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Abstract

Diabetic foot ulcers (DFUs) pose a significant risk for infection and limb loss.

Advanced wound therapies including human skin allografts have shown

promise in resolving these challenging wounds. The primary objective of this

randomised, prospective study was to compare the response of 100 subjects

with non-healing DFUs of which 50 were treated with a cryopreserved

bioactive split thickness skin allograft (BSA) (TheraSkin; Misonix,Inc.,

Farmingdale, NY) compared with 50 subjects treated with standard of care

(SOC, collagen alginate dressing) at 12 weeks. Both groups received

standardised care that included glucose monitoring, weekly debridement's as

appropriate, and an offloading device. The primary endpoint was proportion

of full-thickness wounds healed at 12 weeks, with secondary endpoints

including differences in percent area reduction (PAR) at 12 weeks, changes

in Semmes-Weinstein monofilament score, VAS pain, and w-QoL. The result

illustrated in the intent-to-treat analysis at 12 weeks showed that 76% (38/50)

of the BSA-treated DFUs healed compared with 36% (18/50) treated with

SOC alone (adjusted P = .00056). Mean PAR at 12 weeks was 77.8% in the

BSA group compared with 49.6% in the SOC group (adjusted P = .0019). In

conclusion, adding BSA to SOC appeared to significantly improve wound

healing with a lower incidence of adverse events related to treatment com-

pared with SOC alone.
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Key Messages
• diabetic foot ulcers are more likely to heal within 12 weeks when treated

with a bioactive split thickness allograft as compared with standard of care
alone

• the mean PAR was significantly improved in the first 12 weeks of treatment
with a bioactive split thickness allograft as compared with SOC alone

1 | INTRODUCTION

One of the most dangerous complications of diabetes is
the development of foot ulcerations. Up to 34% of people
with diabetes will develop a diabetic foot ulcer (DFU).1-3

Treatment of these difficult wounds is further compli-
cated by other risks factors such as neuropathy and
peripheral arterial disease,4 which bring additional bur-
dens and difficulties to the treatment process. The devel-
opment of an ulcer can be an early indicator of a more
serious problem. Indeed, at least half of people with
DFUs will develop a foot infection. Foot ulcers, infections
and amputation dramatically increase the risk for
hospitalisation and death.5,6 Indeed, people with DFUs
carry a 2.6-fold greater risk for death in the year follow-
ing the development of a DFU7 and a greater than 30%
5 year mortality. People receiving high-level amputation
have 5-year mortality of greater than 50%. This rivals all
but the most aggressive cancers.8

Treatments for diabetic ulcers tend to revolve around
several fundamental principles. Although the events
leading up to the development of an ulcer may be quite
varied, the treatments remain focused on several unifying
factors. Wounds require adequate blood flow to achieve
healing. This is critical for the exchange of nutrients and
various growth factors, as well as oxygen. In the presence
of marginal blood flow, patients become much more sus-
ceptible to other factors that limit their ability to heal.
Biofilms that collect bacteria on the surface of a wound
become much more entrenched when wounds are not
debrided properly. Furthermore, patients with neuropa-
thy are much more susceptible to developing ulcers and
infections, particularly when repetitive mechanical loads
continue to degrade the skin and worsen the wound.1,9,10

When blood flow is adequate, infection is under con-
trol, and mechanical factors have been controlled, it is
still common for diabetics with foot ulcers to have a diffi-
cult time achieving wound closure.

Chronic wounds are defined as wounds that fail to
proceed through the normal phases of healing in an
orderly and timely fashion.11 Most diabetic ulcers that fail
to achieve a significant level of healing after 4 weeks are
considered chronic, and require a more in depth
reassessment of the underlying pathology and potentially

an advanced therapeutic treatment to stimulate the
healing process.11

Advanced therapeutic treatments encompass a broad
cross section of treatment options including growth fac-
tors, collagen, anti-bacterial agents, protease inhibitors,
and anti-inflammatories as well as angiogenic stimulators
and a variety of chemo attractants. Not surprisingly, the
variety of materials range from topical pharmaceutical
agents to laboratory engineered tissue components to
cryopreserved skin allografts.

There have been numerous published studies that
compare the healing rates of DFUs treated with advanced
therapeutic materials to standard of care (SOC; ie, regular
debridement with protection from mechanical forces,
and simple dressings such as saline-moistened gauze),
and these have demonstrated on many occasions that
wounds treated with an advanced therapeutic agent is
much more likely to close in 12 weeks then those treated
with SOC alone. A meta-analysis by Gordon et al consid-
ered 25 studies that met their criteria and found that
wounds treated with advanced therapeutic materials
were 1.67 times more likely to heal by 12 weeks as com-
pared with SOC.12 Furthermore, evaluation of more than
900 000 patients with diabetes and chronic wounds found
that use of advanced therapy led to a dramatic reduction
in risk for minor amputations, major amputations, emer-
gency department visits (P < .0001), and hospital
readmissions (P < .0001) compared with those not receiv-
ing advanced therapy.13

Although as a class, advanced therapeutics are known
to enhance wound healing in patients with DFUs, the
variety of treatment options is so broad that testing of
individual materials is necessary to gauge the therapeutic
value of a specific product, and determine if the thera-
peutic gains justify the added cost and treatment regime
associated with the product. The goal of the current study
is to examine a widely used bioactive split thickness skin
allograft (BSA) for the treatment of DFUs in a large, ran-
domised, prospective clinical trial, and compare its effi-
cacy to SOC.

Human split-thickness skin allografts have been used
for many years for temporary wound coverage due to the
preservation of naturally occurring growth factors and
collagen14 as well as in some instances for infection
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control of chronic wounds. The BSA chosen for this study
was TheraSkin, which is marketed and distributed by
Misonix, Inc., Farmingdale, NY, and processed by Life-
Net Health, Virginia Beach, VA (Figure 1). It is a
cryopreserved split-thickness human skin allograft that is
procured from consented donors who have been thor-
oughly screened and found to be free of communicable
diseases. The consented donor may also donate other
organs and tissues in addition to skin tissue, such as
hearts, lungs, kidneys, bone, and tendon. Following a
proprietary process that includes a cleansing process
with antibiotics and other agents, BSA is carefully
cryopreserved to preserve the living cells and the other
relevant characteristics of human skin tissue related to

wound healing of skin tissue. A study by Landsman
et al15 validated the survival of the living cells in BSA
through the procurement, cryopreservation, and thawing
process, and proved that the native collagen and growth
factors remained intact.

Henn et al, proved that BSA promotes angiogenesis
and dermal regeneration.16 Their study showed survival
of a substantial portion of the living cells in BSA, as well
as preservation of the native collagen structure on the
cellular level. When compared with a decellularized
human dermal allograft (HDA), the BSA stimulated sig-
nificantly more vascularization of the murine dermis.
They also found that there was a much higher degree of
fibrosis with the HDA grafts, whereas the BSA grafts pre-
served the characteristic basket weave pattern of native
dermis. Collectively, these studies demonstrate the
advantages of using BSA to promote wound healing.

Numerous clinical studies have demonstrated the effi-
cacy of BSA. A large consecutive retrospective study
looked at 188 subjects treated with BSA for either DFUs
or venous leg ulcers, and found that 60% of the subjects'
wounds were completely closed after 12 weeks, and 74%
after 20 weeks.17 Similarly, in a randomised prospective
clinical trial by DiDomenico et al,18 the BSA closed 67%
of DFUs in 12 weeks, as compared with 41% closure of
DFU's treated with a tissue cultured skin substitute
(Apligraf; Organogenesis, Canton, MA). Sanders et al19

also performed a randomised prospective study compar-
ing BSA to a cryopreserved tissue cultured dermis
(Dermagraft; Organogenesis, Canton, MA), and found a
64% closure rate for DFUs treated with the BSA, as com-
pared with 33% of wounds treated with the tissue cul-
tured dermis. Furthermore, in the Sanders study, the
average number of BSA grafts required to achieve closure
was 4.36, as compared with 8.92 with cryopreserved tis-
sue cultured dermis.

Two very large matched cohort studies published in
2020 also demonstrated the efficacy for treating difficult
wounds with the BSA. The study by Gurtner et al,20 used
matched-cohort data on 3994 subjects from 644 different
sites with a variety of wounds including DFUs and
venous leg ulcers, and showed closure of wounds treated
with the BSA in 68% of the cases. Even in cases in which
deep structures were exposed, such as muscle, tendon, or
bone, the closure rate of wounds treated with the BSA
remained a very robust 64%. Another large, matched
cohort study by Barbul et al,21 focused exclusively on
DFUs in 1556 subjects drawn from 470 different sites,
and found a 67% closure rate for wounds treated with the
BSA, with an average of 2.9 grafts used.

The primary objective of this study is to further exam-
ine the healing potential of BSA in subjects with chronic
DFUs, as compared with treatment with SOC alone. In

FIGURE 1 (A) BSA (TheraSkin) is a split-thickness skin

allograft placed on a plantar first ray wound. (B) TheraSkin stained

with H&E at �200. Cell nuclei are stained dark purple/blue and

the cytoplasm and other tissue constituents are stained various

shades of red/pink. Note that TheraSkin contains the epidermal

layer where there is a dense cell population. The large number of

cells per mm3 in TheraSkin can be attributed to the presence of

this layer
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this study, 100 subjects were randomised for treatment
with both BSA and SOC, or with SOC alone. Study partic-
ipants were treated for 12 weeks to determine the wound
healing rate as well as the PAR, and any changes in pain,
neuropathy, and incidence of adverse events.

2 | MATERIALS AND METHODS

The study was pre-registered on clinical trials.gov;
NCT04040426, and submitted and approved by Western

Institutional Review Board (WIRB #20191776). Subjects
in both groups had to meet the inclusion and exclusion
criteria listed in Table 1. All study participants signed an
informed consent, approved by the IRB. Enrollment was
considered to have occurred once the informed consent
form was signed. A patient allocation system was
employed based on a random sequence of block sizes of
10 designed to achieve a balanced design. The system
used concealed envelopes at each site with allocation on
a slip of paper within each envelope. All subjects were
randomised if they continued to meet inclusion/exclusion

TABLE 1 Inclusion/exclusion criteria

Inclusion criteria Exclusion criteria

• At least 18 y old. • Index ulcer(s) deemed by the investigator to be caused by a
medical condition other than diabetes.

• Presence of a DFU, Wagner 1 extending at least through the
dermis provided it is below the medial aspect of the malleolus.

• Index ulcer, in the opinion of the investigator, is suspicious for
cancer and should undergo an ulcer biopsy to rule out a
carcinoma of the ulcer.

• The index ulcer will be the largest ulcer if two or more DFUs
are present with the same Wagner grade and will be the only
one evaluated in the study. If other ulcerations are present on
the same foot they must be more than 2 cm distant from the
index ulcer.

• Osteomyelitis or bone infection of the affected foot as verified by
x-ray within 30 d prior to randomisation. (In the event of an
ambiguous diagnosis, the Principal Investigator will make the
final decision.)

• Index ulcer (ie, current episode of ulceration) has been present
for greater than 4 wk prior to study screening and less than
1 y, as of the date the subject consents for study.

• Presence of diabetes with poor metabolic control as documented
with an HbA1c >12.0 within last 90 d of randomisation.

• Index ulcer is a minimum of 1.0 cm2 and a maximum of
25 cm2 at screening and first treatment visits.

• Subjects on any investigational drug(s) or therapeutic device(s)
within 30 d preceding SV1.

• Adequate circulation to the affected foot as documented by a
dorsal transcutaneous oxygen measurement (TCOM) or a skin
perfusion pressure (SPP) measurement of ≥30 mmHg or an
Ankle Brachial Index (ABI) between 0.7 and 1.3 within 3 mo
of screening using the affected study extremity. As an
alternative, arterial Doppler ultrasound can be performed
evaluating for biphasic dorsalis pedis and posterior tibial
vessels at the level of the ankle or a TBI (Toe Brachial Index)
of >0.6 is acceptable.

• Subjects with a history of more than 2 wk of treatment with
immune-suppressants (including systemic corticosteroids
>10 mg daily dose), cytotoxic chemotherapy, or application of
topical steroids to the ulcer surface within 1-month prior to first
SV1, or who receive such medications during the screening
period or who are anticipated to require such medications
during the course of the study.

• The target ulcer has been offloaded for at least 14 d prior to
randomisation.

• Index ulcer has been previously treated or will need to be treated
with any prohibited therapies.

• Females of childbearing potential must be willing to use
acceptable methods of contraception (birth control pills,
barriers or abstinence) during the course of the study and
undergo pregnancy tests.

• Presence of any condition(s) which seriously compromises the
subject's ability to complete this study or has a known history of
poor adherence with medical treatment.

• Subject understands and is willing to participate in the clinical
study and can comply with weekly visits.

• History of radiation at the ulcer site (regardless of time since last
radiation treatment).

• Subject is pregnant or breast-feeding.

• Subjects taking a selective COX-2 inhibitor, such as Celecoxib,
for any condition.

• Subject with end stage renal disease as evidenced by a serum
creatinine ≥3.0 mg/dL within 6 months of randomisation.

• Index ulcer has reduced in area by 20% or more after 14 d of
SOC from SV1 to the TV1/randomisation visit.
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criteria to one of the two arms, both of which received
the following routine procedures as part of the SOC:

• Evaluation on a weekly basis
• Offloading of the DFU (CAM boots or total contact

casting [TCC] if the subject's foot is too large for
a CAM)

• Appropriate sharp or surgical debridement
• Infection management (systemic antibiotics only in

conjunction with debridement)

Fifty subjects were assigned to the BSA arm, and
50 additional subjects were assigned to the SOC arm. The
BSA subjects received the BSA weekly, followed by a
non-adherent dressing, 3-layer dressing comprised of 4x4
gauze pads, soft roll and compressive wrap (Dyna Flex
3M Maplewood, MN) or equivalent. SOC subjects
received calcium alginate (Fibracol Plus, 3M Maplewood,
MN) dressing followed by a non-adherent dressing and a
padded 3-layer dressing comprised of 4x4 gauze pads, soft
roll and compressive wrap (Dyna Flex or equivalent). The
calcium alginate dressing (Fibracol Plus, 3M Maplewood,
MN) is a wound dressing composed of collagen and cal-
cium alginate fibres and is designed to form a soft absor-
bent and conformable topical wound dressing. It
maintains a physiologically moist microenvironment at
the wound surface that is conducive to granulation tissue
formation and epithelization. In a meta-analysis per-
formed in 2013, six studies including 375 subjects found
that there was no statistically significant difference
between alginate dressings and basic wound contact
dressing (ie, saline moistened gauze), foam dressings, or
anti-microbial (silver) hydrocolloid dressings.22 Thus, the
investigators felt that this was a good comparator
for SOC.

Data collection was performed during weekly sessions
and included basic demographic information, as well as a
complete medical history with emphasis on medical con-
ditions related to diabetes and/or foot ulcerations.

Foot ulcer history included the duration of the cur-
rent DFU, type and duration of offloading system, prior
DFU treatments utilised during the previous year, num-
ber of DFU's, history of DFU recurrence, prior amputa-
tions, skin or fungal conditions, and any significant foot
deformities (ie, Charcot).

In addition to a comprehensive physical exam, vital
signs were collected, and females of childbearing poten-
tial were given pregnancy tests. Circulation to the foot
was confirmed with one of the following, in accordance
with the inclusion/exclusion criteria for the study
(Table 1): transcutaneous oxygen measurement (TCOM),
skin perfusion pressure (SPP) measurement, Ankle Bra-
chial Index (ABI) or Arterial Doppler.

Quality of life measures used the w-QoL, a short form
questionnaire specific for patients with wounds, and a
visual analog pain scale (VAS) was used to assess related
pain levels.

Ulcers were assessed prior to debridement by measur-
ing the %Granulation, %Non-viable tissue, and %
Epithelised skin (total to 100%). Exudate was also
assessed based on volume and type. Wounds were
deemed infected if they met three or more of the criteria
proposed by Woo and Sibbald.23 (Table 2).

Wound healing was assessed initially by the investiga-
tor and digital images were captured at each study visit.
Wounds were deemed closed only when there was 100%
re-epithelization and absent drainage. Patients with
closed wounds were asked to return to clinic in 2 weeks
to assess durable healing and continued closure. A
blinded adjudication panel performed wound assess-
ments of the images to confirm investigator's assessment
of closure. All subjects were followed until 2 weeks after
closure, if before the 12-week mark, or until 14 weeks, to
allow for confirmation of closure for those wounds that
closed at the 12-week visit.

All enrolled subjects were included in the data analy-
sis. Subjects could be withdrawn if they were significantly
non-compliant with the requirements of the protocol,
became pregnant, had revascularization surgery on the
study limb, experienced deterioration of the ulcer site to
the point where bone was exposed, or developed an infec-
tion lasting more than 2 weeks, that was unresponsive to
allowable treatments. In addition, if subjects failed to
heal by 50% after 6 weeks of treatment, they were exited
and allowed to seek alternative care.

Data analysis included both quantitative and qualita-
tive data and utilised wound healing measures. All test-
ing for endpoints was two-sided with alpha set at .05
level of significance for demographic data as well as pri-
mary and secondary endpoints. The primary study
hypothesis was that the proportion of wounds healed at
12 weeks, after up to 12 weeks of SOC with the BSA and
SOC alone, will be equal for Groups 1 and 2. Formally,

TABLE 2 Ulcer infection assessment. Three or more of the

following signs or symptoms are present

• Increased surface area

• Increased peri-wound margin temperature by more than 3�F
difference between two mirror image sites

• Exposed bone or can be probed to the bone

• New areas of breakdown or satellite lesions

• Presence of swelling or reddened skin in peri-wound area

• Increased wound drainage

• Unpleasant, sweet or sickening odour present

ARMSTRONG ET AL. 5



H0: I1-I2 = 0; HA: I1-I2 = D1 ≠ 0, where I1 is the pro-
portion of wounds healed in Group 1, I2 is the same met-
ric for Group 2, D1 is the difference11,12; assuming the
alternative hypothesis and statistical test used is chi
square/Fisher exact test. Analysis may be adjusted using
generalised linear modelling based on available variables
at baseline known to affect wound healing.

Group sequential trials with sample sizes of [50] and
[50] at the final look achieve 85% power to detect a differ-
ence of 0.30 between a treatment group proportion of
0.65 and a control group proportion of 0.35 at the 0.045
significance level (alpha) using a two-sided Z-Test
(Pooled).

The populations defined for analysis included the
intent-to-treat (ITT) and per protocol (PP). The ITT and
safety populations comprised randomised patients who
received at least 1 treatment. All analyses used the ITT
approach. Missing data were imputed according to the

SAP. Study variables were summarised as means and
±SDs for continuous variables as well as medians/
interquartile ranges for non-normal data. Categorical

TABLE 3 Comparison by treatment group for key subject-

related variables

Variable BSA SOC P

Patient age (y) 61.2 (12.55) 60.0 (10.99) .62

BMI 31.1 (5.69) 34.5 (6.91) .01

Gender

Male 26 (52) 27 (54) .84

Female 24 (48) 23 (46)

Race/ethnicity

White/non-Hispanic 35 (70) 38 (76) .37

Black/African 10 (20) 5 (10)

American 3 (6) 6 (12)

Hispanic 2 (4) 1 (2)

Other

Alcohol use/history

Current use 20 (40) 19 (38) .96

Former use 7 (14) 8 (16)

Never use 23 (46) 23 (46)

Smoking use/history

Current use 10 (20) 9 (18) .59

Former use 18 (36) 14 (28)

Never use 22 (44) 27 (54)

Major foot deformity 20 (40) 19 (38) .84

Blood glucose (mg/dL) 180 (76.42) 215 (108.05) .14

Creatinine (mg/dL) 1.2 (0.51) 1.2 (0.51) .92

HbA1c (%) 7.1 (1.65) 7.9 (1.86) .029

Note: Continuous variables are reported as means (SD) with median/IQR

additionally reported for key non-normally distributed continuous variables,
and categorical variables as counts (percentage). Bold values are statistically
significant (P < .05).

TABLE 4 Comparison by treatment group for key wound-

related variables

Variable BSA SOC P

Wound area
(cm2)a

4.2 (7.8) 3.9 (5.22) .70

Median: 2.2;
IQR: 3.4

Median: 1.9;
IQR: 3.1

Depth (mm)

1 26 (52) 30 (60) .35

2 15 (30) 8 (16)

>2 9 (18) 12 (24)

Wound age (wk)a 17.5 (11.06) 15.5 (13.20) .056

Median: 13.5;
IQR: 18

Median: 8.5;
IQR: 13

DFU location

Plantar 35 (70) 45 (90) .023

Dorsal 15 (30) 5 (10)

DFU location

Toe 8 (16) 5 (10) .76

Forefoot 18 (36) 22 (44)

Midfoot 15 (30) 17 (34)

Heel 7 (14) 5 (10)

Ankle 2 (4) 1 (2)

Concurrent
DFUs

13 (26) 7 (14) .13

Lifetime DFU
count

4.3 (3.87) 5.0 (4.54) .49

Median: 3;
IQR: 4

Median: 4.5;
IQR: 5

Minor
amputation

19 (38) 19 (38) 1.0

Major
amputation

2 (4) 0 (0) .50

Offloading type

None 5 (10) 2 (4) .30

Felt 4 (8) 8 (16)

Shoe 6 (12) 8 (16)

Shoe + felt 6 (12) 7 (14)

Camboot or
equivalent

22 (44) 23 (46)

TCC 4 (8) 0 (0)

Wheelchair 3 (6) 2 (2)

Note: Continuous variables are reported as means (SD) with median/IQR
additionally reported for key non-normally distributed continuous variables,
and categorical variables as counts (percentage). Bold values are statistically
significant (P < .05).

Abbreviations: DFU, diabetic foot ulcer; IQR, interquartile range; TCC, total
contact cast.
aAt randomisation.
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variables were presented as counts and proportions or
percentages. Statistical testing between treatment groups
at baseline was carried out to examine the success of ran-
domisation. For categorical variables, chi square or
Fisher exact tests were performed and for continuous var-
iables independent t tests or Mann-Whitney tests were
used (depending on variable normality) to test for statisti-
cal differences.

The primary endpoint (proportion of wounds healed)
between treatment groups was analysed using chi square
(unadjusted results) and logistic regression (adjusted
results). Secondary endpoints included differences in
PAR at 12 weeks; and Semmes-Weinstein score, VAS
pain, and w-QoL (between baseline and ESO visits). The
PAR for the index wound at X weeks was calculated as
([AI�AXW]/AI)*100, where AI is the area of the index
wound at randomisation and AXW the area at X weeks.

Two-sided P values <.05 were considered significant
for testing between groups at baseline. Because an
interim analysis was performed, alpha was set to 0.045
for the primary and PAR secondary endpoints. PASW

28 (IBM, Chicago, IL) was used to perform all statistical
testing.

Time to heal is the first date that the wound is consid-
ered healed (completely epithelialised, 0 cm2 area, with
no drainage.

Secondary analysis included: 1. Time to heal within
12 weeks using Kaplan-Meier analysis; 2. PAR at
12 weeks (Group 1 vs Group 2) using the Mann-
Whitney test; 3. Mean difference between Groups 1 and
2 (baseline and 12 weeks) of change in peripheral neu-
ropathy score surrounding the DFU using the Semmes-
Weinstein monofilament procedure; 4. Mean difference
between Groups 1 and 2 of change in W-QoL score
based on difference between baseline and 12 weeks
using t test if data are normal or Mann-Whitney test if
data are non-normal.

Secondary endpoint p values were adjusted for multi-
plicity of statistical testing using the step-up Hochberg
procedure.

Analysis of tertiary endpoints did not use comparative
statistical analysis.

Assessed for eligibility (n = 116) 

Excluded (n = 16) 
Not meeting inclusion criteria (n = 16) 
Withdrew consent (n = 0) 
SARS-Cov2 infection (n = 0) 
Other reasons (n = 0) 

Analyzed (ITT analysis) (n = 50) 
Excluded from analysis (n = 0)

Lost to follow-up (n = 4) 
Discontinued intervention: 

AE (2) 
 PAR<50%, week 6 (1) 

 Other (1) 

Allocated to BSA + SOC intervention (n = 50) 
Received allocated intervention (n = 50)
Did not receive allocated intervention (n = 0)

Lost to follow-up (n = 19) 
Discontinued intervention: 

SAE (3) 
AE (4) 

PAR<50%, week 6 (11) 
 Other (1) 

Allocated to SOC intervention (n = 50) 
Received allocated intervention (n = 50)
Did not receive allocated intervention (n = 0)

Analyzed (ITT analysis) (n = 50) 
Excluded from analysis (n = 0)

Allocation

Analysis

Follow-Up

Randomised (n = 100) 

Enrollment

FIGURE 2 Subject flow chart
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Control of the familywise error rate (all endpoints)
was achieved through the Holm step-down procedure at
both interim and final analysis.

Every effort was made to obtain required data at each
scheduled evaluation from all subjects who have been
randomised and treated. Subjects who were lost to
follow-up were included in the ITT analysis of primary
and secondary endpoints using Last Observation Carried
Forward principles to impute missing data.

3 | RESULTS

A pool of 116 eligible study subjects were screened to suc-
cessfully enrol 100 subjects. Exclusions were due to a his-
tory of more than 2 weeks of treatment with
immunosuppressants, subjects on investigational drug(s)
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FIGURE 3 Weekly healing rates for both treatment groups

TABLE 5 Logistic regression,

dependent variable of healed or not,

and independent variables as listed

Variable B P OR 95% CI

BSA1 1.91 .00015 6.74 2.52-18.02

Ethnicity2 0.007 .92 1.08 0.28-4.14

African American 1.72 .045 5.57 1.04-29.83

Othera

Area at randomisation (cm2) �0.13 .014 0.88 0.79-0.97

BMI �0.071 .094 0.93 0.86-1.01

Constant 3.54 .017 34.33

Note: Reference groups: 1SOC; 2Caucasian. Bold values are statistically significant (P < .05).
Abbreviations: CI, confidence interval; OR, odds ratio.
aIncludes Hispanic, Asian, Middle-Eastern, and Native Hawaiian races/ethnicities.

FIGURE 4 Kaplan-Meier plot of

wound healing probability for both

treatment groups
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or therapeutic device(s) within 30 days preceding study
visit 1, ulcers previously treated with any prohibited ther-
apy, osteomyelitis or bone infection of the affected foot as
verified by x-ray within 30 days prior to randomisation,
HbA1c >12.0 within last 90 days of randomisation, and
index ulcer reduced in area by 20% or more after
14 days of SOC between screening and randomisation
visits.

A comparison by treatment group for key subject vari-
ables (Table 3) and wound-related variables (Table 4)
showed that variables were well balanced between
groups with the exception of BMI (higher statistically in
the SOC group) and HbA1c (statistically higher in the
SOC group) compared with the BSA group for patient-
related variables, and a statistical higher proportion of
plantar DFUs in the SOC group compared with the BSA
group. Wound age as well as wound size were slightly
higher in the BSA group compared with the SOC group.

During the course of the study, 23 subjects were with-
drawn. In the BSA group, 4 subjects were withdrawn or
lost to follow-up:

• 1 subject was removed for not meeting the ≥50% PAR
rule at 6 weeks post-randomisation

• 1 subject was removed due to worsening condition of
the wound, but was not an AE

• 2 subjects were removed due to adverse events (osteo-
myelitis; SARS-Cov2 infection)

In the SOC group, 19 subjects were withdrawn or lost
to follow-up:

• 11 subjects were removed for not meeting the ≥50%
PAR rule at 6 weeks post-randomisation

• 1 subject was removed because the wound reopened at
the healing confirmation visit

• 3 subjects were removed due to SAEs:
� Study foot abscess, osteomyelitis, and cellulitis
� Infection of the non-study foot
� Congestive heart failure

• 4 subjects were removed due to AEs (infection of non-
study venous leg ulcer; osteomyelitis of the study foot;
osteomyelitis of the non-study foot; SARS-Cov2
infection)

An overview of the enrollment and analysis process is
seen in Figure 2; Consort Diagram.
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FIGURE 5 Weekly PAR values for

both treatment groups. Bioactive split

thickness skin allograft (BSA): Mean:

77.8%; SD: 62.5. Standard of care (SOC):

Mean: 49.6%; SD: 97.6. P = .0019

TABLE 6 Changes in quality of life, pain, and Semmes-

Weinstein scores from baseline to end of study

BSA SOC P

w-QoL

Baseline 1.4 (SD: 1.02) 1.2 (SD: 0.92) .67

End of study 0.2 (SD: 0.98) 0.3 (SD: 0.47)

VAS

Baseline 0.9 (SD: 1.90) 1.3 (SD: 2.6) .67

End of study 0.6 (SD: 1.68) 1.3 (SD: 2.22)

S-W score

Baseline 0.9 (SD: 1.73) 1.0 (SD: 2.18) .67

End of study 1.2 (SD: 2.29) 1.3 (SD: 2.87)
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Evaluation of the primary endpoint, complete wound
healing, was 76% (38/50) in the BSA group, as compared
with 36% (18/50) in the SOC group (P = .00056)
(Figure 3). Adjusted results utilised a main effects logistic
model constructed using methodology specified in SAP.
Model fit parameters were Nagelkerke R2: 0.36,
Hosmer & Lemeshow fit test: 0.21, C statistic: 0.80. The
model met all logistic regression assumptions. BMI was
kept in the model even though it is non-significant to
avoid over-dispersion issues.

The results of the logistic regression analysis are
shown in Table 5. The treatment (BSA) dominates the
other variables and increases the odds of healing by 6.74
(P = .00015). Having a higher wound area at randomisa-
tion lowered the odds of wound healing, while having a
race/ethnicity of other (Hispanic, Asian, Middle Eastern,

Native Hawaiian) was very protective (protective means
that the odds of wound healing increased). Rates of
healing for both groups are shown in Figure 3.

Secondary endpoint analysis demonstrated strong dif-
ferences between the groups. The probability of a wound
healing over time is shown for each group in Figure 4.
The average time for closure within the 12-week period
for BSA was 46.9 days (95% CI: 38.7-55.1) vs closure with
SOC was 65.3 days (95% CI: 57.7-72.9). This difference
was statistically significant (P = .0019).

The percentage area reduction (PAR) is shown for
the two groups on a weekly basis in Figure 5. On aver-
age, the PAR was 77.8% (SD: 62.5) for BSA, as com-
pared with 49.6% (SD: 97.6) for SOC at 12 weeks. These
differences were statistically significant as well
(P = .0019).

FIGURE 6 (A) Diabetic neuropathic non-healing ulcer for 9 weeks with a HgA1c of 7.0 and serum creatinine of 1.01 mg/dL measuring

7.44 cm2 at study enrollment; receiving bioactive split thickness skin allograft (BSA) and standard of care (SOC). (B) After 6 weekly graft

applications measuring 2.28 cm2. (C) At healing confirmation after 10 grafts complete healing with durable healing at healing confirmation.

(D) Diabetic neuropathic non-healing ulcer for 10 weeks with a HgA1c of 8.1 and serum creatinine of 1.25 mg/dL measuring 1.08 cm2 at

study enrollment; receiving SOC. (E) After 5 weeks of SOC treatment measuring 0.55 cm2. (F) After 12 weeks of treatment with SOC

measuring 0.48 cm2 wound was able to achieve slightly over 50 PAR at end of study with SOC treatment

10 ARMSTRONG ET AL.



Quality of life (w-QoL), pain scores (VAS), and
Semmes-Weinstein scores were evaluated, and showed
insignificant changes in both groups from baseline, with
an insignificant improvement in w-QoL and reduction in
VAS scores in the BSA group, as compared with the SOC
group. Similarly, there was an insignificant improvement
in the BSA group for Semmes-Weinstein score from base-
line. These results are summarised in Table 6. Two repre-
sentative cases are illustrated in Figure 6 of non-healing
diabetic foot wounds enrolled into treatment with either
weekly application of BSA with SOC or SOC alone.

4 | DISCUSSION

DFUs can be one of the most challenging types of
wounds to heal. Standards of care have evolved to
include periodic debridement, regulation of moisture,
reduction of infection, optimization of blood flow, and
reducing mechanical loading factors, in addition to sys-
temic control of the disease itself. In an effort to facilitate
healing, clinicians have been supplementing the healing
process with various ‘biologics’ including growth factors,
cytokines, collagen, and living cell treatments.

In the consensus recommendations by Snyder et al,24

a panel of thought leaders in wound care suggested that
biologics should be included as the new SOC due to the
enhancement in healing rates demonstrated in numerous
studies.

A meta-analysis conducted by Santema et al25 also
supports the advantages of using an advanced biologic.
They reviewed a large number of randomised controlled
clinical trials, and their meta-analysis reported closure
rates on 1961 collected patients treated with an advanced
biologic to be approximately 48.6% (range from 35.4% to
82.6%) over 6-20 weeks, as compared with approximately
27.3% for subjects treated over 6-16 weeks with SOC.

In the current study, the value of BSA, an advanced
biologic material, is demonstrated. Closure rates and
PAR, were significantly superior to SOC alone. Further-
more, the closure rate of 76% demonstrated here, during
the first 12 weeks is consistent with prior studies17-21

using the same BSA, in which the closure rate ranged
from 67%-93%, with an average closure rate of 65.2% over
12 weeks. Although these previous studies differed in
study design (eg, retrospective with matched cohort, pro-
spective, case series), the types of wounds found in the
current study remain consistent. Furthermore, the sub-
jects in the current study were very typical of patients
seen in wound clinics. Tables 1 and 2 demonstrate a few
critical elements including HbA1c in the mid-7 range,
BMI in the low 30 range, and average wound size of
approximately 4 cm2 in both groups.

An examination of the adverse events and serious
adverse events observed in the current study was lower
for the BSA group, as compared with the SOC group.
Although this difference is likely multifactorial, it is logi-
cal that the longer a wound remains open, the more
likely it is for adverse events to occur.

Based on the multi-variant regression analysis, it is
most likely that the reason for the significantly higher
rate of successful treatment in the BSA group is attrib-
uted to the use of BSA. Previously, a characterisation
study15 of this BSA demonstrated that approximately 67%
of the cells found in natural skin would survive the
harvesting, cryopreservation and thawing process, and
remain viable upon application. Furthermore, the natural
collagen structure is maintained throughout. This BSA
allograft is comparable in every way to a typical split-
thickness skin autograft, in that it retains most of the sig-
nalling molecules, living cells, and extracellular matrix
naturally found in the autograft.

When assessing the value of the current study, the
strengths include a robust trial design, multiple investiga-
tive sites, standardisation of SOC methods, strong statisti-
cally sound methodology, and ITT analysis. The study
limitations include, lack of investigator blinding, which
would not be possible due to the difference in the tissue
allograft and calcium alginate. In addition, adding a third
cohort with a comparative biologic or tissue graft could
have provided additional strength to the study. Further-
more, although the study cohorts had no statistically sig-
nificant differences among the key wound-related
variables, the strength of the comparison could have been
improved if a more comprehensive examination of com-
orbidities could have been included. Future studies
should consider or may allow for enrollment of wounds
of greater complexity, perhaps including wounds with
exposed deeper structures.

In conclusion, this prospective randomised study
demonstrated that wounds treated with BSA in addition
to SOC were more likely to close during the first
12 weeks of treatment. The subjects who received BSA
experienced less adverse events and were more likely to
show progression of healing based on PAR over time.

CONFLICT OF INTEREST
This study was funded through a research grant from
Misonix, Inc provided to the Professional Education and
Research Institute (PERI), which Charles M. Zelen, DPM
is medical director. David G. Armstrong, DPM, MD, PhD
received research funds from PERI to serve as Co-
Principal Investigator/Study Chair for this trial and to
design and administrate the trial, review study photos,
and also assist with the writing and review of the manu-
script. Robert D. Galiano, MD received research funds

ARMSTRONG ET AL. 11



from PERI to serve as Co-Principal Investigator/Study
Chair for this trial and to design and administrate the
trial, review study photos and also assist with the writing
and review of the manuscript. Dennis P. Orgill, MD, PhD
received research funds to serve as a validating/
adjudicating plastic surgeon to review study photos and
assist with the writing and review of the manuscript. Paul
M. Glat, MD received research funds to serve as a validat-
ing/adjudicating plastic surgeon to review study photos
and assist with the writing and review of the manuscript.
Marissa J. Carter, PhD received research funds to provide
the statistical analysis plan, and provide the statistical
analysis for this trial and assist with writing of the result
section of the manuscript. Lawrence A. Didomenico,
DPM is the medical director of LEIRT and his company
received research funds to serve as a site investigator for
this trial and to assist with the writing and review of the
manuscript. Alexander M. Reyzelman, DPM received
research funds and served a site investigator for this trial
and assisted with the writing and review of the manu-
script. Charles M. Zelen, DPM is the medical director and
president of the PERI and his company received research
funds to administrate the clinical trial and write the
paper for publication. There is no other conflict of inter-
ests with any of the authors in relationship to this study,
or with regard to Misonix, Inc. IRB conflict of interest
statements are on file with PERI.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able on request from the corresponding author. The data
are not publicly available due to privacy or ethical
restrictions.

ORCID
David G. Armstrong https://orcid.org/0000-0003-1887-
9175
Robert D. Galiano https://orcid.org/0000-0001-9552-
6483
Dennis P. Orgill https://orcid.org/0000-0002-8279-7310
Paul M. Glat https://orcid.org/0000-0002-5009-8603
Marissa J. Carter https://orcid.org/0000-0002-2265-
6639
Alexander M. Reyzelman https://orcid.org/0000-0003-
2642-6184
Charles M. Zelen https://orcid.org/0000-0001-5682-
7056

REFERENCES
1. Armstrong DG, Boulton AJM, Bus SA. Diabetic foot ulcers and

their recurrence. N Engl J Med [Internet]. 2017;376(24):2367-
2375. doi:10.1056/NEJMra16154392

2. Mayfield JA, Reiber GE, Sanders LJ, Janisse D, Pogach LM,
American Diabetes Association. Preventive foot care in diabe-
tes. Diabetes Care. 2004;27(Suppl 1):S63-S64.

3. Jeffcoate WJ, Harding KG. Diabetic foot ulcers. Lancet. 2003;
361:1545-1551.

4. Katsilambros NL, Tsapogas PC, Arvanitis MP, Tritos NA,
Alexiou ZP, Rigas KL. Risk factors for lower extremity arterial
disease in non-insulin-dependent diabetic persons. Diabet
Med. 1996;13(3):243-246. doi:10.1002/(SICI)1096-9136(199603)
13:3<243::AID-DIA69>3.0.CO;2-U

5. Skrepnek GH, Mills JL Sr, Armstrong DG. A diabetic emer-
gency one million feet long: disparities and burdens of illness
among diabetic foot ulcer cases within emergency departments
in the United States, 2006-2010. PLoS One [Internet]. 2015;10:
1–15.

6. Skrepnek GH, Armstrong DG, Mills JL Sr. 2,500,000 troubled
soles: ten-year analysis of diabetic foot infections in the
United States. J Vasc Surg [Internet]. 2013;58(2):558.

7. Saluja S, Anderson SG, Hambleton I, et al. Foot ulceration
and its association with mortality in diabetes mellitus: a meta-
analysis. Diabet Med [Internet]. 2019;37:211-218. doi:
10.1111/dme.14151

8. Armstrong DG, Swerdlow MA, Armstrong AA, Conte MS,
Padula WV, Bus SA. Five year mortality and direct costs of care
for people with diabetic foot complications are comparable to
cancer. J Foot Ankle Res [Internet]. 2020;13(1):16. doi:
10.1186/s13047-020-00383-2

9. Conte MS, Bradbury AW, Kolh P, et al; GVG Writing Group
for the Joint Guidelines of the Society for Vascular Surgery
(SVS), European Society for Vascular Surgery (ESVS), and
World Federation of Vascular Societies (WFVS). Global vascu-
lar guidelines on the management of chronic limb-threatening
ischemia. Eur J Vasc Endovasc Surg [Internet]. 2019;58:S1-
S109.e33. doi:10.1016/j.ejvs.2019.05.006

10. Mills JL Sr, Conte MS, Armstrong DG, et al; Society for Vascu-
lar Surgery Lower Extremity Guidelines Committee. The Soci-
ety for Vascular Surgery Lower Extremity Threatened Limb
Classification System: risk stratification based on wound, ische-
mia, and foot infection (WIfI). J Vasc Surg [Internet]. 2014;
59(1):220-34.e1-2. doi:10.1016/j.jvs.2013.08.003

11. Frykberg RG, Banks J. Challenges in the treatment of chronic
wounds. Adv Wound Care. 2015;4(9):560-582. doi:10.1089/wound.
2015.0635

12. Gordon AJ, Alfonso AR, Nicholson J, Chiu ES. Evidence for
healing diabetic foot ulcers with biologic skin substitutes: a sys-
tematic review and meta-analysis. Ann Plast Surg. 2019 Oct;
83(4S Suppl 1):S31-S44. doi:10.1097/SAP.0000000000002096

13. Armstrong DG, Tettelbach WH, Chang TJ, et al. Observed impact
of skin substitutes in lower extremity diabetic ulcers: lessons from
the Medicare Database (2015-2018). J Wound Care [Internet].
2021;30(Sup7):S5-S16. doi:10.12968/jowc.2021.30.Sup7.S5

14. Neligan PC, Gurtner GC. Plastic Surgery: Principles. Vol 1. 4th
ed. London, England: Elsevier Publishing; 2017.

15. Landsman A, Rosines E, Houck A, et al. Characterization of a
cryopreserved split-thickness human skin allograft-TheraSkin.
Adv Skin Wound Care. 2016;29(9):399-406. doi:10.1097/01.
ASW.0000489991.32684.9e

16. Henn D, Chen K, Maan ZN, et al. Cryopreserved human skin
allografts promote angiogenesis and dermal regeneration in a

12 ARMSTRONG ET AL.

https://orcid.org/0000-0003-1887-9175
https://orcid.org/0000-0003-1887-9175
https://orcid.org/0000-0003-1887-9175
https://orcid.org/0000-0001-9552-6483
https://orcid.org/0000-0001-9552-6483
https://orcid.org/0000-0001-9552-6483
https://orcid.org/0000-0002-8279-7310
https://orcid.org/0000-0002-8279-7310
https://orcid.org/0000-0002-5009-8603
https://orcid.org/0000-0002-5009-8603
https://orcid.org/0000-0002-2265-6639
https://orcid.org/0000-0002-2265-6639
https://orcid.org/0000-0002-2265-6639
https://orcid.org/0000-0003-2642-6184
https://orcid.org/0000-0003-2642-6184
https://orcid.org/0000-0003-2642-6184
https://orcid.org/0000-0001-5682-7056
https://orcid.org/0000-0001-5682-7056
https://orcid.org/0000-0001-5682-7056
info:doi/10.1056/NEJMra16154392
info:doi/10.1002/(SICI)1096-9136(199603)13:3&lt;243::AID-DIA69&gt;3.0.CO;2-U
info:doi/10.1002/(SICI)1096-9136(199603)13:3&lt;243::AID-DIA69&gt;3.0.CO;2-U
info:doi/10.1111/dme.14151
info:doi/10.1186/s13047-020-00383-2
info:doi/10.1016/j.ejvs.2019.05.006
info:doi/10.1016/j.jvs.2013.08.003
info:doi/10.1089/wound.2015.0635
info:doi/10.1089/wound.2015.0635
info:doi/10.1097/SAP.0000000000002096
info:doi/10.12968/jowc.2021.30.Sup7.S5
info:doi/10.1097/01.ASW.0000489991.32684.9e
info:doi/10.1097/01.ASW.0000489991.32684.9e


murine model. Int Wound J. 2020;17(4):925-936. doi:
10.1111/iwj.13349

17. Landsman AS, Cook J, Cook E, et al. A retrospective clinical

study of 188 consecutive patients to examine the effectiveness

of a biologically active cryopreserved human skin allograft

(TheraSkin®) on the treatment of diabetic foot ulcers and

venous leg ulcers. Foot Ankle Spec. 2011;4(1):29-41. doi:

10.1177/1938640010387417
18. DiDomenico L, Landsman AR, Emch KJ, Landsman A. A pro-

spective comparison of diabetic foot ulcers treated with either a

cryopreserved skin allograft or a bioengineered skin substitute.

Wounds. 2011;23(7):184-189.
19. Sanders L, Landsman AS, Landsman A, et al. A prospective,

multicenter, randomized, controlled clinical trial comparing a

bioengineered skin substitute to a human skin allograft.

Ostomy Wound Manage. 2014;60(9):26-38.
20. Gurtner GC, Garcia AD, Bakewell K, Alarcon JB. A retrospec-

tive matched-cohort study of 3994 lower extremity wounds of

multiple etiologies across 644 institutions comparing a bioac-

tive human skin allograft, TheraSkin, plus standard of care, to

standard of care alone. Int Wound J. 2020;17(1):55-64. doi:

10.1111/iwj.13231
21. Barbul A, Gurtner GC, Gordon H, Bakewell K, Carter MJ. Mat-

ched-cohort study comparing bioactive human split-thickness
skin allograft plus standard of care to standard of care alone in
the treatment of diabetic ulcers: a retrospective analysis across
470 institutions [published correction appears in Wound

Repair Regen. 2020 May;28(3):431]. Wound Repair Regen. 2020;
28(1):81-89. doi:10.1111/wrr.12767

22. Dumville JC, O'Meara S, Deshpande S, Speak K. Alginate dress-
ings for healing diabetic foot ulcers. Cochrane Database Syst Rev.
2013;(6):CD009110. doi:10.1002/14651858.CD009110.pub3

23. Woo KY, Sibbald RG. A cross-sectional validation of using
NERDS and STONEES to assess bacterial burden. Ostomy
Wound Manage. 2009;55:40-48.

24. Snyder RJ, Kirsner RS, Warriner RA 3rd, Lavery LA, Hanft JR,
Sheehan P. Consensus recommendations on advancing the stan-
dard of care for treating neuropathic foot ulcers in patients with
diabetes. Ostomy Wound Manage. 2010;56(4 Suppl):S1-S24.

25. Santema TB, Poyck PP, Ubbink DT. Skin grafting and tissue
replacement for treating foot ulcers in people with diabetes.
Cochrane Database Syst Rev. 2016;2(2):CD011255. doi:
10.1002/14651858.CD011255.pub2

How to cite this article: Armstrong DG,
Galiano RD, Orgill DP, et al. Multi-centre
prospective randomised controlled clinical trial to
evaluate a bioactive split thickness skin allograft vs
standard of care in the treatment of diabetic foot
ulcers. Int Wound J. 2022;1-13.
doi:10.1111/iwj.13759

ARMSTRONG ET AL. 13

info:doi/10.1111/iwj.13349
info:doi/10.1177/1938640010387417
info:doi/10.1111/iwj.13231
info:doi/10.1111/wrr.12767
info:doi/10.1002/14651858.CD009110.pub3
info:doi/10.1002/14651858.CD011255.pub2
info:doi/10.1111/iwj.13759

	Multi-centre prospective randomised controlled clinical trial to evaluate a bioactive split thickness skin allograft vs sta...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	3  RESULTS
	4  DISCUSSION
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


