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Abstract

Diabetic foot ulcers (DFUs) are a growing burden on patients and health care sys-

tems that often require multiple treatments of both conventional and advanced

modalities to achieve complete wound closure. A novel autologous homologous

skin construct (AHSC) has been developed to treat cutaneous defects with a sin-

gle topical application, by leveraging the endogenous repair capabilities of the

patient's healthy skin. The AHSC’s ability to close DFUs with a single treatment

was evaluated in an open-label, single-arm feasibility study. Eleven patients with

DFUs extending up to tendon, bone, or capsule received a single topical applica-

tion of AHSC. Closure was documented weekly with high-resolution digital pho-

tography and wound planimetry. All 11 DFUs demonstrated successful graft

take. Ten DFUs closed within 8 weeks. The median time-to-complete closure was

25 days. The mean percent area reduction for all 11 wounds at 4 weeks was 83%.

There were no adverse events related to the AHSC treatment site. This pilot study

demonstrated AHSC may be a viable single application topical intervention for

DFUs and warrants investigation in larger, controlled studies.
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1 | INTRODUCTION

Diabetic foot ulcers (DFUs) affect 1.5 million Americans
with a lifetime risk of a diabetic patient developing an ulcer
of 19% to 34%.1 Nearly 85% of diabetic related amputations
are preceded by an ulcer.2 The percent of all DFUs closed
with standard of care treatment (SOC) can be as high as
59.3% after 12 weeks with recalcitrant ulcers healing at an
even lower rate.3 A wide array of advanced wound care
therapies has been developed in an attempt to improve
these treatment outcomes.4,5 These include biological skin
substitutes such as placental membranes, acellular tissue
matrices, and cultured biosynthetic dressings.4-6 Several
randomised studies, a meta-analysis, and a Cochrane
review comparing biological skin substitutes to SOC suggest
they improve wound closure.4,7 However, most products
require multiple applications to achieve closure, with a sin-
gle application potentially costing over a thousand dollars
(Table 1). Repeat applications and refractoriness to the stan-
dard care contribute to the significant expense in treating
lower extremity wounds, which is estimated to cost the US
health care system $58 billion dollars.1 Treatments such as
split-thickness skin grafting (STSG) do contribute new
healthy tissue to the wound bed but have shown failure
rates of approximately 30% when used for DFUs.8-12 This is
attributed to the compromised ability of the chronic wound
bed to support and incorporate the graft, bacterial contami-
nation, and patient comorbidities such as diabetes and vas-
cular insufficiency.10,13 Additionally, skin grafting requires
a surgical procedure in the operating room, whereas the
majority of DFUs are treated in the outpatient setting.

A novel autologous homologous skin construct (AHSC)
has shown promise in treating complex and refractory
wounds.14-16 Manufactured from a small harvest of full-
thickness, healthy skin, it retains the endogenous regenera-
tive populations responsible for native wound healing.14-17

To date, it has been used to treat patients without any
reported adverse reactions. AHSC is not expanded ex vivo,
but rather it is expeditiously returned in a syringe to the
provider within 14 days of harvest. The product is easily
administered topically over a properly debrided wound bed

and covered using standard of care dressings, making it
convenient to use in the outpatient setting (Figure 1).
Manufacturing optimises the AHSC for austere wound
beds such as chronic wounds allowing for the delivery and
engraftment of healthy autologous tissue. The AHSC forms
small skin islands that expand and coalesce and initiate
wound closure from multiple foci of epithelialisation rather
than only from the original wound margin.14,15 A single-
arm, open-label feasibility study was performed to assess
the ability of AHSC to provide a safe autologous treatment
that achieves complete closure of DFUs although only a
single application, in contrast to other advanced wound
modalities that require multiple applications.

2 | RESEARCH DESIGN AND
METHODS

2.1 | Study design and population

This single-armopen-label feasibility study was conducted
from November 6, 2018 through May 14, 2019. The

TABLE 1 Number of applications of biological skin substitutes that have been evaluated in more than one randomised controlled trial

within the last 10 years4

Product Mean no. of reported applications Range of reported no. of applications References

ADM 2.5 1.1 to 4.7 22-26

Amnion 4.5 2.5 to 7 27-35

CBD 3.7 1.5 to 6 21,25-27,36,37

DRT 1 1 to 15 38,39

Abbreviations: ADM, acellular dermal matrix; Amnion, placental membranes; CBD, cultured biosynthetic dressings; DRT, dermal regenera-
tive template.

Key Messages

• a novel autologous homologous skin construct
(AHSC) leverages the endogenous repair capa-
bilities of the patient's healthy skin has been
developed to treat cutaneous defects with a sin-
gle topical application

• diabetic foot ulcers receiving (AHSC) closed
with a single application in the outpatient
setting

• treated wounds closed within 8 weeks. The
median time to closure was 25 days. There
were no treatment related adverse events
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objective of this pilot study was to treat 11 adult patients
with a Wagner 1 or 2 DFU to evaluate both safety by cap-
turing all adverse events (AE) and the ability of a single
application of AHSC in the office setting to close DFUs.
Table 2 details complete inclusion and exclusion criteria.
Patients provided their written informed consent. The
primary safety endpoints were the occurrence of AE,
which were defined as any untoward event that

happened to the patient beginning with the harvest pro-
cedure, and graft-related complications. The secondary
safety endpoint was patient-reported pain during the har-
vest procedure, application procedure, and follow-up
visits, based on a visual analogue scale (VAS) of 0 through
10. The primary efficacy endpoint was the rate of closure
at 12 weeks following AHSC treatment. Secondary effi-
cacy endpoints included graft take rate at 12 weeks and

FIGURE 1 Diagram of events during the harvest and application of autologous homologous skin construct (AHSC). A 2 × 1 cm piece

of healthy tissue was harvested from the proximal calf of each patient in the office. This was shipped overnight to an FDA-registeredbio-

manufacturing facility, where it was processed into AHSC. It was returned to the provider the following day. The AHSC was deployed on the

debrided wound bed on the third day in the clinic. FDA, U.S. Food and Drug Administration

TABLE 2 Patient inclusion/exclusion criteria

Inclusion criteria

Diabetic foot ulcer that could extend to the ligament, tendon, joint capsule, or deep fascia, provided that it was at or below the aspect
of the medial malleolus

Index ulcer had been present for at least 4 wk and did not achieve a healing rate > 30% prior to AHSC treatment

Index ulcer had been offloaded for ≥14 d prior to AHSC treatment

Index ulcer had a clean granular base, was free of necrotic debris, and appeared to healthy, vascularised tissue at time of AHSC
placement

Affected foot had adequate circulation as documented by a dorsal transcutaneous oxygen measurement or a skin perfusion pressure
measurement of ≥30 mmHg, or an ankle brachial index of ≥0.7 and ≤ 1.2, or arterial Doppler with a minimum of biphasic flow
within 3 mo of treatment

Provider deemed the patient stable for treatment

Patient provided written informed consent

Exclusion criteria

Active osteomyelitis, cellulitis, soft tissue infection, or active Charcot's arthropathy of the affected foot involving or near the index
ulcer site, or on the same limb as the index ulcer

Index ulcer was suspicious of cancer

History of radiation at the index ulcer site

History of >2 wk treatment with immune suppressants (including systemic corticosteroids), cytotoxic chemotherapy, or application of
topical steroids to the index ulcer surface within 1 mo prior to AHSC placement

In the opinion of the provider, the patient had evidence of unstable HIV, hepatitis B, or hepatitis C

Abbreviations: AHSC, autologous homologous skin construct.

1368 ARMSTRONG ET AL.



T
A
B
L
E

3
P
at
ie
n
t
an

d
w
ou

n
d
ch

ar
ac
te
ri
st
ic
s

P
at
ie
n
t

n
o.

A
ge

(y
)

R
ac

e
Se

x
B
M
I

C
om

or
bi
d
it
ie
s

D
u
ra
ti
on

of
u
lc
er

(w
k
)

O
ff
-l
oa

d
in
g

sy
st
em

U
lc
er

lo
ca

ti
on

W
ag

n
er

cl
as
s

In
it
ia
l

w
ou

n
d

ar
ea

(c
m

2 )

P
ri
or

am
p
u
ta
ti
on

of
st
u
d
y
fo
ot

T
im

e
to

h
ea

l
(d
)

1
59

W
M

42
H
yp

er
te
n
si
on

,
h
yp

er
li
pi
de
m
ia
,B

F
N
,

h
yp

ot
h
yr
oi
di
sm

,
an

ae
m
ia
,d

ep
re
ss
io
n
,

an
xi
et
y,
B
P
H
,

m
ya
st
h
en

ia
gr
av
is

4
C
am

bo
ot

L
ef
t,
pl
an

ta
r,

la
te
ra
l,
m
id
fo
ot

1
1.
0

N
on

e
18

2
55

A
A

M
29

H
yp

er
te
n
si
on

,
h
yp

er
lip

id
em

ia
,B

F
N
,

an
ae
m
ia
,C

K
D
,d

ia
be
ti
c

re
ti
n
op

at
h
y

8
C
am

bo
ot

L
ef
t,
pl
an

ta
r,

la
te
ra
l,
m
id
fo
ot

2
1.
3

N
on

e
33

3
82

W
M

28
H
yp

er
te
n
si
on

,B
F
N
,g
ou

t,
ar
th
ri
ti
s,
bu

n
io
n
,

h
am

m
er
to
es
,g
la
uc
om

a

5
C
am

bo
ot

L
ef
t,
pl
an

ta
r,

m
ed
ia
l,
fo
re
fo
ot

2
1.
7

N
on

e
25

4
55

W
M

26
H
yp

er
te
n
si
on

,
h
yp

er
lip

id
em

ia
,B

F
N
,

G
E
R
D

5
C
am

bo
ot

R
ig
h
t,
pl
an

ta
r,

m
ed
ia
l,
fo
re
fo
ot

2
2.
7

H
al
lu
x

46

5
78

W
F

28
H
yp

er
te
n
si
on

,
h
yp

er
lip

id
em

ia
,B

F
N
,

h
yp

ot
h
yr
oi
di
sm

,
de
pr
es
si
on

,G
E
R
D
,

ve
n
ou

s
le
g
ul
ce
r,

bu
n
io
n
,h

am
m
er
to
es

10
C
am

bo
ot

L
ef
t,
pl
an

ta
r,

m
ed
ia
l,
h
al
lu
x,

fi
rs
t
di
gi
t
to
e

1
1.
4

N
on

e
21

6
53

W
F

38
H
yp

er
te
n
si
on

,
h
yp

er
lip

id
em

ia
,B

F
N
,

h
yp

ot
h
yr
oi
di
sm

,
an

xi
et
y,
ar
th
ri
ti
s

4
C
am

bo
ot

L
ef
t,
pl
an

ta
r,

la
te
ra
l,
h
ee
l

2
5.
1

N
on

e
21

a

7
48

W
F

25
H
yp

er
lip

id
em

ia
,B

F
N
,

C
K
D
,G

E
R
D
,h

ea
rt

at
ta
ck
,C

H
F

14
C
am

bo
ot

R
ig
h
t,
pl
an

ta
r,

m
ed
ia
l,
h
ee
l

1
21
.7

N
on

e
56

8
87

W
F

31
H
yp

er
lip

id
em

ia
,B

F
N
,

h
yp

ot
h
yr
oi
di
sm

,G
E
R
D
,

C
H
F
,A

dd
is
on

s
D
is
ea
se
,

gl
au

co
m
a

4
D
ia
be
ti
c
sh
oe
s

R
ig
h
t,
pl
an

ta
r,

la
te
ra
lm

id
fo
ot

1
1.
3

N
on

e
11

9
75

W
F

35
H
yp

er
te
n
si
on

,
h
yp

er
lip

id
em

ia
,B

F
N

5
C
am

bo
ot

R
ig
h
t,
pl
an

ta
r,

la
te
ra
lm

id
fo
ot

1
1.
0

N
on

e
11 (C
on

ti
n
ue

s)

ARMSTRONG ET AL. 1369



harvest site closure rate at 12 weeks. The product cost of
AHSC treatment per DFU was analysed. This study was
conducted according to the principles expressed in the
Declaration of Helsinki. The study was conducted under
the guidance of Western Institutional Review Board
(Puyallup, Washington) who approved the clinical study.
The Strengthening the Reporting of Observational Stud-
ies in Epidemiology (STROBE) Statement guidelines were
followed in reporting this series.

2.2 | AHSC preparation, application, and
follow-up

Harvests were performed at initial patient visit. Before
the harvest procedure, the subject's clinical and wound
history were recorded. A 1 × 2 cm full-thickness harvest
of healthy skin was taken from the proximal calf of the
affected limb of each patient using sterile technique and
local anaesthesia. Harvest sites were sutured closed. The
harvest was mailed overnight to a Food and Drug
Administration–registered biomedical manufacturing
facility (PolarityTE, Salt Lake City, Utah), where the
AHSC (SkinTE, PolarityTE) was created from the tissue.
The AHSC was returned to the provider within 48 hours
of tissue harvest, per provider discretion, and was applied
to the wound bed 3 days after the harvesting procedure.

For the application procedure, the wound was
cleaned and sharply debrided. The AHSC was topically
spread evenly across the wound bed and covered with a
silicone dressing, then covered by an absorbent foam
dressing (DermaFoam, DermaRite, North Bergen, New
Jersey), followed by a 3-layer compression bolster
(DYNA-FLEX, Acelity, 3M Corporation, Minnesota).
Dressings were changed weekly, and wounds were
offloaded with a diabetic offloading boot. The silicone
dressing was replaced by a nonadherent contact layer
(Adaptic Touch, KCI, 3M Corporation) at the third dress-
ing change, and covered by the aforementioned 3-layer
compression bolster. Standard of care wound manage-
ment was maintained until wound closure.

Patients had weekly follow-up visits and dressing
changes until closure was confirmed for up to 12 weeks.
A DFU was deemed closed if it remained completely
epithelialised without drainage 2 weeks after it was first
determined to be closed by the treating provider, and clo-
sure was confirmed by consensus of three blinded plastic
surgeons through review of high-resolution digital pho-
tography. At each visit, the provider assessed graft take
(yes/no), assessed the wound for infection, recorded
patient-reported pain using a VAS, and wound measure-
ments were recorded by a wound imaging system
(Insight, eKare Inc, Fairfax, Virginia).T
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2.3 | Data collection and analysis

Data were stored in an Excel database. A statistician (Strategic
Solutions, Inc, Cody,Wyoming) performed statistical analysis.
Descriptive statistics were used to analyse patient and wound

characteristics and pain data. Percent inwound area reduction
(PAR) was analysed for all wounds at 4 weeks. Time-to-close
was analysed for all woundswith Kaplan–Meier analysis.

AHSC was provided by the manufacturer; however,
the cost of AHSC graft utilisation was calculated using

FIGURE 2 Representative images of Patient No. 3, an 82-year-old man with diabetes, hypertension, neuropathy, gout, arthritis, and

glaucoma, who presented with a 2 cm2 diabetic foot ulcer (DFU) on the left, plantar, medial, forefoot; Patient No. 4, a 56-year-old man with

diabetes, hypertension, hyperlipidemia, gastroesophageal reflux disease, and neuropathy and a previous amputation of the hallux, who

presented with a 3 cm2 DFU on the right, plantar, medial, forefoot; Patient No. 5, a 78-year-old woman with diabetes, hypertension,

hyperlipidemia, gastroesophageal reflux disease, neuropathy, hypothyroidism, depression, and venous leg ulcer, who presented with a 1 cm2

DFU on the first digit toe of the left foot; and Patient No. 7, a 48-year-old woman with diabetes, hyperlipidemia, gastroesophageal reflux

disease, neuropathy, chronic kidney disease, and heart disease, who presented with a 22 cm2 DFU on the right, plantar, medial, heel

ARMSTRONG ET AL. 1371



the manufacturer's pricing. Constructs with an area of
≤5 cm2 cost $950, >5 cm2 but ≤10 cm2 cost $1600,
and > 10 cm2 but ≤40 cm2 cost $3400.

3 | RESULTS

Eleven patients (7 female, 4 male) with a mean age of
67 years (SD: 13 years), Type 2 diabetes, and a combined six
Wagner 1 and five Wagner 2 DFUs were consecutively
screened and enrolled into the study (Table 3). The patients
had on average six comorbidities (SD: 2, Table 3). The mean
initial wound area was 4 cm2(SD: 6 cm2, range 1-22 cm2,
Table 3). The mean pre-AHSC treatment duration was
8 weeks (SD: 7 weeks) with weekly debridement and algi-
nate dressings for at least 4 weeks prior to enrollment.

All 11 DFUs had graft take at 1 week after a single
topical AHSC application. Ten of 11 DFUs (91%)

completely closed within 8 weeks of AHSC application.
The mean time to closure for all 11 wounds was 30 days
(SE: 5; 95% confidence interval [CI[: 20-39); the median
time to close was 25 days (SE: 5; 95% CI: 14-36, Figures 2
and 3). At 4 weeks, the mean percent area reduction
(PAR) for all 11 wounds was 83% (SD: 31%; range −2% to
100%). Digital photography documented small skin
islands visible after AHSC application that expanded and
coalesced with time (Figure 2). All harvest sites success-
fully closed with one requiring a second closure.

There were no AHSC treatment site-related AEs or
SAEs. Two AEs were reported (18%), including 1 serious
AE (SAE). One AE occurred when the harvest site of
patient No. 4 opened the night of primary closure. It was
sutured closed in the emergency room and remained closed
with no further complications. The SAE occurred in patient
No. 6, who was withdrawn from the study at week 4 after a
secondary wound developed on the ankle at a Charcot

FIGURE 3 Kaplan–Meier graph of the time to closure

FIGURE 4 Images of Patient No. 6, a 53-year-old woman who was treated for a 5 cm2 left plantar lateral heel diabetic foot ulcer (DFU)

and was withdrawn from the study following an infection of the study foot of indwelling hardware from a prior Charcot foot reconstruction

procedure. A, Pretreatment wound; B, ASHC applied; C, interim closure 13-days following treatment; D, development of infected left lateral

wound related to prior Charcot foot reconstruction requiring surgical intervention

TABLE 4 Summary of patient-reported pain during course of

study, based on visual analogue scale (VAS) of 0 through 10

Study visit
No. of patients
reporting pain (%)

Mean
VAS (SD) Range

Harvest 11 (100%) 2 (2) 0 to 5

Application 11 (100%) 3 (2) 0 to 5

Week 1 11 (100%) 2 (2) 0 to 5

Week 2 10 (92%) 2 (2) 0 to 6

Week 3 11 (100%) 1 (2) 0 to 4

Week 4 7 (64%) 1 (2) 0 to 5

Week 5 6 (54%) 1 (2) 0 to 4

Week 6 5 (45%) 1 (2) 0 to 4

Week 7 4 (36%) 1 (2) 0 to 4

Week 8 2 (18%) 2 (3) 0 to 4

Healing
confirmation

10 (92%) 1 (1) 0 to 4

1372 ARMSTRONG ET AL.



fusion site and became infected, requiring surgery
(Figure 4).

Summaries of patient-reported pain, which was mini-
mal throughout the study, including during the harvest
and application procedure are illustrated in Table 4. All
patients reported some level of pain at the beginning of
the study prior to treatment; by week 8, only 2 patients
(18%) reported some pain.

All patients required only 1 AHSC application for
complete closure. The calculated mean cost of graft
utilisation in this study with AHSC was $1230 (SD: $750;
median: $950).

4 | DISCUSSION

DFUs are a growing burden for both patients and health
care systems, and they are often refractory to standard of
care management. Biological skin substitutes have demon-
strated success in closing DFUs.4,7 However, they require
multiple applications, which results in increased product
costs, and they rely on the impaired tissues and cells within
the chronic wound environment to enact wound closure.
Skin grafting supplies healthy tissue to the wound bed, but
STSGs have increased failure rates in DFUs, require a sur-
geon and operating room with attendant costs, and are
largely not amenable to office-based management of DFUs.
The goal of this study was to evaluate the ability of a novel
AHSC treatment to close DFUs with only a single applica-
tion performed in a busy office-based wound care practice.
Ten (91%) of 11 DFUs closed within 8 weeks following a
single application of the AHSC with a median time to clo-
sure of 25 days and a percent area reduction at 4 weeks of
83%. This is in contrast to the closure rate that is achieved
with standard of care, which can be as high at 59% and even
less in recalcitrant hard to heal wounds.3

The historical difficulty in treating DFUs is inherent to
the disease. DFUs are a manifestation of the prolonged
systemic exposure to diabetes, which results in the body's
inability to repair itself and the development of life-
threatening ulcers from injuries that a healthy integumen-
tary system could resolve. The aetiology of chronic wounds
is multifactorial. Reduced levels of active growth factors,
an imbalance of proteinases, and decreased proliferation
of cells in and around the wound bed are attributed with
wound persistence.18 Biological skin substitutes including
placental membranes, acellular matrices, and cultured bio-
synthetic dressings are believed to favourably alter the
chronic wound environment facilitating cellular prolifera-
tion and closure.4-6 Studies demonstrate several applica-
tions are required and may not always be sufficient
because of the compromised underlying tissue in the
chronic wound (Table 1). Repeat applications result in

increased product and overall treatment expenditures
given the higher costs of these advanced therapies. STSGs
supply healthy autologous tissue to the wound bed that
can engraft and facilitate wound closure. However, they
have significantly greater failure rates in chronic wounds,
and are not amenable to office-based care, and incur oper-
ating room and other surgery-related costs.8-12

The AHSC for this study was created from an approxi-
mately 1.5 cm2 healthy piece of skin harvested in the outpa-
tient setting from the proximal calf with minimal morbidity
to the patient (Table 3). The resulting AHSC was sufficient
to treat wounds ranging from 1 to 22 cm2. The AHSC
processing optimises the tissue for engraftment and retains
all of the endogenous regenerative cellular populations
associated with wound healing that reside within hair folli-
cles, glands, and the interfollicular epidermis. This optimi-
sation achieves a high surface area to volume ratio, which
facilitates the sustenance from plasmatic imbibition of the
primed AHSC cellular populations in austere chronic
wound environments during the first 48 hours before inos-
culation and vascularisation occurs.19,20 This enables these
“fresh” healthy tissues to close DFUs in a relatively short
time period with a single application, which has significant
implications for overall treatment success and expenditures.

The calculated mean and median AHSC utilisation
costs were $1230 and $950, respectively. This study was not
designed to compare product costs. However, it is interest-
ing to note that AHSC product costs are substantially less
than those previously reported for advanced skin substi-
tutes such as Dermagraft and Apligraf (Organogensis, Can-
ton, MA), which have reported DFU-treatment product
costs of $14 424 and $5364–8918 per DFU, respectively.20,21

Importantly, the AHSC-regenerated skin qualitatively
mimicked native, healthy skin (Figure 2), a finding that
was previously reported in a study that demonstrated
equivocal sensation of AHSC-regenerated skin compared
with native skin, regenerated hair follicles equivalent in
cellular and structural architecture to native follicles, and
minimal scarring after 6 months.19Long-termfollow-up is
required to see if the use of the AHSC created from
healthy tissue with all the elements important for native
skin repair will result in more durable DFU closure and
increased patient quality of life.

In our small study, there were no AEs of AHSC-
treated sites and only minimal harvest and treatment site
discomfort. This study is limited by a small sample size,
its single-arm and open-label design, and lack of an
expansive number of site. On the basis of these promising
results, a large RCT was developed to evaluate the effect
of the AHSC on DFUs (NCT03881254).

In conclusion, this study demonstrated that a single topi-
cal treatment of the AHSC applied in an office-based wound
care practice can close DFUs with a favourable overall
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success rate and time to closure. Larger, controlled studies
designed from this study will further assess these findings.
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