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ABSTRACT

Introduction: Diabetic foot ulcers heal slowly and precede most diabetes-related lower limb amputations. Cellular and tissue-based skin
substitutes are used when standard care fails, but their effect on complete healing remains uncertain. Methods: This systematic review
followed PRISMA 2020. Scopus, PubMed, OpenAlex and Crossref were searched from 2018 to 2026 for randomized controlled trials and
comparative studies comparing a cellular or tissue-based skin substitute with standard care, placebo or another substitute in adults with
diabetic foot ulcers. Results: Of 414 records identified, 307 were screened and 11 randomized controlled trials were included. Of five trials
with a standard-care comparator, intact fish skin graft achieved healing in 44% versus 26% at 16 weeks, ovine forestomach matrix in 46%
versus 24% at 12 weeks, and dehydrated amnion-chorion in 50% versus 17%; one large cryopreserved amniotic trial found no significant
difference (66.1% versus 59.8%). Conclusions: Cellular and tissue-based skin substitutes increased complete healing of diabetic foot ulcers
in most included trials, although the evidence is limited by small samples, open designs and clinical heterogeneity.
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RESUMEN

Introduccién: Las Ulceras del pie diabético cicatrizan con lentitud y preceden a la mayoria de las amputaciones de miembros inferiores
relacionadas con la diabetes. Los sustitutos cutaneos celulares y basados en tejidos se emplean cuando fracasa la atencién estandar,
pero su efecto sobre la cicatrizaciéon completa sigue siendo incierto. Métodos: Esta revision sistematica siguié PRISMA 2020. Se buscé
en Scopus, PubMed, OpenAlex y Crossref de 2018 a 2026 ensayos clinicos aleatorizados y estudios comparativos que compararan un
sustituto cutaneo celular o basado en tejidos con la atencidn estandar, un placebo u otro sustituto en adultos con Ulceras del pie dia-
bético. Resultados: De 414 registros identificados, se cribaron 307 y se incluyeron 11 ensayos clinicos aleatorizados. De cinco ensayos con
comparador de atencion estandar, el injerto intacto de piel de pescado logrd cicatrizacion en el 44% frente al 26% a las 16 semanas, la
matriz de preestdmago ovino en el 46% frente al 24% a las 12 semanas y la membrana deshidratada de amnios-corion en el 50% frente
al 17%; un ensayo grande de membrana amnidtica criopreservada no hallé diferencias significativas (66,1% frente a 59,8%). Conclusiones:
Los sustitutos cutaneos celulares y basados en tejidos aumentaron la cicatrizacion completa de las Ulceras del pie diabético en la mayoria
de los ensayos incluidos, aunque la evidencia esta limitada por muestras pequefas, disefos abiertos y heterogeneidad clinica.

Palabras clave: Ulcera del pie diabético; sustitutos cutaneos; piel de bioingenieria; cicatrizacion de heridas; revision sistematica.
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INTRODUCTION

Diabetic foot ulcers are among the most disabling and costly complications of diabetes, and
they precede more than 80% of nontraumatic lower limb amputations worldwide.(1)The lifetime
risk of developing a foot ulcer approaches 34% in people with diabetes, and the five-year mortality
after a first ulcer is comparable to that of several solid cancers.(1,2) A recent systematic review of the
global epidemiology of the diabetic foot estimated that the pooled lifetime prevalence of ulceration
approaches one in five adults with diabetes, with substantial variation across regions and income
levels, and it confirmed that low-income settings carry a disproportionate share of amputation and
death.(3)The five-year mortality after a diabetic foot ulcer approaches 30% in high-income cohorts
and is higher still after major amputation, which places the wound and its closure at the center
of any limb-salvage strategy.(1) The pathophysiology is well characterized: sensory neuropathy
removes protective sensation, motor neuropathy alters foot architecture and increases plantar
pressure, and autonomic neuropathy dries the skin, while peripheral artery disease and impaired
angiogenesis delay tissue repair.(4)The resulting wound is trapped in a chronic inflammatory state
in which matrix metalloproteinases degrade the extracellular matrix faster than it can be replaced,
and fibroblasts and keratinocytes fail to migrate and proliferate normally.(5)The economic burden
follows the clinical burden, because the direct cost of diabetic foot ulcer care reaches tens of billions
of dollars each year in the United States alone and rises sharply when a wound becomes chronic
and requires advanced therapy.(5)Healing is the defining clinical event: a closed ulcer is the stron-
gest protection against infection, hospitalization and amputation, and recurrence is common even
after successful closure, which keeps the cumulative risk high over time.(1)

Standard care addresses these mechanisms through sharp debridement, infection control,
revascularization when indicated and pressure offloading, as recommended by the International
Working Group on the Diabetic Foot.(6)The 2023 evidence review of that group confirmed that
these components remain the foundation of treatment, but it also documented that many ulcers
fail to heal within twelve weeks and that adjunctive therapies are frequently required.(7)The quality
of offloading in trials is itself variable, as a meta-research audit of the trials supporting the 2023
recommendations demonstrated.(8)Cellular and tissue-based skin substitutes were developed
to supply the missing biological components of healing, either by delivering living cells such as
fibroblasts and keratinocytes or by providing a tissue-derived matrix that restores the structural
scaffold and releases growth factors and cytokines.(9,10) They include bilayered living cellular cons-
tructs, human fibroblast-derived dermal substitutes, keratinocyte grafts, amniotic and chorionic
membranes, placental matrices, fish skin grafts and ovine forestomach matrix, and they are usually
applied weekly as adjuncts to standard care.(5)These products are conventionally grouped as ce-
[lular, acellular and matrix-like products, a taxonomy that reflects whether living cells are present
and whether the scaffold is derived from human or animal tissue, and the regulatory and reim-
bursement framework treats the categories differently.(9)

Several systematic reviews have examined portions of this literature, but their scope has been
narrower than the present review and their conclusions have been discordant. A Cochrane review
of skin grafting and tissue replacement concluded that the evidence was of low certainty and that
no product could be recormmended over another.(11)Meta-analyses restricted to human amniotic
membrane reported benefit for healing diabetic foot ulcers,(12,13) and a meta-analysis of placen-
ta-derived biomaterials reached a similar conclusion against standard care.(14)A scoping review of
bioengineered skin found promising but heterogeneous results,(15)and network meta-analyses of
topical and adjunctive therapies suggest benefit for several products, although the ranking depends
on the comparator set and the geometry of the network.(16,17) A meta-analysis of fish skin grafts
against standard care reported higher healing with fish skin.(18)These reviews were published at
different times, included different product classes and rarely isolated the specific comparison that
guides clinical decisions, namely complete healing against standard care within the most recent
bibliographic window. An updated synthesis restricted to randomized comparisons is therefore
warranted to inform product selection in diabetic foot practice. The objective of this systematic
review was therefore to synthesize the evidence published between 2018 and 2026 on the effec-
tiveness of cellular and tissue-based skin substitutes for achieving complete healing of diabetic
foot ulcers. The review question was formulated in the PICO format: in adults with diabetic foot
ulcers, do cellular and tissue-based skin substitutes increase complete ulcer healing compared
with standard care, placebo or another substitute?
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METHODS

This systematic review was conducted and reported according to the Preferred Reporting
Iltems for Systematic Reviews and Meta-Analyses (PRISMA) 2020 statement. Studies were eligible
if they enrolled adults with a diabetic foot ulcer of any University of Texas or Wagner grade and
compared a cellular or tissue-based skin substitute with standard care, placebo or another skin
substitute.

Cellular substitutes were defined as products containing living or previously living human
cells, including bilayered living cellular constructs, human fibroblast-derived dermal substitutes
and keratinocyte grafts. Tissue-based substitutes were defined as products derived from human
or animal tissue applied as a wound covering or matrix, including amniotic, chorionic and placen-
tal membranes, umbilical cord tissue, decellularized dermal matrices, fish skin grafts and ovine
forestomach matrix. Injectable cell suspensions and intramuscular cell therapies were excluded
because they are not applied as a skin replacement, even when they contain cells of placental ori-
gin. The primary outcome was complete wound healing, defined as full epithelialization with no
drainage. Secondary outcomes were time to complete healing and adverse events. Randomized
controlled trials and comparative observational studies were eligible; case reports, case series,
preclinical studies, reviews and editorials were excluded. Studies published in English, Spanish or
Portuguese between 2018 and 2026 were considered, consistent with the bibliographic window
of the journal volume, and no restriction was applied by wound severity, follow-up length or sam-
ple size. Studies that compared two application frequencies or two preservation methods of the
same product were retained because they inform the practical use of the products, and they were
analyzed separately from the comparisons against standard care. Wound severity was recorded
with the University of Texas or Wagner classification when the authors reported one, and trials
that enrolled diabetic foot ulcers without a formal grade were included and described by the ulcer
characteristics reported by the authors.

Information sources and search strategy

Databases: Scopus, PubMed, OpenAlex and Crossref

Search strategy:

TITLE-ABS-KEY(“diabetic foot ulcer” AND (“skin substitute” OR “skin substitutes” OR “tissue
substitute” OR “bioengineered skin” OR “cellular dermal substitute” OR “living skin equivalent” OR
“bilayered cellular construct”)) AND PUBYEAR > 2017 AND PUBYEAR < 2027.

TITLE-ABS-KEY(“diabetic foot” AND (“amniotic membrane” OR “placental membrane” OR
“dehydrated human amnion” OR “chorion membrane” OR “allograft” OR “xenograft”) AND (“ulcer”
OR “wound”)).

For each included study the following items were extracted into a structured table: first
author and year, country, design, sample size, population and wound severity, intervention and
comparator, complete healing rates with their point estimates and, where reported, confidence
intervals or P values, time to healing, and adverse events. The risk of bias assessment was extracted
alongside. Data were taken from the abstract and results sections of each retrieved report, and no
missing field was completed by assumption; fields that were not reported were recorded as not
reported. Extraction was performed by a single reviewer directly from the retrieved full texts, and
the product names, sample sizes and healing proportions were checked against the abstract of
each report to reduce transcription error.

Results were synthesized narratively and organized by comparison type, separating trials with
a standard-care or placebo comparator from head-to-head comparisons between two substitu-
tes or two application regimens. The five trials with a standard-care or placebo comparator were
considered the primary evidence for the review question, and the six head-to-head trials were
summarized separately as secondary evidence on relative effectiveness. For each synthesis claim
the number of supporting studies was stated explicitly, in accordance with the analytical style of
the review. Heterogeneity was described in terms of product class, wound severity, comparator,
follow-up length and effect size, and a meta-analysis was not performed because these dimensions
were not comparable across the eleven trials. The evidence was also organized into a study-by-study
matrix that links each finding to the study that produced it, so that every synthesis claim can be
traced to its source, and a separate table reports the risk of bias by domain.
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RESULTS

Study selection

The searches identified 414 records, of which 107 duplicates were removed before screening
(Figure 1). Of the 307 records screened at the title and abstract stage, 273 were excluded and 34
reports were sought for retrieval. Seventeen reports could not be retrieved because a full text was
not available in open access, and 17 reports were assessed for eligibility. Of these, six were excluded
at full text: one was a review, one assessed a mixed population of full-thickness wounds rather
than diabetic foot ulcers, one evaluated intramuscular placental cells rather than a skin substitute,
one reported amputation and bacteremia without a healing outcome, and two were duplicate or
subgroup reports of the same fish skin trial. Eleven randomized controlled trials were included in
the review.

Figure 1. PRISMA 2020 flow diagram of study selection.

Records identified
from databases (n = 414) ———»
(scopu$ 224, pubmed 110, openalex 40, crosgref 40)

|

Records screened Records excluded
(n =307) (n=273)

|

Reports sought for retrieval Reports not retrieved
(n=34) (n=17)

Reports assessed Reports excluded:

ot revisién, no estudio original (n = 1)

for eligibility (7142 distinto Mln y bacteriemia, sin desenlace de cicatrizacién completa) (n = 1)
duplicado de informel(mismo €nsayo que el informe principal del injerto de piel de pescado) (n = 1)

subgrupo naciopal del mismo ensayo (duplicado de [nforme) (n = 1)

ppblacién distinta (heridas de gspesor total mixtas, no limitadas a lceras de pie diabético) (n = 1)

intervencién distinta (células placentarias intramusculares, no|sustituto cutaneo) (n = 1)

Duplicate records
removed (n = 107)

Identification

Screening

Studies included
in review (n = 11)

Included

Note: SOC = standard care. Source: Elaborated from the search and screening records.

Characteristics of included studies

The eleven trials randomized a total of 955 participants, with sample sizes ranging from 24
to 255 (Table 1). Five trials compared a substitute with standard care or placebo, and six compared
two substitutes or two application regimens. The primary endpoint was complete healing or the
proportion of wounds closed in seven trials, percentage wound area reduction in three trials, and
wound grade and healing duration in one, and the follow-up windows ranged from four weeks
to fifty weeks. The products evaluated were intact fish skin graft, ovine forestomach matrix with
hyaluronic acid, dehydrated human amnion and chorion membrane, cryopreserved and lyopre-
served umbilical cord tissue, cryopreserved ultra-thick amniotic membrane, high-purity type |
collagen-based skin substitute, a tissue-engineered skin substitute and an amniotic fluid gel. The
trials were conducted in the United States, India, Iran and Italy, and one was a multinational Eu-
ropean trial, and all were published between 2019 and 2026, which places every included study
inside the 2018 to 2026 bibliographic window. Wound severity ranged from superficial Wagner
grade 1 or University of Texas grade 1A ulcers to deep grade 2 and 3 wounds with exposed bone,
tendon or joint capsule. Four trials enrolled superficial ulcers of Wagner grade 1 or University of
Texas grade 1A, three enrolled deep wounds with exposed bone, tendon or joint capsule, and the
remaining trials enrolled full-thickness or non-healing wounds of mixed depth. Of the eleven trials,
six randomized fewer than 60 participants, and the two largest trials together accounted for half
of the total sample.
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Table 1. Characteristics and main results of the eleven included randomized controlled trials.

Study Country Design Sample Intervention versus comparator Complr:t:”r;ealmg
0 ()
Dardari 2024 Multinational Open RCT 255] Intact fish skin graft versus SOC Rl ve@:sz/o Eile
. Ovine forestomach matrix plus 46% versus 24% at 12
Armstrong 2026 United States RCT 143 SOC versus SOC "
Cryopreserved amniotic 66.1% versus 59.8% at
CRpEiEEe 2025 lizzly ey 220 membrane plus SOC versus SOC 26 weeks
Hall 2025 United States |  Two RCTs 53 Amnion-chorion allograft plus 50% versus 17%
SOC versus SOC
Niami 2022 . Triple-blind 90 Amniotic fluid gel versus placebo Improyed grade_ and
RCT gauze healing duration
Narayan 2025 India Mulgg?rntre 120 HPTC versus dHACM 83.3% versus 51.7%
Narayan 2024 India RCT 28 HPTC versus dHACM 71.4% versus 50%
0, 0
Armstrong 2025 United States RCT 2% HPTC versus dHACM or placental 50% versus 25% at 4
membrane weeks
Glat 2019 United States RCT 60 Ammpn—chorlon allograft versus 24 versus 39 days to
tissue-engineered skin heal
Lavery 2026 (umbilical | .ivoq grates RCT 40 Clyejaresciied varEue 36.8% versus 19.0%
cord) lyopreserved umbilical cord
Lawery 2026 United States RCT 40 Anmniadiesllen/Eic sl Bl | agae s emm
(AmnioExcel) biweekly

Note: UT = University of Texas; SOC = standard care; dHACM = dehydrated human amnion/chorion membrane; HPTC = high-purity type |
collagen-based skin substitute. Source: Elaborated from the included reports.

Risk of bias

Table 2. Risk of bias of the included trials assessed with the Cochrane RoB 2 tool.

Study D1 D2 D3 D4 D5 Overall
Dardari 2024 Low Some concerns Low Low Low Some concerns
Armstrong 2026 Low Some concerns | Some concerns | Some concerns | Some concerns | Some concerns
Caporusso 2025 Low Some concerns Low Some concerns | Some concerns | Some concerns
Hall 2025 Some concerns | Some concerns | Some concerns | Some concerns High High
Niami 2022 Low Low Some concerns Low Some concerns | Some concerns

Narayan 2025 Some concerns | Some concerns Low Some concerns | Some concerns | Some concerns
Narayan 2024 Some concerns | Some concerns Low Some concerns | Some concerns | Some concerns
Armstrong 2025 Some concerns | Some concerns Low Some concerns | Some concerns | Some concerns
Glat 2019 Low Some concerns Low Some concerns | Some concerns | Some concerns
Lavery 2026 (umbilical
cord) Low Some concerns Low Some concerns | Some concerns | Some concerns
Lavery 2026
. Low Some concerns Low Some concerns | Some concerns | Some concerns
(AmnioExcel)

Note: D1 = randomization process; D2 = deviations from intended interventions; D3 = missing outcome data; D4 = measurement of the
outcome; D5 = selection of the reported result. Source: Elaborated from the included reports.

The overall risk of bias was rated as some concerns in ten trials and as high in one (Table 2).
The randomization process was adequately described and judged at low risk in six trials, while four
trials provided insufficient detail to rule out allocation problems. Blinding of participants and care
providers was generally not possible because the products differ visually from standard dressings,
and most trials were therefore judged to carry some concerns in the domain of deviations from
the intended interventions. Several trials mitigated this limitation with blinded adjudication of
healing or with three-dimensional planimetric measurement, and the fish skin trial was rated at
low risk for outcome measurement because a blinded adjudication committee confirmed healing
at two consecutive time points.
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The interim analysis of two randomized trials was rated at high overall risk because one of
the contributing studies had been terminated early and the pooled analysis was not fully prespe-
cified. In the domain of missing outcome data, ten trials reported complete or nearly complete
follow-up and were judged at low risk, while the ovine forestomach matrix trial was rated as some
concerns because of post-randomization exclusions and differential withdrawal between arms. In
the domain of selective reporting, the interim analysis was the only trial rated at high risk, and the
remaining trials reported their prespecified primary outcome.

Synthesis by outcome domain

Complete healing versus standard care

Of the five trials that compared a substitute with standard care or placebo, four reported a
higher proportion of complete healing in the substitute arm and one reported no significant di-
fference. The largest trial randomized 255 participants with deep University of Texas grade 2 and
3 ulcers across fifteen European centres, and intact fish skin graft achieved healing at 16 weeks
in 44% of participants compared with 26% in the standard care group (P < 0.001), with healing at
20 weeks of 46% versus 32% and at 24 weeks of 55% versus 38%.(19)The trial was open label and
stratified randomization by wound type and ankle-brachial index, and a blinded adjudication com-
mittee confirmed healing at two consecutive time points; the study was funded by the European
Commission and the manufacturer of the graft.(19)In a trial of 143 participants with full-thickness
foot wounds in diabetes, ovine forestomach matrix with hyaluronic acid healed 46% (31 of 68) at
12 weeks versus 24% (17 of 72) with standard care (P = 0.008), and the Kaplan-Meier comparison
favored the substitute (log-rank P = 0.023).(20)In that trial 197 participants were screened and 143
were randomized, and the modified intention-to-treat analysis excluded three ulcers after rando-
mization, which the authors acknowledged as a source of uncertainty together with differential
withdrawal.(20)In the interim analysis of two randomized trials that enrolled 53 participants with
non-healing ulcers, dehydrated human amnion-intermediate layer-chorion membrane healed
50% (14 of 28) versus 17% (4 of 23) (P = 0.019), with a wound area reduction of 71% versus 46% (P =
0.0517).(21)A triple-blind trial of 92 participants found that an amniotic fluid gel improved wound
grade, wound color, the condition of surrounding tissue and the duration of healing compared
with placebo gauze at eight weeks (P < 0.05).(22)That trial assigned participants to three amniotic
fluid gel arms and one placebo arm, and the comparison reported here corresponds to the contrast
between the combined gel arms and placebo.(22)By contrast, a multicentre trial of 220 partici-
pants with complex ulcers and controlled osteomyelitis found no significant difference between
cryopreserved ultra-thick amniotic memlbrane and standard care, with complete healing of 66.1%
versus 59.8% at 26 weeks (P = 0.40) and 77.1% versus 71.6% at 50 weeks (P = 0.29).(23)The product
was applied at baseline and at intervals of at least four weeks when healing stalled, with a mean
of 1.67 applications, and adverse events were comparable between arms.(23)

Head-to-head comparisons

Of the six trials that compared two substitutes or two application regimens, four favored one
product and two found no significant difference. In the largest head-to-head trial, which rando-
mized 120 participants across four Indian centres, high-purity type | collagen-based skin substi-
tute achieved complete closure in 83.3% (50 of 60) versus 51.7% (31 of 60) with dehydrated human
amnion/chorion membrane (P < 0.001), with a mean wound area reduction of 81.5% versus 64.2%
and a mean time to closure of 22.2 versus 28.8 days.(24)The proportion achieving a wound area
reduction of at least 50% was 88.3% versus 55% in the same trial.(24)The same trial reported greater
histological vascular infiltration and capillary density in the collagen arm on day five biopsy.(24)The
single-centre precursor trial randomized 28 participants and reported complete closure in 10 of 14
versus 7 of 14 participants over four weeks, with a reduction in wound area of at least 50% in 85.7%
versus 50%.(25)A third trial randomized 24 participants with Wagner grade 1 ulcers and reported
healing of 6 of 12 versus 3 of 12 at four weeks and a mean area reduction of 83.9% versus 71.3%,
with no adverse events in either arm.(26)Dehydrated human amnion/chorion allograft produced
faster healing than a tissue-engineered skin substitute in a trial of 60 participants with Wagner
grade 1 ulcers, with a mean time to heal of 24 versus 39 days and a hazard ratio of 5.76 (95% Cl 2.35
t0 14.12).(27)
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In a pilot trial of 40 participants with complex postoperative wounds and a mean baseline
area of approximately 12 cm2, cryopreserved and lyopreserved umbilical cord tissue showed no
significant difference in closure (36.8% versus 19.0%, P = 0.21), infection (10.5% versus 4.8%, P = 0.60)
or wound area reduction (75.9% versus 65.5%, P = 0.41), and the study had no standard-care arm.
(28)Likewise, weekly versus biweekly application of an amniotic allograft in 40 participants showed
no significant difference in healing (30.0% versus 50.0%, P = 0.20).(29)

Time to healing and adverse events

Time to healing was reported in four trials and favored the substitute in three of them. Intact
fish skin graft was associated with a mean time to healing of 17.3 weeks versus 19.4 weeks and a
hazard ratio for faster healing of 1.59 (95% CI 1.07 to 2.36).(19)The collagen-based substitute closed
ulcers in a mean of 22.2 versus 28.8 days,(24)and the amnion-chorion allograft healed in 24 versus
39 days.(27)Adverse events were reported consistently in only two trials. Primary wound infections
occurred in 30.2% of the fish skin group and 29.3% of the standard care group,(19)and adverse
events affected 89.8% and 87.3% of participants in the cryopreserved amniotic membrane trial,
with no difference between arms.(23)The remaining trials reported adverse events only sporadi-
cally or described them narratively, which limits any formal safety comparison across products. No
trial reported an excess of serious adverse events attributed to the substitute, and the three small
head-to-head trials of the collagen substitute reported no adverse events.(25,26)

DISCUSSION

The main finding of this review is that cellular and tissue-based skin substitutes increased
complete healing of diabetic foot ulcers in most of the included trials, and that the direction of the
effect was consistent across product classes. Of the five trials with a standard-care comparator,
four reported higher healing in the substitute arm, with absolute differences ranging from 6.3 to
33 percentage points, while the largest amniotic membrane trial found no significant difference.
When restricted to the two standard-care trials at lower risk of bias, namely the fish skin and ovine
forestomach matrix trials, the benefit remained statistically significant, which supports a moderate
level of evidence for these two products and a lower level of evidence for the remaining products.
The overall certainty is limited because most trials were small, open label and partly industry fun-
ded, and because one large trial showed no effect.

The results agree with several prior meta-analyses of placental and amniotic products. A
meta-analysis of placenta-derived biomaterials versus standard care reported higher healing with
placental products overall,(14)and meta-analyses restricted to human amniotic membrane reached
similar conclusions.(12,13,30)A 12-week trial meta-analysis of placental products likewise found
a benefit,(31)a meta-analysis of cellular and acellular tissue-based products reported improved
healing despite advanced age and larger wound size,(32) and a systematic review with an indirect
treatment comparison between cellular, acellular and amniotic products found differences in favor
of active treatment.(33)The pooled estimates in these reviews consistently favored the active pro-
ducts, although the magnitude varied by product class and follow-up, and the trials contributing
to the pooled estimates overlapped only partially with the present set. The fish skin findings are
consistent with a meta-analysis that compared fish skin grafts with standard care(18)and with sys-
tematic reviews of acellular fish skin.(34,35) In contrast, the null result of the cryopreserved amniotic
membrane trial is discrepant with these pooled estimates, and the discrepancy has a plausible
explanation: that trial enrolled complex wounds with exposed bone, tendon or joint capsule and
controlled osteomyelitis, a population that heals more slowly than the superficial ulcers included
in most other trials and one in which the standard care arm itself achieved a healing rate above
59%.(23)The Cochrane review of skin grafting and tissue replacement, which predates most of the
included trials, judged the evidence of low certainty,(11)and the present synthesis extends that
evidence base with eleven randomized comparisons published after 2018.

The head-to-head comparisons provide product-specific information that the standard-care
trials cannot offer. The consistent advantage of the high-purity type | collagen-based substitute over
dehydrated amnion/chorion membrane across three independent trials, including one multicentre
trial of 120 participants, was the most reproducible finding of the review.(24-26)The amnion-cho-
rion allograft also healed faster than a tissue-engineered skin substitute in one trial.(27)However,
these head-to-head trials enrolled mostly superficial ulcers, measured area reduction at four to
five weeks, and several were sponsored by the manufacturer of the favored product, which limits
the strength of the comparisons. The two trials that found no difference compared preservation
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methods or application frequency of the same product rather than different products, and both
were pilot studies without statistical power.(28,29) These null results do not undermine the class
effect, but they do caution against treating every product as interchangeable. The advantage of the
collagen-based substitute over amnion-chorion in the head-to-head trials was attributed by the
authors to its composition, which enhances cellular attachment and accelerates tissue regenera-
tion, although these histological explanations come from the same trials and require independent
confirmation.(24)

Heterogeneity across the eleven trials was substantial and has several identifiable sources. The
products differ in mechanism, from living bilayered constructs to acellular matrices, and they were
applied at different frequencies and for different durations. Wound severity ranged from grade 1A
to deep grade 3 ulcers, and the standard-care comparator was not uniform, although most trials
adhered to International Working Group recommendations for debridement and offloading.(6)
Follow-up ranged from four to fifty weeks, and the definition of healing, although always epitheliali-
zation, was confirmed by different methods. The quality of offloading across the underlying trials is
itself variable, as the meta-research audit of the 2023 recommendations showed.(8)These sources
of heterogeneity justify the decision not to pool the estimates and explain why the absolute healing
rates in the standard-care arms ranged from 17% to 59.8%. The generalizability of the findings is
also constrained by the populations enrolled. The trials recruited predominantly people with type 2
diabetes and adequate arterial perfusion, and most excluded active osteomyelitis, severe ischemia
and end-stage renal disease, which are commmon among patients who ultimately undergo ampu-
tation.(6)The head-to-head collagen trials were conducted in India and the amniotic fluid trial in
Iran, while the fish skin and placental trials were conducted in Europe and the United States, and
wound care practices, product availability and offloading adherence differ across these settings.
(22,24) The benefit observed under trial conditions, with protocolized debridement and offloading,
may therefore be smaller in routine care where adherence to offloading is lower.

The biological plausibility of the observed benefit is supported by the composition of the
products. Amniotic and placental membranes contain extracellular matrix components, growth
factors and cytokines that modulate inflammation and promote angiogenesis, and fish skin pro-
vides an omega-3-rich scaffold that supports granulation tissue, while collagen matrices restore
a substrate for cellular attachment and migration.(9,10) These mechanisms are consistent with
the larger effects observed in deep wounds, where the missing scaffold and the inflammatory
blockade are most pronounced, and they explain why the products perform best as adjuncts to
debridement and offloading rather than as replacements for them.(5)The healing rates observed
in the control arms of the included trials frame the absolute gains in the substitute arms. The fish
skin trial noted that a review of 26 randomized controlled trials found that only about 30% of ulcers
assigned to standard care healed by 12 weeks and about 45% healed at any time, which makes the
44% versus 26% difference at 16 weeks a meaningful clinical gain in a deep-wound population.(19)
In the present review the standard-care healing rates ranged from 17% at twelve weeks in the in-
terim amnion-chorion analysis to 59.8% at 26 weeks in the complex-wound amniotic trial, and this
spread reflects the variation in wound depth and follow-up length rather than differences in the
quality of care.(21,23) The measurement of healing itself deserves attention. Several trials defined
healing as complete epithelialization confirmed at a second visit, while others relied on a single
clinical assessment or on percentage area reduction as a surrogate, and this difference affects the
comparability of the estimates.(6)Area reduction at four to twelve weeks was the primary endpoint
in several head-to-head trials, and although it correlates with eventual closure it is not equivalent
to it, so the head-to-head results should be read as surrogate evidence rather than as definitive
healing.(24)

Several network meta-analyses have compared topical and adjunctive therapies and genera-
[ly rank skin substitutes among the more effective options, although the ranking depends on the
comparator set and the geometry of the network.(16,17,36-39)A narrative synthesis of the certainty
of evidence for diabetic foot ulcer therapies concluded that most interventions rest on low certainty
evidence,(40)and the present review is consistent with that assessment. The meta-analysis con-
ducted for the Italian guidelines and a scoping review of bioengineered skin similarly emphasize
the need for larger and better blinded trials before product-specific recommendations can be
made.(15,41) The pharmacotherapy review of diabetic foot ulcer management reaches the same
conclusion about the evidence base for advanced products.(5)Cost-effectiveness studies of these
products are fewer than efficacy trials, and the published analyses suggest that a higher acquisition
cost can be offset by fewer applications and avoided amputations, although the estimates depend
on the assumed healing benefit.(5)

Taken together, the certainty of the evidence for a class effect is moderate at best. The body
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of evidence is downgraded by the risk of bias from open designs and industry sponsorship, by
inconsistency between the significant and null trials, by imprecision in the small studies, and by
the possibility of retrieval bias, while it is supported by the consistency of direction across product
classes and by one large trial with blinded adjudication. The net assessment is that a benefit is
probable for fish skin and ovine forestomach matrix, possible for amnion-chorion products, and
uncertain for cryopreserved amniotic membrane in complex wounds.

This review has strengths and limitations. Its strengths are the prospective PRISMA proto-
col, the restriction to randomized evidence for the primary question, the use of four bibliographic
sources with Scopus as the first, the separation of standard-care from head-to-head evidence,
and the explicit quantification of the number of studies supporting each claim. Its limitations are
described below.

Limitations

The studies included in this review had limitations concerning size, design and sponsorship.
Six of the eleven trials randomized fewer than 60 participants, and the two largest trials together
account for half of the total sample. Most trials were open label because the physical appearance of
the products precludes masking of care providers, and although some used blinded adjudication
of healing, measurement bias cannot be excluded. Several trials were funded by the manufacturer
of the tested product, and one analysis was interim with a terminated contributing study. These
features recommend cautious interpretation of the effect sizes and support replication in inde-
pendent trials.

The evidence itself is limited by precision and consistency. The absolute healing differences
were large in some trials but imprecise in the smaller ones, and confidence intervals were not re-
ported for several estimates. The null result of the largest amniotic trial indicates that the benefit is
not uniform across products and wound severities, and the absence of head-to-head trials against
active comparators for most products leaves the relative effectiveness largely unknown. The evi-
dence therefore supports a class effect for some substitutes but not a reliable ranking of products.

For clinical practice, the findings suggest that intact fish skin graft, ovine forestomach matrix
and amnion-chorion products are reasonable adjuncts to standard care for diabetic foot ulcers,
particularly deep ulcers that have not responded to conventional treatment, whereas cryopreserved
amniotic membrane offers no clear advantage in complex wounds despite being safe. Clinicians
should weigh the acquisition cost of each product against the magnitude and certainty of the
expected benefit, and should document complete healing with a standardized definition. Access
and reimbursement are additional considerations, because these products are expensive and their
coverage varies across health systems, and the decision to use a substitute should be reserved for
wounds that have not responded to a defined period of high-quality standard care.(7)

For research, future trials should enroll deep and ischemic ulcers, use blinded adjudication
of healing, report time-to-event outcomes with hazard ratios and confidence intervals, and inclu-
de standard care arms rather than only head-to-head comparisons, because the standard-care
comparator is the one that answers the clinical question of whether a substitute adds value.(7)Trial
reports should also state the funding source, the number of product applications and the com-
pleteness of offloading, since these variables explain part of the observed heterogeneity and are
inconsistently reported at present. Prevention remains the least expensive strategy, and structured
programs that combine risk stratification, education and offloading reduce ulceration and ampu-
tation, which is why the substitute evidence should be interpreted within a broader limb-salvage
pathway rather than in isolation.(42)

CONCLUSIONS

The eleven included trials were heterogeneous in product class, wound severity and com-
parator, and their overall risk of bias was some concerns or high. Intact fish skin graft, ovine fo-
restomach matrix and amnion-chorion membranes increased complete healing compared with
standard care in four of five comyparative trials, while one large amniotic membrane trial found no
significant difference. High-purity type | collagen-based skin substitute healed more ulcers than
dehydrated amnion/chorion membrane across three head-to-head trials. The evidence supports
the use of selected cellular and tissue-based skin substitutes as adjuncts to standard care, but
larger independent trials with blinded healing adjudication are required before product-specific
recommendations can be made.
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