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Abstract

Optimal treatment of full-thickness skin injuries requires dermal and epidermal
replacement. To spare donor dermis, dermal substitutes can be used ahead of
split-thickness skin graft (STSG) application. However, this two-stage procedure
requires an additional general anaesthetic, often prolongs hospitalisation, and
increases outpatient services. Although a few case series have described successful
single-stage reconstructions, with application of both STSG and dermal substitute at
the index operation, we have little understanding of how the physical characteristics
of dermal substitutes affects the success of a single-stage procedure. Here, we evalu-
ated several dermal substitutes to optimise single-stage skin replacement in a preclin-
ical porcine model. A porcine full-thickness excisional wound model was used to
evaluate the following dermal substitutes: autologous dermal graft (ADG; thick-
nesses 0.15-0.60 mm), Integra (0.4-0.8 mm), Alloderm (0.9-1.6 mm), and chitosan-
based hydrogel (0.1-0.2 mm). After excision, each wound was treated with either a
dermal substitute followed by STSG or STSG alone (control). Endpoints included
graft take at postoperative days (PODs) 7 and 14, wound closure at POD 28, and
wound contracture from POD 28-120. Graft take was highest in the STSG alone and
hydrogel groups at POD 14 (86.9% + 19.5% and 81.3% =+ 12.3%, respectively;
P < .001). There were no differences in graft take at POD 7 or in wound closure at
POD 28, though highest rates of wound closure were seen in the STSG alone and
hydrogel groups (93.6% + 9.1% and 99.8% + 0.5%, respectively). ADG-treated
wounds demonstrated the least amount of wound contracture at each time point.
Increase dermal substitute thickness was associated with worse percent graft take at
PODs 14 and 28 (Spearman p of —0.50 and —0.45, respectively; P < .001). In this pre-
clinical single-stage skin reconstruction model, thinner ADG and hydrogel dermal
substitutes outperformed thicker dermal substitutes. Both substitute thickness and
composition affect treatment success. Further preclinical and clinical studies to opti-
mise this treatment modality are warranted.
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1 | INTRODUCTION

Full-thickness injuries to the skin in the setting of burn,
trauma, or surgery can be challenging to manage.
Although early treatment of these wounds typically
involves removal of non-viable tissues,’ damage to the
deep dermal layers often necessitates transfer of donor der-
mis and epidermis for skin repair.” Skin replacement in
the form of a skin graft can replace both dermis and epi-
dermis but transferring more dermis means greater donor
site morbidity. Conversely, sequential skin replacement
using a dermal substitute followed by a skin graft poten-
tially decreases donor-site morbidity while maintaining
the quality achieved by a thicker skin graft. The resultant
two-stage procedure involves achieving an adequate
wound bed and placing a dermal substitute to replace
missing dermis, with the second stage of definitive graft
placement delayed for 1 to 4 weeks to allow for wound
bed preparation.>” This two-stage procedure has histori-
cally resulted in graft survival of up to approximately 87%
to 92% in burn patients®” and 87% to 95% in patients with
chronic non-healing wounds or large soft tissue defects®®
as well as satisfactory functional outcomes.'*!

Despite these excellent results, the two-stage procedure
is not without limitations. First, an extra procedure and an
extra general anaesthetic is required. Second, the wound
remains open in the interceding period as the skin substi-
tute increases vascularity and granulates, which places the
wound site at risk for possible infection.” Finally, delaying
wound closure also prolongs hospital stays in most cases,
necessitates multiple additional outpatient clinic visits at
the very least, and prolongs time to physical therapy or
return to work. Therefore, there remains a need for a
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contraction, dermal substitutes, graft take, single-stage

« Treatment of full-thickness injuries requires dermal and epidermal replace-
ment, often in a two-stage procedure

« Single-stage procedures using a dermal substitute and a skin graft would
alleviate the need for a two-stage procedure, but this model has not been rig-
orously tested and long-term outcomes are unclear

« This study utilised a porcine excisional wound model and a number of com-
mercially available dermal substitutes to assess for graft take and wound
contracture over a 120-day observation period following a single-stage pro-
cedure using a split-thickness skin graft and a dermal substitute

« Wounds treated with autologous dermal graft as the dermal substitute had
the least amount of wound contracture over 120 days

« Increased dermal substitute thickness was associated with lower rates of graft take

single-stage method for grafting deeper injuries that can
accomplish similar degrees of graft survival and long-term
outcomes. A single operation utilising a dermal substitute
would also obviate the need for the 1 to 4-week delay and
would spare donor dermis.

Although several clinical case series have described
single-stage techniques with varying degrees of success,'*'® a
comprehensive analysis of the various dermal substitutes
used clinically based on their physical qualities for wound
bed preparation in the context of a single-stage procedure is
lacking.17 Since dermal substitutes differ in thickness, den-
sity, and composition, it is difficult to compare them without
taking those factors into account. Furthermore, there is no
gold standard dermal substitute to which other substitutes
should be compared. In this preclinical study, we assessed
the viability of split-thickness skin grafts (STSGs) applied
with a dermal substitute to full-thickness excisional wounds
in a single-stage fashion using a swine model.

2 | MATERIALS AND METHODS

2.1 | Animals
Research was conducted in compliance with the Animal
Welfare Act, the implementing Animal Welfare regulations,
and the principles of the Guide for the Care and Use of Lab-
oratory Animals, National Research Council. The facility's
Institutional Animal Care and Use Committee approved all
research conducted in this study. The facility where this
research was conducted is fully accredited by the AAALAC.
Eight female pigs (Sus scrofa domestica—Yorkshire)
approximately 4 to 5 months of age were selected for use.
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Veterinary staff from our research institute administered and
maintained anaesthesia and analgesia in accordance with
standard-of-care protocols. Briefly, each pig was induced using
intramuscular injection of tiletamine-zolazepam (Telazol,
4-6 mg/kg) and inhaled isoflurane via facemask. The airway
was secured with endotracheal intubation and the pig was
maintained throughout surgery with 1% to 3% isoflurane in
100% oxygen. Baseline pain control was given through subcu-
taneous injection of buprenorphine HCI sustained release
(0.12-0.24 mg/kg) 24 hours prior to surgery and continued for
up to 72 hours following surgery if needed for further pain
control. For wound assessments after the initial surgery, each
pig was sedated with intramuscular ketamine (10-25 mg/kg)
and maintained throughout the assessment with mask anaes-
thesia (1%-5% isoflurane in 100% oxygen). Upon completion
of the experiment, each animal was humanely euthanised
under anaesthesia with FatalPlusIV (0.2 mL/kg).

2.2 | Surgeries

Each animal was mechanically shaved and 6-cm-diameter
circles were tattooed on the bilateral dorsolateral aspects
of each animal. Allotting for 4 cm spacing between sites
and 2 cm distance from the spine, a total of 10 locations
were used per animal. Two additional 6-cm circular areas
were identified and tattooed on each pig to serve as a con-
trol site for normal skin growth during the course of the
experiment (growth control). Full-thickness excisional
wounds down to fascia were then created at each of the
planned sites inside the tattoo, excluding the growth con-
trol (Figure 1A). Autologous STSGs were harvested with a
pneumatic dermatome (Zimmer Surgical Inc., Dover, OH)
adjusted to 12 of 1000 in. (approximately 0.3 mm) thick-
ness to mimic an intermediate-thickness STSG. After
wound excision, treatments were randomised by location
to control for anatomic positional effects and then applied.
STSGs were then cut to fit, applied to each wound, and

secured with 3-0 nylon sutures (Figure 1B). Bolsters of
Xeroform and cotton gauze were then created to further
secure the grafts and ensure uniform contact with the
wound bed (Figure 1C). Bolsters and dorsum of the ani-
mals were then covered with Ioban (3M, Maplewood,
MN), a fabric vest, and stockinet to provide additional
stabilisation.

2.3 | Treatment arms

To determine the dermal substitute that resulted in opti-
mal graft take after a single-stage procedure, multiple der-
mal substitutes of different thicknesses were compared.
The dermal substitutes chosen for use in this study are as
follows: Integra (Integra LifeSciences; Plainsboro Town-
ship, NJ), Alloderm RTM (BioHorizons Implant Systems;
Birmingham, Alabama), and autologous dermal graft
(ADG). An additional treatment arm utilising hydrogel
(see below for hydrogel construction techniques) was
included as a means of assessing the impact of the interpo-
sition of a thin avascular material between the graft and
tissue bed. Hydrogels were not intended to serve as true
dermal substitutes as they lack the structural components
of a substitute that can impact wound contracture and
healing. The purpose of the hydrogel was to interpose an
avascular layer of known thickness between the graft and
wound bed to attempt to assess the independent impact of
substitute thickness (rather than thickness and structural
composition) on graft take and wound healing. Thick-
nesses of each of these substitutes and number of wounds
treated with each substitute can be found in Table 1.

2.4 | Hydrogel preparation

The hydrogels used in this study were constructed using
a chitosan solution at our facility. Briefly, an aqueous

FIGURE 1

Depiction of the porcine full-thickness excisional model used in these experiments. On the date of surgery, full-thickness

wounds were created using sharp excision (A). Wounds were then dressed with a dermal substitute and split-thickness skin graft (STSG) or

STSG alone (B), with grafts secured to wound edges using suture. Wounds were then bolstered using Xeroform and gauze for protection (C)
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TABLE 1 Description of treatments by substitute thickness and count
Comparison of dermal substitutes n Thickness (mm) Mean thickness (mm)
None (STSG alone) 8 0.0 0
ADG 23 0.3 0.3
Alloderm 7 09to01.6 1.25
Integra 0.4 mm 6 0.4 0.4
Integra 0.8 mm 8 0.8 0.8
Hydrogel 8 0.1t00.2 0.15

Comparison of ADG thicknesses
None (STSG alone)

0.15 mm

0.30 mm

0.45 mm

0.60 mm

Abbreviations: ADG, acellular dermal graft; STSG, split-thickness skin graft.

2.5% (w/v) chitosan solution was prepared by dissolving
low molecular weight chitosan (Sigma, St. Louis; viscos-
ity 20.0 cps) in 0.1 M acetic acid. This solution was then
dialyzed extensively against 0.01 M acetic acid for 2 days.
The dialyzed chitosan solution was lyophilised to dryness
and redissolved in sterilised 0.05 M acetic acid at a final
concentration of 3% (w/v) (pH 5.8) and used to prepare
the gels. Hydrogels were prepared by mixing 850 pL of
this solution with 150 pL of sterilised 1 M dibasic potas-
sium orthophosphate (KH,PO,, Sigma). Hydrogels were
placed in a 37°C incubator for 30 minutes to initiate gela-
tion and then frozen at —80°C overnight. The frozen gels
were then lyophilised for 48 hours to complete dryness.
Thickness varied but was typically between 0.10 and
0.20 mm at the time of application onto the wound bed.

2.5 | Study design

Prior to comparing dermal substitutes directly, we assessed
varying thicknesses of ADG in the single-stage model. The
purpose of this pilot experiment was to identify an autolo-
gous “baseline” to serve as an additional benchmark to
which non-autologous substitutes could be compared. An
initial pilot experiment using two animals was performed to
identify the ideal ADG thickness to use. In this pilot, STSGs
(thickness of 0.12 in.) were harvested from each animal
using a standard dermatome (Zimmer, Warsaw, Indiana).
Next, sequential tangential excisions of the underlying
autologous dermis were performed at a variety of thick-
nesses: 0.15, 0.3, 0.45, and 0.60 mm. One wound on each
animal (n = 2) was treated with STSG alone without a der-
mal substitute to serve as a control. This pilot was carried
out for 28 days before animals were euthanised. The
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primary outcomes of this study were graft take and wound
closure (see below). In selecting the optimal ADG thick-
ness, consideration was given to both the outcomes of this
pilot study and also the thickness of the other dermal substi-
tutes to be tested. Closely matching the thickness of the
ADG to the thicknesses of the other dermal substitutes
would help more directly compare the impact of the compo-
sition of the substitute on the outcomes measured.

After identifying the optimal ADG thickness, the
main experiment comparing the dermal substitutes and
hydrogel listed above was conducted using six additional
swine. To provide more robust study power, the STSG,
ADG, and growth control data taken from the pilot study
were included in the overall analysis as well. Two thick-
nesses of Integra were tested separately: 0.4 and 0.8 mm.
Alloderm thicknesses ranged from 0.9 to 1.6 mm (per
product description) but were not independently mea-
sured prior to application. Hydrogel thicknesses were as
described previously: 0.10-0.20 mm. In this study, the ani-
mals were followed for 120 days. Wound assessments
were performed on postoperative days (POD) 7, 14, 28,60,
90, and 120. Assessments included high-resolution digital pho-
tographs of each wound (Nikon D3000+AF-S Nikkor objec-
tive) and planimetry measurements (SilhouetteStar from
Aranz Medical; Christchurch, New Zealand). A schematic
detailing the study timeline could be found in Supplemental
Figure1l.

2.6 | Percent graft take

SilhouetteStar images were collected during each assess-
ment from each wound and traced with SilhouetteConnect
software to determine total wound area and area of graft
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take (assessed as area of healthy-appearing STSG). Percent
graft take for each time point was then calculated as area of
graft take divided by total wound area (both measured from
the same assessment time point) multiplied by 100.

2.7 | Wound contraction

The “contraction index” of each wound was taken at each
time point and normalised to both the initial size of the
wound at day 7 and to the growth control in the follow-
ing fashion: ([day X wound area]/[day X growth control
area])/([day 7 wound area]/[day 7 growth control area]).
Controlling at each time point for the change in growth
control allowed us to isolate the change in wound size
secondary to contracture alone. The structure of this vari-
able is such that higher contraction index percentages
indicate less contraction, while lower contraction index
percentages indicate more contraction.

2.8 | Statistical analyses

All data analysis was conducted using SPSS v 24. (IBM;
Armonk, New York). Continuous variables were reported
as mean and SD. Treatment groups were compared using
an analysis of variance (ANOVA) test at each measured
time point. Pair-wise comparisons were performed using
the Bonferroni method. No longitudinal “over time” com-
parisons between treatment groups were performed,
though such comparisons were performed within the
same treatment group. Associations between dermal sub-
stitute thickness and outcome variables were performed
using Spearman'’s correlation. As certain dermal substi-
tutes were available in a “range” of thicknesses, the mean
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FIGURE 2

thickness was calculated as the mean value of that range
(Table 1). Significance for all tests was set at P < .05.

3 | RESULTS

3.1 | ADG thickness pilot study

Percent graft take at day 14, percent of wound closure
achieved at day 28, and contracture at day 28 are presented in
Figure 2. Atday 14 (Figure 2A), there was no significant differ-
ence in percent graft take between any of the treatment groups
(overall P = .67), though mean percent take did appear to
decrease as ADG thickness increased (0.15 mm: 90.9% +
8.0%;0.30 mm: 84.5% + 24.6%;0.45 mm: 75.3% + 34.9%; and
0.60 mm: 72.6% + 30.7%). Similarly, while there were no sta-
tistically significant differences between treatment groups in
wound closure at day 28 (Figure 2B; P = .81), mean percent
closure decreased with increasing ADG thickness (0.15 mm:
75.1% + 29.9%; 0.30 mm: 53.4% + 41.2%; 0.45 mm: 46.8% +
66.2%; and 0.60 mm: 46.6% + 65.9%). Cumulatively, ADG
thicknesses of 0.15 and 0.30 mm performed most similarly to
the STSG control. Of these two thicknesses, 0.30 mm ADG
thickness was selected over the 0.15 mm ADG for continued
use in the study as the planned thicknesses of the other dermal
substitutes were all 0.4 mm or greater and matching thickness
as closely as possible would help attribute any differences in
outcomes to graft composition rather than graft thickness
alone.

3.2 | Graft take and wound closure

Graft take was assessed at day 7 and day 14 (Figure 3A).
There were no differences between groups in percent graft

C
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1

H

80

60

40

Closure at POD 28 (mean, SD), %

20

SSHEE I
ADG 0.60 mm

STSG ADG0.15Smm  ADG 0.30mm  ADG 0.45mm

Treatment

Results of the autologous dermal graft (ADG) pilot study. (A) Graft take at postoperative day (POD) 14; (B) and wound

closure at POD 28. Thinner ADG constructs appeared to most closely approximate results seen from the split-thickness skin graft (STSG)

controls. Graphs represent mean and SD
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Comparison of dermal substitutes with regard to graft take at postoperative day 14 (A) and wound closure at POD 28 (B).
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FIGURE 4 Comparison of dermal substitutes with regard to
wound contraction. Higher contraction index scores represent less
contraction (100% = no wound contraction occurred). Autologous
dermal graft (ADG) and hydrogel again most closely resembled
split-thickness skin graft (STSG). Graphs represent mean and SD

take at POD 7 (P = .63). STSG alone (n = 8) had the highest
percent take (81.8% + 15.4%), followed by hydrogel (n =8;
79.5% + 10.3%) and Integra 0.4 mm (n = 6; 77.9% + 8.8%).
However, there was a significant difference overall in
percent take at POD 14 (P < .001), with both STSG alone
and hydrogel demonstrating higher percent graft take
(86.9% + 19.5% and 81.3% =+ 12.3%, respectively) when
compared to Alloderm (n = 7; 32.4% =+ 24.4%, P = .001 and
P = .006, respectively) and Integra 0.8 mm (n = 8; 42.4% +
20.5%, P = .012 and P = .045, respectively). In addition,
Integra 0.4 mm (77.4% + 27.1%) demonstrated higher per-
cent graft take than Alloderm (P =.031).

Despite differences in graft take at day 14, there were
no differences across groups in percentage wound closure
at day 28 (P = .10; Figure 3B). The highest rates of wound

TABLE 2
thickness of dermal substitute

Correlations between outcomes measured and mean

Outcome correlated Spearman’s p P-value
Percent take, POD 7 —0.12 34
Percent take, POD 14 —0.5 <.001
Percent wound closure, POD 28 — 045 <.001
Contraction index, POD 28 —0.2 13
Contraction index, POD 60 —0.28 .06
Contraction index, POD 90 —0.24 .10
Contraction index, POD 120 —0.24 .10

Abbreviation: POD, postoperative day.

closure were seen in the STSG alone (93.6% + 9.1%) and
hydrogel (99.8% =+ 0.5%) groups, while the lowest rates of
wound closure were seen in the Integra 0.4 mm (63.7%
+ 49.7%) and Alloderm (64.7% + 28.7%) groups.

3.3 | Wound contracture

The contraction index of each treatment arm was com-
pared at POD 28, 60, 90, and 120 (Figure 4). Higher con-
traction indices indicated less wound contraction while
lower contraction indices indicated more extensive
wound contraction (as these percentages represented the
area of the wound at the time measured relative to
the area of the wound at baseline). There were significant
differences between groups at day 28 (P = .001) and day
60 (P = .007). At POD 28, ADG (n = 23) had a signifi-
cantly higher contraction index (72.3% + 12.9%) than
Integra 0.8 mm (55.6% + 11.0%, P = .001) and hydrogel
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(61.3% + 9.6%, P = .034). At day 60, ADG maintained a
significantly higher contraction index (ie, less wound
contraction overall) relative to Integra 0.8 mm (60.6% +
15.0% vs 40.9% + 10.0%, P = .005) though not hydrogel
(P = .36). At day 120, the greatest degree of wound con-
traction (ie, lowest contraction index scores) was seen in
the Alloderm (42.4% + 14.7%) and Integra 0.8 mm
(38.5% + 16.8%) groups. The ADG group demonstrated
the least amount of wound contraction (contraction
index of 58.0% + 16.2%).

3.4 | Correlations between thickness and
wound healing

Correlations were made between the mean thickness of
each treatment used and the outcome variables collected
in this study (Table 2). No correlation was seen between
contraction index and the thickness of treatment
deployed. Percent take at POD 14 and wound closure at
POD 28 both demonstrated moderate correlations with
mean thickness (—0.50 and —0.45, respectively; both
P < .001), with increasing thickness associated with
worse percent graft take and wound closure.

4 | DISCUSSION

Our study examined various dermal substitutes in a
single-stage skin reconstruction procedure using an exci-
sional wound swine model. The control treatment for this
experiment was STSG placed directly onto a recently
excised wound, with the expectation that rates of graft
take and wound closure in this group would be close to
100% given that the wound bed was vascular. ADGs of
various thicknesses were used as a gold standard dermis
to which other commercially available dermal substitutes
could be compared. We found that thinner ADG thick-
nesses placed on the wound bed beneath the STSG per-
formed similarly to STSG alone, while thicker ADG
substitutes demonstrated worse graft take. Among the
various treatments applied, ADG, hydrogel, and Integra
0.4 mm showed the highest rates of graft take at POD
14, and ADG and hydrogel showed highest rates of
wound closure at POD 28. The ADG and hydrogel treat-
ment groups also showed the lowest rates of wound con-
traction by POD 120. Finally, there were moderate
inverse correlations between the dermal substitute thick-
ness and percent graft take at day 14 and percent wound
closure at day 28, though substitute thickness did not cor-
relate with wound contraction measured at any time-
point or with initial percent take at POD 7. ADG was the
thinnest dermal substitute and hydrogel was the thinnest

treatment overall that were used, so these correlation
findings are likely driven by the performance of these
two substitutes at POD 14 and 28. Cumulatively, our data
suggest that single-stage procedures may be viable in the
setting of a thinner allogeneic dermal substitute or a der-
mal substitute containing autologous tissue.

The single-stage procedure hinges on the ability of a
graft to survive during a period of relative ischaemia. Our
study evaluated two variables that affected time to
revascularisation of the graft: dermal substitute thickness
and the underlying regenerative potential of the
substitute. Prior studies have demonstrated that the
vascularisation of an acellular dermal substitute (with
minimal inherent regenerative potential) is substantially
slower than the neovascularisation of an STSG.'® Using
microscopy, Greenwood et al assessed blood flow through
Integra applied to a wound bed in anticipation of a two-
stage procedure and found that convincing blood flow
through the dermal substitute was not present until day
23, at which time an STSG was applied."® Similarly, Four-
man et al used laser Doppler imaging and indocyanine
green angiography to show that perfusion peaked at
21 days after Integra placement on a full-thickness
wound.”® Our data specifically evaluating Integra as a
dermal substitute in a single-stage procedure reflect this
slow time to neovascularisation as thinner Integra
(0.4 mm) had more graft take at POD 14 as compared to
thicker Integra (0.8 mm). While we did not measure rates
of revascularisation, tissue survival and wound coverage
are reasonable surrogates for this endpoint and our data
are therefore consistent with prior findings.

Our data comparing various thicknesses of ADG
suggested that both variables, thickness and substitute com-
position, must be accounted for independently when con-
sidering the relationship between rate of revascularisation
and graft survival. One reason we believe ADG performed
so well in our experiment was that the revascularisation
process for ADG was inherently different from other dermal
substitutes."®?** Since ADGs contained intact blood ves-
sels, revascularisation through an ADG required two sepa-
rate inosculation events (one at the wound bed-ADG
interface and the other at the ADG-STSG interface) but no
new vessel growth. Acellular substitutes, conversely, would
require the regrowth of blood vessels through the entirety of
the substitute while the graft survived on imbibition from
the wound bed or inosculation from the lateral wound
edges. As inosculation of grafts occurs much more rapidly
than neovascularisation,'® we expected revascularisation of
the STSG placed over ADG to occur more rapidly than an
STSG placed over an acellular matrix. However, analysis of
our ADG pilot suggested that this assumption of healing
may not be accurate. Thicker ADGs were associated with
worse graft take than thinner ADGs, despite the fact that
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the thickness of the ADG should have no impact on the
inosculation events at either interface. A theoretical benefit
to thicker ADGs would be improved contraction rates dur-
ing the maturation phase of wound healing, but our pilot
study did not carry the ADG comparison study past POD
28. Therefore, we are unable to definitely determine an
“optimal” thickness of ADG to use, but our data does dem-
onstrate that both substitute thickness and composition can
impact the success of the overlying STSG in a single-stage
procedure.

Clinical case series thus far support the use of thin-
ner substitutes for single-stage procedures. Rudnicki
et al recently reported the results of a case series of
13 sites subjected to a single-stage procedure in which
an STSG meshed in a 1:1 ratio was applied over a perfo-
rated single-layer Integra wound matrix (0.4 mm in
11 cases, 0.8 mm in two cases). Of these wounds, 10 of
13 were secondary to contraction release while 3 of
13 were secondary to the primary excision of an acute
burn. The authors reported a mean graft take of 86.2%
and functional acceptable outcomes.'* Similarly, Gabriel
et al applied a 1:1.5 meshed STSG to a perforated single-
layer Integra wound matrix in 20 consecutive patients
with soft tissue defects secondary to trauma or wide
debridement of an ulcer or tumour. Here, the authors
reported an excellent mean graft take of 98.3% and aver-
age time to graft take of 5.6 days.>* Importantly, both
groups reported that negative pressure wound dressings
(NPWDs) were applied to the surface of each STSG to
help prevent the accumulation of seroma or hematoma
formation. In our study, each wound was bolstered but
no NPWD was applied. NPWD has been demonstrated
to improve rates of endothelial cell migration within
acellular dermal matrices, resulting in improved dermal
regeneration when compared to the use of an acellular
dermal matrix alone.?® Thus, the difference between the
results of these clinical series utilising Integra and our
results with Integra may be at least partially due to the
application of the NPWD.

As the chitosan-based hydrogels used in this study car-
ried no intrinsic properties to facilitate wound bed devel-
opment or revascularisation, the relatively positive
outcomes seen with applying an STSG to the hydrogel are
likely entirely secondary to the thin and porous nature of
the hydrogel construct. A potential limitation to the use of
the gels as designed in our study is the relative fragility of
the construct, particularly in the context of our study
design. Each gel was covered with an STSG but then
protected with a bolster, which was secured to the sur-
rounding skin. The use of a thicker chitosan construct was
not possible as the force of the bolster would compress the
gel, causing extrusion from the wound edges and a likely
irregular layer beneath the graft. However, a significant
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potential benefit to using chitosan-based gels is that these
gels can be used as vehicles to modulate the wound bed.
Multiple groups have demonstrated that these fabricated
chitosan gels can be successfully impregnated with
antibiotics,”® growth factors,”’ exosome elements,”® and
stem cells,*® all of which can act on the wound bed and
assist with wound healing and angiogenesis. Future stud-
ies to determine optimal delivery methods and hydrogel
composition are certainly warranted, but this field repre-
sents a promising alternative to the conventional acellular
dermal substitutes currently employed in clinical practice.

There are a number of important limitations to our
study. First, our model is an imperfect replica of the clini-
cal situation in which a single-stage procedure might be
employed. The excisional wounds were created and
grafted on the same day in a sterile fashion, with STSG
placed directly onto a vascularised wound bed. As
evidenced in our data, the STSG control performed
extremely well despite lacking the majority of a dermal
layer. A more appropriate comparison would be to apply
a full-thickness skin graft (FTSG), STSG, and STSG with
dermal substitute to wound beds of borderline viability,
but this technique would be nearly impossible to stan-
dardise. Additionally, the standard of care for management
of these wounds in practice remains a two-stage procedure.
Although this study assessed the feasibility of a single-stage
procedure, inclusion of a two-stage study group in any
study directly comparing outcomes following single-stage
reconstruction to the standard of care would be mandatory.
Second, and related to the first point, our study utilised
excisional injuries rather than burn injuries. The purpose
of this was to standardise the depth of injury and
remaining healing potential of the wound bed. Sequential
burns, even when using a standardised model, could have
introduced variable zones of coagulation or stasis that
impacted healing. Therefore, our study may not be imme-
diately generalisable to a burn setting, and further studies
using validated burn models are warranted. Third, as this
was a pilot study intent on gathering preliminary data, our
sample size and statistical power are low. Further studies
using more well-powered models are indicated, particularly
to test thinner dermal substitutes. Finally, our endpoints
included only measurements of graft take and wound con-
traction and did not include assessments of functionality.
Although we would expect functionality to be similar
across all groups given that the same depth of STSG was
used, future studies should investigate functionality com-
parisons between wounds grafted with FTSG vs the STSG/
dermal substitute combination.

In conclusion, this study demonstrated that a single-
stage method that utilises dermal substitutes in the treat-
ment of deep skin injuries is feasible. Our use of various
dermal substitutes in a single-stage procedure using a
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full-thickness excisional wound model in swine demon-
strated that the thinner ADG and hydrogel substitutes
outperformed thicker dermal substitutes. Although this
likely reflects the relatively minimal distance between
the wound bed and STSG (in the case of the hydrogel)
and both thickness and physiologic composition (ADG),
both thickness and composition likely contribute to the
success of a single-stage procedure. Further preclinical
and clinical studies are warranted to optimise the type
and thickness of dermal substitute employed, identify
the optimal wound that would benefit from a single-
stage procedure, and determine additional adjuncts
(such as NPWD therapy or the application of exogenous
nutrients) to improve performance of single-stage
procedures.
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