the animals were euthanized. The animals
in all groups were fed from an elevated position during
the first 3 weeks post-surgery but then resumed normal eating posture (from a bowl placed on the floor)
after 3 weeks. The four animals in group 3 and the six
animals in group 4 that showed constructive remodeling of the esophageal tissue had normal appetites and
were eating a normal consistency food by 3 weeks postsurgery. All of these animals showed normal hydration, normal weight, and normal activity.
Macroscopic Appearance

The animals in groups 1 and 2 uniformly showed
esophageal stricture formation within a period of time
ranging from 13 to 19 days (group 1) and 15 to 27 days
(group 2). The tissue showed an esophageal luminal
circumference that was less than 20% of the adjacent
normal esophageal luminal circumference (Fig. 3). The
tissue was very firm to the touch. The mucosal surface
within the surgically manipulated area was reddened,
irregular in contour, and showed only patches of white,

FIG. 3. Macroscopic view of animal in group 1 that survived for
19 days and developed an intractable stricture. Native esophagus
can be seen at the bottom of the photograph and the prolene suture
material identifies the anastamosis separated from the site of ECM
scaffold placement.
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FIG. 4. Macroscopic appearance of remodeled ECM scaffold
when skeletal muscle cells were present on the abluminal surface.
This tissue was removed from an animal in group 3 and shows the
area of bioscaffold remodeling with minimal narrowing of the lumen.
However, note the lack of rugal folds in the esophageal mucosa. This
animal had normal eating habits, gained weight throughout the
post-operative period, and showed no adverse clinical signs.

normal appearing mucosal tissue. The length of the
operated esophageal segment in these animals had
shortened to less than 50% of the original 5-cm length.
The remodeled ECM graft in the animals in groups 3
and 4 showed similar morphological characteristics to
each other. The length of the grafts was approximately
90% of the original 5 cm length, and the luminal surface appeared to contain a normal mucosal covering
(Fig. 4). Examination of the cross-sectional surface
showed a well-delineated outer muscular layer, a submucosal layer, and a mucosal layer (Fig. 5). The luminal circumference was approximately 80% of the adjacent native esophageal luminal circumference.

FIG. 5. Cross section of remodeled ECM bioscaffold from group 3
dog (91 day survival). Note the red area of well-organized muscle
tissue (arrow) and the superficial luminal mucosal lining (arrowhead). Note also the absence of scar tissue.

inflammatory cells including polymorphonuclear leukocytes and mononuclear inflammatory cells. The tissue was very vascular and there was a lack of any
intact mucosal epithelium. There were accumulations
of disorganized collagenous connective tissue that represented typical scar tissue formation.
Histopathologic examination of the animals in
groups 3 and 4 showed identical findings to each other.
There was an intact, well-organized muscularis externa in both groups of animals. The intact circumfer-

Microscopic Examination

Histopathologic examination of the tissues removed
from the animals in group 1 showed a lack of an intact
epithelium, chronic active inflammation of the subjacent tissue characterized by an accumulation of both
polymorphonuclear leukocytes and mononuclear inflammatory cells, and a variable amount of dense, disorganized, fibrous connective tissue (scarring). The
ECM scaffold material had become integrated into the
host tissue to the extent that it was indistinguishable
from the adjacent host tissue. There was a lack of any
muscular tissue in the region of the esophagus that
would normally constitute the muscularis externa. The
ECM scaffold was not identifiable (Fig. 6).
Histopathologic examination of the tissues in the
animals in group 2 showed an intact muscularis externa. The most superficial (i.e., luminal) region of the
muscularis externa was infiltrated with a mixture of

FIG. 6. Photomicrograph of a section of remodeled ECM scaffold
alone (group 1) at the site of anastamosis with the adjacent native
esophagus (left hand side). Remnants of skeletal muscle and squamous epithelium can be seen at the edge of the native esophageal
tissue (left). The remodeled graft tissue shows a lack of squamous
epithelial coverage with an underlying disorganized accumulation of
fibroblastic cells and mixed inflammatory cells. This animal had
developed an intractable stricture (H&E stain, ⫻20).
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FIG. 7. Photomicrograph of remodeled ECM bioscaffold 180 days
after surgery. Note the intact squamous epithelium with few rete
ridges (inset), organized submucosal layer with glandular structure
(right side of photograph) and organized layers of skeletal muscle in
the location of the muscularis externa. Note also the lack of scar
tissue formation (H&E, ⫻20)

ential muscularis externa included the animals in
group 3 in which only 30% of the native muscular layer
had been retained at the time of surgery. The surface of
the graft was lined by a stratified squamous epithelium
upon an intact basement membrane. Rete pegs of the
epithelium were not as pronounced as those in the
adjacent native esophageal mucosa (Fig. 7). The submucosal tissue consisted of organized connective tissue
with an abundant capillary supply. There was an absence of inflammatory cells in any of the remodeled
scaffold materials that were examined beyond 3 weeks
post-surgery. A moderately dense accumulation of collagenous connective tissue was present in the areas of
anastamosis, especially around the remnants of suture
material.
Mechanical Properties

The pressure-diameter response of the seven esophageal specimens from groups 3 and 4 had a typical
shape for a muscular tube (Fig. 8). The diameter increased rapidly under low pressure and very little under higher pressure. The remodeled ECM scaffolds
showed less distensability than the native tissue until
approximately 200 days after implantation when the
pressure diameter response of the remodeled scaffold
tissue became similar to the native esophageal tissue.
The compliance of the remodeled scaffold material
and for the native esophageal tissue that was located
near the anastomosis was less than for the normal
esophageal tissue at the early time points and both
values tended to increase to approximately that of native esophageal tissue by 100 days post-surgery (Fig.
9). The compliance was measured from 0 to 12 mmHg
because the large initial OD of some of the specimens
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FIG. 8. Pressure-Diameter curves for native esophagus and remodeled scaffold at 145 days after surgery. The values for scaffold at
5 mm from the anastomotic site are very similar to that of native
tissue at 5-mm anastomotic site. The value for the remodeled scaffold
at 10 mm from the anastomotic site was not available for testing.

resulted in pressurized diameters that were outside
the measurement range of the laser micrometer at
higher pressures.
During uniaxial tensile tests of the native tissue and
remodeled graft, half of the samples failed in the midsubstance of the tissue and the other half failed at the
clamp. The MTM and UTS of the graft at Time Zero
were both much greater than those for the native
esophagus in both the longitudinal and circumferential
directions. However, by 91 days after implantation
both of these properties approached those of the native
esophagus and this trend continued over time (Figs. 10
and 11).
DISCUSSION

The present study showed that the use of a xenogeneic ECM bioscaffold derived from porcine urinary

FIG. 9. Relative compliance for tissue specimens taken from 5
mm into the native esophagus and the remodeled scaffold. The
compliance of normal esophageal tissue is represented by the 100%
value.
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FIG. 10. MTM of the ECM graft relative to native esophagus
over implant. The modulus of the graft is much greater than the
native tissue initially, but rapidly remodels such that the modulus of
the graft approaches that of the native esophagus (i.e., 100%) by 91
days after surgery.

bladder can induce the constructive remodeling response into functional esophageal tissue if the scaffold
is placed in direct contact with autologous muscle tissue, even relatively small amounts (i.e., 30% circumference) of muscle tissue. However, use of the ECM
bioscaffold alone or muscle tissue alone results in unacceptable scar tissue formation and stricture. Finally,
this study showed that the mechanical behavior of the
UBM scaffold changes during the remodeling process
from a very stiff, relatively non-compliant state to a
state in which the properties are very similar to native
esophageal tissue.
The constructive remodeling response observed in
the present study when an ECM bioscaffold plus muscle tissue is used for tissue reconstruction is very similar to the remodeling response seen in other body
locations when ECM scaffold material has been used in
tissues that contain a muscular component. For example, numerous reports of lower urinary tract reconstruction including the urinary bladder, urethra, and
ureter show similar replacement of the ECM scaffold
by an epithelial cell population, submucosa, and
smooth muscle cell layer. In these locations, the presence of a muscle cell population in contact with the
ECM scaffold enhanced but was not essential for, remodeling without scar tissue formation [47–51]. Replacement of muscular body wall structures with
sheets of skeletal muscle mixed with collagenous connective tissue and adipose tissue have been reported
with a porcine ECM scaffold derived from SIS [52–54].
There is a convincing body of evidence that cell to cell
communication is an important determinant for constructive wound healing. Reconstruction of both dermal tissue and lower urinary tract structures show
that the presence of an epithelial cell population stimulates proliferation, promotes differentiation and mi-

gration, and contributes to spatial organization of an
underlying mesenchymal cell component [31, 55–57].
For example, it has been shown that the presence of
urothelial cells is responsible for the differentiation of
smooth muscle cell migration and differentiation in the
remodeling of urinary bladder tissue [56]. Atala has
shown that coculture of urothelial cells and urinary
bladder smooth muscle cells not only facilitates tissue
growth but significantly inhibits contraction of remodeling tissue, a finding that has direct implications to
the phenomenon of esophageal stricture formation in
the present study [33, 58]. In a similar fashion, squamous epithelial cells of the skin not only provide a
protective covering for the underlying tissue but also
provide signals that stimulate nerve cell growth and
fibroblast migration and minimize fibroblast contraction of wounds [59].
It is now reasonably well accepted that complete
endothelial cell coverage of vascular grafts has a
marked inhibitory effect on the intimal hyperplasia
that occurs during healing after vascular injury [60,
61]. Cell signaling from the overlying endothelium promotes normal organization of underlying smooth muscle cells and myofibroblasts and inhibits the excessive
proliferation that is analogous to scar tissue formation
and the associated wound contracture seen in other
tissues and organs such as skin and the esophagus.
Finally, when considering the phenomenon of cell to
cell communication in vitro, the feeder layer technique
described by Rheinwald and Green is an excellent example of how an underlying mesenchymal cell population (NIH 3T3 fibroblasts) can have a positive effect
upon the growth, migration, and proliferation of an
overlying epithelial cell population [62]. The exact
mechanisms of these effects are not known with cer-

FIG. 11. UTS of the ECM graft relative to native esophagus over
implant. The tensile strength of the graft is much greater than the
native tissue initially, but rapidly remodels such that the strength of
the graft approaches that of the native esophagus (i.e., 100%) by 91
days after surgery.
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tainty, but it seems clear that site-specific cell:cell and
cell:matrix signaling is a very important determinant
of tissue remodeling.
ECM scaffolds that are not chemically cross-linked
have been shown to have a very rapid rate of in vivo
degradation [63– 65]. Although the ECM scaffolds used
in the present study were not labeled, the histological
examination showed rapid loss of structural identity
and rapid integration into host tissues consistent with
the findings of the previous studies. This rapid rate of
degradation likely contributes to the absence of a
foreign body response and the associated fibrous connective tissue that is characteristic of many nonresorbable biomaterials.
The source of cells that remodel the ECM scaffold is
not fully understood. It is likely that the mucosal epithelium within the remodeled scaffold area is a result
of migration of cells from the adjacent native esophageal mucosa. The source of cells that contribute to the
formation of a submucosal layer and the muscularis
externa layer in group 3 is somewhat less clear. Recent
studies with porcine derived bioscaffolds suggest that a
bone marrow derived progenitor cell may participate in
the remodeling of such scaffolds [66]. In addition, it has
been shown that ECM scaffold degradation is an integral and necessary component of remodeling and that
degradation products of the scaffold have chemoattractant properties for host endothelial cells [67]. Stated
differently, the relative contribution of cells derived
from adjacent native tissue versus a circulating population of cells to the remodeling response remains unknown.
Evaluation of the mechanical properties of remodeled esophageal tissue in the present study showed
that the remodeling process progressed with time toward a tissue construct that had mechanical properties
very similar to that of native tissue. The histological
findings that showed progressive layered organization
of the remodeled tissue were consistent with the trends
observed in the mechanical properties of the remodeled
tissue. Stated differently, the absence of scar tissue
and the presence of an abluminal skeletal muscle cell
layer, an organized, non-scarring submucosal layer,
and an intact epithelium appear to support formation
of a stable, functional tissue with mechanical properties similar to native esophageal tissue.
In summary, the findings of the present study suggest that it is possible to reconstruct functional fullcircumferential esophageal tissue in situ. These findings also suggest that the observed phenomenon does
not represent regeneration but rather modified wound
healing response from the default scar tissue formation
that is typical of adult mammalian esophageal healing.
The mechanisms by which naturally occurring ECM
scaffolds support such remodeling are not completely
understood, but it seems clear that a combination of an
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appropriate ECM microenvironment in situ and the
presence of at least a small amount of normal host
skeletal muscle cells are required for a constructive
remodeling response. One limitation of the present
study is that it was performed in the cervical esophagus. Pathology most commonly occurs in the distal
esophagus; a location where gastric reflux may affect
the healing or remodeling process. However, the promising results of the present study suggest a potential
alternative treatment for conditions such as Barrett’s
esophagus with high-grade dysplasia, where a more
aggressive resection or ablation could be attempted in
a single endoscopic session. Other potential applications for ECM bioscaffolds in the esophageal location
include the treatment of esophageal atresia, esophageal trauma, or other pathologies requiring resection of
esophageal tissue.
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