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1.

Introduction

In 2018, EWMA released a document titled
‘Advanced Therapies in Wound Management’ (1).
This document focused on the latest progress in
the field of medical technologies for use in wound
management, since the recent period has been
very innovative within this field.

The aim of the EWMA document (1) was not only
to revise and comment upon the most interesting
news documented in the literature, but also to
provide an overview of the evidence available for
each of the technologies described and, whenever
possible, to connect the new technologies with
their clinical indications. By doing this, we aimed
to bridge the need for new technical tools and
skills among the professionals involved in wound
management with the new products that were
made available by the industry.

The document, which has frequently been
downloaded and cited, was conceived to provide
some considerations concerning the regulatory
and economic aspects of the technologies applied
to wound management. This was included to
support an understanding of the complexity of
this field.

The document was concluded with a so-called
‘wish list’: Several issues that would need to be
addressed from the political side, rather than
from a technical perspective, to help reduce the
gap between patients’ needs and new technical
solutions introduced across the European Union
(EV).

After only two years, by 2020, many new
technological resources had been released and
proposed for clinical use. These were mainly
technologies for the surgical management of
wounds, based on suggestions and input from

the clinical and technical fields. This is why, we
decided to publish a new document covering
these interesting innovations, which in some cases
constitute real breakthroughs. This new document
focuses on tissue replacement, as most of the new
technologies are related to this field.

The new document is entitled New Technologies
for Tissue Replacement. The structure and
organisation of the content follows that of
the previous document, including the same
presentation and evaluation of evidence in tables
for each section.

The group of authors, all well-known opinion-
leaders within their fields, has been challenged
to provide an updated overview of the new
technologies and their possible influence on the
area of tissue replacement in the 2020s. The
technologies reviewed for this document range
from physical tools to new materials, and from
cellular and tissue-based therapies to surgical
devices. Several innovative technologies have been
evaluated, including a thorough assessment of the
supporting evidence, and their possible role in the
available catalogue of tools for tissue replacement
is reported. The evaluation of technologies
will also rely on the authors’ own experiences,
going beyond the published evidence, whenever
relevant.

As in the previous document, we have included a
section on the regulatory and economic aspects
of the new technologies. Special attention will be
paid to the new European rules for medical de-
vices, which have been in effect across the EU for
all new devices since May 2021 and will soon be
extended to all medical devices, irrespective of
their release date.

Journal of Wound Management
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Although the sections of the document have been
developed and initially written by one or several
specific members of the author group, the final
document is the result of a collective process, and
it should therefore be considered a joint publication
with the scientific responsibility shared by the
group of authors.

As for other EWMA documents, this one has
been made possible by the unconditional
contributions of industry sponsors, and they
have been recognised for their generosity in the
acknowledgements section. Their commitment
has been exclusively related to sustaining the
production of the document, without any other
direct or indirect involvement. The author group
would like to express their gratitude for their
neutrality and correctness in the process.

1.1 Methodology

The search strategy presented in Table 1 was
used to identify the relevant literature. A literature
search was performed in PubMed and Embase for
each topic included in the document. The search
covered the period of 2011-2021. The authors
responsible for the included topics were asked
to evaluate the search results and to select rele-
vant literature based on the agreed definition of
‘advanced therapies’ defined for this document.
Additional literature is included by the authors, if
relevant, to describe theories and concepts behind
each identified technology. This additional literature
may fall outside the period covered in the search.
The literature was evaluated with reference to the
GRADE methodology (2).

Table 1: Literature search strategy

All searches were performed in titles and abstracts

Tables providing an overview of the evaluation of
evidence supporting the technologies are inserted
at the end of each document section.

1.2 Structure of the document

This document is organised into eight sections.
Six of them deal with the different technologies
for tissue replacement and are, in order of
position in the document, dedicated to: physical
technologies and delivery systems, materials, skin
substitutes, surgical off-loading, bone substitutes
with local antibacterial activity and vascular- and
endovascular related technologies. Each of
these sections includes: 1) A text describing and
summarising the status and possible evolutions
within the field; 2) Tables outlining available relevant
studies (indicating the number of subjects, main
findings, etc.) and 3) A table outlining the available
evidence and the strength of recommendations
for using the different therapies with the related
indications. The document also includes two
sections dedicated to economic and organisational
aspects, as well as a status update on the
regulatory issues related to the availability and
use of new technologies for tissue replacement.
The aim of these sections is to provide a different
perspective on this complex and fast-evolving field
that bridges the gap between the technologies and
their inception in the real world of wound healing.
The authors hope that reading this document will
not only be interesting for scientists and clinicians,
but also helpful for other stakeholders in the field
of wound management by supporting better care
for patients with wounds.

Wound management

1.a: General wound management; all related words, including chronic (general, pressure ulcers, leg
ulcers, diabetic foot ulcers) and acute wounds (trauma, surgical, infected) with OR

OR
1.b: Diabetic foot ulcer; all related words with OR

2: NOT heart surgery OR neurosurgery (included in all searches)

Journal of Wound Management
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Combined with the following search terms in separate searches:

Dermal substitutes, skin equivalents and NPWT

1.a AND

3: surgery OR tissue loss OR tissue replacement OR reconstruction OR bone OR joint OR loss of
substance OR healing OR amputation

AND

dermal substitute OR skin substitute OR dermal regeneration template OR integra OR pelnac OR
matriderm OR nevelia OR kerecis OR NPWT OR NPWT-i OR negative pressure therapy and instillation
OR skin equivalent OR porcine dermal substitute OR collagen matrix OR non collagen matrix OR acellular
dermal matrix OR acellular fish skin OR dermal substitute OR bone substitute

Offloading, external fixation

1.b OR

trauma wounds OR post traumatic wounds AND

3: surgical offloading OR offloading OR tendon lengthening OR prophylactic surgery OR bone substitutes
OR fixation OR fixator OR fixations OR external fixators OR external fixation OR derma substitutes OR
mechanical stabilisation OR mechanical stabilisation

Bone substitutes, absorbable and non-absorbable carriers for antibiotic delivery

Search 1

1.0 AND
3: antibiotic delivery OR local antibiotics OR local antibiotic delivery OR antibiotic beads OR osteomyelitis

Search 2

1.b AND
3: bone grafting OR bone graft OR bone reconstructions OR bone filling OR cement spacer OR calcium
sulfate OR polymethylmethacrylate

Search 3.a

1.b AND
3: re-absorbable bone substitutes OR absorbable bone substitutes OR absorbent bone substitutes

Search 3.b

1.b AND
3: bone substitutes AND biodegradable OR bone substitutes AND resorbable

Biomaterials, tissues, printing

Search 1

1.a AND
3: tissue replacement

Journal of Wound Management
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Search 2

1.a AND
3: skin OR bone OR muscle OR cartilage OR tendon OR exposed bone OR exposed muscle OR exposed
cartilage OR exposed tendon OR re-absorbable bone substitutes OR resorbable bone substitutes

Search 3

1.a AND
3: materials OR biomaterials OR polymers OR matrices OR acellular matrices OR dermal matrix OR
dermal template OR dermal substitute OR artificial dermis OR dermis-like tissue OR nanomaterials

Search 4

1.a AND
3: 3D printing OR printing OR bioprinting OR additive manufacturing OR rapid prototyping

Endovascular devices

1.a AND

3: surgery OR tissue loss OR loss of substance OR tissue replacement OR amputation OR loss of tissue
OR reconstruction OR wound healing

AND

stent OR drug eluted stent OR endovascular device OR balloon OR atherotome OR critical lower limb
ischemia OR limb salvage OR arterial debulking OR re-entry systems OR re-entry systems OR guide
wires OR peripheral total occlusion devices OR pulsed ultrasound plaque destruction OR CTO crossing

Physical/delivery systems

1.a

OR inflammatory wound OR neoplastic wound AND

3: physical OR technological OR biophysical OR physio-chemical AND
electricity or electromagnetism or magnetism AND

light OR blue light OR polarised light OR laser OR fazer

Economy & organisation

1: ALL of the above sections/search strings with OR in between

AND

2: health economics OR costs OR cost-effectiveness OR cost-utility OR cost-benefit OR budget impact
OR economic resources OR resources OR economic analysis OR economic implications OR cost of
illness OR organisational implications OR organizational implications OR organisation implications OR
organization implications OR organisational dimension OR organizational dimension OR organisation
dimension OR organization dimension OR health organisation OR

health delivery OR health services OR health service

Journal of Wound Management
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Tissue rep

2

lacement

- physical/delivery system

2.1 Introduction

The inception of physical means into the
management of chronic ulceration was a game-
changer, since it opened the possibility for a
brand-new philosophy behind the diagnosis and
treatment of these complex conditions based on
the interactions between physical forces and the
biology of the lesions, rather than on chemical and
biochemical reactions.

This was, in a way, a revolution, because the ease of
delivering, the re-usability of technologies, the lack
of direct contact and the wide range of solutions
— from electric and electro-magnetic fields to light
and lasers and ionic plasma to fluorescence —
made it possible to re-shape the diagnostic and
therapeutic strategies in many complex situations.
This has improved our potential to cure patients.

More recently, in addition to physical technologies
in a strict sense, delivery systems and materials
have come into play, opening new possibilities for
patients suffering from chronic wounds.

In this section, we focus on some of the newest
and most promising technologies and delivery
systems based on physical principles and forces,
as applied to the diagnosis and treatment of tissue
defects as consequences of chronic pathologies
or surgical interventions.

While a previous EWMA document, Advanced
Therapies in Wound Management, covered all
the advanced therapies related to treatment of
chronic and acute wounds (1), this document
will only cover the technologies that have specific
indications for supporting, promoting or sustaining
tissue replacement for post-surgical defects and/

or loss of substance.

For the sake of the exposition, we will group the
different technologies according to their basic
physical principles and describe the documented
interactions and integrations of these methods at
the end of the document, if any exist.

2.2 Auto-fluorescence
The presence of infection, or critical contamination,
represents one of the key factors for the non-
progression of wounds towards healing, especially
in post-surgical wound types.

A diagnosis of infection is still based on the
presence and recognition of clinical signs. The most
frequent signs include pain, erythema oedema,
secretion odour and necrosis. Unfortunately, sub-
clinical infections are very common occurrences,
especially in diabetic, elderly and/or post-surgical
patients, in whom the poor reactivity of the immune
system makes it difficult to detect and quantify the
presence and extent of infection.

The late or absent diagnosis of an underlying infec-
tion is typically associated with a poor prognosis
and delays tissue replacement in post-surgical
patients, who frequently need to be re-operated
on to make a surgical revision because of an
under-evaluation of local infections. Local detec-
tion and the identification of bacterial strains are
also tricky and somehow misleading, since both
the technique and the site of sampling may condi-
tion the outcomes. Improving the ability to detect
and characterise subclinical infections in wounds is
a new area of technology based on the possibility
of detecting bacteria. Tissue auto-fluorescence
has been set up and validated in different kinds

Journal of Wound Management
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Figure 1: Automated and efficient interpretation of 3D wound models using non-invasive in vitro

hyperspectral imaging.

of chronic wounds and tissue defects. The tech-
nology is based on the possibility of detecting the
auto-fluorescence induced by irradiation with violet
light at a wavelength of 405 nm. While normal tis-
sue is coloured in green, bacteria results in red,
because of pophyrins produced by their metabo-
lism. Pseudomonas aeruginosa are coloured in
cyan, because of the pyoverdine reacting to il-
lumination (3).

The possibility of identifying bacteria inside and
around the lesions has been tested in some piv-
otal studies in different wound models, and many
bacterial strains responsible for wound infection
have been characterised, even when in a biofilm-
producing form (4).

The utility of this technology is intuitive, since it can
be used not only as a detector of infection, but also
as guidance for sampling debridement, and as a
follow-up tool to test the efficacy of the treatment.
Moreover, imaging with auto-fluorescence can be
compared to images taken with the same device in
natural light, to precisely locate the bacterial load in
and around the lesion and to follow up adequately

on its clinical course.

Auto-fluorescence has gained a positive reputation
among clinicians and is now widely accepted as a
point-of-care tool for those who manage chronic
wounds and tissue defects. This has been a pro-
cess, starting from the first description of the tech-
nology and its first application in humans in 2015,
through the evaluation of its ability to reduce the
consumption of antibiotics and its cost-effective-
ness in 2020. Finally, a Delphi-based consensus
was published on its correct use and applications
in 2021(5).

2.3 Hyperspectral imaging
For at least 20 years, the possibility of splitting
visible and near-infrared light into its spectral com-
ponents and then detecting these has made it
possible to characterise images with details that
would otherwise not be visible (6).

This technology, known as hyperspectral imaging
(HSI), is based on the possibility of analysing the
spectra of an incident light beam after it has been
refracted in the tissues, mainly by haemoglobin,
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cytochromes, melanin and other chromophores,
at a depth that is dependent on the wavelength
of the incident light (7).

The basic concepts of HIS lies in the capacity to
develop integrated imaging systems for analysing
the spectrum of each pixel of a bi-dimensional (x,
y) image by adding a new dimension. This dimen-
sion is related to the spectrum of the refracted light
of the pixel, thereby creating a hyperspectral cube
that carries information on its spatial and spectral
dimensions (8).

By selecting the incident wavelength and focusing
on different spectra, it is possible to produce not
only morphological but also functional images of
a region of interest (ROI). Figure 1 shows a sche-
matic illustration of HSI (9).

Relatively recently, HSI has moved from the lab
to the bench, and some custom and commercial
devices have been developed by scientists and
manufacturers who have validated them in sev-
eral clinical conditions, ranging from cancer to eye
diseases, including diabetic foot ulceration (DFU)
and other chronic ulcers (Table 2).

Table 2: HIS systems developed to date. Custom systems refer to those developed in a scientific
setting and validated with experimental and/or clinical studies but which are not yet commercially

available (9)

Imaging modality

Wound aetiologies

Summary

HyperMed technology

11 studies used this modality
covering the following
aetiologies: peripheral arterial
disease, peripheral vascular
disease, DFU

Studies demonstrate the ability

of this technology to work across
a number of aetiologies. Studies
are among the largest for HIS use
in wounds.

Kent Imaging

One study used this modality
to cover the following
aetiology: chronic wounds

The study showed some utility,
but it was based on low patient
numbers.

TIVITA System

Five studies used this
modality covering the
following aetiologies: surgical
wounds, burn wounds and
peripheral arterial disease

Mostly case studies on this device.
They do demonstrate the utility in
the measurement of tissue
oxygenation

Custom-designed
multispectral system

Five studies used this
modality covering the
following aetiologies: skin
flaps, erythema and pressure
injuries

Studies centred around the
research. Medium-sized in vivo
studies show a clinical application
in wound area.

Custom-designed
hyperspectral system

Five studies used this modality
covering the following
aetiologies: pressure injuries,
pbruises and DFU

Medium-sized clinical studies show
the utility of HIS techniques across
a number of wound-related
aetiologies
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The focus in wound management has been on
the vascular supply to the wound, since this is
one of the most important predictors of healing/
non-healing in many clinical wound-related syn-
dromes (8).

The ability of HSI to detect oxy- and deoxy-hae-
moglobin and quantify their content in an ROI has
been applied to the diagnosis and treatment of
limb ischemia. This was done to stratify it accord-
ing to its severity, and to monitor the effect of the
treatment (i.e., revascularising procedures) (8).

HSI demonstrated how we may discriminate be-
tween ischemic and non-ischemic angiosomes
in the foot when peripheral arterial disease (PAD)
is present. This feature correlates with Doppler
waveforms and the ankle brachial pressure index
(ABPI), although it cannot predict the presence
and severity of PAD (10).

When correlated with TcPO2, the most frequent
standard in the assessment of critical limb is-
chemia comes into play; high-definition imaging
was shown to correlate with both TcPO2 and the
severity of PAD, according to Chiang et al. (10).
However, as Lopez-Moral et al. have recently
shown, TcPO2 was superior to HSI in predicting
DFU healing in ischemic patients (11). Using the
same target, HSI has been challenged against the
possibility of characterising the biology of chronic
lesions, eventually associating other sensors and
devices based on different technologies (12).

Although still pioneering, an interesting clinical ap-
plication of HSI is in the characterisation of the
biofilm in chronic wounds. In a pilot trial, Poosa-
padari et al. demonstrated how HSI was able to
discriminate between S. Aureus and E. Coli in
DFUs with 100% sensitivity and 75% specificity,
with a 100% predicting value in excluding infection
in these wound types (13).

The interest in this technology in the field of tissue
replacement consists of the possibility of establish-
ing the viability of tissues without a direct contact
between the source and the sensors, overlapping

and conjugating morphological and physiological
information in an integrated dataset able to guide
and assist with surgical planning (14).

The limitations lie in the bidimensional charac-
teristics of the method, which is only able to in-
vestigate a few millimetres of depth beyond the
surface exposed to light. This significantly limits
its applicability in a surgical context, apart from
superficial debridement purposes. In addition, the
costs are still high enough to strongly limit the ac-
cessibility of the technology for a large number of
potential users (15).

Despite its great potential in wound management,
the evidence behind HSI is still insufficient to
promote its adoption as a first-line diagnostic
tool, at least in tissue replacement. However,
new studies and the possibly of developing a new
generation of more accessible devices with a more
favourable cost/benefit ratio will most likely lead to
the implementation of HSI in wound management.

2.4 Cold atmospheric plasma

Cold atmospheric plasma (CAP) is a type of plas-
ma containing different reactive species produced
at near normal (<40°C) temperature from gases,
by means of high-energy electric or electro-mag-
netic discharge. CAP has been applied to many
clinical fields, including haemostasis, the treatment
of cancer and wound management (16).

Plasma is a peculiar form of matter that is consti-
tuted by a gas of ions containing a wide range of
reactive species, from OH to O3, to O- and NO. It
can be produced via the application of high energy
power to air, nitrogen, helium, argon and other
gasses, at both high and low temperatures.

While high temperature plasma has long been
commonly used in industrial sterilisation processes
or in chemistry, so-called ‘cold’ plasma has more
recently been applied as a therapeutic means for
the management of various pathologies, including
chronic wounds.

The interaction between plasma and the wounds
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exerts a range of different effects, all demonstrated
in vitro and in vivo, mostly in animal models, with
some pivotal experience in clinical protocols. Be-
yond the obvious bactericidal action, anti-inflam-
matory, neo-angiogenetic and pro-proliferative
effects have been associated with plasma appli-
cation (17).

CAP has proven effective for eradicating MRSA
and MDR colonisation and infections in both
animal and human wound models, promoted
angiogenesis and boosted microcirculation,
reduced inflammatory markers and stimulated
the proliferation and migration of fibroblasts and
keratinocytes.

Even though clinical studies are still too few and
presently limited to a small number of patients,
thus precluding a definitive evaluation, the safety
profile of CAP is fair. No reported local or systemic
side effects when the dose and timing of applica-
tion (20-180" daily; 7-14 days of treatment) are
respected. Despite the fact that one study dem-
onstrates the production of ultraviolet light (UV)
radiation and of NO2, and their dispersion in the
environment is a consequence of CAP produc-
tion, no pathologic sequelae were reported by the
authors of the paper (18).

Recently, some commercial devices that use the
CAP technology have been produced and pro-
posed by manufacturers for use in a variety of
conditions, such as chronic ulceration, venous leg

a)

ulcers, pressure ulcers and, in particular, DFU. The
devices are made by a plasma generator associ-
ated with a nozzle from which a plasma jet can be
directed to the wound surface from a distance of
approximately 10-12 cm (19).

As noted above, we are still at the beginning of
the clinical application of CAP, and there remains
a need for more evidence, but the technology is
promising, especially in view of the potential reduc-
tion of the use of antibiotics for the management
of infected ulcers (20).

2.5 Light
A variety of experiences with the application of
light (UV, visible, infrared) have, in recent years,
led to the emergence of photo-biomodulation.
Photo-biomodulation is defined as the result of
the interaction of light with the biology of wounds,
including all the modifications in the biology
and physiology of the lesions produced by this
interaction.

Blue light (410-430 nm) has been the focus of sev-
eral studies targeted to test its efficacy and safety
in three aspects related to tissue replacement:
haemostasis, inflamsmation and tissue proliferation.

These experiences were possible because a light-
emitting diode (LED) emitting blue light for medical
applications was recently manufactured and intro-
duced in the field as a Class lIA medical device
(EmOLED) (Figure 2).

Figure 2: a) the blue LED light-emitting device (EmoLED, Florence, IL). b) The application of blue light

therapy to a patient with DFU.
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Unlike other light-emitting devices, which require
the application of a photosensitising gel on the
wound surface as a medium for the biological
interactions, EmoLED directly transfers energy
to tissue by interacting with haemoglobin, cy-
tochromes and protoporphirines, activating cells’
metabolism and functions, both in leukocytes and
in fibroblasts.

The technique has been proven in in vitro set-
tings, and animal and human studies show how
the haemostatic effect of blue light is mediated
by its interaction with intra-erythrocyte haemoglo-
bin, and possibly secondary to the local increase
in temperature. This leads to the denaturation of
proteins, which in turn activate the coagulating
process.

The links with pro-regenerative aspects are more
controversial, but they are most likely exerted via
the interaction with cytochromes, transferring
energy that can be used by the cell to activate
or deactivate genes that, in turn, change the
behaviour of the cells involved in the repair process.
Among the many observed changes, the anti-
inflammatory effects, the increase in collagen
synthesis and deposition, the neo-angiogenesis
and the modulation of fibroblasts’ activity are the
changes that are more directly involved in the re-
pair of tissue defects (21).

It has been demonstrated, both in animal and in
vitro models, how blue light is able to reduce the
concentration of several pro-inflammatory cy-
tokines and mediators, increasing and promoting,
in turn, the production of a series of growth factors
that characterise the proliferative phases of tissue
repair. These findings have been confirmed in piv-
otal studies that, in different clinical settings varying
from venous leg ulcers (VLU) and pressure ulcers
to inflammatory lesions and burns, showed the
positive effects of blue light in terms of decreased
inflammation and tissue regeneration (22).

In a pivotal prospective comparative non-ran-
domized study of patients with chronic wounds
of mixed origin on the lower limbs, blue light was

applied in addition to standard of care (SoC) on
half of each lesion, while the other half of the lesion
was used as matching control. The authors found
a greater reduction in the residual area of the part
that received light-treatment, compared to SoC
(residual area 42.1% vs 63.4%; p=0.029). The dif-
ference was particularly clear when the analysis
was limited to venous leg ulcers only (33.3% vs
60.1%; p=0.007). A highly significant (p=2x10-7)
reduction of pain was also observed (23).

Due to the novelty of the approach, we still do not
have prospective RCTs to sustain its application as
a first-line treatment in tissue replacement. To fill
this gap, a prospective controlled trial has recently
been designed in diabetic foot (DF) patients, in
collaboration between a hospital-based DF clinic
and community nurses, comparing blue light with
standard care in tissue replacement. The study,
for which the design was recently published, is
ongoing, and the results will be available by the
end of 2024 (24).

Another interesting technology that has been
tested in chronic leg ulcers is a light-activated na-
nofiber textile with antimicrobial characteristics.
This material is made by a special polyurethane
(Teicophilic™) electrospun nanofiber textile doped
with a tetra-phenylporphyrin photosensitiser. It is
activated by visible light, producing short-lived,
highly reactive oxygen singlet that can exert an
antibacterial effect without interfering with tissue
repair processes. In 162 chronic VLU cases, the
application of this material reduced pain in 71%
of cases. It sterilised 98 lesions, reducing the le-
sioned area by 35% during the study (25).

If translated into dressing materials and prod-
ucts for clinical application, this approach could
be very interesting for use in the management of
large post-surgical tissue defects, protecting them
from re-infection during long repair phases.

2.6 Electricity and magnetism

Despite the fact that this particular physical ap-
proach was covered extensively in the previous
EWMA document Advanced Therapies in Wound
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Management (1), a new development has recently
been made in this field concerning large defects,
pressure ulcers (PU). We find it relevant to refer to
this study, since it is these new developments that
are interesting relative to tissue replacement (26).

Electric stimulation (ES) was challenged against
(SoC) in 61 patients with PUs; their blood flow and
area reduction rates were evaluated after a period
of 8 weeks.

Patients received either anodal or cathodal high-
voltage monophasic voltage current (HVYMPC = 154
gs 100 Hz; 360 uC/s; 1.08 C/day) for 50 minutes
per day, 5 days a week. They were evaluated
with Doppler flowmetry and computer-assisted
image analysis. Patients who received HYMPC,
irrespective of whether it was anodal or cathodal,
showed a higher rate of peri-wound blood flow and
a greater area reduction, compared to the control
groups.

These results, when transferred to patients
with large tissue defects because of surgical
debridement, are extremely interesting, since they
may justify the inclusion of ES into the post-surgical
wound management strategy. The justification is
based on the extremely positive safety profile and
the low cost, when compared to other approaches

(i.e., NPWT).

Unfortunately, despite promising results, these
findings do not yet allow the indication of ES as a
first-line treatment option, as we lack prospective
RCTs to support the evidence base for this
treatment choice.

2.7 Combined approach

One of the positive characteristics of physical
therapies is their possibility for use in combina-
tion for the same patients, either in sequence or
simultaneously (i.e., NPWT with instillation). This
can result in the added value of combining the
positive effects of different treatments, if they are
mediated by different biological mechanisms and
pathways that do not compete.

Recently, some researchers have gained further
experience by testing the combination of topical
02 with magneto-therapy and light in VLU against
topical O? therapy alone. They demonstrated how
the reduction of the ulcer areas was more signifi-
cant when the methods were used in combination;
that pain perception was significantly reduced; and
that the quality of life, as described by the patients,
improved in the group treated with the combined
methods, compared to the oxygen therapy alone
group (27).

Although this was based on a single-centre study
and a limited number of patients with one type
of chronic wound, and thereby not generalisable
to other pathologies, these results are interesting
and promising, since they support opportunities
related to combining different physical treatments
in the treatment of one pathology. When large tis-
sue defects are the target of our treatments, this
strategy can reduce time and complication rates in
a clinical course that usually lasts for months (28).

Further prospective RCTs in other pathologic
settings would be beneficial for building the
evidence behind the effectiveness of such a
promising therapeutic option.

2.8 Delivery systems

In an era during which miniaturisation and robotics
allow us to pursue solutions that would not even
have been conceivable a few years ago, wound
management still lacks technologies to overcome
the barriers related to repair. These barriers are
often related to the complexities of physiological
processes and the variety of the involved patholo-
gies. Examples of recent breakthroughs in related
fields include the patenting of a miniaturised, im-
plantable robotic insulin pump that delivers insulin
to the peritoneal cavity and can be refilled per os
by robotic insulin-containing ingestible capsules,
freeing Type 1 diabetic patients from the need for
multiple injections per day (29).

Recently, new and interesting perspectives on a
delivery system suitable for wound management
were opened by the possibility of making cross-
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Figure 3: a) In situ hydrogel formation via the reaction of maleimide-functionalized heparin units
with terminal thiol groups of starPEG peptide through Michael-type addition. b) Hydrogels enable
heterocellular cell-cell interactions during vascularisation.

linked hydrogels that are responsive to various en-
vironmental stimuli and capable of delivering drugs
according to changes in the local conditions (30).

Among the different options in this vast and fast-
evolving field, two are particularly interesting, from
a tissue-replacement point of view. Watarai et al.
have described a gel responsive to the concen-
tration of tissue metal-proteases and based on
star-PEG-heparin loaded with transforming growth
factor-beta (TGF-Beta), a cytokine essential for the
proliferation and differentiation of fibroblasts. When
the concentrations of MMP rise in the wound, the
gel is partially hydrolysed by them and releases
TGF-Beta in a dose-dependent way. Fibroblasts
are attracted and attach to the peptides exposed
in the gel by the actions of the MMP, and then
TGF-Beta promotes the transformation of fibro-
blasts into myo-fibroblasts (31). Prokoph et al.
used the same hydrogels and loaded a chemokine

with SDF-1a, thereby promoting the migration of
endothelial progenitor cells (EPC). They were able
to demonstrate how the increase of MMP in the
presence of the hydrogel was associated with a
more intense and sustained migration of EPC, the
initial step for neo-angiogenesis (32).

Similarly, Chwalek et al., using an MMP-degrada-
ble star-PEG-heparin hydrogel (Figure 3), provided
reversible binding and sustained delivery of proan-
giogenic growth factors via the electrostatic inter-
action between the growth factors and heparin
(33).

Although these technologies are in the very early
stage of development, they lead to imagining a
near future in which they could be injected into
wounds. They could, in this case, act as ‘trans-
formation agents’ that can restore the progress to
chronic ulcerations frozen in a chronic inflamma-
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tory state or speed up the closure of vast tissue

defects in tissue replacement.

2.9 Conclusion

Several new technologies have come to the stage
in recent years in the field of physical approaches to
tissue replacement. They are all extremely interest-
ing, and the pivotal experiences made thus far are

in combination with others.

very promising, both as stand-alone options and

New well-dimensioned and designed prospective

Table 3: Studies on physical technologies for tissue replacement

trials in the clinical fields will possibly confirm the
effectiveness of these proposals and, eventually,
define the indications for their use in clinical prac-
tice for tissue replacement.

Authors/year  Technology Type of study Population Outcomes Comments
(ref) tested studied
Da Costa et Auto- Phase | non- 40 patients (28 in  Auto- Mixed
al. 2015 (3) fluorescence randomised Phase land 12in  fluorescence population,
Phase 2) detected bacterial compared to
presence and swab sampling
guided debridement
Price et Auto- Retrospective 229 lower Decrease in Single-centre,
al. 2020 (4) fluorescence observational extremity ulcers antibiotic and large population,
(post vs pre) local antiseptic long follow-up,
prescriptions, no control group
increased wound
healing
Oropallo et Auto- Delphi 32 experts Agreement on Indirect reports
al. 2021 (5) fluorescence CONSEeNsUs improvement of based on
wound care and experts’ opinions
better outcomes
Chiang et HSI Case—control 294 subjects HSI correlated Not blinded, no
al. 2017 (10) study with both ABPI evaluation of
and TcPO2 possible biases
in measuring
Poosapadiet  HSI Observational 18 patients with HIS discriminates Small group,
al. 2018 (13) study DFU S. aureus from E. not blinded
coli Infection
Ubbink et HSI Clinical 46 patients with Good correlation Non-blinded
al. 2006 (34) observational limb ischemia between HSI and study, mixed
study + 20 healthy ABPI after exercise population, small
controls group
Lou et Cold atmospheric Phase | in-vitro 26 Sprague- Increased Etherogeneous
al. 2020 (16) plasma and animal study  Dawley rats keratinocytes models, strictly
+ cell cultures proliferation and controlled
migration methodology
Kisch et Cold Phase | 20 healthy Increased TcpO2 Short follow-up,
al. 2016 (17) atmospheric observational volunteers and post-capillary preliminary
plasma venous filling experience
pressure
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Authors/year  Technology Type of study Population Outcomes Comments
(ref) tested studied
Kletschkus et Cold Safety Phase | 24 colonies of Production of toxic No negative
al. 2020 (18) atmospheric in vitro human ovarian NO2 after exposure  consequences on
plasma cancer cells to cold atmospheric  cell vitality at the
plasma NO2 concentration
observed
He et Cold In vitro and 20 treated Increased wound Inert helium gas as
al. 2019 (39) atmospheric animal study mice and healing, reduced comparator
plasma 20 controls infections, increased
angiogenesis
Cicchi et al. Blue light Animal study 10 Sprague- Faster healing, better Pilot animal study
2016 (21) Dawley rats skin morphology, with histology, no
decreased infections, control group
increased collagen
content
Magni et Blue light Animal study 27 CDImale mice  Reduced infections ~ Histologic analysis,
al .2020 (22) and better healing no control group
Fraccalvieriet  Blue light Prospective 90 patients with Increase in wound Human clinical study
al. 2021 (23) observational ulcers of mixed area reduction, in which each lesion
comparative etiology on pain control was treated with
study the lower limbs blue light on one
half and with SoC
on the other half
Arenbergerova  Light- activated  In vitro and in 62 mixed patients  Inhibition of bacterial No control group
et al. 2012 (25) nanofiber textile  vivo study and bacterial growth, reduction of
cultures size of lesions,
decrease of pain
Polak et ES Randomised 61 patients with Increased wound Single-centre, both
al. 2018 (26) controlled trial pressure ulcers closure and anodal and
divided in two increased cathodal stimulation
treated groups peri-wound skin tested, sham
(20 + 21)and one  blood flow stimulation as
placebo group (20) comparator
Pasek et Topical oxygen Prospective 29 venous Increased Topical oxygen
al. 2020 (27) magnetic trial leg ulcers wound therapy as
stimulation and patients vs closure, reduction comparator in the
low- energy light 36 controls of pain and better control group
quality of life
Pasek et Topical oxygen,  Observational 147 Increased wound No control group
al. 2021 (28) magnetic study consecutive closure, reduction

stimulation and
low-energy light

VLU patients

of pain
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Table 3: Studies on physical technologies for tissue replacement

Watarai et Injectable Phase | study MMP-responsive Attachment of Preliminary

al. 2015 (31) hydrogel hydrogel based fibroblasts and feasibility study
on star-PEG release of trans-
heparin forming growth

factor Beta

Prokoph et Injectable Phase | study MMP-responsive Release of SDF-1a Preliminary
al. 2012 (32) hydrogel hydrogel based on  chemokine and feasibility study
star-PEG heparin attraction of EPCs

Table 4: Evaluation of evidence levels: Physical technologies for tissue replacement

Technology Indication Level of evidence Comments

Autofluorescence VLU, PU, DFU 2C Preliminary positive results, in both in
vitro and clinical trials

Hyperspectral Imaging VLU, PU, DFU 2B Positive results both in vitro and in vivo,
some initial clinical evidence, no RCT yet

Cold atmospheric plasma VLU, PU, DFU 2B Positive findings in clinical trials, good
evidence in pre-clinical models

Blue light VLU, DFU 2B Positive results in both in vitro and in vivo,
some initial clinical evidence, no RCT yet

Light-activated VLU 2C Good preliminary results in a pivotal

nanofiber textile clinical experience

Electric stimulation PU 1B Solid evidence in vitro and in animal

models, positive results in one RCT

Topical oxygen, VLU 1B Positive results in one RCT and one
magnetic stimulation observational trial and low-energy light
Injectable hydrogels — - Too early to be proposed for clinical

applications, but extremely promising
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3.1 Introduction

Tissue replacement relies on natural or artificial
three-dimensional (3D) matrices that provide a
temporary template for the invasion of host cells
that gradually deposit their own matrix and neo
tissue. Naturally, a successful interaction with host
cells is expected to be reached if they encounter
a support that resembles their own extracellular
matrix (ECM), maximising their response. In fact,
ECM-derived structures to which cells were
removed while preserving (not completely) native
structure and composition can be considered the
gold standard of dermal templates. Additionally,
ECM has been the source of components that
are combined in various formulations and then
processed/manufactured as porous 3D structures
to form scaffolds that tend to provide the elements
that stand out in the native tissue to achieve
improved clinical performance.

ECM has been the source of inspiration for the
development of artificial (bio)materials, but it is
not evident if these have superior performance
compared to ECM-derived structures, or if this
depends on the application/tissue to be healed.
The properties of artificial materials are highly
controlled, in opposition to the variability associated
with natural sources, allowing the use of a greater
number of processing methodologies to generate
3D structures that can act as tissue templates.
Nonetheless, this is also directly linked to their
bioactivity, as the coupling of biomolecules/cues
to those materials narrows that window. Therefore,
a well-balanced compromise between bioactivity/
ECM resemblance and processing conditions is
required for the development of tissue templates
with a maximised potential for tissue replacement.

3

rials

3.2 Non-living tissue-derived

matrices — Skin wounds

Non-living tissue-derived matrices are among
the most procured tissue replacement options
for skin wounds; therefore, they are the ones
with the most documented performance. These
products comprise 1) acellular matrices that
are obtained by decellularisation of the dermis;
acellular dermal matrices (ADMs); or other tissues,
such as placental membrane, urinary bladder or
small intestinal submucosa (SIS); acellular matrices
(AMs), both from human and non-human origin;
and 2) artificial matrices that are prepared in
porous 3D structures using chemical processes
from ECM components such as collagens, elastin
and glycosaminoglycans that were also extracted
from non-human-origin tissues.

3.2.1 Decellularised matrices

Despite the numerous clinical trials with
decellularised matrices, randomised controlled
trials (RCTs) have mostly focused on DFUs.
Moreover, while the performance of ADMs as
replacement approaches has only been compared
with SoC, ADMs have been tested in parallel with
cellular products.

A randomised controlled multi-centre trial with 80
patients showed that 27 (68%) patients who re-
ceived the ADM healed completely after 6 weeks,
in contrast to only 6 (15%) in the SoC group. Af-
ter 12 weeks, those numbers increased to 80%
and 30%, respectively, leading to a mean time to
heal of 38 days for the ADMs and 72 days for the
SoC group (36). A more recent trial conducted
in 21 sites in the US included 226 patients; in its
first analysis, it showed that 45.6% of the patients
treated with a foetal bovine ADM achieved com-
plete wound closure, compared to only 27.9% in
the SoC group (37). Interestingly, an earlier trial
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with two different human ADMs, which enrolled
168 subjects in 13 centres in the US, showed that
the healing rate compared to SoC was significantly
higher for one of the ADMSs, but not for the other.
Moreover, in the ADM group with faster healing,
100% of the wounds remained healed 4 weeks
after termination, while in the SoC (which was not
significantly different from the second ADM group),
this percentage was 86.7% (38).

Overall, ADMs are an efficacious treatment for
chronic, non-healing DFUs, but this clinically su-
perior performance compared with SoC is not as
evident for VLUs. An RCT in which 18 patients
were included in the ADM arm and 10 patients in
the control arm showed higher healing rates and
rates of percent wound closure for the ADM group.
At 24 weeks, ADM led to an average wound re-
duction of 59.6%, compared to 8.1% in the control
group, but the healing rate was not significantly
different (44.4% vs. 33.3%, respectively). In ad-
dition, the wound area increased in size by more
than 100% for one-third (3/9) of patients in the
SoC arm (39).

Similarly, the superior performance of ADMs over
SoC in burn wounds is not evident. A Phase I
randomised, controlled, paired, intra-individual
study compared the performance of a human
glycerol preserved ADM plus split-thickness skin
graft (STSG) and STSG alone in full-thickness skin
wounds (burns or after radial forearm flap harvest)
and showed that the mean take-rate and mean
surface area for ADM, 88.17%. and 186.84 cm?
respectively, were comparable to the STSG group.
The skin treated with the ADM was significantly
more elastic than the one treated with STSG, al-
though not as much as native skin (40).

Regarding the performance of acellular matrices
obtained from tissues other than dermis, the re-
sults seem to confirm a superior outcome in rela-
tion to SoC in the treatment of DFUs. The results of
an extension phase of a multi-centre, blinded RCT
showed that 65.4% (17/26) of the patients treated
with a cryopreserved human placental membrane
achieved complete wound re-epithelialisation in

a median of 34 days and 3 visits. These patients
were enrolled in the control group at the beginning
of the project, and wounds did not heal after 12
weeks. During the initial 12 weeks of SoC, the
average wound size reduction was 39% (41).

Acellular matrices have also shown comparable
performances with cellular dermal substitutes.

At the end of the treatment phase (Day 56) of
a randomised study conducted with 56 subjects
at 13 centres throughout the US, 8.5% (5/27)
and 6.9% (2/29) of the subjects reached com-
plete wound closure in the acellular and cellular
groups, respectively. The results at the end of the
post-treatment SoC phase (Day 70 — treatment
plus 2 weeks of SoC) showed that 7/27 subjects
(25.9%) had complete wound closure in the acel-
lular arm and 9/29 subjects (31.0%) in the cellular
arm. From these 16 subjects with complete wound
closure, 3/5 who returned for follow-up showed
ulcer recurrence, one from the acellular arm and
two subjects from the cellular arm (42). Similarly,
no differences were observed in a randomised
controlled and single-blinded trial regarding com-
plete wound closure by 12 and 28 weeks of treat-
ment, with an SIS and a cellular product. Further,
the percentage of area reduction from treatment
weeks 1to 12, and from treatment weeks 1 to 28,
was 73.7% (14/19) for SoC, which was not statisti-
cally different from the other groups. Respectively,
these were 78.9% (15/19) and 64.7% (11/17) for
the acellular and cellular groups (43).

3.2.2 Artificial matrices

Despite RCTs with artificial matrices for DFUs,
they have been looked at from a management,
rather than a replacement, perspective. Different
dressings, such as pig atelocollagen, poloxamer
and hyaluronic acid matrix (44), porcine type | col-
lagen sheets (45) and chitosan/collagen hydrogel
(46) have, in fact, shown superior performance in
comparison to SoC approaches, but the dress-
ings were not used as a template for neo-tissue
deposition.

Recently, artificial matrices were considered as
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regenerative templates in burns. The performance
of a porcine type | collagen artificial dermis pro-
spective cohort study was evaluated in 95 patients
when used in combination with STSG, compared
to STSG alone. The average take rates were 94.55
+ 3.02% and 97.40 + 2.57% at 7 and 14 days,
respectively. When these artificial matrices were
compared with the results of another study, in
which burns were covered with an artificial dermis
composed of bovine dermal collagen and bovine
nuchal ligament elastin, no significant differences
were detected (47).

Another study, which did not include hard to heal
wounds, compared two bovine type | collagen-
based artificial dermises in 30 patients with post-
traumatic wounds localised on the inferior limbs.
This study revealed that healing time, pain and
self-estimation were not statistically significant
among groups after 35, 42, and 49 days and at
1-year follow up. However, the wounds treated
with the bovine collagen matrix revealed improved
epidermal proliferation, angiogenesis and dermal
renewal, compared to those treated with the other
collagen matrix that contained shark chondroitin
sulphate (Figure 4) (48).

a)

Figure 4: Long-term follow up at 3 years of
post-traumatic wounds treated with collagen
matrices a) without and b) with shark chondroitin
sulphate (48).

Overall, the evidence regarding the use of artificial
matrices for tissue replacement in hard to heal
skin wounds remains sparse, but clinical studies
with other ECM materials have recently revealed
relevant results. For example, a heparan sulphate
mimetic designed to replace the destroyed hep-
aran sulphate in the extracellular matrix of wound

cells led to the complete healing of the wound in 3
out of 5 patients, while the remaining two showed
significant improvements in size and quality (49).
Also, a single-arm, open-label, multi-centre trial
with lyophilised tobacco plant-purified type | re-
combinant human collagen and hydroxy propyl
methyl cellulose matrices showed that 15 patients
(out of 20) with chronic lower limb ulcers exhibited
> 70% wound closure, and 9 achieved complete
closure (50). Therefore, ECM still represents a
source/inspiration of materials to be used in tissue
replacement products for chronic skin wounds.

3.3 Non-living tissue-derived

matrices - Complex wounds

Wounds involving exposed vital structures repre-
sent a reconstructive challenge to which acellular
and artificial matrices can contribute. Retrospec-
tive studies looking at ovine forestomach extra-
cellular (51) and biodegradable polyurethane (52)
matrices outcomes in complex soft-tissue defects
with exposed structures (bone or tendon) support
their use as an alternative to flap reconstruction
in complex wounds. Although there are no RCTs
assessing the efficacy of tissue-derived matrices
in these types of wounds, recent studies further
confirm these results. A prospective, single-arm,
multi-centre, open-label trial evaluated the safety
and efficacy of human ADM in healing large, com-
plex DFUs with exposed bone or tendon on the
lower extremities. The ulcers were deep, with 59
of 61 probing to the bone, and an average wound
area of 29.0 + 21.0 cm? (maximum, 113.6 cm?).
The mean percent wound area reduction was
80.3% at 16 weeks, and wounds with 15 cm? or
smaller had a 14 times better chance of closure
compared to those with 29 cm? or larger (53). A
series of three cases of exposed osteo-tendinous
wounds treated with a non-commercial human
cadaveric ADM followed by the application of an
autologous graft skin showed a clear reduction of
granulation tissue in the damaged area in which
ADM was applied alone after the first 14 days.
In the patient with an exposed bone and Achil-
les’ tendon, the gap between the tendon and the
remaining damaged area in one of the legs was
totally covered by viable and well-vascularised tis-
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J.’

Figure 5: Diabetic foot ulcer with exposed bone a), b) before and c¢) after the treatment with ADM (53).

sue. Similar results were observed for the third
clinical case, with osteo-tendinous exposure on
the malleolar region of the left lower limb due to a
car accident; that patient had an initial engraftment
of ADM/autologous skin evident after three days.
The 1-year follow up confirmed a well-organised/
oriented connective neo-tissue (Figure 5) (54).

As many complex wounds also affect the bone,
materials that are not tissue-derived, but consist
solely of elements that exist naturally in the human
body and have osteoconductive and osteoinduc-
tive properties after reacting with body fluids, have
also been proven relevant in their treatment. This
is the case of bioactive glass, which has differ-
ent rates of bioactivity and resorption depending
on its chemical composition. This material bears
unique properties in comparison with other syn-
thetic bioresorbable bioactive ceramics, inducing
high local turnover of bone formation and resorp-
tion (55). Moreover, bioactive glass is antibacterial
against anaerobic (56) and aerobic bacteria (57).
Importantly, some formulations also inhibit bac-
terial biofilm formation on prosthetic material by
methicillin-resistant Staphylococcus aureus and
multi-drug-resistant Pseudomonas aeruginosa
(568). Therefore, in addition to osteoconductive
and osteoinductive advantages, bioactive glass
can be considered an adjuvant in the treatment
of infections, as detailed in Section 6.5. Recently,
the safety and efficacy of bioactive glass was as-
sessed for the management of DFUs with osteo-
myelitis (OM) after surgical procedures. Of the 10

patients enrolled, 7 were subjected to revasculari-
sation procedures before treatment with bioactive
glass and controlled weekly for 6 months, or until
complete healing. A healing rate of 80% with a
mean time of 34 + 2 days, with only 1 patient in
need of a second surgical look, was observed
(59). A case report with a similar clinical presenta-
tion and pathogenesis of chronic hindfoot-infected
ulceration in a demyelinated patient with Guillain-
Barré syndrome also reported that bioactive glass
was effective for the replacement of infected bone
without recurrence after 24 months of follow-up
(60).

3.4 New biomaterials

Following the original rationale that led to the de-
velopment of tissue-derived wound replacement
products, new biomaterials are either based on
new sources of ECM materials or new combina-
tions of their different components. A collagen-
rich acellular swim bladder matrix from Rohu fish,
which is expected to overcome any ethnocultural
stigma associated with other animal-related prod-
ucts, showed its ability to support re-epitheliali-
sation, improved neovascularisation and dermal
matrix deposition in full-thickness skin wounds in
rabbits (Figure 6). Interestingly, although the total
IgG in the serum of the animals was significantly
lower for the crosslinked matrix than for the non-
crosslinked one between Days 20 and 40, it was
significantly higher than the sham group, which
might raise concerns regarding the immunogenic-
ity of the materials. (61) Recently, a newly designed
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Figure 6: a) Image of Rohu fish (Labeo rohita), b) native swim bladder used to obtain the acellular
swim bladder matrix (ASBM). ¢) Representative images of skin wounds in rabbits on Days 0, 7, 14,
21 and 28. ASBM-BDDGE refers to the crosslinked ASBM (61).

non-woven animal-derived collagen and gelatine
matrix was compared with a commercial matrix
made of collagen type I/chondroitin-6-sulphate
glycosaminoglycan. A significantly shorter time
to complete wound closure was attained for the
commercial matrix, in comparison with the new
matrix, even when this was applied multiple times
in full-thickness wounds in pigs (62).

These outcomes, together with the lack or reduced

effectiveness of commercial products, reinforce
the need to further advance these approaches,
as they support higher bioactivity. Various strate-
gies, including naturally bioactive molecules and
growth factors, have been used to this end. Hu-
man amniotic membrane-derived gels containing
aloe vera (AV) extract were proposed for the heal-
ing of second-degree burns. The AV control group
showed faster healing of full-thickness burns in
rats, potentially due to higher contraction. No other
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Day 7 Day 14

B+ bTGF

C+ bTGF

c)

Figure 7: Macroscopic view of a) bovine tendon type | collagen and shark chondroitin-6-sulfate
glycosaminoglycan structure, b) bovine atelocollagen crosslinked sponge, ¢) porcine tendon
atelocollagen and porcine dermal gelatine impregnated with FGF, and of the wounds on Days 7, 14

and 21 after surgery. (64)

significant differences were observed between the
treatment and control groups (63). The ability of
three different commercial artificial dermal matri-
ces, 1) bovine tendon type | collagen and shark
chondroitin-6-sulfate glycosaminoglycan structure,
2) bovine atelocollagen crosslinked sponge and
3) porcine tendon atelocollagen and porcine der-
mal gelatine, impregnated with b fibroblast growth
factor (oFGF) to provide its sustained release and
accelerate the healing of full-thickness wounds in

diabetic mice, were compared (Figure 7). Long epi-
thelium and wide granulation tissue were formed
after treatment with Matrix 3. However, within each
matrix group, the impregnation with bFGF did not
add a significant effect, except for the granula-
tion tissue formation on Day 7. Wounds treated
with Matrices 2 and 3 had more capillaries than
the ones treated with Matrix 1, particularly after
longer time periods, which might be attributed to
the release of the bFGF to the matrix, which was

Journal of Wound Management
EWMA Document 2023



New Technologies for Tissue Replacement

higher for Matrix 2, followed by Matrices 3 and
1. (64) From a different perspective, a poloxamer
thermo-sensitive polymer hydrogel containing Lac-
tococcus lactis was designed as an in situ lactic
acid delivery system capable of modulating wound
healing. After 12 days, diabetic mice full-thickness
wounds treated with the L. lactis thermo-sensitive
hydrogel presented thicker granulation tissue com-
pared with the control groups (sham and thermo-
sensitive hydrogel alone), and significantly lower
amounts of inducible nitric oxide synthase positive
cells and higher number of CD206-positive cells. It
seems that the proposed system can produce and
deliver lactic acid in situ, promoting the polarisation
of macrophages from M1 to M2. However, in this
study, the hydrogel was replaced every day, which
does not allow a direct translation to a replacement
approach (65).

Recently, new approaches have involved attempts
to change the way dermal replacement therapies
have been considered. For example, in addition
to the composition, structures that target specific
needs of the wounds, such as deficient vasculari-
sation, have been developed. A hydrogel with an
innovative microarchitecture that is composed of
dense type | collagen microspheres suspended
in a less-dense collagen bulk drives cell invasion
(including vascular cells) into the scaffold solely
by mechanical cues inherent to this differential
density interface. This leads to higher vasculari-
sation of the structure, compared to the commer-
cial artificial matrix composed of bovine tendon
type | collagen and shark chondroitin-6-sulfate
glycosaminoglycan (66). Another work proposes
simplifying the access to donor tissues by sug-
gesting the decellularisation of adipose-derived
stem cell sheets, which are easy to culture in the
laboratory. When compared with porcine SIS, the
homogeneous decellularised cell sheets had less
monocyte—-macrophage infiltrating and induced
higher production of IL-4/IL-10 than the SIS (67).
While these innovative approaches have not been
tested in cutaneous wounds, they represent rel-
evant options and, more importantly, support the
relevance of looking beyond the composition of
current dermal replacement templates.

3.5 3D Printing

3D printing is a fast-emerging manufacturing
technology that uses data from computer-aided
designs to form 3D matrices with high spatial
resolution and reproducibility. This manufacturing
technigue encompasses different types of print-
ing that, among other aspects, define and limit
the type of materials that can be used and the
resolution that can be achieved (68). Despite this,
3D printing has the enormous advantage of allow-
ing precise control of internal architectures and
topologies that are hard or impossible to achieve
with other methods of fabricating scaffolds. Ad-
ditionally, when the materials used for 3D printing
are combined with cells (bioprinting), it is expected
that this will make it possible to accurately control
the internal organisation of the structure, thereby
allowing the generation of complex tissue-like
structures for transplantation.

3D printing has also been extensively explored in
the context of cutaneous wound healing, but this
work has not always taken advantage of the pos-
sibility of controlling 3D structures’ architecture,
valorising the cues that can be provided to the
wound. This is the case in several studies that have
used 3D printing to manufacture matrices with
antimicrobial properties. The rapid switching be-
tween the sol and gel states of a cytidine, B(OH)(3)
and AgNO(3) supramolecular hydrogel in response
to shear stress enabled the 3D printing of a flexible
patch with high water content. It was hypothesised
to maintain tissue hydration, thereby facilitating
the autolytic debridement of burn wounds while
releasing silver ions (69). In another silver-based
system, polydimethylsiloxane containing silver
nanoparticles and oil infusion was printed into a
porous structure with anti-adherence, non-fouling
and antibacterial capacity, confirmed in infected
(Staphylococcus aureus and Escherichia coli) full-
thickness mice wounds (70). Similarly, a super-
porous polyacrylamide/hydroxypropyl methylcel-
lulose printed hydrogel cross-linked with silver na-
noparticles demonstrated antibacterial properties
in infected (Staphylococcus aureus) full-thickness
rat wounds (71). Other works have also explored
the antibacterial properties of other molecules. A
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polyvinyl alcohol/carbon quantum dot/silica nano-
particles (Si NP)/silk fibroin structure prepared by
spray printing and electrospinning, took advantage
of Si NP release (72), while a highly porous 3D-
printed core/shell scaffold fabricated using poly-
lactic acid, hyaluronic acid, copper carbon dots
(Cu-CDs), Rosmarinic acid and chitosan relies on
the Cu-CDs (73).

The use of 3D printing in which the material (ink)
composition and the 3D organisation are com-
plementary has also been explored, for example,
with the objective of developing flexible electronics
using an electrically conductive ink composed of
poly(glycerol-co-sebacate) (PGS)-based polymer
and zinc particles (74). Also, an electroceutical
dressing was printed using Ag/AgCl ink onto silk
substrates and confirmed to inhibit biofilms in non-
healing and chronically infected wounds in dogs.
This dressing was integrated with a Bluetooth®-
enabled circuit, allowing remote monitoring of the
current flow within the wound bed (75). The ap-
plication of 3D printing to generate bio-integrated
electronics for electronic skin still needs to over-
come some limitations related to the mechanical,
biological and manufacturing parameters, but it will
certainly play a key role in the future.

The benefit of being able to design and customise,
with high reproducibility, innovative 3D matrices
using 3D printing has been addressed. However,
their validation as dermal templates for skin repair/
regeneration have not yet been achieved. A
hydrocolloid ink consisting of an aqueous solution
of poly-(ethylene glycol)-diacrylate emulsified
with mineral oil was used to fabricate 3D-printed
hydrogels with hierarchical porosity conferring self-
tuning hydration due to the dual porosity. Moreover,
this allowed tuning the release of gallium maltolate
used in as a model molecule in this work (76).

A micro- and macro-structured 3D-printed chi-
tosan and bioglass 3D matrix has been shown to
enhance wound closure, neovascularisation and
collagen deposition in rats’ full-thickness wounds,
in comparison with a freeze- dried foam. This al-
lowed for speculation that the 3D structure created

by the 3D printing might also influence the ob-
served response, thereby benefiting cell prolifera-
tion and migration (77). A bi-layer 3D-printed struc-
ture consisting of an outer poly (lactic-co-glycolic
acid) nanofibrous membrane and a lower alginate
hydrogel layer has also been proposed, aiming
at preventing bacterial invasion and maintaining
wound bed moisture, respectively. Implantation
in rats’ full-thickness wounds showed the benefit
of the alginate hydrogel (in both the control and
bilayer groups) to support faster wound closure
and promote neovascularisation and collagen I/
Il deposition in relation to sham and poly (lactic-
co-glycolic acid) membrane groups. However, the
benefit of the upper layer and ultimately of using
3D printing was not demonstrated (78). Solvent
exchange deposition modelling was combined
with electrospinning technology to manufacture
another poly(lactide-co-glycolide) bi-layered scaf-
fold with nano-/microstructure. The printed part
acted as a sub-layer for cell and tissue ingrowth,
and the densely packed electrospun nanofibers
served as an upper layer, improving the sub-layer’s
tensile strength and acting as a physical barrier.
Additionally, the printed scaffolds were loaded with
epidermal growth factor (EGF), which promoted a
faster closure of the rats’ full-thickness wounds.
Nonetheless, the degradation kinetics of the ma-
terial and its connection with the released EGF
and observed response need further analyses (79).
A 3D-printed halofuginone-laden keratin scaffold
was specifically optimised to slowly degrade in
the wound, providing a moist environment, ab-
sorbing exudate and delivering halofuginone, a
collagen synthesis inhibitor that has been shown
to decrease collagen synthesis in fibrosis cases
to reduce scarring. The outcome in the healing of
partial-thickness porcine wounds was assessed
between 30 and 70 days post-treatment, which,
as for the work described above, does not allow
us to establish a direct effect between the release
of halofuginone and the observed response (80).

3.5.1 Bioprinting

In addition to the requirements associated with the
3D printing technology that, as mentioned above,
does not allow for the use of indiscriminate mate-
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Nozzles:
260 um diameter
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Print head:
X, Y and Z-axis

Dispensing System:
20 mL syringe cells in gel
Minimum dispense amount for syringes = Sul.
Minimum dispense rate =60ul/sec. ™
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Figure 8: Skin bioprinter prototype and on-site bioprinting concept. (81)

rials, bioprinting further requires that the printing
conditions do no harm to the cells and that the
materials themselves provide adequate biological
cues that support their survival and functionality.

Using as a basis skin substitutes already employed
in the clinic, researchers have started using
bioprinting technology to somehow reproduce
them in terms of cellular content (epidermal or
dermal-epidermal) in an automated and highly
reproductive manner, one that can even be used
on-site for extensive wounds (Figure 8) (81).

The use of bioprinting has, however, been ex-
plored beyond this to attain successively more
complex skin substitutes. A melt electro written
technology was employed to 3D print a fibrous
3D polycaprolactone network (Figure 9), mimick-
ing the wavy pattern of collagen fibres that dis-
played nonlinear stress/strain response in both
radial and circumferential directions, recapitulat-
ing the mechanical behaviour of native rat dorsal
skin. These structures were able to reduce scar

tissue formation in mice full-thickness excisional
wounds, but only when combined with human gin-
gival mesenchymal stem cells. Additionally, this ef-
fect was more pronounced when these cells were
transplanted into the wounds after in-vitro culture
in the scaffolds, in opposition to equivalent cryo-
preserved constructs (82). A different approach
was followed to create a dermal substitute to tar-
get neovascularisation from bio-inks composed
of gelatine methacrylate, N-(2-aminoethyl)-4-(4-
(hydroxymethyl)-2-methoxy-5-nitrosophenoxy)
butanamide-linked hyaluronic acid and human
skin fibroblasts, or human umbilical vein endothe-
lial cells. Digital light processing-based 3D printing
technology provided a rapid method for precisely
positioning clusters of fibroblasts and endothelial
cells with high cell viability. This was done to form
a graft with microchannels that facilitates host cell
migration and neo-tissue formation, covered by
a dense epidermal-like acellular layer. Studies in
small (rats) and large (pigs) animals confirmed the
superior performance of cellular grafts in the heal-
ing of full-thickness wounds, accelerating wound
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Figure 9: a) Melt electro writing technology used for the 3D printing of anisotropic fibrous polycapro-
lactone structures mimicking the microscopic architecture of collagen fibres. b)-f) Detailed structures
and properties of the manufactured 3D structure (82).

closure and promoting neovascularisation and the
regeneration of some skin appendages (83).

Dermal-epidermal grafts were prepared with gela-
tine/sodium alginate inks containing human dermal
fibroblasts mixed with human dermal microvas-
cular endothelial cells (1:1) and human epidermal
keratinocytes, respectively, as dermal and epider-
mal parts. Their transplantation into full-thickness
wounds in mice led to higher vascularisation of
the wound site that ultimately seemed to have
contributed to lower wound contraction, in com-
parison to the grafts lacking endothelial cells (84).
More complex skin substitutes, in terms of cellular
components but not regarding 3D organisation,
were also proposed. A rat tail type | collagen ink
containing human foreskin dermal fibroblasts, hu-
man endothelial cells derived from cord blood, hu-
man endothelial colony-forming cells and human
placental pericytes was used to form a dermis.

This was followed (4 days after in vitro culture)
by the printing of a second ink containing human
foreskin keratinocytes to form an epidermis. The
transplanted vascular cells were shown to partici-
pate in the vasculature of the neo tissue resulting
from the healing of full-thickness mice wounds
and seemed to improve the quality of the neoepi-
dermis (85). Ultimately, a tri-layer skin structure
(epidermis-dermis-hypodermis) was printed us-
ing a fibrinogen ink using cell type, other than ke-
ratinocytes, fibroblasts and endothelial cells, to
promote pigmentation (melanocytes), hair follicle
formation (follicle dermal papillary cells) and immu-
nomodulation (adipocytes). When compared with
an acellular fibrinogen hydrogel after implantation
in full-thickness excisional mice wounds, complete
wound closure was achieved with the skin substi-
tute, but the contribution of the transplanted cells
presents in the neodermis at Day 21 is still to be
understood (86).

Journal of Wound Management
EWMA Document 2023



New Technologies for Tissue Replacement

3.5.2 3D printing in the clinic

One of the most immediate clinical applications
of 3D printing technology refers to reconstruc-
tive surgery for the fabrication of custom-made
materials, such as maxillary (87), mandible (88)
and temporomandibular joint (TMJ) (89) prosthe-
sis, and sacral endoprostheses to reconstruct the
pelvic ring and re-establish spinopelvic stability af-
ter total en bloc sacrectomy (TES) (90). Maxillary
and dental reconstruction was successful using
a custom-made titanium mesh plate and the par-
ticulate cancellous bone and marrow graft from
a patient’s iliac bone, followed by the insertion of
three dental implants in the graft after 10 months
(87). An aesthetic defect of the unilateral hypoplas-
tic mandible after completion of the orthognathic
surgery was also treated with a 2-piece titanium
implant designed and printed to restore the os-
seous frame of the basal border of the mandible.

a)

Due toits split design, the implant could be placed
anatomically exactly at the mandibular margin via
intraoral access. This also prevented damage of
the mental nerve, leading to a fully resilient jaw
(88). In another study, the use of a customised
TMJ prostheses consisting of three components,
including the fossa, condylar head and mandibu-
lar handle units, led to significant improvements
on patients’ pain, diet, mandibular function and
maximal interincisal opening. However, the lateral
movement was limited to the non-operated side,
and the mandible deviated towards the operated
side upon opening mouth following surgery (89). A
retrospective analysis showed that the 3D-printed
endoprosthesis after TES provided reliable spin-
opelvic stability and implant survival by facilitating
osseointegration at the bone-implant interfaces,
with acceptable levels of haemorrhage and com-
plications (90).

Figure 10: Process of using bioscanning and 3D printing. a) Process of taking pictures with the bi-
oscanner. b) Images obtained with the bioscanner. ¢) Measurement of the exposed intestinal surface
dimensions for device design. d) Verification of the suitability of the prosthesis by extrusion of the
fistulous surface. e) Placement of the device on the image of the bioscanned wound to determine the
correct adaptation to the patient. f) 3D printing of the bioprosthesis (91).
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b)

Figure 11: 3D-printed scaffolds, a) powder from and b) membrane, made from poly (L-lactide acid)
(PLLA) and gelatine by a modified nanofibers-additive manufacturing method. (92)

3D printing has also shown clinical relevance for
wound-healing. From one perspective, it was
used to manufacture a custom device for use
with NPWT in the management of an enteroatmos-
pheric fistula, allowing a good adaptation to the
anatomical characteristics of each patient and a
control of the spillage of intestinal effluvium from the
wound. The personalised polycaprolactone device
was designed for each patient by 3D printing the
shape of a prism and a hollow base, considering
the dimensions of the fistulous area, to perform
a floating ostomy to isolate the wound from the
debit enteric. This proof of concept confirms the
feasibility of the approach and offers promising re-
sults; nevertheless, the use of other materials that
allow the perfect adhesion to the NPWT system
would facilitate the overcoming of some technical
limitations (91).

From a different point of view, 3D-printed scaffolds
(membrane or powder from) made from poly-(L-
lactide) acid (PLLA) and gelatine by a modified na-
no-fibres additive manufacturing method (Process
11), were proposed for the treatment of pressure
ulcers and DFUs. When the patient was treated
with the 3D-printed scaffold membrane (n=1), their
PU healed in 28 days, and for patients treated with
the 3D-printed scaffold powder (n=2), their PUs
healed in 54 days. For the patients treated with
the 3D printing powder mixed with platelet-rich
fibrinogen (PRF) (n=2), the PU healed in 11 days,
and the DFU healed in 14 days (92). Despite these
results, the limited number of patients and the use
of PRF and NPWT before treatment restricts the
conclusions that can be drawn based on the ef-

fectiveness of the 3D-printed scaffold compared
to SoC.

3.6 Conclusions

Clinical evidence regarding the efficacy of
decellularised matrices for tissue replacement
in hard to heal skin wounds is still sparse. A
superior outcome seems to be evident, but
only in the treatment of DFUs and in relation to
SoC. Additionally, AMs have shown comparable
performance with cellular dermal substitutes;
however, much still has to be done regarding
artificial matrices, as they have been used mostly
in wound management, rather than as a dermal
replacement.

Although ECM represents a valid source/inspira-
tion of materials to be used in tissue replacement
products for chronic skin wounds, there is a need
to look deeper into their bioactivity and to adjust
the composition of the tissue/dermal templates
to the needs of the wounds. This is also valid for
complex wounds in which replacement matrices
are used as an alternative to flap reconstruction,
since each tissue (bone/cartilage/tendon/skin) has
specific healing requirements. Ultimately, these re-
quests will also have to be addressed together
with the processing methodologies, to avoid the
loss of essential bioactivity. This might further
narrow the applicability of 3D printing to design
complex acellular structures that meet spatial and
temporal healing specificities. However, if bioma-
terials cannot meet those, it has the potential to
manufacture living substitutes that can act as in
situ factories of bioactive healing factors.
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Overall, the evidence shows that both materials
and processing methodologies still have room for

improvement with respect to the generation of

tissue-healing templates or substitutes.

Table 5: Randomised controlled trials evaluating non-living tissue-derived matrices’ efficiency in skin wounds

Ref Type of Origin N° of Control Treatment Follow Results Indications
Material Enrolled Condition Regimen up (Treatment vs Control) for use
Patients
Zelen et ADMs  Human 80 Collagen alginate Weekly 12weeks 80% vs 30% patients with ~ DFUs
al., 2018 dressing, changed applications complete healing; 38 vs
(36) daily 72 days mean time to heal
Lantiset ADMs Foetal 226 0.9% sodium chloride 1,2 or 3 16 weeks 59.5% vs 35.4% patients DFUs
al., 2021 bovine gel plus non-adherent applications with complete healing; 43
(37) foam dressing vs 57 days mean time to
heal
Cazzellet ADMs Human 168 Second human ADM 1 or 2 (Weeks 24 weeks Remained healed: DFUs
al. 2017 and alginate, foam or 3-12) after the 100% vs 88.9% vs 86.7%
(38) hydrogel dressings first application (SoC) wounds 4 weeks
(SOC) post-termination 88.9%
vs 100% vs 84.4% (SoC)
wounds 8 weeks post-
termination 92.9% vs
90% vs 93.8% (SoC)
wounds 12 weeks post-
termination
Cazzell, ADMs Human 28 (2:1 alginates, foams or 1or2(Weeks 24 weeks 59.6% vs 8.1% of average  VLUs
2019 treatment  hydrogels 2-12) after the wound reduction; 44.4% vs
(39) Vs control) first application 33.3% healing rate
Pirayesh et ADMs Human 27 STSG 1or2(5-10 1 year 88.17% vs 97.68% mean Full-
al. 2015 (glycerol days) after the take-rate; 86.84 cm? thickness
(40) preserved) first application vs 184.33 cm? mean burns
surface area
Lavery et  AMs Human 97 Non-adhering Weekly 12 weeks 65.4% vs 39% patients DFUs
al. 2018 placental silicone dressing applications with complete healing;
41) membrane 34 days mean time to
(cryo- heal and 3 visits
preserved)
Frykberg et AMs Porcine urinary 95 Human fibroblast- Weekly 10 weeks 18.5% vs 6.9% patients DFUs
al. 2016 bladder-derived containing dermal applications with complete healing
(42) CM (powder substitute (up to 8)
and sheet)
Tchanque- AMs Porcine small 137 Human fibroblast- Weekly 12 weeks 78.9% vs 64.7% vs 73.7%  DFUs
Fossuo et intestinal containing dermal applications (SoC) patients with
al., 2019 submucosa substitute and non- complete healing
(43) adherent dressing
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Table 6: Evaluation of evidence levels of biomaterials-based technologies for tissue replacement

Technology Indication Level of evidence Comments

Acellular dermal or non-  DFU 1B High-quality studies and good evidence of

dermal matrices effectiveness, despite variabilities among
trials

Acellular dermal matrix VLU 2C Few RCTs with weak evidence; likely to
perform equal to other technologies

Acellular dermal matrix Burns 2C Few RCTs with weak evidence; likely to
perform equal to other technologies

Artificial matrices Burns 2C Few RCTs with weak evidence; likely to
perform equal to other technologies

Non-living tissue- Complex DFU 2B Positive results, non- RCT studies and case

wounds derived matrices series regarding the healing

of bone and/or tendon tissues during wound
closure

Extracellular matrix-
derived biomaterials

Promising in vivo indications regarding the
importance of biomaterials responding to
specific wound features (vascularisation;
inflammation)

Bioprinting (cellular
skin substitutes)

Promising in vivo indications in promoting
wound closure and neovascularisation,
potentially reducing scarring

3D printing

Relevant results of customised prosthesis
(bone and device for NPWT) in feasibility
clinical studies, but limited use as regene-
rative templates for wounds
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4.

Skin substitutes
(dermal and epidermal)

4.1 Introduction

Skin substitutes can be classified as epidermal,
dermal or composite, and then spilit into different
categories depending on their composition and
source material (xenograft, acellular allograft,
cellular allograft, autograft, synthetic skin
substitutes), contraction capacity, pore size and
shape (93). Because there is no ideal option
for skin substitutes, a lot of research goes into
evaluating and developing different skin substitute
options.

Over the last three decades, acellular dermal
substitutes have changed the concept of skin
reconstruction. The neodermal component
forming the dermal substitute limits the secondary
retraction of the thin autologous skin graft used
to cover it. Many products, both with or without
elastin, have been proposed; their collagen can
come from different animals, such as cows, sharks
or pigs, and different combinations with elastin.
They can be covered by a protective film in silicone
and secondarily skin grafted after three weeks.
This period is essential for the dermal component
to adhere to the underlying granulation tissue, to
be penetrated by factors allowing the covering
partial thickness skin graft to take place.

Other medical devices help with collagen matrix
formation and enhance the formation of granulation
tissue, improving global wound healing.

The heterogeneity of the different dermal substitutes
and their different indications make the global
perception of these medical devices somehow
confusing, beginning with their classification.

In light of the recent literature on the topic, the

authors describe here the different devices that
are currently present in the market, discuss their
clinical indications and define new proposals.

4.2 Dermal substitutes: Principles
and requirements

Since their introduction in the 1950s, bioengineered
tissues and dermal substitutes have become one
of the most-used treatments for both acute and
chronic wounds. Both dermo-inductivity and
dermo-conductivity have been proposed, featuring
great mechanical stability and a special ability to
modulate pathological scar formation.

Technological evolutions and improvements in clin-
ical research (94) have permitted the combination
of the best dermal substitute with a specific lesion,
and now wounds such as burns, post-traumatic
lesions, diabetic and vascular ulcers, post-oncol-
ogy wounds and lesions with high risk of infec-
tion (Figure 12,13) can be treated using dermal
substitutes. However, to optimise the outcomes,
some prerequisites must be satisfied prior to their
use, particularly the need for a non-infected and
non-ischemic wound bed on which the dermal
substitute will be applied. Therefore, wound bed
preparation using debridement and the promo-
tion of granulation tissue should be performed
meticulously.

4.2.1 Debridement

Indeed, it is mandatory to achieve an optimal
‘wound bed preparation’, removing all devitalised
tissues (eschar, necrotic, slough, fibrin) and/or
infected tissues or biofilm through a proper surgi-
cal debridement (95) that can be performed with
a sharp instrument (Figure 14) and/or Volkmann

Journal of Wound Management
EWMA Document 2023

S37



S38

Figure 12: Post-traumatic wound after
debridement.

curette and/or with devices, as for example (see
Figure 15, 16):

e Hydrodebrider: Featuring a handpiece
connected with an irrigation system, this
device can be very useful for controlling
the depth of debridement more precisely. It is
suitable for reducing bioburden.

e Ultrasonic debrider: Featuring an association
between an irrigation system and ultrasound
technology, this device uses low frequency
ultrasound to provoke a cavitation effect
which consequently removes the undesired
tissue through gas-filled bubbles. This type of
debridement is very safe and supports a
precise debridement that saves healthy tissue
(96)

e Coblation debrider: Featuring an associa-
tion between a surgical debrider and a
radiofrequency generator, this device
permits the application of focused plasma
that chemically disrupts the devitalised tissue
and/or biofilm. This kind of debridement can
be performed in a more precise way, thereby

Figure 13: Vascular ulcer with
important slough.

Figure 14: Surgical debridement with sharp
instruments in necrotising fasciitis.

permitting the surgeon to save more healthy
tissue (97).

4.2.2 Granulation tissue formation:
Negative pressure wound therapy
(NPWT)

Once surgical debridement has been performed,
the second step must provide stimulation of the
granulation tissue, to lead to the final closure. Even
though there are many possible techniques, the
most-used treatments today are:

—The application of negative pressure wound
therapy (NPWT), with or without instillation
(98, 99): This technique can be used if the
debridement has not been sufficient to obtain
good granulation tissue. It exploits micro and
macro mechanical forces to stimulate granulation
tissue and achieve an optimal wound bed after a
period of one to three weeks, as a result of the
depression applied by the device (mechanically
or by means of a battery/electric network). This
causes the collapse of a polyurethane sponge

W
Figure 15: Hydrodebridement in a burned
patient.
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Figure 16: Ultrasound debridement in a burned patient.

interface. These processes stimulate the lesion
bed both macro- and micro-mechanically.
Specifically, the macro-mechanical stimulation
allows the contraction of the margins of the
lesion, with a consequent reduction of the
wound area. Unlike the micro-mechanical
stimulation, which has an effect on the wound
bed at a microscopic level, this allows, through
the application of tensile, compressive, shear
and hydrostatic forces (100):

1) The activation of the cytoskeleton, with the
onset of proliferation and cell migration

2) The draining of interstitial fluids and a
reduction in hydrostatic and osmotic pressure,
and consequently the amount of exudate and
oedema

3) A stabilisation of the microenvironment
via the removal of inflammatory mediators,
including matrix metalloproteases (MMP) 2
and 9, which are often responsible, when
hyper-produced, for the wound becoming
chronic

The vacuum effect also causes local hypoxia with
the activation and increase of vascular endothelial
growth factor (VEGF) and, subsequently, neo-
angiogenesis (101). Tissue perfusion and
oxygenation of the area are therefore increased,
and a better preparation of the wound bed and
the formation of an active granulation tissue are
obtained. Furthermore, it has been shown that
tissue hypoxia caused by negative pressure
stimulates not only the cell proliferation of
fibroblasts and keratinocytes, but also has a
marked adipogenic effect, with proliferation

Figure 17: Post-traumatic lesion: a) optimal granulation tissue, b) skin graft and dual layer dermal sub-
stitute, ¢) wound bed after silicone layer removal, d) reconstruction with skin graft, €) at 1 year follow-up.
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present in the preadipocytes and their maturation
in adipocytes (102-104).

These mechanisms of action and biological effects
have led the scientific community to consider
negative pressure therapy from the outset to
be a ‘suitable/ideal’ treatment in cases of acute
and chronic injuries where there was a need to:
1) promote the formation of granulation tissue;
2) prepare the wound bed to re-epithelise and/
or be treated with advanced medications, or to
be subject to definitive repair intervention with a
dermo epidermic graft or flap; 3) control oedema
and exudate; 4) stabilise the lesion; 5) stabilise the
patient with complex trauma and a significant loss
of substance; and 6) prepare the tissue to receive
an autologous adipose tissue graft.

- Immediate application of the dermal sub-
stitute to improve the final closure. In this case,
it is possible to choose a one-step, single-layer
substitute that can be immediately covered by,
for example, a skin graft. Or, if a better dermal
tissue is needed, we can use a two-step, dou-
ble-layer substitute; these are characterised by
the presence of an outer silicon layer that is re-
moved after three weeks. During this time, the
dermal substitute improves the granulation tis-
sue to receive the final closure. Once an optimal
wound bed is achieved, a surgical closure will
be performed. Even in this case, the surgeon
can match the best technique with the specific
characteristics of each lesion, starting from a
‘simple’ skin graft, which can be considered if
we have to treat a superficial lesion (Figure 17),
and continuing to local or distant flaps (Figure 18)

for deep surfaces that expose noble structures,
such as tendons. Finally, to improve the intake,
it may be possible to combine NPWT with a
dermal substitute and skin graft. Indeed, Diehm
et al. (2021) (103) presented a retrospective non-
blinded, non-randomised comparative study of
86 patients treated with artificial dermis skin
substitute with or without NPWT. They noted a
better intake in patients treated with NPWT after
dermal substitute plus skin graft.

4.3 Acellular dermal substitutes

Skin substitutes are dermal constructs fabricated
to either temporarily or permanently replace
dermal defects. They can also protect against
microorganisms, reduce pain, promote wound
healing and assist in recreating the skin’s barrier
function. To improve skin regeneration, reduce
scar contracture (105), improve scar quality and
elasticity (40) and minimise donor site morbidity,
this method has been considered for the treatment
of open or chronic wounds, burns and deep tissue
donor sites. Today, a wide range of skin substitutes
with different characteristics, such as mono- or
bilayered compositions, temporary or permanent
fixture and cellular or acellular skin substitutes,
are present in the European market (106). Many
classifications are also available, depending on
their different impacts on tissue regeneration.
As reported earlier, pore size, composition and
degradation time are key features when describing
the products, but these characteristics are also
essential for differentiating them, depending on
their different impacts on tissue regeneration, in:
1) permanent dermal substitute or 2) granulation
tissue bio-inductor.
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Permanent dermal substitutes: These feature
an average porosity between 20-125 uM, the
presence of chondroitin 6 sulphate or elastin, a
surface chemistry of the scaffold with ligand den-
sities exceeding 200 pM for both a1B1 or a2p1
ligands and a degradation time of 14 + 7 days.
This type of substitute has been considered ac-
tive for tissue regeneration. In 1989, Yannas et al.
(107) demonstrated that the diameter of the pores
could influence both the ability to modulate the
contraction of the wound and regenerative activity,
suggesting that an average porosity ranging from
20 to 125 pm could be the ideal compromise for
reducing contraction and maintaining regenerative
activity. To improve these outcomes, Soller and
Tzeranis (108, 109) described the other mentioned
features some years later. They showed that the
presence of macromolecules, such as chondroitin
6 sulphate, could stabilise the scaffold, thereby
improving its binding with the cells and the extra-
cellular matrix.

Granulation tissue bioinductors: These are
inactive scaffolds for both the absence of
macromolecules as chondroitin 6 sulphate and
for their fast degradation composed of hyaluronic
acid, porcine or bovine collagen or fully synthetic
scaffolds. Due to their faster degradation, they
can stimulate the formation of granulation tissue,
proving suitable to cover the wound bed while
waiting for an autologous skin graft or a flap.
Therefore, many studies have been published
in recent years to better understand both the

clinical indication and biological effects (Table 7)
of different products, such as dehydrated human
amion/chorion membrane allograft.

4.4 Permanent dermal substitutes

Integra® Dermal Regeneration Template
(IDRT): The IDRT was developed in the early 1980s
and was the first dermal substitute. Its goal was
to minimise fluid loss and bacterial contamination
and to promote cell migration into the wound bed
(110). It is supposed to do this through its two-
layered composition and a two-stage procedure.
The deeper layer of IDRT is made of a combination
of bovine collagen and glycosaminoglycan chon-
droitin-6-sulphate, whereas the top is made with a
0.2-mm-thick polysiloxamine polymer membrane
with vapor-transmitting characteristics. This mem-
brane can be placed on the full-thickness wound,
so the outer silicone membrane functions as a
temporary epidermal replacement. This feature re-
quires replacement by a split-skin graft after 2-3
weeks. Due to the combination with a silicone layer
as temporary epidermal coverage, IDRT can im-
mediately function as a barrier while providing the
required extracellular scaffolding for cell ingrowth
and the proliferation of fibroblasts and endothelial
cells. After 2-3 weeks, when vascular ingrowth
is complete, the silicone layer is replaced by a
thin split-skin graft. In recent years, many studies
have demonstrated this approach’s different indi-
cations (skin ulcers, burned areas, to fill spaces
or to improve scar quality) (Figure 19, 20, 21). In
2015, Driver et al. (111) published the results of

Table 7: Differential features between dermal substitutes and granulation tissue bioinductors

Feature Dermal Substitutes Granulation Tissue Bioinductors
Porosity (mM) 20-125 25-65
Surface density (mM) >200 <200
Components Condroiti 6 Hyaluronic acid, collagen (+/- silicone
sulphate, elastin, glycosamin-  surfacing layer)
glycans (+/- silicone surfacing
layer)
Degradation (days) 14-21 7-14
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Figure 19: IDRT, case 1. In this case, we treated a diabetic foot ulcer on the big toe with a single-
layer, one-step procedure; the dermal substitute was immediately covered by a skin graft.

an RCT on 307 patients affected by diabetic foot
ulcers (154 cases and 153 controls) and reported
faster healing in patients treated with IDRT. Dalla
Paola et al. (112) and Hicks et al. (113) reported
the same results in 2020. In the first paper, Dalla
Paola et al. (112) reported a case—control study
on patients affected by critical limb ischemia post-
revascularisation and noted that those treated with
IDRT were characterised by faster healing (83 days
vs 139). In the second paper, Hicks et al. (113)
described a prospective case series of 107 diabetic
foot cases treated with IDRT. In this case series,
they noted that, after 18 months, 93+/-3.3% of pa-
tients were healed. Meanwhile, in 2018, Reynolds
et al. (114) reported a 92% rate of healing and hand
function restoration after 6 months of follow up in

14 patients who had undergone hand reconstruc-
tion. Similar results were also reported in 2020 by
Choughri et al. (115), who described the possibility
of using IDRT as a good alternative to flap recon-
struction in 14 patients affected by hand lesions
after 36 months. In the same year, other studies
reported on burned patients, scalp reconstruction,
elderly patients, etc. Bernstein et al. (116) noted
complete healing in 86% of 14 patients treated
with IDRT plus skin graft, and Rudnicki et al. (117)
used IDRT on 13 burned patients immediately after
escharectomy with good results. In addition, Shakir
et al. (118) published a retrospective case control
study on 191 wounds, demonstrating 70% healed
cases after 180 days, while Chaiyasate et al. (119)
reported their experience with 13 patients in which

Figure. 20: a)-g) An open trans-metatarsal amputation because of a forefoot gangrene in a diabetic
patient (a); managed with the application of Integra Bilayer® (b); after 21 days, the external silicone
sheet is removed (c); after 30 days, the metatarsal stumps are covered with granulation tissue (d); and
the autologous skin graft is applied (€). The take at 3 weeks from the grafting (f) and after one year (g).
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Figure 21: a)-I) A necrotising fasciitis in a diabetic foot (a—b) aggressively debrided (c) and managed
with the application of Integra Bilayer® (d-f). After 21 days from the application, at the removal of the
external silicone sheet (g—h); after 15 days from the removal of silicone sheet; at the moment of
autologous skin grafting (i—j). After one month from grafting (k-1).

they demonstrated a good scalp reconstruction
after 3 months of follow up. A year later, Romano
et al. (120) reported the same good results after 68
days of follow up on 20 patients affected by scalp
lesion, but, most importantly, also by comorbidi-
ties such as aggressive or relapsing tumours. In
the meantime, Scalise et al. (121) reported their
experience on 111 patients affected by different
wounds. In that study, they sorted patients into
two categories according to their complications,
but reported no differences in complications and
the possibility of using IDRT only without a skin
graft for elderly patients and people with multimor-
bidities, thereby confirming the recommendation
published in 2019 by Magnoni et al. (122), who
recommended the use of IDRT in elderly people
with comorbidities, large and complex bone ex-
posure, radiation and recurrent and/or aggressive
tumours. In 2020, Gonzalez et al. (123) focused on
possible complications and associated IDRT with
infections in a systematic review of the literature
reporting on 212 infections in 602 patients and
1254 treated areas (16.9%). They consequently

suggested that the application of IDRT was not
suitable for sites at risk of infection. Finally, in the
same year, Vana et al. (124) published a prospec-
tive study on 24 patients comparing Matriderm®
and Integra®. According to this paper, Integra®
had a better retraction and skin quality that was
still present at 12 months.

Recently, Lantis et al. (37), in a prospective RCT
conducted in 21 centres in the U.S. on foetal
bovine acellular dermal matrix (FBADM), dem-
onstrated 45.6% complete wound closure at
12 weeks in the FBADM-treated group, versus
27.9% in the group treated with SoC (p=0.008).
Despite the trial being terminated early due to the
Covid-19 pandemic, the figures are based on a
modified intention-to-treat analysis and refer to
103 patients in the FBADM group and 104 in the
SoC group. FBADM (PriMatrix™ — Integra Life Sci-
ences, Princeton US), is an acellular dermal tissue
matrix derived from foetal bovine dermis and is rich
intype I and Il collagen that is processed in a way
so that it maintains its native three-dimensional
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structure, without potentially immunogenic con-
taminants such as lipids or non-collagen proteins.

Matriderm®: This is an extracellular matrix
scaffold made out of purified, freeze-dried bovine
collagen mixed with 3% elastin hydrolysate; it has
a degradation time equal to 6 weeks. It is usually
applied in a one-step procedure, as this dermal
scaffold allows immediate coverage with an au-
tologous thin split-skin graft. This one-step pro-
cedure showed a slower take of the graft, due to
the interpositioning of the unvascularised scaffold
between the wound bed and the split-skin graft.
Nevertheless, the outcome in terms of scar qual-
ity was shown to be superior to split-skin graft
treatment, even after a 12-year follow-up (125).
[t promotes neo-angiogenesis and the building
of a new, stable and very elastic tissue. Even if
it presents many advantages, unfortunately only
a few studies have been published about it in re-
cent years. In 2017, Watfa et al. (126) reported a
retrospective controlled study on 37 patients (29
cases and 8 controls) in which the authors applied
Matriderm® and a skin graft on a free flap radial
forearm donor site. In this study, Matriderm® was
used to preserve sensory function and decrease
morbidity of the donor site. In 2020, Maitz et al.
(127) described a comparison between crosslinked
vs non-crosslinked Matriderm®. The authors dem-
onstrated that the crosslinked version had a better
tensile strength, increased fibroblast proliferation
and migration in in-vitro experiments. Finally, in an

in-vivo mouse model, the crosslinked Matriderm®,
as opposed to non-crosslinked Matriderm®, re-
mained in place after 14 days.

Figure 22: Matriderm® case 1: In this case, we
treated a vascular ulcer with Matriderm® and
immediate coverage with a skin graft.

Pelnac®: A porcine origin matrix, this dermal sub-
stitute is available both with and without a silicone
layer and in fenestrated type. These features make
it suitable both for one- and two-step procedures
(Figure 30, 31). It is mostly used in Asia, but has
recently also become available in Europe. It pro-
motes fibroblast infiltration and necangiogenesis,
and it can be used especially for very thick defects,
wounds at high risk of infection and wounds that
are expected to shrink (e.g., fingertips). In 2019, Lv
et al. (128) reported their experience in a prospec-
tive case series of 13 patients affected by bone
and tendon exposure in the forearm and hand
injuries. In these cases, Pelnac® was applied with
a skin graft, and the authors reported a 100%
Pelnac® intake and an 84.6% of skin graft take.
In 2020, Lisa et al. (129) reported a retrospective

Figure 23: Matriderm®
case 2: In this case, we
treated a postoncological
wound reconstructed with
an anterolateral free flap
with Matriderm® and an
immediate skin graft.
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Figure 24: Pelnac® case 1. In this first case, you can see its application as a two-step

procedure in post-traumatic wounds of fingertips. After 2 weeks, the external layer was

removed to perform a skin graft.
a)

; ‘

b) c)

Figure 25: Pelnac® case 2. In this second case, you can see a reconstruction with two-
step porcine origin matrix and, after 2 weeks, the coverage with meshed skin graft in a

post-oncological abdominal wound.

study on 12 patients (9 tumour resections and
3 chronic ulcers) that demonstrated a complete
intake after 21.3 days in 11 of 12 patients (91.6%).
Meanwhile, De Francesco et al. (130) proposed a
comparison between Pelnac® and Integra® in
71 patients in a randomised prospective obser-
vational paired study. Pelnac® demonstrated a

Figure 26: Use of Pelnac® in a
diabetic foot ulceration in the
heel a). The lesion is debrided
via hydrosurgery b) and then

an opprefenestrated sheet

of Pelnac® is positioned and
sutured c¢) and then tailored
according to the actual shape of
the lesion d).

better epidermal proliferation at 2 weeks and a
better contracture at 2 and 4 weeks. Integra was
suitable for wounds deeper than 1.5 cm. Finally,
in the same year, Lv et al. (131) demonstrated a
100% graft taking after 16.5 months in 16 patients
affected by wounds with underlying bone and/or
tendon exposure.
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Nevelia®: This dermal substitute was recently in-
troduced to the market. It features a bi-layered,
three-dimensional porous matrix of stabilised
bovine origin type | collagen and a degradation
time equal to 14+/- 7 days. It can be considered
a bio-inductor. It seems to optimise colonisation,
as fibroblasts recognise collagen fibres. It can be
used in a two-step procedure for the treatment of
deep grade Il or grade Ill burns (Figure 27), skin ul-
cers, post-oncologic or post-traumatic wounds. In
2019, Yigitbas et al. (132) reported their experience
of 20 burned patients affected by BSA 50%. They
noted a short hospitalisation time for 10 patients
treated with Nevelia® and skin graft. In the same
year, De Angelis et al. (133) reported the histologi-
cal features of 35 chronic vascular ulcers treated
with Nevelia®, after 28 days. In this analysis, the
regenerated skin presented a reacted epidermal
hyperplasia and dermal granulation tissue after 3
weeks. In the same period, a new tissue architec-
ture was present and it was analogous to normal
skin. One year later, in 2020, Montanaro et al. (134)
presented a randomised case control study on 15
patients affected by chronic diabetic ulcers (10
cases and 5 controls) in which they demonstrat-
ed Nevelia’s® ability to activate macrophage and
M2 cells to a reparative polarisation. In the same
year, Gurbuz et al. (135) reported their experience
with 24 wounds in 12 patients affected by major
burns and six months of follow-up. Graft-taking
was achieved in 92% of patients, while 87.5%
of patients reported a good/excellent aesthetic
and functional results. Finally, Uccioli et al. (136)
described a cross-sectional study of 41 diabetic
patients after 1 year of follow up. In this study,
21 patients (51%) were healed, but 10 (24%) did
not heal after 1 year. Of these 10 patients, all had
a size reduction of >50%; 7 patients (17%) were
amputees and 3 patients (7.3%) died.

Figure 27: Nevelia®, in this case,
you can see its application after ||
deep degree burn of the hand in
an 82-year-old patient. Note the
quality of scarring after 3 months
from final closure with a skin graft.

In 2021, Cottone et al. (137) published a retro-
spective comparison of Integra®, Nevelia® and
Pelnac® and observed different ‘outcomes’ de-
pending on the dermal substitute. In particular,
Integra® had the highest rate both of skin graft
take and viability, and Nevelia® had a low second-
ary healing induction rate, but its graft take was
superior compared to Pelnac®. Pelnac® showed
the fastest healing times in acute wounds (137).

4.5 Granulation tissue bioinductors

Epifix®: This homologous amniotic membrane is
derived from human placenta, after a dehydration
and sterilisation process. Available for the treat-
ment of chronic ulcers, the amniotic membrane
is also widely used to minimise the possibility of
developing important scar adhesions in cases of
second- and third-degree skin burns (Figure 28,
29), ocular burns, general and gynaecological sur-
gery andepidermolysis bullosa. It has been used
since the beginning of the 1900s, and in recent

Figure 28: Amniotic membrane. 10-year-old
child affected by epidermolysis bullosa. The
amniotic membrane has been positioned on the
thorax, to both stimulate wound healing and
prevent keloid development.
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Figure 29: Patient with DM and neuropathy: a) Patient presented with osteomyelitis and underlying
purulent tissue; b) Post- debridement + NPWT initiated; c) Week 8: 1st Epifix® application after
insurance coverage was received; d) Week 15: Closed, s/p 4 total Epifix® applications.

years many studies have been published about its
efficacy. In 2018, Garoufalis et al. (138) published
a retrospective analysis on 117 patients affected
by different wounds. They noted that 91.1% of the
treated patients reported complete healing, with
a mean +/- SD number of weekly applications/
wounds of 5.1 +/- 4.2. One year later, Tettlebach
etal. (139) reported their experience in a prospec-
tive randomised controlled multi-centre study of
98 patients affected withs DFUs (47 cases and
51 controls). After 16 weeks, 95% the patients
treated with an amniotic membrane were healed
in comparison to 86% of the control group.

A Markov analysis performed by Guest et al. (140)
estimated that the inception of Epifix™ on top of
SoC in the management of DFU, would translate
into a 90% increase in the probability of healing
and a 6% increase in the probability of avoiding
amputation, with an 8% improvement of QALYs.

Epidermis

Dermis

Kerecis®: This substitute is composed of an acel-
lular fish skin and has a micro-structural compo-
sition extremely like human skin, which is rich in
omega-3 poly-unsaturated fatty acid (Figure 30,
31). Thanks to this last feature, described in 2020
by Kotronoulas et al. (141), Kerecis® seems to be
suitable for obtain a very ‘natural’ looking skin and
reducing pain. The analgesic effect, plus a 100%
reepithelisation rate, was reported in 2019 by Alam
et al. (142) on 10 donor split-thickness sites on
burned patients. In the same year, Michael et al.
(143) described a retrospective case series of 58
diabetic ulcers in which they obtained both a sur-
face reduction of 87.57% and complete healing in
60.34% of cases. In the same year, Woodrow et al.
(144) presented a prospective study on 8 postop-
erative diabetic feet. This study included 6 weeks
of follow up and a weekly dressing change. They
noted wound area reductions primarily in recent
lesions (<8 months). Kirsner et al. (145), in an RCT,

Figure 30: Scanning electron microscope images of Kerecis® fish-skin graft (left) and human skin

(right), showing similarities in their 3D structures.
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Figure 31: Fish-skin graft case study: a) Post-surgical lesion of the dorsum of a right foot after the
drainage of a deep abscess; b) The lesion after surgical debridement; c) Application of Kerecis®. The
dressing was applied weekly for six consecutive weeks; d) The lesion after three weeks of treatment
with Kerecis®. Granulation tissue has grown and filled the tissue gap created by the drainage and
debridement procedures; e) New application of Kerecis®; f) The lesion after five weeks of treatment.
The area of the lesion is reduced by 75%, and the bottom is fully covered by healthy granulation
tissue; g) The lesion is completely and durably healed after 9 weeks of treatment; h) The lesion at 10
weeks. Despite the application of Kerecis® being interrupted at Week 8, the evolution of the lesion’s
healing further progressed, improving the quality of the tissue replacement.
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Figure 32: A case of venous leg ulceration a) managed with Oasis®. After initial debridement, Oasis®
was trimmed according to the shape of the lesion b) and secured with steri-strips c). A secondary
dressing of non-adherent gauze was interposed d), re-hydrated with saline €) and covered with a
protective layer of polyurethane foam f). The last picture shows the lesion after one week g).
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showed that fish skin was superior to porcine der-
mis in 162 full-thickness punch biopsy wounds in
81 healthy volunteers; fish skin demonstrated ac-
celerated would healing with significantly (p<0.05)
more wounds fully healed on Days 14, 21 and 25,
compared to a porcine graft. Meanwhile, Badois et
al. (146) demonstrated that fish skin-treated donor
wounds healed twice as fast as those treated with
SoC dressing (32 and 68 days, respectively). Pa-
tients also reported a significant decrease in pain
(p=0.0034), and local infection rates dropped from
60% to 0% (p=0.0039). Finally, in 2019, Kirsner
et al. (145) showed that fish skin was superior to
dehydrated human amnion/chorion membrane
(dHACM) in the healing rates of 170 full-thickness
punch biopsy wounds in another RCT. Wounds
in the fish skin-treated group healed significantly
faster (HR 2.37, p=0.001) compared to dHACM
after 28 days.

Oasis®: This product is derived from pig small
intestine submucosa. It is 0.10-0.15 mm thick and
features a collagen-based extracellular matrix plus
other components, such as proteoglycans, TGF
beta, basic fibroblast growth factors, glycosami-
noglycans and so on. (Figure 32). First reported
in 1989 (147) in an animal model, this matrix has
been used for the treatment of chronic ulcers, in-
cluding pressure sores, vascular peripheral ulcers
and diabetic ulcers, and for post traumatic lesions.

In 2019, Brown-Etris et al. (148) described their

experiences with lll and IV pressure sores in a ran-
domised clinical trial in which they compared 67
patients treated with Oasis® to 63 patients treated

with the SoC . They reported complete healing in
40% of patients treated with the matrix, versus
29% of patients treated with the SoC. 55 % of
the ‘Oasis® patients’ presented a wound area re-
duction of 90%, while only 38% of the ‘standard
patients’ presented a 90% reduction (p=0.037).

4.6 Cellularised dermal substitutes
and human dermal fibroblasts
therapy

Today, dermal substitutes are composed of either
autologous or allogeneic dermal fibroblasts. Bio-
materials, as benzyl-esterified derivatives of hyalu-
ronic acid (Hyaff-11), polyglycolic acid or polyglac-
tin, are used as scaffold for the cells. Dermagraft®
is a very interesting and successful product, es-
pecially for the diabetic foot. It has an allogeneic
cell culture using neonatal dermal fibroblast grown
on a biodegradable scaffold and has the capac-
ity to secrete several growth factors to stimulate
neo-angiogenesis and re-epithelialisation. Finally,
its efficacy is maintained even after cryopreserva-
tion and thawing. In 2019, Tchanque-Fossuo et al.
(43) reported an interim analysis result of a RCT
in which Dermagraft® was compared with Oasis®
,a naturally derived scaffold of ECM composed of
porcine small intestinal submucosa. They treated
56 diabetic patients and analysed the differences
between the two substitutes after 28 weeks. They
found no differences between the two.

4.7 Full-skin substitutes

Human cadaver skin is surely the first and most
used skin substitute reported. Used as a biologi-
cal dressing, this homologous tissue is notable for

Figure 33: Cadaver skin
applied after a post-traumatic
scalp lesion.
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its early pseudo-grafting and a reject phase after
2-3 weeks (Figure 33). During the rejection phase,
it stimulates a physiological debridement through
macrophages with a consequently physiological
wound bed preparation. In our experience, this
treatment is now mostly applied in burned patients,
to both debride the wounds and temporarily cover
the burned areas, and in ulcers that cannot be
treated with NPWT.

Alloderm® is based on ‘traditional cadaver skin’,
one of the first developed acellular allogeneic skin
substitutes; thus, real human tissue is harvested
for skin grafts from cadaver donors. Alloderm®
is washed with hypertonic saline to remove cell
remnants and then deepithelialised. The remain-
ing dermal layer is treated with inactivate viruses
and then freeze-dried to be used on-demand.
This provides a nonantigenic dermal scaffold with
basement membrane proteins. After rehydration
of the Alloderm?®, coverage with an ultrathin split
skin is sufficient as a full coverage treatment op-
tion. Recently, Alloderm® has been used more and
more often for breast reconstruction surgery (149),
whereas its use on wounds and burns remains lim-
ited. Glyaderm® is a similar product based on allo-
geneic dermis preserved in glycerol, instead of be-
ing freeze-dried. Initial studies on burned patients
have been performed with favourable results (40),
demonstrating a better elasticity and scar quality.

Full biological skin substitutes comprising both
dermis and epidermis that contain both allogeneic
fibroblasts and keratinocytes are present on the
market. Apligraf® was the first to become com-
mercially available. It consists of cultured allogenic
human foreskin-derived neonatal fibroblasts in a
bovine type | collagen matrix over which allogenic
human foreskin-derived neonatal epidermal ke-
ratinocytes are then cultured and stratified. These
features can promote the rejection of the keratino-
cyte, requiring an autologous split-skin coverage
for definite would closure. Therefore, Apligraf® can
be used in the treatment of chronic wounds. In
2017, Stone et al. (150) reported their experience
ina RCT on 24 patients affected by VLUs (15 cases
and 9 controls). They observed an acute inflam-

matory response in patients treated with Apligraf®
and a restoring of wound healing. Other studies
describing a full-skin substitute have focussed on
the TissueTech Autograft System™ (151) and the
combination of a dermal skin substitute (Hyalo-
graft 3D®) with Laserskin® a cultured epithelial
autograft (CEA) (152) (Figure 34). One major ad-
vantage of autologous composite skin substitutes
is the one-stage procedure. Except for the initial
skin biopsy from which the autologous cells are
harvested and cultured, no secondary procedures,
such as split-skin transplantations, are required.
These newly developed skin constructs are com-
mercially available at present. The limitations to
the further expansion of autologous composite
skin substitutes are their high production costs,
long preparation times and the need for a well-
organised production-to-clinic transfer.

Figure 34: Cultured epithelial autograft
(CEA) a) the harvesting of skin samples b)
The preparation and culturing of skin cellular
components in the laboratory.

DenovoSkin™: DenovoSkin™ perhaps repre-
sents the most advanced double layer autolo-
gous cell culture among the dermo-epidermal
skin substitutes, as it contains both dermal and
epidermal skin layers. In 2019, Meuli et al. (153)
used it in a phase | clinical trial at the University
Children’s Hospital Zurich for the treatment of 10
patients affected by deep partial- or full-thickness
skin defects. They performed skin grafts of 49 cm
that were bioengineered with autologous keratino-
cytes and fibroblasts incorporated in a collagen
hydrogel. At 21 days post-operation, they noted
a median graft take of 78%. Interestingly, at 3
months post-operation, a histological examina-
tion demonstrated a well-stratified epidermis and
a dermal compartment comparable to native skin.
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4.8 Regulatory/Safety Issues

Based on the most recent regulations, cell-based
therapies have been classified as advanced
therapy medicinal products (ATMPs). In Europe,
these therapies are controlled by the European
Medicines Agency (EMA), a monitoring institute
of the EU, which is dedicated to the scientific
evaluation and supervision of market access
of medicinal products. In the US, the Office of
Cellular, Tissue, and Gene Therapies, a branch of
the Food and Drug Administration (FDA), evaluates
and supervises market access of ATMP products.
European Regulation (EC) No. 1394/2007 provides
the overall framework for the production and use of
ATMPs within the EU. According to this regulation,
an ATMP is a ‘medicine for human use that is based
on genes, cells or tissue engineering’. With the
aim of regenerating, repairing or replacing human
tissue, some products may contain or consist of
engineered cells or tissues, and they can contain
viable or nonviable cells or tissues of human or
animal origin. This means that most of the skin
substitutes with living cells (both autologous and
allogeneic), adipose tissue and matrices containing
human and/or xenogeneic material must be
considered according to these regulations.
Scaffolds made of isolated and/or purified
animal- or human-derived proteins, however, are
classified as medical devices. One of the main
features of these regulations is that the production
of ATMPs for human use must take place under
Good Manufacturing Practice conditions, requiring
both high standards for production facilities and
an important administrative burden for importing
and exporting ATMPs across international borders.

These strict regulatory and production require-
ments imply intensive collaboration among centres
to develop new ATMPs and promote their com-
mercial exploitation.

4.9 Bioprinting for skin substitutes

To fabricate living tissue, cells are mixed with bio-
material, such as a skin decellularised extracel-
lular matrix (dECM), which is called ‘bio-ink’. The
biomaterial is derived from a chemical and enzy-
matic treatment of the dermis. After preserving the

structural and functional ECM’s protein, the bio-
material is repopulated by autologous fibroblasts,
to prevent rejection.

The different components are mixed into a 3D
bioprinter to create the 3D construct. In this new
technique, Won et al. observed 90% cell viability
and proliferation, as confirmed by the gene expres-
sion pattern (154).

Despite its extremely recent introduction to the
market, this technology has gained the attention
and interest of clinicians and scientists in many
areas of tissue repair because it is extremely
promising. Its potential has led to the testing of
almost all types of chronic wounds as targets
for this therapeutic approach, and many clinical
studies are presently ongoing.

4.10 Conclusions

Thanks to the ability to improve skin quality over
a standard split-skin graft treatment, acellular skin
substitutes are considered very important today
in the treatment of acute and chronic wounds,
and for scar revisions. Autologous cellular skin
substitutes and tissue repair and regeneration
using autologous cells can promote better healing,
compared to traditional methods. Drawbacks
to the production and application of tissue-
engineered skin constructs are, however, still
present, and further studies are needed to bring
us closer to techniques that have been adapted
to the population suffering from chronic wounds.

Journal of Wound Management
EWMA Document 2023

S51



S52

Table 8: Dermal substitutes

Author Type of study N. cases Dermal Results
and Year substitute
Pirayesh et Phase lll ran- 28 (1 yr follow-up) Glyderm (collagen  Better elasticity and
al. 2015 (40) domised control full- thickness + elastin glycerol  scar quality with
paired intra- wound preserved) vs skin - dermal substitute
individual study graft
Tchanque- Randomised 56 diabetic Dermagraft® vs No differences
Fossuo et controlled trial (FUP 28 weeks) Oasis® between the
al. 2019 (43) (interim analysis) two substitutes
1b
Diehm et Retrospective, 86 pts artificial Not specified Better taking if NPWT
al. 2021 (103)  non-blinded, dermis skin
Non-randomised substitute +/-
comparative study NPWT

Cheng et
al. 2019 (105)

In vitro and ran-
domised control
paired in vivo
(animal model)
1b

10 mice C57BL/
16 8 weeks age
(follow-up

20 days)

Pullular/gelatin
porous skin
substitute +
human dermal
fibroblast (cases)
vs Integra®
(control)

Pullular gelatin
substitute has a faster
degradation rate and
reduces alpha-SMA

Driver et

Randomised

307 pts with DFU:

Integra® (bovine

Faster healing

al. 2015 (111)  controlled trial 1b 154 cases and collagen
153 controls (16 + silicone)
weeks follow-up)
Dalla Paola et  Retrospective 13 cases (critical  Integra® Cases group (Integra®)
al. 2020 (112)  case control limb ischemia) healing after 83 days
and 13 controls vs 139 for the controls
Hicks et Prospective 107 diabetic foot  Integra® 12 months 79+/-5 %
al. 2020 (113)  case series wound (follow-up healed, 18 months
12 and 18 months) 93+/-3.3 % healed
Reynolds et Case series 4 14 pts hand Integra® 92% restored hand
al. 2018 (114) reconstruction (6 function
months follow-up)
Choughri et Case series 14 patients with Integra® Good alternative to
al. 2020 (115) hand lesions (36 flap reconstruction
months follow-up) in selected patients
Bernstein et Case series 14 pts Integra® + skin 86% completely
al. 2020 (116) graft healed
Rudnicki et Retrospective 13 burned pts Integra® + skin Good results when
al. 2020 (117)  case series graft used immediately after

escharectomy
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Table 8: Dermal substitutes

Author Type of study N. cases Dermal Results
and Year substitute
Shakir et Retrospective 191 wounds Integra® 70% healed cases in
al. 2020 (118)  case control 180 days
Chaiyasate et  Retrospective 13 pts scalp Integra® Optima
al. 2020 (119)  case series reconstruction reconstruction
(8 months follow-
up)
Romano et Retrospective 20 pts (scalp Integra® Suitable in patients
al. 2021 (120)  case series region) average with comorbidities,
follow-up 68 days aggressive or relapse
tumours
Scalise et Retrospective 111 pts (different  Integra® No difference in
al. 2020 (121)  case series ages, aetiologies, complications. No
areas) dichotomised skin graft, only
in two according to dermal substitute
complication if elderly and multiple
co-morbidities
Vana et Prospective 24 patients 12 pts Matriderm®  Integra® >retraction,
al. 2020 (124) (follow-up 12 pts Integra® skin quality, still
12 months) present at 12 months
Watfa et Restrospective 37 pts (29 cases/ Matriderm and skin Matriderm can be
al. 2017 (126)  control 3b 8 controls) on free  graft used to preserve
flap radial forearm sensory function and
donor site decrease morbidity of
the donor site
Lv et Prospective 2 13 patients with Pelnac® (porcine 100% Pelnac take
al. 2019 (128) bone and tendon  adm) and skin and 11/13 pts skin
exposure at the graft graft take
forearm and hand
Lisa et Retrospective 12 pts (9 tumour  Pelnac® 11pts/12 totally
al. 2020 (129)  Case series resection and taken in 21.3 days
3 chronic ulcer)
De Francesco  Randomised 71 pts Pelnac® vs At 2 weeks >
et al. 2020 prospective Integra® epidermal proliferation
(130) observational and at 2 and 4 weeks
paired study > contraction for
Pelnac group.
Integra® suitable for
wounds deeper than
1.5¢cm
Lv et Retrospective 16 pts with Pelnac® + skin 100% graft take
al. 2020 (131)  case series underlying bone graft
and/or tendon

exposure (average

follow-up 16.5 months)
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Table 8: Dermal substitutes

Author Type of study N. cases Dermal Results
and Year substitute
Yigitbas et Case series 20 burned Nevelia® (porous  Short
al. 2019 (132) patients matrix of stabilised hospitalisation
(BSA 50%) bovine origin type | graft after 21.2 days
collagen) and skin
De Angelis Case series 35 pts with Nevelia® Regenerated skin
et al. 2019 chronic vascular with reactive epidermal
(133) ulcer (FUP, max hyperplasia and dermal
28 days) granulation tissue after
3 weeks, after 3 weeks
reepithelisation and
new tissue architecture
analogous to normal
skin
Montanaro et  Randomised 15 pts chronic Nevelia® Macropaghe
al. 2020 (134)  case control diabetic ulcer activation and M2
(5 controls and reparative
10 cases) polarisation in cases
Gurbuz et Case series 24 wounds on Nevelia® 92% graft take, 87.5%
al. 2020 (135) 12 pts affected good/excellent
by major burns aesthetic and
(mean follow-up functional results
6 months)
Uccioli et Cross-sectional 41 diabetic pts Nevelia® 21 patients (51%)
al. 2020 (136)  study (follow-up 1 year) healed; 10 patients
(24%) did not heal after
1 year of follow-up;
however, all achieved
a mean ulcer size
reduction >50%; 7
patients (17%) were
amputees; 3 patients
(7.3%) died
Cottone et Retrospective 122 pts Integra® vs Integra® had the
al. 2021 (187)  cohort study Pelnac® vs highest rate both of
Nevelia® skin graft take and

viability, Nevelia® had a
low secondary healing
induction rate, but its
graft take was superior
compared to Pelnac®.
Pelnac® was the
quickest in acute
wounds.
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Table 8: Dermal substitutes

Author Type of study N. cases Dermal Results
and Year substitute
Cottone et Retrospective 122 pts Integra® vs Integra® had the
al. 2021 (137)  cohort study Pelnac® vs highest rate both of
Nevelia® skin graft take and
viability, Nevelia® had a
low secondary healing
induction rate, but its
graft take was superior
compared to Pelnac®.
Pelnac® was the quickest
in acute wounds.
Garoufalis et Retrospective 117 pts (different  dHACM Complete healing in
al. 2018 (138)  case series 4 wounds) 91.1% of treated
patients, with a mean
+ SD number of
weekly applications
per healed wound
of 5.1 +4.2.
Tettelbach et Prospective 98 pts affected dHACM At 16 weeks, 95%
al. 2019 (139)  randomised, by diabetic foot cases healed vs
controlled multi- ulcer (47 cases 86% in controls
centre and 51 controls)
follow-up 16
weeks
Alam et Case series 10 split-thickness  Acellular fish skin - Analgesic effect with
al. 2019 (142) dormor site on complete
burned patients reepithelisation in
100% cases
Michael et Retrospective 58 diabetic ulcers  Acellular fish skin  Surface reduction in
al. 2019 (143)  case series 4 87.57%, total healing
in 60.34%
Woodrow et Prospective 8 pts post-op Acellular fish skin  Reduction of wound
al. 2019 (144) diabetic foot area mostly in recent
(follow-up 6 wks (<3 months) lesions
and dressing
changed weekly)
Kirsner et Double-blind, 170 wounds dHACM vs Group treated with
al. 2020 (145)  prospective, (85/group) fish skin fish skin heals faster
Randomised
Badois et Case series 21 pts on skin Acellular fish skin  Faster healing, from
al. 2019 (146) donor site 68 to 32 days
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Table 8: Dermal substitutes

Author Type of study N. cases Dermal Results

and Year substitute

Brown-Etris et Randomised 130 patients Oasis® 40% patients with

al. 2019 (148)  clinical trial affected by IlI-IV- Oasis® complete
degree pressure healing vs 29% SoC,
sores (67 Oasis 55% patients with
vs 63 SoC) 12 Oasis® had 90%
weeks follow-up reduction of area

vs 38% SoC

Stone et Randomised 24 pts with VLU Apligraf® Acute inflammatory

al. 2017 (150)  controlled trial 1o~ (15 cases and ulceration
9 controls)

Meuli et Phase | Ten paediatric DenovoSkin™ At 21 days 78%

al. 2019 (153)  clinical trial patients affected median skin graft
by deep partial intake. At 3 months
or full-thickness the new skin was
skin lesions comparable to the

native skin

Table 9: Evaluation of evidence levels based on the last 5 years literature

Medical Device Level of Evidence Comments

Integra® 1b Positive results from case series and
retrospective studies. Prospective and/
or randomised control trials

Matriderm® 3b Positive results from case series and
retrospective studies

Nevelia® 3b Positive results from case series

Pelnac® 2a Positive results from retrospective studies.
Few prospective or randomised clinical
trials

PriMatrix™ 2a Positive results from retrospective studies.
One prospective randomised clinical trial

Kerecis® 2a Positive results from case series and from

one prospective RCT

Dehydrated amniotic

2a Positive results from case series

membrane retrospective studies. Few RCTs

Apligraf® 2a Narrative reviews, only one RCT

Oasis® 2a Positive results from case reports,
only 1 RCT

DenovoSkin™ N/A Phase | trial
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Surgical off

5

'Ioading of

the diabetic foot

5.1 Introduction

The diabetic foot, with its clinical manifestations
(biomechanical) that may be associated with
chronic critical ischemia, constitutes a challenge
for healthcare systems around the world.

Modern diagnostic and therapeutic achievements
have made it possible to increase limb salvage
rates, reserving major amputation surgery for an
ever-smaller number of patients (155-160). Dia-
betic foot surgeons should assimilate and con-
solidate their knowledge with the surgical tech-
niques from orthopaedics and plastic surgery. The
emerging specialty, called ortho-plastic surgery,
described by Levin, is therefore well-suited to the
treatment of the diabetic foot (159).

The coexistence of peripheral vascular disease
in this patient population greatly impacts their
reconstructive choices and sometimes limits
potential reconstructive options. Even in the case
of effective revascularisation, it is necessary to
understand what the best conservative or ablative
case treatment option is. In addition to peripheral
arterial disease, neuropathy is another challenge
affecting diabetic patients, as it involves a reduction
in sensitivity or complete anaesthesia, which can
increase the risk of post-operative complications
and reduced compliance with off-loading in the
post-operative period.

In the last 10 years, a real evolution of new ap-
proaches has developed with the application of
lower extremity plastic surgery, wound care, fas-
cio-cutaneous rotational flaps and advancements
in muscle flaps for the surgical treatment of the
diabetic foot requiring resection of osteomyelitis or
deformity correction. Knowledge of limb salvage

has increased exponentially, and as a result, the
number of limbs saved has increased significantly.
The holistic approach to complete treatment of the
diabetic foot takes into consideration not only the
treatment of bone structures and soft tissues, but
also the off-loading of the surgical reconstruction
site (161, 162).

The main objectives of ortho-plastic surgery
applied to the diabetic foot take into consideration
the following points:

e Structural bone deformities are linked to
peripheral neuropathy, which creates
instability and pathological hyper-pressure
points, leading to the development
of ulceration. Surgical treatment of bone
deformities may be indicated if it is not
possible to control the risk of ulcer
development with a conservative approach.

e Skin lesions related to bone deformities can
lead to the infection of deep structures
(septic arthritis and/or osteomyelitis). These
infections can easily spread from the
ulceration and peri ulceration site and lead
to phlegmons or abscesses and
compartmental syndromes.

e The bone infection foci (osteomyelitis):
Usually following an identification of the
extent of the osteomyelitis, surgical planning
provides for the simultaneous or staged
treatment of the deformity, foci of bone
infection and coverage with an appropriate
amount of soft tissue.

The peri-wound skin quality and the surgical site
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area are of critical importance and are linked to
various factors, such as the arterial and/or venous
vascular condition, the state of sensory-motor
neuropathy and the possible presence of oedema.
In general, the ortho-plastic approach for diabetic
foot treatment involves a stepladder approach
(complexity stepladder) beginning with the simplest
surgical approaches (tendon releases and simple
exostectomy), through more complex fusions and
arthrodesis and microsurgical flap surgeries.

5.1.1 Tenotomy

Digital flexor tenotomy is effective as a decompres-
sion treatment for dorsal and acral toe ulcerations.
The Achilles tendon delivers a strong deforming
thrust in the sagittal plane with a significant in-
crease in plantar pressure on the forefoot and mid-
foot. This pressure carries a high risk of developing
ulcers, especially in Charcot’s osteoarthropathy
cases. Furthermore, valgus and varus deformities
are the cause of a high ulcer risk in the medial and
lateral portions of midfoot amputations, respec-
tively. A release of the tendons responsible for the
deformities may mitigate this predicament (163).

5.1.2 Exostectomy

Charcot midfoot plantar bone prominence is a
common indication for exostectomy. The resection
of plantar bony protrusions of a chronic ulcer lesion
helps to reduce a source of extreme pressure.
After an exostectomy, primary closure of the
surgical site should be the surgeon’s key objective.
This approach allows for healing time reduction
and, secondarily, a reduction in healthcare costs.
However, if this is not possible, it can be managed
by leaving the wound open to heal by secondary
intention, particularly if it is small and there is
concern about an ongoing infection. Larger wound
coverage techniques include dermal substitutes
or split-skin grafts, local flaps (advancement or
rotation) and local muscle transposition or rotation
flaps.

5.1.3 Bone deformity corrections

In the event of failure or non-applicability of the
simplest surgical approaches (i.e., a simple
exostectomy), you can move on to more complex

procedures, such as arthrodesis/fusion both at the
midfoot and hindfoot or ankle levels. The choice
of fixation options (internal or external) is linked to
the presence or absence, as well as the location,
of the bone infection, the quality of the bone,
any associated comorbidities and, ultimately, the
surgeon’s experience.

In cases of major soft tissue defects, adjuvant
therapies such as growth factors and NPWT as-
sociated with or without antiseptic agents should
be considered to accelerate the healing process,
followed by lesion coverage with skin grafting
techniques. In recent years, it has been proven
that a viable neo-dermis can be formed on top of
deep tissue, such as bone, by applying a three-
dimensional collagen scaffold or a similar bioen-
gineered tissue product (164-167). In this case, it
is critical to immobilise the foot and ankle until the
reconstruction site is completely healed.

The indication for a simple exostectomy is the
area of deformity affecting the midfoot, indicative
of Charcot’s osteoarthropathy. Removing areas of
bony protrusions at a chronic ulcerative lesion help
by reducing a source of pathological pressure.
This surgical technique is relatively simple and
reasonable for surgeons of different specialties.

Following an exostectomy, the residual ulcerative
lesion can be treated in different ways (Table 10).

Table 10: Treatment options - residual
ulcerative lesion

1. Healing by secondary intention with suitable
off-loading

2. Simple ulcerectomy

3. Dermal substitutes and/or skin graft

4. Local skin advancement flap or rotation flap

5. Local muscle transposition or rotation
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5.2 External fixation

One of the most crucial issues that determines
surgical outcomes in the diabetic foot is post-op-
erative off-loading. Historically, the most common
methods for patients’ weight-bearing mobilisation
after healing and reconstructive surgery of the
diabetic foot have been fiberglass casts, healing
shoes, walkers, wheelchairs and crutches (164,
165). These methods, in the presence of poor
patient compliance — a very common condition
in diabetic foot patients — can lead to a failure of
the reconstructive and limb salvage stages. The
most common methods of mobilisation and pro-
tection of surgical sites carry a significant risk to
the results of the reconstructive techniques (flaps
or skin grafts).

There are potential risks of complications when
total contact casting (TCC) is applied in neurois-
chemic diabetic patients. Furthermore, an incor-
rect TCC construction does not allow for a suitable
immobilisation and, potentially, can be a source of
further injuries and infection (166-168).

The presence of joint instability, infected ulcerative
lesions, oedema and peripheral vascular disease
may contraindicate the use of a cast. The surgeon
should create a protective environment around the
reconstruction site (169, 170).

A complication related to the failure to protect the
reconstruction site in the context of the diabetic
foot involves not only a longer hospitalisation time
and an increase in healthcare costs, but also a high
risk of amputation.

External fixation plays a major role in the treat-
ment of exposed bone and osteomyelitis. In these
clinical applications, this device makes it possible
to stabilise osseous structures that, in the past,
would have required a major amputation. The fixa-
tor maintains the alignment of the bone structure
through arigid external frame, although large bone
excision procedures are often required for osteo-
myelitis. External fixation can achieve stabilisation
objectives that are usually achieved with internal

fixation (rods, nails, plates and screws), but this is
contraindicated in cases of infection.

5.2.1 Circular frames

It has been shown that the llizarov technique (Figure
35) allows healing to be obtained in a shorter
time, reducing the risk of pin track infection and
allowing early loading. Historically, the application
of external fixation techniques has been aimed at
the treatment of Charcot neuroarthropathy (CN).
CN patients have poor bone quality and localised
osteoporosis. Internal means of synthesis in
patients with diabetic neuropathy do not allow
normal bone turnover and have been shown to
have a decrease in pull-out strength (171).

The indications for the surgical treatment of CN
are deformities that cannot be managed with
conservative techniques, severe ankle instability,
ulcerative lesions localised in areas of deformity
and hyper-pressure and infectious progression
with the involvement of bone structures.

Treatment of an infection component with or with-
out bone involvement is the first goal of salvage
surgery, and the correction of the deformities
should only subsequently be considered through
procedures of increasing difficulty, such as decom-
pressive exostectomies, osteotomies and arthro-
desis (172-180).

Once the correction of the deformities has been
achieved, temporary stabilisation with pins can
be obtained. Latt et al. showed that the stability
and compression possible with external fixation
is almost double compared to the use of screws
(181). External fixators can facilitate multiplanar
correction (distraction, compression, angulation,
stabilisation and translation) (182-186). The first
description of the use of external fixation tech-
niques as an adjuvant therapy in reconstructive
podoplastic surgery dates to 2003 (169).

In 2007, Bibbo et al. emphasised the usefulness of
this technique in the off-loading of a plantar medial
artery flap to cover a chronic lesion of the hindfoot
after debridement of an osteomyelitis of the heel
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Figure 35: Circular frame.

(187). Subsequently, the use of surgical off-loading
with an external fixator has been proposed in every
surgical treatment of ortho-plastic surgery in cases
of plantar wounds. Protection of the surgical site
with the external fixator helps prevent non-healing/
dehiscence. In addition, circular external fixation
allows for a deformity correction approach through
simple decompressive ostectomies, osteotomies
and fusions (Figure 36) (188-190).

Patients undergoing extensive reconstructive
surgery are at risk for wound dehiscence or
relapse. Cast immobilisation can lead to difficulties
in following the progress of the surgical wound
and/or lead to pressure on the wound. Patient
compliance and adherence to the indications for
post-operative off-loading have been described as
the cause of failure in 20% of reconstructive diabetic
foot treatments. The option of a circular external
fixator, instead of casting, allows for, on one hand,
immobilisation of the surgical site and, on the other
hand, excellent access to the wound for post-
operative observation and dressing changes. The
fixator can be removed as soon as the wound has
healed. Premature loading on the reconstructed
site carries a high risk of re-ulceration. In the case
of plantar soft tissue reconstruction, a healing time
of at least 6 weeks is recommended.

The objectives of surgical off-loading are to provide
protection to the surgical site, reduce the risk of
complications (dehiscence) at the surgical site and
fixation for achieving a plantigrade and stable foot.
Many works published in the last 10 years have
shown a significant success rate in the use of
external fixation for the protection of podoplastic
surgery treatments in the lower limb (170, 191-196)
(Figure 37).

Figure 36: Optimal offloading
of a surgical site.

Figure 37: Plantar fascio-
cutaneous flap and dermal
substitute for donor site
coverage.

The protective action takes place through both
joint immobilisation (usually the ankle), preventing
tension in the tissues undergoing reconstruction,
and use of multi-planar circular fixators that allow
complete off-loading of the plantar surface and
the hindfoot.

Clemens et al. reported on the application of a
multiplanar circular external fixator in 12 patients
who had a clinical failure in healing after an aver-
age period of 285 days of conservative treatment
with off-loading measures. The overall limb salvage
rate was 83%, and mean time to healing was 128
days after frame application. The reconstructive
techniques were 1 delayed primary closure, 5 split-
thickness skin grafts, 4 local or pedicle flaps and
2 free flaps. During the post-operative follow-up,
6 complications (50%, 4 pin site infections) and
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Figure 38: External fixator ideated for
hindfoot reconstruction.

Figure 39: Open partial calcanectomy.

2 rescue treatment failures that required a major
amputation (13%) were described (193).

In a prospective study, Dalla Paola et al. reported
the results using a circular external fixator (Figure
38) designed for the off-loading treatment of hind-
foot lesions complicated by osteomyelitis in a co-
hort of 18 consecutive diabetic patients admitted
to the diabetic foot department. Revascularisation
procedures were performed where necessary, as
were subtotal calcanectomy, application of der-
mal substitute and final coverage procedures with
autologous split-thickness skin graft; 18 patients
were enrolled. The mean follow-up was 212 days.
Healing was achieved in all 18 patients (100%).
The average time elapsed between surgery and
healing was 69 days. No major amputation was
performed in the follow-up period (170).

5.2.2 Technical considerations

for surgical off-loading

The advantages of using external fixation for
ortho-plastic surgery of the diabetic foot consist
of osteo-articular stabilisation, the ability to monitor
the condition of soft tissues and the option to
initiate advanced therapies for wound closure.

External fixation can be applied in situations where
other traditional methods are contraindicated or
insufficient, especially when its role is to protect
reconstructed soft tissues. The construct allows
for soft tissue management in a strain-protected
environment (192, 197).

An off-loading external fixation is a temporary,
non-weightbearing device. Several components,
such as wires, pins, circular rings and bars, allow
a complex construction that protects the foot and
ankle to be used. The application of an external
fixator is an aggressive surgical procedure that
requires knowledge of the lower limb’s anatomy
for the correct positioning of the pins. It is essential
not to compromise the skin and the vascularity
of the flap.

Application of external fixation techniques applied
to podoplastic surgery must consider, in the
planning phase, the relationship between the
positioning of the k-wires or pins and the site and
the type of reconstruction. If the positioning of
an external fixator will prevent access to the soft
tissue reconstruction site, then it must be applied
after the soft tissue reconstruction/wound closure
has been performed.

The surgical technique for positioning and assem-
bling the external fixator depends on the anatomi-
cal location of the surgical site, the type of tissue
loss and the presence or absence of osteomyelitis.
The presence of hindfoot lesions associated with
osteomyelitis is a difficult and challenging treat-
ment site. As is often the case with pressure le-
sions, deep tissue involvement is extensive and re-
quires extensive excisions. The presence of bone
involvement of the hindfoot makes it necessary to
perform a partial or total calcanectomy (Figure 39).

The debridement site can be closed by primary
intention, be kept open for a secondary intention
healing treatment or by using plastic reconstruc-
tive techniques. In any case, the positioning of
a circular external fixator allows for the following
objectives:
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e Maintaining an equinus position of the ankle,
which reduces the tissue tension of the
hindfoot

e Off-loading of the hindfoot, allowing
protection of the surgical site

e Maintaining access to the surgical site for
reconstructive procedures and local treatment

The frame is composed of a foot plate (parallel to
the sole of the foot) stabilised by three or four 1.8-
mm Kirshner wires (on the forefoot and mid-tarsal
line) and two rings for the tibia. The foot plate and
tibial rings are connected by 2-4 threaded rods.
The equinus position is maintained by inclining the
foot plate with a centre of rotation wire through the
ankle axis (the tip of medial malleolus to the tip of
the lateral malleolus). Plantar flexion is gradually
reduced over the course of follow-up. The large
posterior opening allows for local medication of the
wound site and dressing changes. With this device,
it is possible to eliminate the use of a postoperative
cast and its related potential complications (170).

For midfoot lesions, the theory of a complete exci-
sion of non-viable and infected tissue associated
with the debridement of the bone structures in-
volved in the infection progression is always valid.
The deformity is treated with a resection of the
bony prominences, which also leads to correcting
the pathological overload. The treatment of midfoot
plantar lesions, which involve the bone structures in
relation to Charcot osteoarthropathy, often requires
amultistage approach that primarily aims at the de-
bridement of the infection involving soft tissue. The
surgical site is kept open and cleansed with NPWT
and instillation with antiseptic agents (198, 199).

Once the infection is controlled, the curative/cor-
rective surgical step associated with stabilisation
using a circular external fixator is planned. The sta-
bilisation of the foot plate takes place by position-
ing 2-3 Kirshner wires in the forefoot and hindfoot
while keeping the midfoot free from metal hard-
ware. Any medial or lateral compression is obtained
by placing olive K-wires. The treatment duration

with an external fixator depends on whether the
fixation objective is to obtain off-loading, or if it is
used as a fusion/stabilisation tool.

In the first case, the construct can be removed
when the surgical site is healed (usually within 4-8
weeks). In the case of a Charcot osteoarthropathy
fusion complicated by infection and osteomyelitis,
the external fixator use varies from 3 to 6 months.

5.2.3 Hybrid constructs

Hybrid constructs in a delta or box configuration
are useful for obtaining total off-loading. The rods
are oriented in a triangular position with the base
oriented perpendicular to the axis of the leg (166)
(Figure 40).

Circular frames allow a complete off-loading
position using a foot plate (one or multiple) and
tibial rings. Variations of the construct could be
made for differing locations of the ulcer/surgical
site (forefoot, midfoot, hindfoot).

Skin grafts positioned on the forefoot, midfoot or
rearfoot may not take if the graft site is not immobi-
lised. The same outcome can affect local random
flaps on the plantar aspect of the foot, if there are
no factors that control an active range of motion
at the metatarsal-phalangeal joints or ankle joint.
Immobilisation optimises complex flaps’ viability
by minimising intracompartment pressure in the
reconstructed limb (192, 200, 201). The external
fixator cancels direct pressure on the foot com-
partments and stabilises the muscle groups ad-
jacent to the flap.

In conclusion, the use of an external fixator for
4-6 weeks following a reconstructive treatment
allows the creation of a favourable healing envi-
ronment by reducing pressure on the compart-
ments, off-loading the flap and immobilising the
adjacent joints. External fixation techniques also
make it possible to avoid all the complications of
strict immobilisation, such as heel decubitus and
contracture, which leads to equinus of the foot.
Off-loading of the hindfoot is particularly critical
and difficult to achieve with standard unloading
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Figure 40: Box/Hybrid constructions.

techniques, but the use of external fixation allows
this to be achieved easily (170).

The general contraindications for the use of
external fixation techniques are also valid in the
case of surgical off-loading. A lack of compliance,
blindness or neurological diseases, severe
peripheral arterial ischemia, morbid obesity,
social or psychiatric problems are absolute
contraindications for the use of external fixation.

5.3 Conclusions

Surgical offloading is a promising adjuvant sup-
port for the conservative/minimally demolitive or
reconstructive approach to diabetic foot surgery.
All the surgeons using this approach recognise its
usefulness. One of the problems with its extensive
use, however, is the need for specific training. The
second issue is the evaluation of scientific data
from literature. Table 11 highlights that this ap-
proach has weak evidence, and well-designed
randomised trials are needed to investigate indica-
tions and timing when applying these techniques.

Table 11: Studies on surgical offloading for DF ulcers

Authors/ Type of surgical  Type of Population  Out- Comments
year procedure study studied comes
Castro- External fixation Observational 10 No heel Mixed
Aragon et al. 1o prevent heel non- patients ulcers in population, no
2009 (166) ulcers in patients ~ randomised the follow- control group
with lower up period
extremity traumas
Buford and External fixation Case reports 3 The study Observational
Trzeciak 2003  after free-flap patients highlighted study
(169) reconstruction the adjuvant
of hindfoot role of external
fixation protecting
the surgical site
Dalla Paola External fixation Observational 18 No major Observational
et al. 2016 after partial non- diabetic amputations, study
(170) open calcan- randomised patients no com-
ectomy for oste- plications

omyelitis and sub-
sequent recon-
struction
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Table 11: Studies on surgical offloading for DF ulcers

Authors/ Type of surgical  Type of Population  Out- Comments
year procedure study studied comes
Bibbo and External fixation Case report 1 diabetic Limb salvage Isolated case
Stough 2012  after partial patient report
(187) calcanectomy

in hindfoot

osteomyelits

Oznur and Closure of Case report 1 diabetic Limb salvage
Tokg6dzoglu central fore- patient
2004 (189) foot defects

with external

fixation

Isolated case
report

Sagebien Use of external Review - -
2007 (192) fixation in
lower limb soft

tissue
reconstruction
Clemens et External fixation Retrospective 24 Limb salvage Observational
al. 2008 (193) for soft study patients study
tissue healing
Ramanujam et External fixation Case report 1 patient Limb salvage Observational
al. 2011 (194) for surgical off- study
loading of diabetic
soft tissue
reconstruction
Lowenberg et  External fixation Retrospective 10 Limb salvage Observational
al. 2008 (195) for surgical study patients study
offloading of
free soft tissue
transfer
Oznur and Closure of major Review - Limb salvage -
Zgonis 2007 diabetic foot
(196) wounds with

external fixation
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0.

Bone substitutes with local
antibacterial activity in the treatment
of diabetic foot osteomyelitis

6.1 Introduction

It has been estimated that 60% of DFUs are
infected at the time of initial evaluation (202). In
the setting of osteomyelitis and/or soft tissue
infection, antibiotic therapy, most often in
conjunction with surgical debridement of infected,
non-viable tissue and bone, is the usual initial
course of treatment. In addition to debridement
and systemic antibiotic therapy, local antibiotic
delivery via non-absorbable/non-resorbable
bone cement polymethyl-methacrylate (PMMA)
and absorbable/resorbable bone graft substitutes
may be a beneficial adjunct to surgical treatment
of osteomyelitis in patients with infected diabetic
foot ulceration. Antibiotic-impregnated cement has
been used for many years, and recently resorbable
bone graft substitutes have been used in the
treatment of diabetic foot osteomyelitis (DFO).
The addition of this method for the local delivery
of antibiotics during the surgical treatment of
DFO may help improve outcomes and reduce
amputation rates.

There are several challenges that can occur
with the surgical resection of infected tissue/
bone and systemic antibiotic therapy. The use
of local antibiotic delivery via non-resorbable
and resorbable carriers may help mitigate these
potential issues. The decision to surgically resect
infected bone is dependent on several variables,
including the location of osteomyelitis, the specialty
of the provider and available resources. The extent
of debridement is also an area of debate, as some
advocate for total resection and clean margins,
while others perform limited bone resections.
Surgical excision of infected bone can result in

dead space and/or bone defects, which can
impact skeletal stability. In addition, despite surgical
debridement, residual microorganisms may remain
at the site of infection (i.e., positive margins). It is
also thought that biofilm related to long-standing
DFU may have arole in the development of chronic
DFO, serving as a barrier to systemic antibiotics
(203, 204). Systemic antibiotics can lead to
complications such as renal toxicity, bacterial
resistance and gastrointestinal dysfunction. In
theory, the local delivery of antibiotics may provide
several benefits, compared to oral and intravenous
antibiotic therapies. Local delivery can lower the
risk for systemic complications and can result in
an increased concentration of antibiotics at the
infection site, which is especially beneficial in
the setting of peripheral arterial disease. Local
antibiotic delivery systems can elude a higher
concentration of local antibiotics to a site of
infection, as much as 10 to 100 times greater
than the minimum inhibitory concentration (205).
When used as a bone substitute, they can also
fill a void or dead space left by the resection of
bone and tissue.

Local antibiotic delivery systems in the form of
cement and bone graft substitutes have been
widely used and described in the orthopaedic
literature, but few studies have been published
regarding their role in the surgical treatment of DFO.
The purpose of this section is to review the recent
evidence for local antibiotic delivery systems, with
a focus on the role of the newer resorbable bone
graft substitutes and their potential benefits in the
surgical management of DFO.
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6.2 Non-resorbable bone cement
and resorbable bone graft
substitutes for local antibiotic
delivery

The terms absorbable/resorbable/biodegradable
and non-absorbable/non-resorbable/non-
biodegradable are used interchangeably in the
literature. For the purposes of this document, the
terms resorbable and non-resorbable will be used
for consistency.

Once non-viable tissue and bone have been surgi-
cally resected during the treatment of a diabetic
foot infection/DFO, it may be necessary to fill the
remaining void for stability, or to fill a dead space
to prevent bacterial colonisation. In some cases,
stability is not needed after bone resection. How-
ever, alocal antibiotic delivery system can be used
for adjunctive treatment of infection. These an-
tibiotic delivery systems/carriers can be catego-
rised as either non-absorbable/non-resorbable/
non-biodegradable (i.e., PMMA) or absorbable/
resorbable/biodegradable bone graft substitutes
(i.e., biodegradable ceramics; calcium phosphate
based, or calcium sulphate based).

General Antibiotic Concepts: Aminoglycosides
and Vancomycin are most commonly used
in local antibiotic delivery vehicles because
of their thermostability and broad coverage.
Aminoglycosides, such as tobramycin and
gentamycin, are effective in treating aerobic gram-
negative bacilli (206). Vancomycin is effective
against gram-positive bacteria and is commonly
used to treat methicillin-resistant Staphylococcus
aureus (206). Antibiotic elution is affected by
multiple factors, such as the delivery device,
antibiotic selected and amount used, surface area
of the delivery device and the local environment
(207). PMMA antibiotic release takes place via
diffusion from its surface (208). When using
PMMA, the rate of antibiotic released depends
on the concentration gradient between the surface
and the surrounding tissues and the size/surface
area of the cement (207). During the first several
days, the antibiotic concentration release is high,
but subsequently drops to subtherapeutic levels.

After a prolonged period of time, biofilm can form
on the cement, thus necessitating removal (205,
207, 209). Conversely, resorbable bone graft
substitute antibiotic delivery systems dissolve
completely over time (207).

6.3 Non-resorbable bone cement

for local antibiotic delivery

PMMA is the most commonly described and used
non-resorbable carrier for local antibiotic delivery
(206) and has been extensively studied in the
orthopaedic literature. It is an acrylic polymer that
can be used as a bone cement and has several
benefits. When combined with antibiotics (most
often Vancomycin, Tobramycin and Gentamycin),
PMMA can be used as a structural bone void filler
for osseous defects after the surgical resection
of bone. This not only provides stability but can
also manage dead space left after bone removal.
PMMA can be easily moulded into the desired
shape/size intra-operatively, to essentially provide
a customised bone void filler. Liu et al. (210)
retrospectively analysed the use of PMMA and
antibiotics in patients with infected DFUs and
peripheral arterial disease (210). Patients were
categorised into two groups: a PMMA group
(debridement of non-viable bone/tissue, defect
filled with PMMA impregnated with antibiotic,
N = 28) and a conventional treatment group
(debridement of non-viable bone/tissue, N = 22).
Patients in the PMMA group had significantly fewer
debridements (P < 0.001) and shorter healing
times (P = 0.016), compared to the conventional
treatment group (210).

The main disadvantage of PMMA is that it is non-
resorbable, therefore further surgical intervention
is usually required for removal. Interestingly, a few
centres have reported retaining PMMA on a per-
manent basis with good results. Elmarsafi et al.
(211) investigated the long-term outcomes of pa-
tients undergoing the application of a permanent
PMMA antibiotic-eluting spacer for foot infection.
They reported on 30 patients with a minimum 12
months follow up. Twenty-seven of the patients
had diabetes. Twenty patients permanently re-
tained their spacer; the longest retained spacer
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was 76 months. The need for additional surgery to
remove non-resorbable antibiotic delivery systems
has prompted the development of biodegradable
antibiotic carrier systems.

6.4 Resorbable bone graft
substitutes for local antibiotic
delivery

Resorbable bone graft substitutes: Resorbable
bone graft substitutes (also known as ceramic bio-
composites, biodegradable ceramics or synthetic
bone graft substitutes) have, more recently, been
developed and can be used for local antibiotic de-
livery. A main benefit of their use is the avoidance
of a secondary surgical procedure for removal by
resorbing over time. The resorption time is vari-
able and depends on the composition. Bone graft
substitutes are most commonly calcium sulphate-
based, calcium phosphate-based or combinations
(Figure 41). Calcium sulphate and calcium phos-
phate bone graft substitutes are osteoconductive,
but they are not osteogenic or osteoinductive. Os-
teogenic grafts can make new bone by the differ-
entiation of osteoprogenitor cells. Osteoinduction
is the ability of a graft to induce formation of bone-
forming cells via the differentiation of mesenchymal
stem cells. Osteoconduction is the ability of a graft
to provide a scaffold or mechanical support for the
growth of new bone. Autogenous bone is the ideal

Figure 41: Resorbable bone graft substitute
impregnated with antibiotic is being prepared.
It is an injectable form that will harden once

it dries. This product contains both calcium
sulphate and calcium phosphate.

graft, because it is osteogenic, osteoinductive and
osteoconductive (212).

Calcium sulphate: Calcium sulphate (also known
as plaster of Paris) is an osteoconductive, biode-
gradable ceramic that has been used as a bone
graft material since the late 1800s (207, 213). It
can be used in different forms, such as an inject-
able that hardens (Figure 42) or beads can be
created (213). Biomechanically, the compressive
strength of calcium phosphate is similar to cancel-
lous bone; however, resorption is relatively quick
(8-6 weeks in soft tissue and 6-12 weeks in bone)
(207, 213). Consequently, calcium sulphate is not
an option for providing structural bone support.
However, its ability to rapidly dissolve permits ef-
fective and high levels of local antibiotic delivery
(207). Another disadvantage of calcium sulphate
is prolonged aseptic drainage from wounds. This
is a particular problem in wounds that have been
closed over calcium sulphate bone void fillers.

Calcium phosphate: Calcium phosphate is the
main mineral found in bone (207). There are
different forms of calcium phosphate, but tricalcium
phosphate and hydroxyapatite are the two main
types. Calcium phosphate ceramics take longer
to resorb compared to calcium sulphate ceramics.
Tricalcium phosphate resorbs over the course of

Figure 42: A resorbable bone graft substitute
impregnated with antibiotic is injected into an
arthrodesis site of a patient with a history of
previous infection during a diabetic Charcot foot
reconstruction revision surgery.
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6-18 months, and hydroxyapatite can resorb over
the course of 6 months to even 10 years. Calcium
phosphate has a crystalline surface compatible
with osteoconduction, with hydroxyapatite being
the most osteoconductive. Given its longer time
for resorption, there is more time for bone repair
and regeneration, compared to calcium sulphate.
Calcium phosphate products have less associated
aseptic drainage than calcium sulphate products.
Polyphasic bioceramics: Combining both calcium
sulphate and calcium phosphate ceramics can
make use of the properties of both, such as
faster resorption/earlier antibiotic release from
the calcium sulphate ceramic and the benefits
of structural support of the calcium phosphate
ceramic.

Several minor complications have been described
after the use of calcium sulphate and calcium
phosphate bone graft substitutes. Wound drainage
appears to be a common complication with the use
of calcium sulphate, due to its faster resorption.
Inflammatory reactions from the release of calcium
have also been described. Local antibiotic release
using calcium sulphate and calcium phosphate
and systemic toxicity does appear not to be an
issue (207).

6.4.1 Resorbable bone graft
substitute/local antibiotic delivery
and treatment of diabetic foot
osteomyelitis

Most recently, several studies have investigated
the use of resorbable bone graft substitutes and
their role in the treatment of DFO (Table 13). Over
the past five years, several studies have evaluated
the use of both antibiotic-impregnated calcium
sulphate and calcium sulphate-hydroxyapatite
bone graft substitutes. Because the uses of these
are more recent, the number of available studies
is limited. Despite the limited number of studies,
the overall findings appear promising in regard to
enhancing the surgical treatment of DFO.

Calcium Sulphate DFO studies: Jogia et al. (214)
evaluated 20 patients with DFO who were treated
with surgical intervention in a multidisciplinary foot

clinic. The protocol included the resection of in-
fected bone and placement of calcium sulphate
pellets impregnated with vancomycin and genta-
mycin with primary closure. Treatment success
was defined as no recurrent ulceration over the
course of one year. None of the 20 patients ex-
perienced a recurrence, and the authors achieved
a successful outcome in 100% of patients at 12
months. No adverse events were reported. The
average duration of systemic antibiotic therapy
was two weeks (0-9 week range), and the aver-
age healing time was five weeks. Another retro-
spective study by Patil et al. (215) reviewed the
outcomes of 106 patients undergoing surgical
treatment of DFO in conjunction with antibiotic-
impregnated calcium sulphate beads. There was
a range of interventions, including debridement,
toe amputation, forefoot amputation and below
knee amputation. The choice of antibiotic selected
(vancomycin, meropenem or colistin) was based
on culture susceptibility results. At final follow up,
92% of patients had not experienced a recurrence.
There were no systemic or local adverse events.
Although the reported outcomes are promising,
the limitations of these two studies include their
small patient numbers, retrospective nature and
lack of control groups. Qin et al. (216) investigated
the outcomes of 46 patients (48 limbs) treated for
forefoot DFO. Their study group was comprised
of 18 patients (20 limbs) who were treated with
bone resection plus antibiotic-impregnated calci-
um sulphate. The control group was comprised of
20 patients (28 limbs) treated with bone resection
without the application of antibiotic-impregnated
calcium sulphate. Vancomycin and/or gentamycin
were used in the calcium sulphate group. Wounds
were closed primarily after surgical intervention
in both groups. At a mean follow up of one year,
90.0% of the patients in the calcium sulphate
group healed, compared to 78.6% in the control
group (p > 0.05). The authors felt that the study
was likely underpowered for determining statisti-
cal significance. There was no significant differ-
ence in wound healing duration of time (average
13.3 weeks in the calcium sulphate group and
11.2 weeks in the control group). In patients with
healed wounds, the study group had a significantly
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lower rate of recurrence than the control group
(0.0% recurrence in the calcium sulphate group,
versus 36.4% in the control group, p = 0.014).
The most common post-operative adverse event
was aseptic persistent drainage from the surgical
site in the calcium sulphate group. The average
duration of persistent drainage was 8.5 weeks.
However, this drainage did not result in any compli-
cations and was managed with dressing changes.
Overall, the investigators found that use of anti-
biotic-impregnated calcium sulphate decreased
the risk recurrence of forefoot DFO. To the best
of our knowledge, this was first controlled study
to compare outcomes of DFO resection with and
without antibiotic-impregnated calcium sulphate.
Calcium sulphate-hydroxyapatite (CaS-HA) DFO
studies: Several recent studies have investigated
the use of CaS-HA in DFO surgical treatment. The
benefit of CaS-HA is that it is ‘biphasic’, meaning
calcium-sulphate resorbs faster, while the calcium
hydroxyapatite resorbs more slowly. The slower
resorbing hydroxyapatite provides an osteocon-
ductive framework (217). Although the number of
studies is limited, CaS-HA biocomposite bone graft
substitute has shown promise in several reports.
In 2021, Hutting et al. (218) reported on a multi-
centre retrospective study of patients undergoing
treatment of forefoot, midfoot or hindfoot DFO
with surgical resection and placement of a gen-
tamycin-loaded calcium sulphate-hydroxyapatite
bio-composite. The gentamycin-loaded CaS-HA
bio-composite was used in paste form or as pellets
and placed into the remaining void after resection.
Wounds were closed by either primary closure or
soft tissue reconstruction (such as a flap). Thirteen
centres and 64 patients were included. Most pa-
tients had DFO of the forefoot. The average follow
up was 43 weeks. Wound healing was observed
in 84%, and treatment success (defined as wound
healing without ulcer recurrent) in 66%. Niazi et
al. (219) performed a retrospective review of 70
patients with DFO treated with surgical resec-
tion and antibiotic-impregnated calcium sulphate
hydroxyapatite bio-composite. Like the previous
study, forefoot, midfoot and hindfoot DFOs were
included, and the majority of DFO cases involved
the forefoot. The surgical site was either closed

primarily, or negative pressure therapy was used.
Patients were followed until infection eradication
or ulcer healing. The average follow up was 10
months (range 4-28 months). Infection was eradi-
cated in 90%, with an average ulcer healing time
of 12 weeks. Higher failure rates were noted with
treatment of hindfoot DFO. There were no sys-
temic antibiotic related complications. Whisstock
et al. (217) studied the use of gentamycin-impreg-
nated calcium sulphate hydroxyapatite bone graft
substitute over the course of three years in 35
patients with DFO. The overall success rate was
81.3%, and the best results were found in treat-
ment of DFO of the forefoot/metatarsals. There
were no systemic complications. Drampalos et al.
(220) also investigated gentamycin-impregnated
calcium sulphate hydroxyapatite bone graft sub-
stitute in 12 patients with DFO undergoing surgical
management of calcaneal osteomyelitis. All pa-
tients underwent a single-stage (i.e., only a sin-
gle surgical intervention) procedure with infection
eradication in all patients at follow up. The average
healing time was 16 weeks (range 12—18 weeks).

One recent study did not find a benefit in using
local antibiotic delivery as part of the surgical
treatment of DFO. Chatzipapas et al. (221) treated
25 patients with DFO. They were divided into
three groups: surgical debridement and systemic
antibiotics (N=8), surgical debridement/systemic
antibiotics plus PMMA antibiotic beads (N=9) and
surgical debridement/systemic antibiotics plus
calcium sulphate hydroxyapatite beads loaded
with antibiotic (N=8). When comparing the three
groups, there was no difference in the average time
to healing (P = 0.094), healing rate (P = 0.543),
amputation rate (P = 0.331) or recurrence rate (P=
0.543). Ideally, prospective, randomised studies
with adequate strength are needed to document
treatment efficacy.

Limitations of Studies: Although the outcomes
appear promising in the studies reviewed,
providers should recognise the limitations that
included relatively small numbers, retrospective
nature and the lack of control groups. These were
acknowledged by all investigators.
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6.5 Bioactive glass

In relatively recent years, the development of a
glass with a peculiar composition, provided in
granules or paste which makes it biocompatible,
Known as S53P4 Bioactive Glass — (S53P4BG),
has opened a range of new opportunities in the
management of osteomyelitis, including those as-
sociated with DFU (Figure 43) (222).

The new S53P4BG has proven not only osteoin-
ductive and osteoconductive, but also bacteri-
cidal, with a demonstrated activity against all the
most prevalent strains of bacteria, including MRSA
and Pseudomonas aeruginosa MDR, by means
of the sharp and sustained increase of pH and
increased osmotic pressure, which is induced lo-
cally. This makes the environment unsuitable for
bacterial survival and multiplication. Hence, the
antibacterial mechanism of action is based on a
physical-chemical reaction and not on locally de-
livered antibiotics (223-225).

The first successful clinical application of BG was
in the management of long bones OM, in ortho-
paedic surgery, but more recently there has been
growing interest from the DF-related OM that has
led to several clinical pilot studies, followed by
more structured studies (226, 227).

In a small series of six patients with DFOM treated
with S53P4BG, Rodriguez et al. (228) reported
healing at 24 months in 2/3 of the cases. There
was no re-infection or need for intervention. In a
series of 10 consecutive DF patients, all affected
by OM and treated with S54P4 BG on top of
standard surgical debridement and systemic an-
tibiotic therapy, lacopi et al (59) observed a healing
rate of 80% at 6-month follow up.

In a retrospective observational study comparing
22 consecutive DFOM treated with S53P4 BG with
22 superimposable controls treated with SoC, De
Giglio et al. (229) found a significant (p=0.03) in-
crease in the healing rates in patients treated with
S53P4BG (90% vs 62%). Patients treated with BG
had a likelihood of resolving OM that was five times
higher than controls. The probability of additional

antibiotic therapy was also 81% lower in the group
treated with S53P4BG.

In an observational comparative study, Kastrin
et al. (230) found no differences in healing rates
at 1-year follow up between 10 DF patients with
OM of the first metatarsal-phalangeal joint (MPJ),
treated with joint resection, external fixation and
S53P4BG, compared with 12 similar cases treated
with antibiotic-loaded beads.

The interest in using S53P4BG in the management
of OM in DF is not only related to its filling and
osteogenic properties, but also to its antibacterial
activity, which allows for controlling bone infections
without inducing bacterial resistance (222), as this
approach is not based on bio-molecular, but rather
on bio-physical, interactions.

This feature is extremely relevant in view of the
increase of multiple-resistance strains that have
occurred because of the inappropriate admin-
istration of antibiotics, especially in hospitalised
patients with chronic conditions, such as patients
with DFOM (231, 232).

The generally positive results, univocal in all the
experiments reported to date, position BG as a
very interesting therapy in the surgical manage-
ment of DFOM. This is especially true in connec-
tion with the management of ulcers on locations
such as 18-MPJ or the heel, when there is a need
to replace the bone and joint tissues destroyed by
infections, with the objective of avoiding partial
amputations that may decrease the biomechanical
performance of the foot (233).

Despite the promising results in a repeated series
of observational and comparative studies, a pro-
spective RCT on BG in DFOM is still missing, and
this does not support the idea that the therapy
should be considered a first option in the manage-
ment of this difficult pathology. Solid prospective
data in this field, which could prove the basis for
eventually modifying this position, would be wel-
come.
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Figure 43: Bioactive glass: a) Heel lesion in a neuropathic patient previously submitted to Achilles
tendon lengthening, complicated with a plantar sub-fascial abscess; b) The magnetic resonance
imaging shows a gross involvement of plantar intermediate compartment, with gas, oedema and
infection of the subcutaneous plantar pad, fascia and muscles. The osteomyelitis of the calcaneal
bone is also evident, with a bone marrow oedema involving almost all the posterior process of the
calcaneum; c) Surgical drainage of the sub-plantar abscess and opening of the intermediate plantar
compartment in urgency; d) In a second step, after two weeks of Parenteral antibiotics and NPWT
with instillation, the patient underwent to revision of the OM of the calcaneum; €) The malacic bone
involved in the OM was removed by drilling a cavity inside the posterior process of the calcaneum;
f) The cavity was then filled with S53P4BG (Bonalive granules™) in order to both contrast bacterial
survival and to stimulate new bone formation; g) The bioactive glass granules were pressed into the
cavity and sealed with BG paste (Bonalive putty paste®); h) The foot after three weeks, at the removall
of the stitches; i) The foot two years after the intervention.
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6.6 Conclusions

The use of non-resorbable and resorbable local
antibiotic delivery systems via the use of non-re-
sorbable PMMA cement and resorbable bone graft
substitutes has been extensively studied in the or-
thopaedic literature. Over the past several years,
interest in and the use of antibiotic-impregnated
resorbable bone graft substitutes has emerged
in the treatment of DFO. Although studies show
promising results using these modalities as a part
of the surgical treatment of DFO, the patient num-

bers are small, study designs are retrospective and
there is lack of a standardised protocol. Further
investigations are needed in the form of larger,
prospective and randomised trials. Despite these
limitations, local antibiotic delivery systems are a
potentially promising adjunctive tool for the surgi-
cal management of DFO.

Table 13: Observational studies: Bone substitutes for local antibiotic

delivery in the treatment of DFO

Author/Year  Number of Resorbable bone Comparison/ Follow-up Recurrence of
patients graft substitute = Control group average time  osteomyelitis in
and antibiotic follow-up period
Jogia et al. 20 Calcium sulphate  None 12 months 0%
2015 (214) (Vancomycin,
Gentamycin)
Patil et al. 106 Calcium sulphate  None 10 weeks 8%
2021 (215) (Meropenem or (range 6-16
Colistin or weeks)
Vancomycin)
Qin et al. 46 Vancomycin 18 calcium 17.6 months 0% calcium
2019 (216) and/or sulphate plus ~ CS group sulphate
Gentamycin bone resection group
20.1 control
18 patients group 36.4% control
resection of group
bone only
(control group)
Whisstock et 35 Calcium sulphate  None 12 months 19%
al. 2020 (217) hydroxyapatite (range not
and gentamycin available)
Huttingetal. 64 Calcium sulphate  None 43 weeks 34%
2021 (218) hydroxyapatite (range 20-61)
and gentamycin
Niazi et al. 70 Calcium sulphate  None 10 months 10%
2019 (219) hydroxyapatite (range 4-28)
and gentamycin
Drampalos et 12 Calcium sulphate  None 16 weeks 0%

al. 2017 (220) hydroxyapatite

and gentamycin

(range 12-18)
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Table 13: Observational studies: Bone substitutes for local antibiotic
delivery in the treatment of DFO

Author/Year Number of Resorbable bone Comparison/ Follow-up Recurrence of
patients graft substitute = Control group average time  osteomyelitis in
and antibiotic follow-up period
lacopi et al. 10 Bioactive glass None 6 months 10%
(59, 60)
Rodriguezet 6 Bioactive glass None 24 months 0%

al. 2021 (228)

De Giglio et 22 Bioactive glass 22 DFOM 12 months 10%
al. 2021 (229) patients t

reated with

surgical

debridement

only

Kastrin et al. 10 Bioactive glass 12 patients 12 months 0%
2021 (230) with OM in
1St MTPJ

Table 14: Levels of evidence for non-resorbable bone cement (PMMA) and resorbable bone graft
substitutes for local antibiotic delivery used for the surgical treatment of DFO

Number Therapy Indication for use Level of evidence Comments

1 Non-resorbable Surgical treatment of 2B Small numbers,
bone cement for diabetic foot case series,
local antibiotic osteomyelitis retrospective

delivery (PMMA)

2 Resorbable bone Surgical treatment 2B Small numbers,
graft substitutes for  of diabetic foot case series,
local antibiotic osteomyelitis retrospective
delivery

3 Bioactive glass Surgical treatment 2B Small numbers,

of diabetic foot case series,
osteomyelitis retrospective
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Vascular surgery for chronic
limb-threatening ischema

7.1 Introduction

In 2015, occlusive PAD was diagnosed in
236.62 million adults over the age of 25 world-
wide (234). The prevalence, estimated between
4-20% of the population, varies according to age,
smoking habits, diabetes, high blood pressure,
hypercholesterolemia and social status. Of
these patients, 5-10% will develop chronic limb-
threatening ischemia (CLTI) within five years (235).
CLTI patients are at high risk of amputation
and death. PAD is often underdiagnosed. In a
retrospective German study based on the statutory
health scheme, 81% of patients received a vascular
diagnostic measure, and only 50% had a vascular
procedure before amputation (236). To improve limb
salvage and life, there is a consensus concerning
the pursuit of revascularisation whenever feasible
(237), which has proven be effective in the short
and long term (238).

The strategies of CLTI management have been
reviewed thoroughly by international societies,

Figure 44: Reconstructions obtained from an injected CT scan.
Software allows the reconstruction of all tissues, from the skin

to the muscles, bones and vessels.

which have issued recommendations concerning
the grading of the diseases, prognosis,
explorations, treatments and follow-up. It is
not in the scope of this chapter to detail these
recommendations, but they may be found in the
following references: TASC (Trans-Atlantic Inter-
Society Consensus) (235); GLASS (Global Limb
Anatomic Staging System) (239, 240); Wound,
Ischemia, and Foot Infection (WIFI) (241, 242);
and Diabetic Foot Management (243).

In the following section, we focus on the most
recent advances in vascular repair, as they have
improved preoperative evaluation, intra operative
imaging, techniques, materials and devices.

The Duplex scan remains the first and routine
examination for detecting PAD and indicating
more specific investigations. This examination is
inexpensive, non-invasive and highly reliable in
well-trained hands. Recent portable machines
make it easy to perform the exam at the patient’s

Figure 45: 3D CT scanner
reconstruction of the aortoiliac
segment showing an occluded
right common iliac artery.
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Figure 46: MRI of
the aortoiliac and
legs arteries showing
an occlusion of

the left superficial
femoral artery.

bedside (244). The ankle-brachial index is simple
and widely applicable, the limits of which are
incompressible leg arteries, which are frequently
seen in diabetic or renal insufficiency patients.

The latest generation of CT scans with injections
of iodine contrast medium visualise the lesions
thanks to curvilinear and orthogonal 2D MPR
2 D computer reconstructions, 3D MPR, 3D
MIP, 3D volume rendering and 3D endoscopic
reconstruction drawn from the slice imaging
acquisition. This allows, with excellent precision,
the identification of the locations of lesions, their
nature (calcic or thrombotic), the percentage
of stenosis or the presence of occlusion (Figs.
44, 45). Finally, determining the lengths of the
lesions and the internal and external diameters
of the vessels to be treated makes it possible to
choose the necessary tools, the types of balloons
and appropriate stents ahead of the procedure.
These preoperative assessments facilitate the
management of materials stocks by healthcare
institutions. Severe renal failure or allergy to iodine
are relative contraindications that can be overcome
with recommended precautions (hyperhydration,
antihistamine, corticosteroids). Unfortunately,
lesions of the arteries of the legs are sometimes
difficult to analyse, especially in cases of severe
calcification. The combined data from a Duplex
scan and CT scan are very helpful.

B LFAATE

Figure 47: MRI of the right iliac artery showing
an artefact due to a previous stent mimicking a
severe stenosis.

Angio—magnetic resonance imaging (MRI) is re-
quested mainly in the event of contraindication to
CT angiography. Even though 2D and 3D com-
puter reconstructions are similar, the images can
be more difficult to analyse, especially with distal
lesions, calcification, previous stents or metallic
materials that induce major artifacts (Figure 46,
47).

7.2 Operating Rooms

Radiological equipment present in operating
rooms has evolved considerably, particularly with
the recent advent of mobile C-arms and hybrid
rooms equipped with sophisticated software. Mo-
bile C-arms are less expensive when compared to
traditional settings, but still provide excellent 3D
imaging with navigation-enhanced tools such as
EndoNaut software (245). One drawback is the
relatively small size of the screen.

Hybrid rooms combine the environment of an
operating theatre and high-performance imaging
comprising a radiology bar, a mobile and trans-
parent X-ray operating table and a large display
screen (Figure 48, 49). The leaders in these fields
are Siemens, GE and Philips. This equipment al-
lows the surgeon to manipulate the radiological
equipment; to choose and modify the best viewing
angles, as he or she deems appropriate; and to
initiate the injection of contrast
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Figure 48: Photograph of a
Siemens hybrid room.

medium. The equipment is loaded with com-
puter software that makes it possible to fuse the
images of a preoperative scan or MRI with the
‘scanner-like’ images acquired from the rotation
of the arch around the patient at the beginning of
the operation. The physicians can then work on
anatomical reconstructions in three dimensions,
which are adjustable at will. Images obtained by
fusion allow for the accurate assessment of le-
sions and greatly facilitate endovascular surgeries,
reducing patients’ and staff members’ exposure to
ionising radiation, and allowing for a reduced dose
of contrast agent (246, 247). On the screen, the
reconstructions can visualise the whole injected
vessel, or only the internal and external contours
of the arteries, bifurcations and important collateral
branches (Figure 49), avoiding the reinjection of
contrast products. Specific software calculates the
number of pixels during injections, providing infor-
mation about the arterial flow in the plain organs,
in the arteries of the lower limbs and the efficiency
of revascularisation.

An intraoperative Doppler ultrasound machine
placed in a sterile bag can be connected to the
monitor. The puncture under ultrasound is useful
for choosing the site of the puncture according
to the state of the arterial wall (calcification) and
for following the advances of the guide. Finally,
after removing the material, the Doppler ultrasound

Figure 49: Large display screen with a 3D reconstruction
of the aortoiliac segment.

checks for the absence of hematomas and the
quality of the arterial flow.

Due to the size of the screen, different images can
all be viewed in real time. In the near future, the
development of augmented reality devices and
individual masks will make it possible to review im-
ages, patient files and other useful data without an
intermediary screen and will facilitate the practice
of endovascular surgery (248).

7.3 Pathology and patients

The patterns of patients with CTLI are well de-
scribed (237). The decision regarding the type of
treatment is based on multiple factors, among
these are age, comorbidities, ASA classification
(classification by the American Society of Anes-
thesiologists, ASA), life expectancy, nursing home
stay, socioeconomic status, vessel anatomy and
location of the disease (249). To help the decision-
making process, multiple predictive models of
survival and limb salvage have been constructed,
but none has a widespread use. A recent study
(250) from the Netherlands included 449 patients
treated by surgery or endovascular techniques
and followed for up to two years. Among them,
90 patients had died at 6 months (death prob-
ability 20%), 130 at 12 months (death probabil-
ity 29%) and 165 at two years (death probability
38%). A predictive probability model including 15
variables was established. The authors provide
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two examples demonstrating that a 65-year-old
ASA 3 patient not living in a nursing home and
without physical impairment has a survival prob-
ability at 6 months of 86%, while an 82-year-old
ASA 4 patient in a nursing home with physical im-
pairment has a survival probability of 67% at 6
months. Limb salvage depends partially on the fea-
sibility of revascularisation. In non-revascularisable
CTLI, amputation-free survival was 43% at 5 years
(251). A meta-analysis of 27 randomised control
studies assessing conservative treatment found a
12-month mortality of 18% and amputation rate
of 27% (252).

Results of revascularisation in a real-world setting
are mitigated. A German national study (238)
included 15,314 patients with CTLI. Of these,
7,651 were revascularised (R+) and 7,663 were
given a conservative treatment (R-). At four years,
mortality and amputation rates were, respectively,
55.1% for R+ and 40.6% for R+, and 59.5% and
48.2% for R-. In a multivariate Cox regression
model, Rx— status was associated with increased
death and the increased cumulative endpoint of
death and amputation (each P < 0.001).

7.4 Revascularisation in

CTLI patients

The GLASS staging system is a useful method for
assessing options and treatment results (239). A
majority of CTLI patients have infrainguinal lesions
located in the femoro-popliteal and infra popliteal

Figure 50:
Intraoperative
imaging of a
successful aortoiliac
reconstruction using
the kissing technique
with two balloons and
stents.

segment, and some have associated inflow im-
pairment due to aorto-ilio-femoral stenosis or oc-
clusion. Those proximal lesions must be treated
first-hand by endo vascular approaches, as shown
in Figure 50 and 51, or by aorto-iliac bypasses.

At the femoro-popliteal levels, despite the increas-
ing use of endovascular tools, reversed saphenous
vein bypass remains the first choice. A retrospec-
tive study of 2869 CTLI patients comparing prima-
ry bypass with primary angioplasty stenting found
wound healing at 6 months, a higher freedom from
restenosis, improved patency rates, significantly
fewer reinterventions and higher survival than
percutaneous trans-luminal angioplasties within
3 years. However, a bypass-first approach was
associated with an increased total hospital length
of stay and wound infection. Perioperative mor-
tality and amputation rates were similar between
procedure types (253). At the level of leg arteries,
peroneal bypasses offered a better patency rate
at 24 months, but similar wound healing and limb
salvage (47% vs 23%) and a higher complica-
tions rate (254). The authors of these two stud-
ies concluded that endovascular intervention is
low risk and may be sufficient to heal ischemic
foot wounds. One drawback of the endovascular
approach is the frequent need for reintervention
(255). Companies have extensive research and
development programmes to improve the feasibil-
ity and results of endovascular treatment.

Figure 51: Preoperative CT scan and
intraoperative angiography showing severe
aorto-iliac lesions successfully recanalised.
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Figure 52: Stents’ descriptions and characteristics.
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Uncoated stents
composed of bare metal
that are permanently
placed inside the
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body

with coverings
composed of fabric
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as polytetra fluoroet-
hylene (PTFE)

Stent releases the anti-
proliferative or immuno-
suppressive drug over
time, leaving behind the
metallic stent in the

Constructed from a
range of metals, including
nitinol, stainless steel,
cobalt chromium,
platinum and chromium
artery

Bioabsorbable DES
deliver anti-proliferative
agents to prevent
restenosis and degrade
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concerns regarding late-
stent thrombosis,
chronic inflammation,
acute vessel closure and
biocompatibility
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the risk of chronic
inflammation and
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Either self-expanding
or balloon-expandable

Either self-expanding
or balloon-expandable

Either self-expanding
or balloon-expandable

Represent the future
of stent technology

Balloons are not only used to mechanically frac-
ture the plague, but also to deliver in situ drugs
such as Paclitaxel and Sirolimus. The aim of these
drugs is to reduce the stenotic cascade following
the inflammation of the arterial wall. A compari-
son of plain balloons and different coated balloons
(DCBs) (256-258) shows better vessel-targeting
and overall patency with DCBs. Figure 53 shows
a recanalisation of a long superficial artery lesion,
and Figure 54 shows the use of the Jetstream
device to debulk calcified plaque before balloon
angioplasty and stenting.

Various stents are available. Figure 52 shows the
characteristics of the different stents. They are
routinely used in the femoro-popliteal segment,
generally as a bailout procedure when the results
of plain balloon angioplasty are suboptimal or in the

case of dissection. A metanalysis of studies (259)
comparing systematic versus selective stenting
has confirmed that this practice is well-founded.

Drug-eluting stents (DES) with Paclitaxel are avail-
able on the market for peripheral atherosclerotic
diseases. The fixation of the drug on the metal
frame, the dose and the time release are differ-
ent from one stent to another. The Zilver PTX®,
from Cook Medical, is made of Nitinol, directly
coated with 3 microg/mm?2 of Paclitaxel. The Elu-
via® stent, from Boston Scientific, is also made
of Nitinol, with the Paclitaxel 0.167 microg/ mm2
linked to a polymer layer. With this later stent, the
Paclitaxel is still present on the arterial wall after six
months, compared to only three months with the
former. Clinically, DES has shown good efficacy.
An RCT of the Zilver PTX® versus bare stents (260)
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Figure 53: Recanalisation of a long superficial femoral artery and popliteal occlusion with a

drug coated balloon.

1
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Figure 54: Recanalisation of the extensive and
calcified occlusion of the superficial femoral
artery using the Jetstream device.

has shown a better five-year patency rate with the
DES. Similarly, a cohort study with the Eluvia® stent
has shown excellent 24-month patency (261). An
international study comparing these two stents did
not find any differences, in terms of patency and
major adverse effects (262).

Are DES better than DCB? Two RCTs comparing
DCB and DES failed to show a difference of
patency at one year (79% vs 80%) (263), and at
three years, there was a statistically non-significant
difference in favour of DES (54% vs 38% (264).

Self-expandable covered stents (PolyTetra Fluoro
Ethanol (PTFe) + heparin) are a valuable option for
long superficial femoral artery (SFA) lesions (Figure
55). The long-term patency is superior to those
obtained with bare stents (265).

A meta-analysis of 45 RCTs, including a total of
5,565 patients (264), found a better 24-month
patency with covered stents, compared to DES,
bare stents, cutting balloons, atherectomy and
DCB.

In patients with along SFA occlusion, the crossings
through the artery are sometimes impossible.
The Detour system, which comprises a crossing
device, a specifically designed snare and a covered
self-expandable stent made of PTFe, enables the
placement of the stent within the superficial femoral
vein while the extremities of the stent are in the
proximal and distal patent stump of the SFA, or the
popliteal artery. At one year, a prospective study of
81 patients (266) showed 96.3% clinical success,
with four stents occluded. At one year, the Kaplan
Meyer primary patency and the secondary patency
were, respectively, 81% +/- 4% and 90% +/- 3%.
Surgeons are developing similar techniques using
less expensive available tools. (Figure 56)

Popliteal and leg arteries diseases are predominant
in patients with CTLI, as physicians are reluctant
to use stents in these locations. DCBs have
been specifically designed for this purpose.
Unfortunately, they have not met expectations.
A review of 21 RCTs with 3,760 lower limbs
concluded that the risk of major amputation was
increased with Paclitaxel-coated balloons (267).
This higher risk was not found with DES. A higher
Paclitaxel dose, drug and excipient migration
(up to 90% of the original dose) and release and
fixation for several months in the ischemic tissue
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Figure 55: Covered stent graft from Gore
Medical.

of the leg may account for the poorer outcomes
of DCBs.

Paclitaxel-impregnated devices have been thor-
oughly scrutinised after the publication of a meta-
analysis (268) showing a relative excess of mortal-
ity of 38% at 5 years. By contrast, conflicting data
were drawn from the RCTs and did not find any dif-
ference of mortality (269-271). This uncertainty led
the FDA and the French health care administration
(Haute Autorité de Santé; HAS) to issue a warning
and recommendations on using Paclitaxel devices
only in patients with a high risk of restenosis, who
had been informed about the potential risk and
to report any adverse effects to the authorities.

| ! : @
Figure 56: Drawing of a totally percutaneous
femoropopliteal bypass technique (courtesy of
Dr A. Sarradon).

Arterial lesions of the leg and foot have benefited
from new developments. Micro catheters, micro
guides and micro balloons that can be introduced
from the pedal or tibial posterior arteries (272,
273), are improving the access to and feasibility
of leg artery repair. From a technical point of view,
the rendezvous technique (274) enlarges the fea-
sibility of recanalisation. Finally, to deal with post
angioplasty dissection, which is a frequent cause
of re-occlusion, the Tack Endovascular system has
shown excellent results at 6 months, with 92%
patency and 95% limb salvage (275).

7.5 Cellular therapies

Since the discovery that blood cells contribute
to postnatal angiogenesis (276), there has been
an increasing number of clinical studies to test
the efficacy of autologous cell therapies for the
treatment of CLTI, ranging from case reports to
small series, uncontrolled trials and RCTs reported
in numerous meta-analyses (277-285). The main
goal of cell therapy is the induction of therapeutic
angiogenesis with the formation of collaterals
leading to increased blood flow in the ischemic limb
and tissue regeneration in non-healing wounds.
The first clinical trial of therapeutic angiogenesis
in the treatment of critical limb ischemia, which
used the transplantation of bone marrow cells
and peripheral blood origin, was performed in
Japan in 2002 (286). Since then, an increasing
number of studies and several meta-analyses have
suggested that autologous cell therapy is more
effective than conventional treatment for non-
revascularisable critical limb ischemia, suggesting
that implants of autologous cell therapy might
promote the wound-healing process (277, 287-
289). In a comprehensive data pooling analysis
conducted on different databases, Dong et al.
recently searched for a comparison between cell
therapy and regular therapy. They observed that
fewer patients underwent major amputation in the
cell therapy group, compared with the standard
therapy group. Moreover, those in the cell therapy
group were characterised by a smaller ulcer area,
and there was a significant difference in the
wound-healing rate between the intervention and
control groups (277).
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Benoit et al. assessed 45 clinical trials and 1,272
patients showing a significant reduction in am-
putations in patients treated with both peripheral
blood mononuclear cells (PB-MNC) and bone mar-
row mononuclear cells (BM-MNC), compared to
patients treated with medical therapy (290). In a
meta-analysis of 16 RCTs for a total of 774 pa-
tients, Liew et al. reported a significant reduction
in major amputations and complete healing of the
wounds (288). Interestingly, both PB-MNCs and
BM-MNGCs significantly reduced the risk of major
amputation, but only PB-MNCs significantly im-
proved wound healing (288). PB-MNCs were sig-
nificantly associated with improved wound healing
and were not associated with any increased risk
for side effects in 12 clinical studies of 290 patients
(287). Another recent meta-analysis by Rigato et
al. (291) was conducted on RCTs of 837 patients,
7 non-randomised trials of 338 patients and 41
non-controlled trials of 1177 patients. In this meta-
analysis, the authors observed that autologous cell
therapy reduced the risk of amputation by 37%,
improved amputation-free survival by 18%, and im-
proved wound healing by 59%. They also observed
that PB-MNCs, but not BM-MNGCs or bone marrow
mesenchymal cells, were effective in significantly
reducing amputations (291).

PB-MNCs, which consist of a heterogeneous pop-
ulation of lymphocytes and monocytes, CD34+
hematopoietic stem cells and EPCs, seem to be a
promising autologous cell therapy. The angiogenic
and arteriogenic potency of PB-MNCs has been
extensively demonstrated (292-300). Moreover,
blood vessels control macrophage differentiation
and maturation from recruited monocytes, promot-
ing arteriogenesis and tissue repair in ischemic
tissue (301). Monocytes and macrophages also
maintain angiogenic potency in diabetic patients,
while hematopoietic stem cells showed a reduction
of the angiogenic ability (302).

Autologous PB-MNC cell concentrate can be pro-
duced with Cook Regentec’s HemaTrate® Blood
Filtration System (Figure 57), a class IIB, point-of-
care medical device for intra-operative use, for the
rapid preparation of TNC/PB-MNC concentrate

from 20 to 120 mL of anticoagulated blood for use
in human cell therapy applications (303). Charac-
teristic of the HemaTrate® Blood Filtration System
is the gravity filtration separation technology that
separates cell populations across the membrane
potential. This is useful for the concentration of
total autologous nucleated cells from low volumes
of peripheral blood (20 to 120 mL). The system is
user-friendly, non-operator-dependent, single-use
and requires neither dedicated instrumentation nor
centrifugation. PB-MNCs are produced in approxi-
mately 10 minutes in three simple steps: load, filter
and recover (Figure 58, original IFU). Filtration takes
place in 8-12 min, and PB-MNCs remain trapped
in the filter. After a backwashing of the filter with
10 ml of physiological saline, which allows for the
collection of the cells in an empty syringe, the cells
are ready to be implanted (Figure 59). Cells are not
further manipulated, stored or frozen. Implantation
takes place immediately after filtration in a single
surgical procedure. PB-MNC are resuspended in
saline solution, and the product does not contain
any plasma, serum or a physiological concentra-
tion of platelets. The cell concentrate produced
with this system has been extensively character-
ised by Spaltro et al. (303). Total nuclear cells are
concentrated 2.9-fold (16.24+/-3.97 X108 /ul) with
an average implanted dose of 2.08 +/-0.53 X108,
while MNCs (monocytes and lymphocytes) are
concentrated 4.2-fold (8.3+/-2.31 X103 /ul) with
an average implanted dose of 1.06 +/-0.28 X108).
The cellular concentrate contains neither plasma
nor serum, and it does not concentrate platelets
(from 226,000 platelets/ul in peripheral blood to
292,000/ul in the cellular concentrate). Finally, it
cannot be traced in any way to platelet-rich plasma
(PRP). Moreover, the system concentrates CD34+
stem cells, which are enriched by 5.6% + 4.2%,
compared to peripheral blood with an average
implanted CD34+ cell count of 1.37 x 108, which
corresponds to 0.7%—1% of total implanted cells.
Importantly, the CD34+ haematopoietic stem cell
enrichment efficiency of this selective filtration sys-
tem is comparable with the CD34+ concentration
obtained from the use of the point-of-care device
for bone marrow cells (BMAC 2) (304). PB-MNCs
isolated by this filtration system have also been
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Filter

Figure 57: HemaTrate® blood filtration system.

shown to secrete a panel of angiogenic factors
and are able to migrate in response to a gradient of
VEGF and stromal-derived factor 1, SDF-1 (303).

Interestingly, filtration preserves and optimises the
release of paracrine factors, which is significantly
reduced when the cell concentrate is produced
by centrifugation (303). In addition, after injection
into a mouse model of hind limb ischaemia, PB-
MNCs produced by this system from healthy do-
nors induce neo-vascularisation by increasing the
number of capillaries, arterioles and regenerative
fibres (303). It is thereby suggested that this filtra-
tion system represents a new, effective and reliable
point-of-care device for obtaining an autologous
cell product from peripheral blood with adequate
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potency for therapeutic angiogenesis in no-option
CLTI patients.

7.6 Conclusions

In CTLI patients, the reestablishment of a direct
pulsatile flow to the foot prevents the loss of
the limb and improves the healing of wounds.
Multidisciplinary approaches are recommended;
however, open surgery with a saphenous conduit,
whenever feasible, is the most durable option.
Endovascular tools have improved the feasibility
of vascular repair, especially in frail patients. They
are associated with a lower mortality and shorter
length of hospital stay. They offer the same limb
salvage rate and wound healing at the cost of
more reinterventions. It is worth noting that the
more proximal the lesions (aorto-iliac, versus
femoropopliteal, versus foot and tibial arteries),
the better the results.

In no-option patients, cellular therapies can
represent a valid therapeutic choice, if patients
are carefully selected and adequately managed
in a multidisciplinary setting with a dedicated
programme.

Figure 58: HemaTrate®
blood filtration system pro-
cedure- 1, 2 Load antico-

agulated peripheral blood;

3 Filter; 4 recover P-BMNC
by backwash with saline;

5 PB-MNC ready to be
implanted.

Figure 59:
PB-MNC implants.
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Table 15: Endovascular devices and studies

Authors/ Technology Type of N Patients / Results
year (ref) tested study Follow-up
Stella et al. Revascularisation German national 15314 LLess amputation
2020 (238) +(R+) vs «( R-) administrative With R+
data 2009-2011
Roijers et al. Surgery or Observational 449 > 65 yrs Higher mortality age,
2020 (250) endovascular cohort study old living in nursing
treatment 2013-2018 12 months home ASA 4,
physical impairment
Verwer et al. Non- Retrospective 150 Mortality 35%
2021 (251) revascularisable review from RCT 5 years amputation 35%
Van Reijen et al. Conservative Systematic 1642 Mortality 18%
2021 (252) treatment review 12 months amputation 27%
and meta-analysis
Darling et al. Bypass or Retrospective 1336 WIFI stages predict
2017 (2583) endovascular single centre 12 months amputation and
and WIFI 2005-2014 mortality
Mohapatra et al. Bypass vs Retrospective 338 Bypasses offered a
2019 (254) endovascular single centre 12 months better patency, but
to peroneal artery  2006-2013 similar rate of wound
healing and
amputation
Scheinert et al. Drug coated Randomised 126 DCB offers a better
2016 (256) balloon vs non- control study 12 months patency
coated balloon
Shishehbor et al. Drug coated Randomised 1069 DCB offers a better
2019 (257) balloon vs non control study 12 months patency
coated balloon
Dake et al. Drug-eluting Randomised 474 DES offers better
2016 (260) stents vs balloon control study 5 years and durable
angioplasty patency
Gray et al. Polymer-coated Randomised 465 Polymer-free stents
2018 (262) vs polymer-free control study 12 months are not inferior
Paclitaxel-eluting in terms of patency
stents or major adverse
effects
Bausback et al. Drug-eluting Randomised 150 Comparable effective-
2019 (263) stent vs coated control study 12 months ness, but a trend in
balloon favour of DES
Zhou et al. Various Meta-analysis of 5565 DES and covered
2020 (264) endovascular randomised 24 months stents have similar
treatments control study results
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Table 15: Endovascular devices and studies

Authors/ Technology Type of N Patients / Results
year (ref) tested study Follow-up
Lammer et al. Covered stents vs  Randomised 141 Covered stents
2013 (265) bare metal stents control study 12 months offered a better
patency
Krievins et al. Percutaneous Prospective 72 81% primary
2020 (266) extra arterial multi-centre study 12 months patency
bypass
Katsanos et al. Drug-eluting Systematic review 3760 Higher risk of
2021 (267) stents vs bare and meta-analysis 12 months amputation with
stents or balloon DES
Dinh et al. Drug-eluting Systematic review 1367 No difference in
2020 (271) stents vs bare and meta-analysis ~ 6-60 months mortality or
stents or balloon amputation
Yunir et al. Cellular therapies Analysis of the n.a. Reduction of pain
2021 (279) literature and ulcer size,
improvement of
TcPO2, unclear data
on amputation and
wound healing
Gao et al. Cellular Systematic review 1186 Significant reduction
2019 (281) therapies and meta-analysis  2-60 months in amputation and

pain scores, significant

improvement in
wound healing
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8.

The economic perspective

8.1 Introduction

Chronic wounds are generally recognised as
‘wounds that have not proceeded through an or-
derly and timely reparation to produce anatomic
and functional integrity after an amount of time that
normally should be sufficient for healing’. There
is no established consensus on the time hori-
zon within the wound that would be considered
‘chronic’ (305, 306). Patients affected by chronic
wounds often have a simultaneous presence of
non-communicable diseases, such as diabetes
and obesity, and they are mostly older. Since the
non-communicable disease prevalence is increas-
ing and the population is growing older, more peo-
ple are at risk of developing chronic wounds, and
healthcare resources are increasingly required to
treat these conditions (305).

In Europe, 2-4% of all healthcare expenditures
are devoted to wound care (307). In the U.S, a
retrospective analysis of Medicare users showed
that about 8.2 million people suffered from at least
one type of wound or related infection in 2014
(808), and it demonstrated that the cost of iliness
is higher than expected. A value ranging from
$28.1 billion to $96.8 billion was estimated to be
spent every year for acute and chronic wound care
in this analysis. Surgical wounds have the most
significant impact on estimated expenditures,
followed by DFUs, with double costs associated
with outpatient care compared to inpatient (308).
A recent and comprehensive systematic review
on chronic ulcers’ cost of illness (309) confirmed
the highest mean cost of DFUs ($44,200 per year)
from a healthcare perspective, followed by pres-
sure ulcers ($15,400) and leg ulcers ($11,000).
The cost of chronic ulcers ranged from $1,000 out
of pocket per year to $35,000 per episode from
the healthcare public payer perspective (309). The
main drivers of costs that affect the high burden
of wound care are extensively described and dis-

cussed in the economics chapter of the previous
report by Piaggesi et al. (1), where hospital costs
were identified as the main cost component (309);
followed by nursing time, for dressing changes
in the hospital or at home; and finally materials.
Alongside the economic burden associated with
direct medical costs (attributable to patient care,
such as the cost of medical visits, nursing services,
surgeries, diagnostics, treatments and hospitali-
sation) and non-medical costs (expenditures not
directly involved in medical services, such as trans-
portation costs and paid caregiver time), wounds
have a significant humanistic burden, as assessed
based on the patient’s quality of life after develop-
ing the disease. A recently published review on
the burden of chronic wounds highlighted the low
health-related quality of life in patients (especially
pain and limited mobility) with chronic wounds and
their higher costs, mainly due to diabetes- related
amputations (307, 310). This indicates the impor-
tance of preventing the progression of mild forms
of disease into more severe wounds, both in terms
of the economic and humanistic burdens. Beyond
direct and quality of life-related costs, another cost
category is the indirect costs related to the loss of
productivity of patients and caregivers. Very few
studies to date have addressed this aspect (310).
Since the demand for technologies to treat
wounds will rise in the coming years, and their
economic burden is substantial, policymakers and
healthcare experts must be aware of the costs of
new technologies available for the treatment of
these patients.

In the future, one important issue will be repre-
sented by the economic impact related to pres-
sure ulcers, due to the prolonged hospitalisation
in intensive care units following COVID-19 infec-
tion. Pressure ulcers can prolong hospitalisation
and increase healthcare costs. According a 2022
study by Ziede et al., the total cost for the treat-
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ment of the pressure ulcers can reach 561 USD
per day (311).

Despite the growing number of technological
resources that have entered or approached the
market and clinical practice in recent years, the
literature review on economic studies concerning
the technologies used in wound management
produced a limited number of results. The 14
papers selected and included in this section were
divided in two categories: ulcers and trauma.
In the ulcers (chronic wound) category, eight
papers discuss the economic aspects of wound
care in patients with DFUs (two papers), VLUs
(three papers) and PUs (three papers). Beyond
chronic wounds, we also included in this review
technologies adopted to treat wounds that were
generated during a trauma or injury. In this category;,
four articles discussed wound care management
after different types of traumas, and two discussed
burns. We have organised this chapter following
these criteria, rather than based on technology, due
to the heterogeneity of the studies in terms of their
objectives, methods and technologies.

8.2 Diabetic foot ulcers

Two studies discussed the economic dimension
concerning the treatments for patients affected
by DFUs. Zelen et al. (312) compared three ap-
proaches: bioengineered skin substitutes (BSS),
dHACM allograft and standard wound therapy,
whereas Carter (313) compared dehydrated hu-
man amnion and chorion allograft (dHACA) plus
SoC versus SoC alone.

The aim of the study performed by Zelen et al.
was to compare time-to-heal among three groups,
rates of complete healing and costs of advanced
wound therapies. The study was realised in four
outpatient wound care centres and included pa-
tients with Type 1 and Type 2 diabetes and lower
extremity ulcers. Patients were randomised to one
of the three groups: BSS, dHACM allograft and
standard wound therapy (1:1:1). Patients were
seen at least once every day for up to 12 weeks,
or until one week after complete healing. In all, one
hundred patients were enrolled. The median cost
of graft material was 83% lower in the dHACM
group, compared to the BSS group, while the

median graft cost was $8,918 in the BSS group,
versus $1,517 in the dHACM group. In the dHACM
group, wounds healed faster, respective to the
other groups, and presented the highest rates of
complete healing.

A study by Carter in 2020 estimated the cost-
utility of dHACA plus SoC versus SoC alone in
patients with DFUs. Data came from a trial aimed
at comparing the intervention group (weekly
application of dHACA for up to 12 weeks + SoC,
Group 1) and SoC alone (Group 2); 40 patients
were included in each group. A Markov model
simulated the health states with a one-year time
horizon. At four weeks, 38.7% of the ulcers had
healed in Group 1, versus 13.9% in Group 2. At
12 weeks, 74.6% and 36.0% of the ulcers were
healed, respectively, in the groups receiving dHACA
+ SoC versus SoC alone. The rate of amputations
was higher in Group 2 compared to Group 1 (15%
versus 5.4%) at the end of one year. After one year,
the Incremental cost-effectiveness ratio (ICER) was
$-4,373 per QALY, with Group 1 dominant over
Group 2. According to a willingness to pay (WTP)
analysis, 70% of interventions were cost-effective
for Group 1, compared to 30% in Group 2. dHACA
added to SoC was cost-effective, compared to
SoC alone.

8.3 Venous leg ulcers

Three RCTs containing an economic evaluation or
considering patient-reported outcomes were con-
ducted among patients affected by VLUs. These
studies compared three techniques: electroceuti-
cal device (EAE) with SoC (314), an autologous
skin suspension with SoC (315) and two different
full skin substitutes available in the US (Apligraf®
and Theraskin®) (316).

In 2018, Guest at al. conducted a cost-effec-
tiveness analysis of EAE that found it to be less
expensive than SoC by 24 weeks, with no signifi-
cant difference in patient-reported outcomes (pain
and health related quality of life) and healthcare
resources used. These were calculated based on
number of dressings per patient, debridements
performed, visits/tests and prescribed drugs. The
incremental cost per QALY gained was £4,480
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at 8 weeks, £2,265 at 16 weeks and £-2,388 at
24 weeks.

In 2018, Towler et al. (316) performed an analysis
of costs (31 subjects) based only on the cost of
materials, since further costs were equal between
the two groups. They found that the human, living,
split-thickness allograft (Theraskin®, $2,495.33/
subject) was cheaper than the living, bi-layered
skin substitute (Apligraf®, $4,316.67/subject) in
the US.

An RCT on RECELL (315) was conducted in six
centres in England and one in France (52 patients).
It found that the application of autologous skin cell
suspension, produced by the RECELL Autologous
Cell Harvesting Device, accelerated healing, de-
creased pain and increased health-related quality
of life, compared with standard compression. Dis-
ease-specific quality of life was measured at each
visit through a questionnaire exploring cosmesis,
domestic activity, social interaction and emaotional
status. Ulcer pain was assessed via a 10-point
scale. The detailed results of these studies are
provided in Table 17 below.

8.4 Pressure ulcers

Three studies were focused on pressure ulcers:
Hermans et al. compared hydrokinetic fibre dress-
ing versus negative pressure wound therapy (317),
Souliotis et al. compared plain gauze with a moist
wound healing dressing (318) and Hodgson et al.
assessed the cost of the hydro-responsive wound
dressing without comparison (319).

The retrospective observational study by Hermans
et al., from 2015, compared hydrokinetic fibre
dressing with NPWT to treat wounds in patients
with serious morbidity. The fibre dressing was used
to manage 23 patients with 26 lesions, and NPWT
was used to treat 15 patients with 16 lesions. The
pain level, measured using the visual analog scale
(VAS) (0= no pain/10= excruciating pain) at the
start of the study, was 3.7 in the test dressing
group and 0.7 in the NPWT group. At the end of
the study, it was 0.6 for the test dressing group
and 0.2 for NPWT. A cost analysis was performed
considering two subsets: the first subset included
all lesions in both groups treated with noncontact

low frequency ultrasound adjunct (NLFU), and the
second subset addressed all lesions in both groups
without NLFU. The total average cost of materials/
wound amounted to $661.46 in hydrokinetic fibre
dressing (26 patients) and $2,301.55 in NPWT (16
patients). In Subset 1, the total cost of materials/
wound amounted to $132.38 in hydrokinetic fiore
dressing (5 patients) and $2,374.6 in NPWT (14
patients); in Subset 2, the total costs amounted to
$799.62 in Group 1 (21 patients) and $1,504.62
in Group 2 (2 patients). It emerged from the study
that all lesions in both groups showed progress in
terms of healing, whereas the cost of materials was
lower in the hydrokinetic fibre dressing treatment.
The study by Souliotis et al., from 2018, aimed to
analyse the cost and clinical effectiveness of two
treatments for managing the homecare setting of
patients with stage Il or IV pressure ulcers; 100
patients were included, with 50 in each group. One
patient in the plain gauze group and two in the
moist wound healing dressings group withdrew
from the study. In addition, one patient in each
group died during the study. All patients had full-
thickness pressure ulcers in stage Il or IV. There
was no significant difference between the groups,
in terms of initial ulcer surface size. Eight patients
in the moist wound healing dressing group (n =
47) presented 12 cases of local infection in the
ulcer; in the pain gauze group (n = 48), 14 patients
manifested 21 cases of local infection. The average
time to complete healing was lower with moist
healing dressings (p=0.0001). The mean cost per
patient until ulcer healing was lower in the dressing
group, compared to the gauze group, at €1,351
versus €3,888, respectively.

Hodgson et al. evaluated the effectiveness and
cost of the hydro-responsive wound dressing
(HRWD) in the debridement and wound bed prep-
aration of a variety of wounds, a majority of which
were pressure ulcers. Among 100 patients in the
Glasgow area (UK), the wound area was reduced
by 40%, and dressing-related pain (measured by
the VAS scale) was reduced in 50% of the pa-
tients (their pain level was the highest at the begin-
ning of the study), showing that HRWD is a good
technique for the management of these wounds.
A cost comparison of methods adopted before
the use of HRWD for patients requiring debride-
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ment was conducted and showed that HRWD is
a cost-saving technique. Its application cost was
£6.33, which was less expensive than the four-step
standard process (£8.05), larval therapy (£306.39)
and debridement pad (£11.46). However, the study
had several limitations: it did not compare different
methods and did not include a control arm or ran-
domisation. Moreover, the authors did not take into
consideration the frequency of dressing changes.

8.5 Trauma

Four economic evaluations on wound treatment
due to trauma were considered in this section. In
2013, Guest et al. performed a cost-effectiveness
analysis of Polyheal® compared to surgery (320). In
2015, Kempton et al. compared two approaches
(negative pressure dressings (NPDs) and conven-
tional compressive dressings (CDs) (321). In 2020,
Jiang et al. compared post-traumatic osteomyeli-
tis versus non-post-traumatic OM (322), and Png
et al. compared standard dressing with incisional
negative pressure wound therapy (iINPWT) (323).

Concerning patients affected by chronic wounds
with exposed bones and/or tendons, Guest et al.
assessed the cost-effectiveness of Polyheal® com-
pared with surgery in three European countries.
They developed a decision model based on data
concerning: 1) clinical outcomes of surgery (from
a systematic review); 2) healing rate with Polyheal®
(from three previous studies); and 3) healthcare
resources, assessed from interviews conducted by
the authors with clinicians from France, Germany
and the UK. In terms of resource use and costs
calculated over one year, Polyheal® led to a total
healthcare cost of €7,984, €7,517 and €8,860 per
patient, while surgery led to €12,300, €18,137 and
€11,330 per patient in France, Germany and the
UK, respectively. The main cost drivers were nurse
visits in France (36% of costs) and the UK (42% of
costs), while surgery and hospitalisation were the
primary cost drivers in Germany (50%) in the Poly-
heal® group; 18-22% of the costs were attributed
to the cost of Polyheal®. The main cost driver in the
surgery group accounted for surgical procedures
and hospitalisation: 72% of the total cost in France,
67% in Germany and 69% in the UK.

The cost-effectiveness assessment showed a de-

crease in healthcare costs when using Polyheal®,
compared to surgery, and a 5% improvement in
the probability of healing.

In 2015, Kempton et al. performed a retrospective
study to determine the cost difference between
NPDs and CDs for the treatment of traumatic
wounds (treated with split-thickness skin grafts).
Their clinical study did not show an improvement in
clinical outcomes associated with NPD, compared
with conventional therapy. Regarding costs, the
mean cost of NPD ($4,959.22) was higher than
the conventional dressing cost ($2,654.17). These
costs considered the length of postoperative
hospital stay, duration of NPD, cost of admission
and occurrence of early readmission to the
hospital before the first dressing change. Data on
postoperative care, such as dressing supplies and
follow-up visits, were not calculated. The mean
cost of NPD was $2,302.05 per patient higher
than CDs. These findings suggested that clinical
outcomes and costs did not justify the use of
NPDs, but several relevant families of cost were
not included in the analysis.

The study by Jiang et al., from 2020, aimed to
analyse the direct healthcare costs for inpatients
with extremity post-traumatic osteomyelitis, in
comparison with non-post traumatic OM patients.
The retrospective observational study was realised
in a tertiary medical centre in Southern China. The
survey included data related to 278 post-traumatic
OM inpatients (228 males and 50 females).
Total costs for overall post-traumatic patients
amounted to $3,524,668. The main cost drivers
were materials (61% of the total), pharmaceuticals
(12%) and treatment (11%). Inpatients using an
external fixator had a significantly higher number
of hospital admissions, longer lengths of stay and
higher costs, compared to inpatients without a
fixator. Healthcare costs were influenced by the
use of an external fixator, the type of fixator and
the infection site.

The cost-utility analysis performed by Png et al.
in 2020 (323) compared standard dressing with
incisional INPWT in patients with closed surgical
wounds associated with major trauma to the lower
limbs. Data for economic evaluation came from a
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multi-centre randomised clinical trial comparing
standard dressing (759 patients) and iINPWT (781
patients). The mean costs of initial intervention,
including the cost of the dressings, hospitalisation,
antibiotics and dressing changes, showed that iN-
PWT was more costly compared to SoC (+£647).
In terms of EQ-5D VAS and mean QALYS, no sta-
tistical differences between the two groups were
observed. In the base case, ICER was £396,531
per QALY, as gained from NHS and personal social
services perspective. The probability of INPWT be-
ing cost-effective was lower compared to standard
dressing. This is due to higher costs related to
iINPWT per patient and the lack of difference in
QALYs between the two groups.

8.6 Burns

Two cohort studies were conducted on patients
with burns to evaluate the costs of 1) two tempo-
rary wound coverage (biosynthetic temporary skin
substitute, Biobrane™, versus cadaveric allograft,
Allograft®) (324), and 2) various nano-crystalline
silver formulations (325).

The retrospective 5-year study by Austin et al.
(324) conducted in a regional burn unit on 45 pa-
tients with upper extremity burns compared the
cost of materials and the time consumption for the
procedure of two wound coverages, Biobrane™
and Allograft®. Results showed that Biobrane™
is less expensive ($1.30 for Biobrane™ versus
$2.35 for Allograft®, per minute per % time for
burn surgical Allograft p=0.002). The time con-
sumption related to application is lower compared
to Allograft® (21.12 minutes for Biobrane™, versus
54.78 minutes for Allograft, per %TBSA, p=0.02).
In 2019, Erring et al. (325) evaluated the efficacy,
tolerance, safety and cost effectiveness of silver
nanoparticle gel (SG), nanosilver foam (SF) and
collagen in a retrospective single-centre study in
India. Twenty patients were enrolled in this pro-
spective study that showed a higher re-epitheli-
sation in the SF groups (on Days 10 and 14), as
well as less time taken for changing the dressing
and quicker reduction of pain by the fifth day and
after two weeks, compared with other treatments.
Pain rates were evaluated using the VAS scale. Al-
though SF may be more efficacious and tolerated,

the cost of dressing per % TBSA was comparable
(p=0.09).

8.7 Conclusions

This section on the economic aspects related
to advanced wound management techniques/
products showed that economic evaluations are
very scarce within this field. Most of the studies
compared technologies included in the previous
publication by Piaggesi et al., from 2018 (1). Our
analysis shows that the studies employed varied
approaches, such as cost utility and cost effec-
tiveness analyses. The main data sources were
clinical trials, administrative data and data from
questionnaires, and most of the patient cohorts
originated from the hospital/healthcare setting. It
was not possible to perform a comparison among
the studies, as they were heterogeneous in terms
of objective, technology, methods for cost calcu-
lation, study design, data collection methodol-
ogy and included cost dimensions. The studies
mainly considered the cost of materials and other
direct medical costs, such as the cost of proce-
dures, cost of hospitalisation and cost of health-
care professionals’ time. None considered direct
non-medical costs. Very few studies included the
indirect costs (cost of absenteeism) in their analy-
sis. However, 5 out of 14 studies calculated the
humanistic burden in terms of pain and HRQoL.
Since wounds have an important humanistic bur-
den, engaging patients in their care pathway could
enhance patients’ healing progress and outcomes
(305).

Further economic studies related to wound treat-
ment are needed to inform clinicians, policy mak-
ers and healthcare experts on the sustainability
of these new techniques and technologies (326).
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Table 17: Synthesis of the studies: Ulcers

Author, Year  Country Condition Intervention/ Objective Study design Type of Cost/ outcome Results Conclusions
Comparator economic
evaluation
DIABETIC FOOT ULCERS
Zelenetal,, USA Chronic diabetic lower dHACM vs BSS and standard of To compare dHACM versus BSS Prospective, randomised, Cost analysis Secondary outcome 100 patients randomised In the dHACM
2016 (312) extremity ulcers wound care (SWC) in terms of rates of complete controlled, parallel group, Direct costs of therapies and BSS: 33 pt group fewer
healing, costs and other clinical multi-centre clinical trial ical factors associated dHACM: 32 grafts are needed
factors associated with more with more rapid healing at SWC: 35 to achieve complete
rapid healing 12 weeks Overall healing rates closure compared
BSS: 24/33 (73%) to BSS
dHACM: 31/32 (97%)
SWC: 18/35 (51%)
Mean time to heal (days)
BSS: 47.9
dHACM: 23.6
SWC: 57.4
Cost of graft per pt ($)
BSS: 8828
DHACM: 2798
Carter USA Diabetic foot ulcers dHACA plus SoC versus SoC alone  To estimate the cost-utility of Markov microsimulation Cost-utility Direct and indirect costs ICER group 1 vs group 2 dHACA plus SoC
2020 (313) dHACA plus SoC versus SoC. on data from RCT Horizon time: Direct: personnel time, $4,373 results cost-
1 year procedures and dHACA dominant over effective
Perspective products used to SoC

third party payer

Costs: 2019US$
Costs calculated
according to time-
based activity
based costing
(TBABC)

treat patients
Indirect: cost of
operating a wound

Effectiveness unit: QALY

Healed and non-infected
non-healed ulcer

38.7% of ulcers in group 1
has healed vs 13.9% in
group 2 (at 4 weeks)

At 12 weeks:

74.6% vs 36%

At 1 year:

92.4% vs 88.4%

More amputation in group 2
at 1 year vs group 1
(4.9% vs 1.3%)

Guest et al., UK
2018 (314)

Non-healing venous leg ulcer

Externally applied electroceutical

device (Accel-Heal) versus standard

of care

To estimate the cost-effectiveness

of EAE device.
Time horizon: Jan 2014~
Sept 2015

Prospective, randomised,
double-blind, placebo-
controlled, multi-centre
study.

Instruments used:
HrQoL: FS-36 and
EQ-5D-5L, Cardiff
Wound Impact
Schedule (CWIS)

PRO: VAS and McGill
pain questionnaire

Perspective: NHS
Price: 2015-16

Cost analysis
Direct cost:
-Number of
dressings per
patient

-Number of
debridements
-Number of nurses/
GP/specialist
visits and test
-Number of
prescribed drugs

Health-Related Quality
of Life (HRQoL);

direct costs; QALY

at eight, 16 and 24
weeks (EQ-5D-6L);

The use of the
EAE resulted

in some improved
inical outcomes
and PROs for the
same or less cost

90 patients: 43 EAE vs
47 placebo-.

1) EAE-treated patients
reported less pain,
more social functioning
and greater overall

wellbeing/satisfaction as SoC by 24
(not statistically weeks (but not by
significance). 16 weeks)

2) No significant differences

in health-care resource

use and PROs

3) Incremental cost QALY
gained:

-4480 at 8 weeks

-2265 at 16 weeks

-2388 (dominant) at 24 weeks.
Threshold: £20,000
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Table 17: Synthesis of the studies: Ulcers

Author, Year  Country Condition Intervention/ Objective Study design Type of Cost/ outcome Results Conclusions
Comparator economic
evaluation
DIABETIC FOOT ULCERS
Hayes et al., Six centres  Venous leg ulcers associated  Autologous skin cell suspension To evaluate the safety and Pilot multicentre, NA Pain, Health-Related ASCS + compression: Application of
2020 (315) in UK, one  with venous insufficiency (ASCS) combined with effectiveness of two treatments prospective, randomised Quality of Life (HRQoL) statistically difference in ASCS +
in France (no exposed tendon or bone). compression therapy compared controlled clinical trial. decrease in pain (only compression
with standard compression alone Time horizon: at week 2) and an accelerates
July 2013-Nov 2015. increase in HRQoL healing in large
Instruments used: compared with SoC venous ulcers.
-Disease specific HrQoL:
Charing Cross Venous Leg
Ulcer Questionnaire
-Pain: patient self-report
on a 10-point scale
Towleretal., US, Venous leg ulcer healing Living, Bioengineered Skin Graft To assess for differences in Pilot randomized, Cost analysis Average graft cost 31 subjects. Cost of Use of both in
2018 (316) single site Substitute (Apligraf) versus Living healing rates, adverse outcomes, prospective, blinded TheraSkin: $2495.33/ conjunction
Cryopreserved, Human Skin and treatment costs trial study. subject with compression
Allograft (TheraSkin) Horizon time: June 2013- Cost of Apligraf: therapy is a safe
June 2016 $4316.67/subject and effective way tc
42.2% decrease in cost treat VLUs. Thera-
in the TheraSkin cohort. Skin is cheaper
No statistically significant than Apligraf
difference in the healing
rate and number of grafts
PRESSURE ULCERS

Hermans et USA

Postsurgical or stage IV

Hydrokinetic fiber dressing

To assess the lesions concerning

Retrospective study Cost analysis

Cost of materials

Total average cost of

Hydrokinetic

al., 2015 (317) pressure ulcers versus NPWT healing trends and cost of calculated using real life materials/wound for dressing has
materials cost for the facility treatment period ($) similar healing
Time period: Hydrokinetic vs NPWT results to NPWT
March 2012-May 2013 661.46 vs 2,301.55 but the costs
are lower.
This appears an
effective substitute
for NPWT
Souliotis et Greece Pressure ulcers Moist wound healing dressings To evaluate cost and effectiveness NA Cost analysis Costs: Total treatment cost per The use of moist
al., 2016 (318) versus traditional method with gauze  of moist wound healing dressings - cost of the dressings method until healing (€) wound healing

to treat stage Ill and IV pressure
ulcers versus traditional approach
with gauzes

and the gauzes used
until complete healing;

-daily wages and cost
of healthcare professionals
per home visit;

-cost of the remaining
materials, such as

gloves, saline, syringes,
antiseptics, adhesive tapes

Dressing vs gauzes

63,543 vs 186,638
Average treatment cost per
patient until ulcer healing (€)
1,351 vs 3,888

dressings had a
lower total treatmen
cost compared
with the use

of gauzes
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Table 18: Synthesis of studies: Trauma

Author, Year  Country Condition Intervention/Comparator Objective Study design Type of economic Cost/outcome Results Conclusions
evaluation
Guest et France, Trauma: chronic wounds Polyheal versus surgery To evaluate the cost-effectiveness Three decision models ~ Cost effectiveness -Healthcare resources use Polyheal: Polyheal can be cost

al., 2015 (320) Germany
and the UK or tendons

with exposed bones and/

of using Polyheal

-Perspective of the
payers.
-2010/2011 prices

analysis over 1 year

and cost

-5% improvement in

the probability of healing
-decrease in health

care costs by 35%,

59% and 22% in France,
Germany and the UK

-effective compared
to surgery in France,
Germany and the UK

Kempton et USA, Traum: wound treated Negative pressure dressings (NPDs) 1) To evaluate if NPDs are better Retrospective study. Cost analysis Length of postoperative Mean cost associated Lack of improved
al.,, 2015 (321) four sites with split-thickness skin versus conventional compressive than conventional compressive Time horizon: hospital stay, duration of with clinical outcomes
grafts dressings 2) To determine their costs August 2006- NPD, early readmission -NPD= $4959.22 associated with
difference November 2010 to the hospital, cost -CD= $2657.17 NPD compared
of dressing, cost of Mean cost associated with CDs for STSG
admission with NPD was $2370 in low-risk extremity
more per patient wounds do not justify
compared with that of the added expense
CD of NPD
Jiang et China Extremity post-traumatic Post-traumatic OM versus non- To evaluate direct healthcare Retrospective Cost analysis Healthcare costs for Total hospitalization Potential factor
al., 2020 (322) osteomyelitis (OM) post-traumatic OM costs for inpatients with extremity observational survey inpatients costs: that may influence
post traumatic OM performed in a $3,524,668 the direct costs
tertiary centre in Materials: 61% include the use of
the Southern China. Pharmaceuticals: 12%  external fixator,
Time period: Treatment: 11% infection site and
2013-2016 infection-associated
Median cost:
Post-traumatic OM
inpatients: US$10,504
Non post traumatic
OM: US$2,189
Healthcare costs
post-traumatic OM with
external fixator vs no
fixator:
$16,016 vs $4,956
Pngetal., UK Closed surgical wounds Standard dressings vs incisional To assess the cost-utility of Data from Wound Cost-utility Direct and indirect costs Mean costs from iINPWT is highly
2020 (323) after trauma to lower limb negative pressure wound therapy standard dressings vs iINPWT Healing in surgery (cost of absenteeism from baseline to six unlikely to

(INPWT)

in patients with closed surgical
wounds associated with major
trauma

of Trauma (WHIST)
trial, multicentre,
pragmatic parallel
RCT.

work calculated through
the HCA) (2017/20188);
Health- related quality

months (£)

Total costs, societal
Standard vs INPWT
8,443.70 vs 10,202.01

EQ-5D VAS

Standard vs iNPWT
Preinjury 80.2 vs 79.7
Post injury 41.8 vs 43.1
3 months 64.8 vs 64.2
6 months 69.5 vs 69.7
12 months 71.0 vs 70.4

Base case analysis

ICER: £396,531 per QALY

gained from NHS and
personal social services
perspective

Probal

<

t0 0.028

of INPWT being
cost-effective with respect
to SoC ranges from 0.015

be cost-effective
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9
Regenerativ

e medicine

and regulatory product approval:
Do patients really have access
to optimal care”

9.1 Introduction

For several decades, the term ‘translational medi-
cine’ has been used, and not seldom misused, to
define different things. In 2010, Rubio et al. sum-
marised translational research as ‘multidirectional
and multidisciplinary integration of basic research,
patient-oriented research, and population-based
research, with the long-term aim of improving the
health of the public’ (327). Some years later, in
an open discussion documented by Wang, John
Hutton quoted the Translational Research Work-
ing Group of the National Cancer Advisory Board,
who defined it as ‘scientific discoveries arising from
laboratory, clinical or population studies into new
clinical tools and applications that improve human
health by reducing disease incidence, morbidity
and mortality’ (328).

Perhaps the most comprehensive definition of
translational medicine is the one by the European
Society for Translational Medicine from 2015,
which defined it as the ‘interdisciplinary branch
of the biomedical field supported by three main
pillars: bench side, bedside and community’, and
its goal as ‘to combine disciplines, resources,
expertise, and techniques within these pillars to
promote enhancements in prevention, diagnosis,
and therapies’ (329). However, when contemplat-
ing the pathway of new, enhanced (wound healing)
patient therapies, it is imperative to recognise a
critical milestone on this journey from ‘bench to
bedside’, which is not captured in any of these

definitions: its review and subsequent approval by
the appropriate regulatory authorities.

9.2 Relevant legaslative overview
Wound healing therapies available to healthcare
professionals comprise a large variety of products
that, due to their characteristics, composition and
approaches, are governed by different, partly
overlapping pieces of regulatory legislation. In
sum, three groups of wound healing products can
be identified (i.e., medical devices, combination
products and advanced therapy medicinal
products (ATMPs)).

The legislation for medical devices in the EU and
European Free Trade Association countries has
gone through considerable changes recently. Pre-
viously, this group of wound healing products was
governed by the Medical Device Directive (MDD
92/42/EC). From May 2021 however, the Medical
Devices Regulation (MDR) 2017/745 has come
into force, replacing the previous MDD (330). Al-
though a transition period for products approved
under the MDD is still in effect, all products avail-
able from May 2024 on are expected to possess
a CE certificate according to the MDR (331). Re-
viewing the differences between the two pieces
of legislation, it is possible to recognise a stronger
emphasis on clinical performance and benefits
with the MDR. Furthermore, an increased focus on
safety is apparent, as illustrated, for example, by
the introduction of Post Market Clinical Follow up
(PMCEF), Periodic Safety Update Reports (PSUR)
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and specific risk management and assessment
obligations for manufacturers, the added respon-
sibilities for the newly defined group of ‘economic
operators’, and the limited, five-year CE Mark-
ing certificate validity (332). The transition from
MDD to MDR, and the connected recertification
of products, has been welcomed by healthcare
professionals for its increased focus on patient
safety, but also triggered concerns regarding re-
duced product availability, caused by increased
withdrawals of existing devices and a decrease
in new medical device innovation and EU specific
new device regulations (333).

Combination products are, as the name indi-
cates, the combination of a medical device and
‘a substance which, if used separately, can be
considered to be a medicinal product, as defined
in point 2 of Article of Directive 2001/83/EC (332).
Following the potential risk assessment principle
of medical device classification, such combina-
tion products are always placed in the highest
potential risk category (i.e., class lll) (332). Critical
for the classification of combination devices is the
determination of which component performs its
‘primary’ and ‘secondary’ or ‘supportive’ action,
since its primary action is decisive for its classifica-
tion as, indeed, a medical device, or as a pharma-
ceutical product, governed by Directive 2001/83/
EC. For example, a wound dressing containing an
antimicrobial agent will be regarded as a medical
device if its primary action is regarded to be wound
coverage, protection and absorption. However, if
its primary action is judged to be the delivery of
antimicrobial agents for the treatment of wound
infection, the device will be considered a medici-
nal product, and thus regulated accordingly. This
deliberation becomes even more opaque when
more novel therapeutic designs and approaches
are implemented. An example of this is the totally
artificial implantable heart, developed by French
manufacturer Carmat, which significantly increas-
es survival and mobility of patients with terminal
heart failure awaiting donor availability. To prevent
coagulative complications, the implant is supple-
mented with living bovine cells as a precursor for
autologous cells to ‘coat’ the blood-contacting

surfaces of the implant (334). Although the use of
living cells is a determining regulatory factor, no
doubt based on the primary and secondary action
principle, this implant is classified in Europe as an
active implantable medical device (CE0344) (335).

Some would argue that truly regenerative medi-
cine products are human cell therapies with
gene-based methods, biomaterials and molecular
medicines aimed at promoting the regeneration
of tissues or replacing failing or malfunctioning
organs (1, 336). Regenerative medicine thera-
peutical products are, however, not classified as
medical devices or combination products, but as
Advanced Therapy Medicinal Products (ATMP)
under the Advanced Therapy Medicinal Product
Regulation (EC) No 1394/2007, which has been
under revision since November 2020 (337, 338).
An example of an ATMP would be autologous
chondrocytes seeded onto a collagen membrane
to repair cartilage. Since the autologous chondro-
cytes represent an integral part of the product, the
whole product falls under the ATMP Regulation. An
ATMP will, however, not be regarded a medicine,
when the cells that compose it have the same es-
sential function in the donor as in the recipient, and
when the cells are not subject to any substantial
manipulation. (336) These ‘non-medicine’ ATMPs
are regulated in Europe by Directives 2004/23/
EC, 2006/17/EC and 2006/86/EC. These describe
the quality and safety standards for the donation,
procurement, testing, processing, preservation,
storage and distribution of human tissues and cells
(8339-341). Overall, ATMPs can be categorised
in four distinct groups: gene therapy medicinal
products (GTMP), somatic cell therapy medicinal
products (sSCTMP), tissue engineered products
(TEP) and combined advanced therapy products
(CATP) (342). An overview and short characteri-
sation of these ATMP categories can be found in
Table 19. Their authorisation and commercialisa-
tion are regulated by Directive 2001/83/EC and
Regulation (EC) No. 726/2004, amended by EU
Regulation No. 1235/2010. In practice, this means
that ATMPs have to fulfil the same high regulatory
standards as other pharmaceuticals, which are
overseen by the EMA (343-345).
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9.3 ATMPs available to European
patients today

An overview of registered ATMPs in Europe can be
found in Table 20. A review of the currently approved
cell and gene therapies in this table shows that only
a very limited number of therapies has become
available to European patients since the Advanced
Therapy Medicinal Product Regulation came into
force in 2007.

Focussing on therapies applicable specifically to
(wound) healing indications in their broadest defini-
tion leads to an even more discouraging conclu-
sion: most of the currently approved ATMPs are
gene therapies, which would bring the total to a
mere two cell and tissue-engineered products in 14
years. During this period, the same number of TEP
therapies were withdrawn. This limited availability
of ATMPs is multifactorial. First, since these high
potential therapies are, indeed, on the cutting edge
of medical science, their development pathways
are long, investment-intensive and filled with uncer-
tainties. For example, Professor Graziella Pellegrini,
currently at the Centre for Regenerative Medicine
Stefano Ferrari at the University of Modena and
Reggio Emilia, mentioned that the development
work of Holoclar® was started 25 years before its

eventual regulatory approval in 2015 (346, 347).
Second, the regulatory approval process of AT-
MPs is detailed and long; the approval of Chondro-
celect® in 2009 was reported to have taken nine
years, according to its developer, TiGenix. Third,
products are withdrawn frequently after a certain
period of time, either by the EMA, due to observed
safety concerns in the real world, or by the manu-
facturer, who may discontinue the market approval
due to disappointing commercial returns on invest-
ment. Of the five withdrawn products in Table 20,
four were discontinued by the manufacturer due to
commercial reasons and/or bankruptcy (348). The
latter is not seldom instigated by the discrepancy
between the manufacturer’s price expectation and
the willingness of European healthcare insurers to
reimburse (349).

Whether or not the limited access of European
patients to these kinds of therapies is the cause for
the emergence of ‘cell therapy tourism’ is unclear.
No doubt triggered by the emergence of this
phenomenon, the EMA's Committee for Advanced
Therapies (CAT) advised the public, including
patients, in April 2020 to be beware of unproven,
unregulated, cell-based therapies, following the
appearance of advertisements across the EU

Advice for patients considering treatment

with a cell-based therapy

If you are offered cell-based therapy, find out from your healthcare #%
professional if it has been authorised by medicines authorities zg

@ Ask your healthcare professional to E{ETRERAR CRETaTe Mol aT=li1e]
of the cell-based therapy and provide information in writing

@ Ask your healthcare professional how you should report BEERSiides

resulting from the treatment

[z Contact your national medicines authority or EMA if you have any

questions*

[z If you are considering taking a treatment in a non-EU country,

check the regulations in that country

*ema.europa.eu/partners-networks/eu-partners/eu-member-states

0 EUROPEAN MEDICINES AGENCY

SCIENCE MEDICINES HEALTH

©
°°°
e

eV 4

|

#CellBasedTherapy

Figure 60: Info card advice for patients considering treatment with a non EMA CAT approved cell-
based therapy (381). Reproduced with kind permission of EMA.
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for cell therapies as cures for serious conditions
(Figure 60).

In its statement CAT writes: ‘EMA's Committee for
Advanced Therapies (CAT) is advising patients and
the public against using unregulated cell-based
therapies which may not be safe or effective. The
CAT’s advice is in response to individuals, compa-
nies and hospitals promoting unproven cell-based
therapies as cures for a broad range of condi-
tions including cancer, cardiovascular diseases,
autism, cerebral palsy, muscular dystrophy, and
vision loss. These treatments can pose serious
risks to patients for little or no benefit. Patients
using unproven or unregulated cell-based thera-
pies have reportedly suffered serious, sometimes
fatal, side effects including infections, unwanted
immune reactions, tumor formation, loss of vision
and bleeding in the brain. [...] Healthcare providers
should explain the benefits and risks of the cell-
based therapies that they are providing to patients,
as well as confirming that regulatory authorities
have approved their use’ (350).

Although the CAT’s warning is certainly justified, it
should also be acknowledged that many ATMPs
exist that are not available in Europe, but are
approved by regulatory authorities elsewhere
(Table 21).

9.4 Different regulatory
environments: Comparison of

the EU and US

As outlined by Piaggesi et al. in their earlier over-
view of advanced therapies in wound manage-
ment, many challenges during the non-clinical and
clinical development of ATMPs should be consid-
ered. For example, an effective application of vari-
ous regulatory tools can benefit enormously devel-
opment times and the cost of bringing a product
to market (1). Later, the excellent review by Detela
and Lodge summarised the standard, accelerated
and adaptive EU regulatory pathways for ATMPs
to market authorisation, supplementing the EMA’s
base documentation on ATMPs in a very detailed
and effective manner (347). Nonetheless, as the

Regulatory Affairs Professionals Society (RAPS)
concluded:

‘The regulatory environment for ATMPs is evolving
and advancing, often retrospectively to product
development. Thus, it is essential to have strong,
continuing regulatory intelligence efforts as well
as frequent interaction with regulatory agency of-
ficials. In order to ride the crest of the wave rather
than have it swamp development efforts, increas-
ing education and gaining better understanding
about the nature of ATMPs—as well as how they
are regulated—is imperative. This effort includes
staying tuned to current EMA, FDA and global
regulatory development incentives and framework
as ATMP evolution continues well into the 21st
century (351).

Having said this, it is imperative to acknowledge
that, as with any fast-developing, broad, versa-
tile and cutting-edge research field, regenerative
medicine encompasses more than one therapeutic
approach or development. Hence, ATMPs repre-
sent just one facet of the broad palette of potential
wound healing tools for healthcare professionals.
This was underlined in 2020, for example, when
Snyder et al. published an update of their 2012
Technical Brief on skin substitutes for treating
chronic wounds (352, 353). Both versions of these
studies are based on research conducted by the
ECRI Institute-Penn Medicine Evidence-Based
Practice Center, under contract to the US Agency
for Healthcare Research and Quality (AHRQ), and
describe skin substitute products commercially
available in the United States. A determination
of the European regulatory status of these skin
substitute products (Table 22) was conducted in
four phases, reflecting the common path of en-
quiry by practicing health care professionals (i.e.,
consultation of publicly available product infor-
mation, by using the contact information form on
the company’s web site (when available), by tel-
ephone through the company’s published contact
number(s) and through direct telephone and email
contact with known company representatives).
Complete non-response to a total of 10 physician
requests for regulatory product information over
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a 6-month period (25.8%) was interpreted as an
indication for potential ‘off-label use’, and therefore
classified, by default, as not regulatory-approved
for use in Europe. Reviewing the data compiled
by Snyder et al. from an European perspective, it
becomes apparent that only 18% of these thera-
pies, in some cases used and evaluated in real
life clinical settings for decades, are also available
to European patients. This percentage increases
to 23.6% if regulatory clearance is evaluated as
approved for use in some, but not all, European
countries (Table 22). Upon enquiry, these differ-
ences in therapy availability are caused largely by
differences in regulatory reviews and classifications
between the EU and US. For example, in 1998,
the FDA’'s Center for Devices and Radiological
Health (CDRH) approved Apligraf®, a regenerative
medicine living cell and scaffold therapy for wound
healing, as a medical device (354). However, regu-
latory authorities in Europe classify such therapeu-
tic products in a significantly different way (355),
thus confronting investigators and manufacturers
with significant regulatory and financial investment,
which often leads to the executive decision not to
submit the product for European market authori-
sation. In 2015, almost 20 years after its original
introduction in the US, Apligraf® was approved in
Switzerland, while in 2022 it remains unavailable
to patients within the EU (356). Reviewing the list-
ing by Snyder et al. in Table 22, it should also be
noted that not all products have the same regula-
tory classification, even in the US. This, too, can be
seen as an indication of the real-life conundrum to
fit new, innovative therapeutic approaches within
a less-agile and not frequently updated regulatory
framework (357). Although it should be acknowl-
edged and appreciated that the different regulatory
authorities are committed to working towards the
facilitation and harmonisation of regulatory stand-
ards, the question remains whether this will effec-
tively enhance access of healthcare professionals
and their patients to innovative regenerative medi-
cine solutions in the short term (351).

9.5 The future for new innovative
regenerative medicine therapies in
Europe

Despite the above, research on new and innova-
tive regenerative medicine therapies is becoming
ever more versatile. The emerging interdisciplinary
field of skin tissue bioengineering is an example.
Here, extensive deep tissue injuries, such as large
burns and other major skin loss conditions, are
investigated, aiming at developing therapies to re-
duce the time required to accomplish stable clo-
sure of wounds with minimal scarring in patients
with insufficient donor sites for autologous split-
thickness skin grafts. Regarding the composition
of such tissue engineered skin, which may include
cells, biopolymer scaffolds and drugs, it is not dif-
ficult to recognise the challenges these therapeutic
approaches will encounter in their transition from
clinical research to achieving regulatory market
approval (358). This becomes even more appar-
ent when reviewing the exciting and encouraging
research into the application of 3D bioprinting in
skin wound healing (359-368). Although 3D bio-
printing research of skin seems to have advanced
furthest towards a potential everyday clinical ap-
plication, the opportunities of this technique do not
stop there. Good examples here are the 3D (re)
construction of cartilage and osseous structures
(869-374); the bioprinting of cardiovascular struc-
tures like cardiac tissue, arteries and vessels (375-
378); or even a combination of the above (i.e., a
complete pre-vascularised implant for the repair
of critically sized bone defects) (379). Even further
reaching, unimaginable regenerative therapeutic
potential is demonstrated by the work of Koffler et
al., who investigated 3D-printed scaffolds loaded
with neural progenitor cells that supported suc-
cessful axon regeneration and the formation of
new neural relays across sites of complete spinal
cord injury in vivo in rodents (380). Recognising
the impressive potential of these therapeutic ap-
proaches, it cannot be surprising that, during the
recent COVID-19 pandemic and its aftermath,
many investigators and clinicians looked towards
regenerative medicine for potential solutions (381-
385).
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Acknowledging this, and focusing on the regen-
erative wound healing therapies available to Eu-
ropean healthcare professionals, some questions
remain for contemplation: Will the European regu-
latory framework be able to keep up? Considering
the differences in regenerative medicine therapies
available to patients in and outside Europe, might
a recalibration of the EU’s regulatory framework be
called for, as has happened elsewhere in response
to new developments? (357) Or, should regula-

tory frameworks and authorities first and foremost
safeguard a more stable, albeit less flexible, base
where new products just need to comply with the
applicable standards and policies? Then again,
for healthcare professionals and providers, the
remaining, and perhaps most important, ques-
tion might be: Will it, in everyday practice within
the EU, currently and in the future, be possible to
provide and guarantee patients optimal (wound)
care, as obligated?

Table 19: Overview and concise description of ATMP categories (1, 386).

CATEGORY DEFINITION

GTMP

Contains an active substance that contains or consists of a recombinant nucleic acid

used in or administered to human beings with a view to regulating, repairing, replacing,
adding or deleting a genetic sequence

Its therapeutic, prophylactic or diagnostic effect relates directly to the recombinant
nucleic acid sequence it contains, or to the product of genetic expression of this

sequence

sCTMP

Contains or consists of cells or tissues that have been subject to substantial manipulation
so that biological characteristics, physiological functions or structural properties relevant
for the intended clinical use have been altered, or of cells or tissues that are not intended
to be used for the same essential function(s) in the recipient and the donor

Is presented as having properties for or is used in or administered to human beings
with a view to treating, preventing or diagnosing a disease through the pharmacological,
immunological or metabolic action of its cells or tissues

TEP Contains or consists of engineered cells or tissues, and

Is presented as having properties for, or is used in or administered to human beings, with
a view to regenerating, repairing or replacing a human tissue

CATP It must incorporate, as an integral part of the product, one or more medical devices
within the meaning of Article 1(2)(a) of Directive 93/42/EEC or one or more active
implantable medical devices within the meaning of Article 1(2)(c) of Directive 90/385/

EEC, and
Its cellular or tissue part must contain viable cells or tissues, or

Its cellular or tissue part containing non-viable cells or tissues must be liable to act upon
the human body with action that can be considered as primary to that of the devices
referred to
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Table 20: Approved ATMPs in Europe (as of October 2022) (347, 348, 387).
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NAME COMPANY  INDICATION APPROVAL ATMP STATUS
DATE subtype
ROCTAVIAN  BioMarin Haemophilia A AUG 2022 GTMP Approved
Europe
UPSTAZA PTC Aromatic L-amino acid JUL 2022 GTMP Approved
Therapeutics  decarboxylase deficiency
CARVYKTI Janssen Relapsed or refractory multiple MAY 2022 GTMP Approved
myeloma (CAR-T)
BREYANZI Bristol Myers  Large B-cell ymphoma (LBCL, APR 2022 GTMP Approved
Squibb DLBCL, PMBCL, FL3B)
ABECMA Celgene Relapsed or refractory multiple Aug 2021 GTMP Approved
myeloma
SKYSONA Bluebird Bio  Cerebral adrenoleukodystrophy Jul 2021 GTMP Approved
(CALD)
LIBMELDY Orchard Metachromatic leukodystrophy Dec 2020 GTMP Approved
Therapeutics
TECARTUS  Kite Mantle cell lymphoma (refractory) Dec 2020 GTMP Approved
Therapeutics
ZOLGENSMA Avexis Spinal muscular atrophy May 2020 GTMP Approved
(SMA) Type 1
ZYNTEGLO  Bluebird Bio  Beta-thalassemia May 2019 GTMP Approved
LUXTURNA  Novartis Retinitus pigmentosa and Leber Nov 2018 GTMP Approved
congenital amaurosis
YESCARTA  Gilead B-cell ymphoma (DLBCL, PMBCL)  Aug 2018 GTMP Approved
KYMRIAH Novartis Acute lymphoblastic leukaemia Aug 2018 GTMP Approved
(ALL), B-cell ymphoma (DLBCL)
ALOFISEL Takeda Perianal fistulas, Morbus Crohn Mar 2018 SCTMP Approved
SPHEROX CO.DON Cartilage defects Jul 2017 TEP Approved
ZALMOXIS MolMed Haploidentical bone marrow Jun 2016 GTMP Withdrawn,
transplant Oct 2019
STRIMVELIS ~ Orchard ADA-SCID May 2016 GTMP Approved
Therapeutics
IMLYGIC Amgen Oncolytic viral therapy for Dec 2015 GTMP Approved

unresectable cutaneous,
subcutaneous and nodal lesions
in melanoma
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Table 20: Approved ATMPs in Europe (as of October 2022) (347, 348, 387).

New Technologies for Tissue Replacement

NAME COMPANY  INDICATION APPROVAL ATMP STATUS
DATE subtype
HOLOCLAR  Holostem Limbal stem cell deficiency eyes Feb 2015 SCTMP Approved
after burn/acid damage

PROVENGE Dendreon Metastatic prostate cancer Oct 2013 SCTMP Withdrawn,
May 2015

MACI Vericel Cartilage defects in knee Jul 2013 TEP Withdrawn,
Sep 2014

GLYBERA uniQure Lipoprotein lipase deficiency Nov 2012 GTMP Withdrawn,
Oct 2017

CHONDRO-  TiGenix Knee cartilage defects Nov 2009 TEP Withdrawn,

CELECT Nov 2016
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Table 21: Cell therapies available outside Europe (selection) (348, 388).

NAME COMPANY INDICATION APPROVED COUNTRY
AMNIOFIX MiMedx Allogeneic micronised dehydrated human 2018 USA
amnion/chorion membrane for use in the
treatment of OA of the knee
CAP-1002 Capricor Allogeneic cell therapy (cardiosphere-derived 2018 USA
Therapeutics cells) that is currently in clinical development
for the treatment of Duchenne muscular
dystrophy
ROSIMIR Tego Science Autologous cell therapy for under eye wrinkles 2018 South Korea
STEMIRAC  Nipro Corp Mesenchymal stem cell therapy for treatment 2018 Japan
spinal cord injury
AST-OPC1 Asterias Oligodendrocyte progenitor cells manufactured 2017 USA
Biotherapeutics  from pluripotent embryonic stem cells for
treatment of patients with spinal cord injury
CEVA101 Cellvation Autologous bone marrow derived stem cells 2017 USA
for the treatment of traumatic brain injury
CHONDRO-  Orthocell Pty Ltd. Autologous cultured chondrocytes for use 2017 Australia
CYTES - in treatment of cartilage lesions associated
T - ORTHO- with the knee, patella and ankle
ACI
CARTIGROW Chondron ACI Autologous cultured cartilage cells for 2017 India
- RMS Regrow treatment of articular cartilage defect
HUMACYL Humacyte Human acellular vessel for patients 2017 USA
undergoing haemodialysis
IXMYEL- Vericel Autologous expanded multicellular product 2017 USA
OCEL-T for the treatment of advanced heart failure
due to ischaemic dilated cardiomyopathy
JCELL iCyte Adult retinal progenitor cells for the treatment 2017 USA
of retinitis pigmentosa
MPC Mesoblast Ltd. MPC therapy in the treatment of patients with 2017 USA
THERAPY heart failure with left ventricular systolic
dysfunction and LVADs
OSSGROW  Chondron ACI Autologous cultured osteoblasts for avascular 2017 India
- RMS Regrow necrosis of the hip
STRATA- Mallinckrodt Autologous skin cell product for the treatment 2017 USA
GRAFT PLC of deep partial thickness burns
MACI Vericel Autologous cultured chondrocytes on a 2016 USA
Corporation porcine collagen membrane for the repair of

single or multiple symptomatic, full-thickness
cartilage defects of the knee, with or without
bone involvement in adults
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Table 21: Cell therapies available outside Europe (selection) (348, 383).
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NAME COMPANY INDICATION APPROVED COUNTRY
STEM- Stempeutics Allogeneic mesenchymal stromal cell therapy 2016 India
PEUCEL Research PVT for critical limb ischemia
KERAHEAL-  Biosolution Hydrogel-type allogeneic keratinocyte based 2015 South Korea
ALLO Co. Ltd. cell therapy for 2" degree burns
PROCHY- Mesoblast Allogeneic ex vivo cultured adult human 2015 Australia
MAL International mesenchymal stromal cells for the
SARL management of acute graft- versus-host
disease in paediatric patients
HEART- Terumo Autologous skeletal myoblast sheet product 2015 Japan
SHEET Co., Ltd. for the treatment of severe heart failure
TEMCELL JCR Allogeneic mesenchymal stem cell product for 2015 Japan,
Pharmaceuticals  acute radiation injury, COPD, Crohn’s disease, Canada,
Co. Ltd. graft-versus- host disease, diabetes type |, New Zealand
(Mesoblast Ltd.)  myocardial infarction
NEURO- Corestem Inc. Autologous bone marrow mesenchymal stem 2014 South Korea
NATA- R cell therapy for ALS
CUPISTEM  Anterogen Reduction inflammation and regeneration 2012 South Korea
damaged joint tissues
CARTISTEM  Medipost Knee cartilage defects (e.g., traumatic articular 2012 South Korea
Co. Ltd. cartilage, degenerative and rheumatoid arthritis)
GINTUIT Organogenesis Allogeneic cultured keratinocytes and fibro- 2012 USA
Inc. blasts in bovine collagen (cellular sheets) for
topical (non- submerged) application to a
surgically created vascular wound bed in the
treatment of mucogingival conditions in adults
JACC J-Tec Autologous chondrocytes and collagen gel for 2012 Japan
alleviation clinical symptoms of traumatic
cartilage defect or osteochondritis dissecans
of knee
PROCHY- Osiris Allogeneic ex vivo cultured adult human 2012 New Zealand
MAL Therapeutics mesenchymal stromal cells indicated for the
Inc. rescue of patients NLT 6 mos to 17 yrs of age
with acute graft-versus-host disease, refractory
to treatment with systemic corticosteroid
therapy or other immunosuppressive agents
CELLGRAM-  Pharmicell Autologous bone marrow derived mesen- 2011 South Korea
AMI Co. Ltd. chymal stromal cells for acute myocardial
infarction patients (improvement of LVEF)
LAVIV Fibrocell Severe nasolabial fold wrinkles in adults 2011 USA

Technologies
Inc.
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Table 21: Cell therapies available outside Europe (selection) (348, 388)

NAME COMPANY INDICATION APPROVED COUNTRY
CURESKIN  S. Biomedics Autologous dermal fibroblast-based 2010 South Korea
Co. Ltd. therapy for depressed acne scars
QUEENCELL Anterogen Autologous mesenchymal stem cell therapy 2010 South Korea
for connective tissue disorders
RMS Sewon Cultured autologous osteoblasts for focal 2009 South Korea
OSSRON Cellontech bone formation, can be used with or 2017 India
Co. Ltd. without fibrin glue
JACE J-Tec Autologous keratinocytes for deep dermal 2007 (Burns) Japan
and full-thickness burns and for facilitate 2016
wound closure after giant congenital (Wound
melanocytic nevi excision closure)
HYALO- Cha Bio & Autologous fibroblasts in 3D scaffolds of 2007 South Korea
GRAFT 3D Diostech hyaluronic acid derivatives for DFU
Co. Ltd.
KERAHEAL  Biosolutions Autologous keratinocyte based cell therapy 2006 South Korea
Co. Ltd. for 2" degree burns
KALODERM  Tego Allogeneic cell therapy, deep 2" degree 2005 (Burns) South Korea
Sciences Inc. burns and DFU 2010 (DFU)
HOLODERM  Tego Epidermal autograft of autologous keratino- 2002 South Korea
Sciences Inc. cytes for skin disorders such as burns,
vitiligo, nevi and scars
CHONDRON  Sewon Cultured autologous chondrocytes for focal 2002 South Korea
™ Cellontech cartilage defect of knee, can be used with
Co. Ltd. or without fibrin glue
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Table 22: Skin substitute products commercially available in the US, compared to the EU (352).
When only approved in some European countries, country code according ISO3166-1 is given.

[NR] = no reply from manufacturer

PRODUCT MANUFACTURER MANUFACTURER’S us EU
PRODUCT DESCRIPTION
Affinity Human  Organogenesis, Inc., Affinity is a fresh amniotic membrane aseptically processed YES NO
Amniotic Canton, MA, USA and hypothermically preserved.
Allograft
AlloGen Vivex Biomedical, Inc. Amniotic fluid product derived from donated birth tissue. YES NO
AlloGen is intended for treatment of non-healing wounds
and burn injuries.
AlloPatch Musculoskeletal AlloPatch is an aseptically processed human reticular dermal  YES NO
Transplant Foundation tissue for use as a chronic or acute wound covering.
(dba MTF Biologics),
Edison, NJ, USA
AlloPatch Musculoskeletal AlloPatch Pliable is human reticular dermal tissue. YES NO
Pliable Transplant Foundation
(dba MTF Biologics)
AlloSkin™ AlloSource, Centennial, AlloSkin AC is a meshed dermis-only human skin graft. YES YES
AC Acellular CO, USA
Dermal Matrix
AlloSkin™ RT  AlloSource, Centennial, AlloSkin RT is a meshed human dermal graft. YES YES
CO, USA
AlloWrap AlloSource/ Stryker AlloWrap is a human placental membrane. YES YES
AltiPlast Aziyo Biologics, Silver AltiPlast is a cryopreserved placental matrix derived from YES NO
Spring, MD, USA human amniotic and chorionic membranes.
AltiPly Aziyo Biologics Lyophilized placental membrane. YES NO
AmnioAmp-MP  CellGenuity Regenerative ~ Amniotic membrane, sterile human tissue allograft YES NO [NR]
Science, Grapevine, TX membrane patch intended for homologous use.
USA
AmnioArmor Globus Medical, Inc. Dehydrated human amniotic membrane allograft derived YES NO
from placental tissue submucosa.
AmnioBand MTF Biologics AmnioBand is an aseptically processed human allograft YES NO
Allograft placental matrix composed of amnion and chorion for use
Placental as an acute or chronic wound covering.
Matrix
AmnioCore Stability Biologics. Dual layer amniotic tissue allograft YES NO [NR]
Nashville, TN USA
Amnioexcel Integra LifeSciences Amnioexcel is dehydrated human amnionderived tissue YES NO
Corp. acquired Derma allograft with intact extracellular matrix.
Sciences, Plainsboro,
NJ, USA
AmnioFill MiMedx Group, AmnioFill is a nonviable cellular tissue matrix allograft derived ~ YES NO
Human Inc.,Marietta, GA, USA from human placental tissue.
Placental
Tissue Allograft
AmnioFix MiMedx Group AmnioFix is an allograft composed of dehydrated human YES YES
Amnion/Chorion amnion/chorion membrane.
Membrane
Allograft
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Table 22: Skin substitute products commercially available in the US, compared to the EU (352).
When only approved in some European countries, country code according ISO3166-1 is given.

[NR] = no reply from manufacturer

PRODUCT MANUFACTURER MANUFACTURER’S us EU
PRODUCT DESCRIPTION
Amniomatrix Integra LifeSciences Amniomatrix is a cryopreserved suspension allograft YES NO
Human acquired Derma derived from the amniotic membrane and components
Amniotic Sciences of the amniotic fluid.
Suspension
Allograft
AmnioMaxx Royal Biologics, Dehydrated, amniotic tissue membrane graft. YES NO [NR]
Hackensack, NJ USA
Amniotext Regenerative Labs, Amniotic membrane derived, human tissue allograft YES NO [NR]
Augusta, GA USA suspension product
AmnioWound  AlphaTissue LLC, Lyophilized human amniotic membrane allograft YES NO [NR]
Sheridan, WY USA comprised of an epithelial layer and two fibrous
connective tissue layers.
Apligraf Organogenesis, Inc., Apligraf is a living, bilayered skin substitute. The lower YES EU: NO
Canton, MA, USA dermal layer combines bovine type 1 collagen and human CH: YES
fibroblasts (dermal cells). The upper epidermal layer is
formed by human keratinocytes (epidermal cells).
Architect Harbor MedTech, Inc., Architect is made from decellularized equine YES YES
stabilized Irvine, CA, USA pericardial tissue.
collagen
matrix
Artacent Tides Medical, Wound-specific, dual-layer amniotic tissue graft designed YES NO
Wound Lafayette, LA, USA for enhanced efficacy and ease of use. Intended for chronic
wounds.
ArthroFlex Arthrex, Acellular dermal matrix used to supplement soft tissue YES NO
Munich Germany repairs such as the Achilles tendon and rotator cuff.
Ascent StimLabs LLC, Dehydrated cell and protein concentrate injectable derived YES NO [NR]
Snellville, GA USA from human amniotic fluid.
Axolotl Axolotl Biologix Inc., Human amniotic flowable allografts YES NO [NR]
Scottsdale, AZ USA
BellaCell HansBiomed Corp., Human acellular dehydrated dermis regenerative YES NO [NR]
Seoul, Korea tissue matrix.
Bio-ConnekKt MLM Biologics, Inc., The bio-ConneKt Wound Matrix is composed of YES NO
Wound Matrix ~ Alachua, FL, USA reconstituted type | collagen derived from equine tendon.
BioDFactor Integra LifeSciences, BioDFactor Viable Tissue Matrix is a flowable tissue allograft ~ YES NO
Viable Tissue  originally BioD, LLC derived from morselized amniotic tissue and components
Matrix of the amniotic fluid.
BioDFence Integra LifeSciences, BioDFence G3 and BioDDryFlex are membrane allografts YES NO
originally BioD, LLC derived from the human placental tissues.
Biovance Alliqua Biomedical, Biovance is a decellularized, dehydrated human placental YES NO
Amniotic Langhorne, PA, USA membrane with a preserved natural epithelial basement
Membrane (now SanuWave/ Antrex)  membrane and an intact extracellular matrix structure.
Allograft
Cellesta™ Ventris Medical, Newport ~ Cellesta Amniotic Membrane is a placental allograft product. ~ YES NO [NR]
Amniotic Beach, CA, USA The single-layered allografts are affixed to a poly mesh backing
Membrane and can be sutured, glued, or laid over the desired tissue.
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Table 22: Skin substitute products commercially available in the US, compared to the EU (352).
When only approved in some European countries, country code according ISO3166-1 is given.
[NR] = no reply from manufacturer

PRODUCT MANUFACTURER MANUFACTURER’S us EU
PRODUCT DESCRIPTION
Clarix Amniox Medical, Inc., Cryopreserved human amniotic membrane and YES NO
Miami, FL, USA umbilical cord.
Coll-e-derm™  Parametrics Medical, Coll-e-derm is a human derived dermal allograft. YES NO [NR]
Leander, TX, USA
Collawound Collamatrix Co., Ltd., CollaWound wound dressing is composed of cross-linked YES NO [NR]
collagen Miaoli County, Taiwan porous collagen matrix.
sponge
Cygnus Amnion Vivex Biomedical, Cygnus is derived from human placental membrane. YES NO
Patch Allografts Atlanta, GA, USA
Cytal wound Acell, Inc., Columbia, Cytal is composed of porcine urinary bladder matrix with an YES YES
matrix MD, USA intact epithelial basement membrane.
(now Integra LifeSciences)
DermACELL LifeNet Health, Virginia DermACELL is a human acellular dermal matrix. YES YES:
Human Acellular Beach, VA, USA UK, IE,
Dermal Matrix. ES, AT,
DermACELL NL, SE,
AWM is intended NO, GR,
for chronic wounds. CH
Dermagraft Organogenesis Dermagraft is a cryopreserved human fibroblast derived YES NO
dermal substitute, composed of fibroblasts, extracellular
matrix, and a bioabsorbable scaffold.
Dermapure Tissue Regenix Group, DermaPure is a decellurized human dermis product. YES NO [NR]
San Antonio, TX, USA
DermaSpan™  Zimmer Biomet DermaSpan Acellular Dermal Matrix is derived from YES NO
Acellular (manufactured by Biomet  allograft human skin.
Dermal Matrix ~ Orthopedics, Warsaw, IN,
USA)
Dermavest and  Aedicell, Inc., Honeoye Dermavest Human Placental Tissue Matrix is composed YES NO
Plurivest Falls, NY, USA of human placental tissue.
Human Placental
Connective
Tissue Matrix
Endoform™ Hollister Wound Care, Endoform Dermal Template contains a naturally derived YES NO [NR]
dermal Libertyville, IL, USA template ovine collagen ECM that is terminally sterilized.
EpiCord MiMedx EpiCord is a dehydrated, nonviable cellular umbilical YES NO
cord allograft.
Epifix (in EU: MiMedx Epifix is a dehydrated human amnion/chorion membrane YES YES
Spectrix) allograft.
Excellagen Taxus Cardium Excellagen is collagen gel composed of formulated, 2.6% YES NO [NR]
Pharmaceuticals Group, (26 mg/mL) fibrillar bovine dermal collagen (type 1) that is
San Diego, CA, USA topically applied directly to the wound surface.
(now Olaregen
Therapeutix Inc)
EZ Derm MolInlycke Health Care, EZ Derm is a porcine xenograft for partial skin loss injuries YES NO

Norcross, GA, USA

or as temporary cover.

Journal of Wound Management
EWMA Document 2023



New Technologies for Tissue Replacement

Table 22: Skin substitute products commercially available in the US, compared to the EU (352).
When only approved in some European countries, country code according ISO3166-1 is given.
[NR] = no reply from manufacturer

PRODUCT MANUFACTURER MANUFACTURER’S us EU
PRODUCT DESCRIPTION

FloGraft Applied Biologics, FI6Graft is chorion-free allograft composed of amnion and YES NO [NR]

Amniotic Fluid- Scottsdale, AZ, USA amniotic fluid derived from prescreened, live, healthy donors.

Derived Allograft

FlowerAmnio Flower Orthopedics, FlowerAmnioPatch is a dual-layer amniotic membrane YES NO

Patch™ and Horsham, PA, USA (now  allograft. FlowerAmnioFlo is a flowable amnion tissue allograft.

FlowerAmnio Conventus Orthopeadics)

Flo™

FlowerDerm™  Flower Orthopedics (now  FlowerDerm is a meshed dermis-only decellularized human YES NO
Conventus Orthopeadics) — skin graft.

GammaGraft™ Promethean LifeSciences, GammaGraft is an irradiated human skin allograft. YES NO
Inc., Pittsburgh, PA, USA

Geistlich Geistlich Pharma North Derma-Gide is a porcine, porous, resorbable, 3D matrix YES NO

Derma-Gide™  America Inc., Princeton, designed specifically for the management of wounds.
NJ, USA

Genesis Genesis Biologics, Genesis Amniotic Membrane is derived from human YES NO [NR]

Amniotic Anaheim, CA, USA placental membrane.

Membrane

Grafix Osiris Therapeutics, Grafix is a cryopreserved cellular placental membrane. YES NO
Inc., Columbia, MD, USA

GrafixPL Prime  Osiris Therapeutics, GrafixPL Prime is a lyopreserved cellular placental YES NO
Inc., Columbia, MD, USA  amniotic membrane.

GraftJacket™  Wright Medical Group GraftJacket Matrix is a human dermal collagen matrix YES YES

RTM N.V., Memphis, TN, USA

Helicoll™ EnColl Corp., Fremont, Helicoll is an acellular collagen matrix derived from YES NO [NR]
CA, USA bovine sources.

hMatrix ADM Bacterin International, hMatrix ADM is an allograft derived from donated YES NO [NR]
Inc., Belgrade, MT, USA human skin.
(now XTANT Medical)

Hyalomatrix Anika Therapeutics, Hyalomatrix is a nonwoven pad composed of a wound YES YES

tissue Bedford, MA, USA contact layer made of a derivative of hyaluronic acid in

reconstruction fibrous form with an outer layer composed of a

matrix semipermeable silicone membrane.

Integra Bilayer  Integra LifeSciences Integra Bilayer Wound Matrix is composed of a porous YES NO

Matrix Wound matrix of cross-linked bovine tendon collagen and

Dressing glycosaminoglycan and a semipermeable polysiloxane

(silicone layer).

Integra BioFix  Integra LifeSciences Integra BioFix and Integra BioFix Plus are human tissue YES NO

Amniotic allografts derived from allogeneic dehydrated and

Membrane decellularized amniotic membrane.

Allograft

Integra BioFix  Integra LifeSciences Integra BioFix Flow is derived from decellularized particulate ~ YES NO

Flow Placental
Tissue Matrix
Allograft

human placental connective tissue matrix.
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Table 22: Skin substitute products commercially available in the US, compared to the EU (352).
When only approved in some European countries, country code according ISO3166-1 is given.

[NR] = no reply from manufacturer

PRODUCT MANUFACTURER MANUFACTURER’S us EU
PRODUCT DESCRIPTION
Integra Dermal  Integra LifeSciences Integra Dermal Regeneration Template has 2 layers: a thin YES YES
Regeneration outer layer of silicone and a thick inner matrix layer of
Template and pure bovine collagen and glycosaminoglycan.
Integra Omnigraft
Regeneration Template
Integra Integra LifeSciences Integra Flowable Wound Matrix is composed of granulated YES YES
Flowable cross-linked bovine tendon collagen and glycosaminoglycan.
Wound Matrix
Integra Matrix  Integra LifeSciences Integra Wound Matrix is composed of a porous matrix of YES NO
Wound cross-linked bovine tendon collagen and glycosaminoglycan.
Dressing;
originally Avagen
wound dressing
InteguPly Aziyo Biologics InteguPly is human acellular dermis. YES NO
“Interfyl™ Human Connective Tissue Matrix”
Matrix HD RTI Surgical, Alachua, Matrix HD allograft is an acellular human dermis allograft. YES EU: NO
Allograft FL, USA UK: YES
MicroMatrix AlloSource, Centennial, MicroMatrix is composed of a porcinederived extracellular YES YES
CO, USA (now Integra urinary bladder matrix.
LifeSciences)
Miroderm Miromatrix Medical, Miroderm is a noncross-linked acellular wound matrix YES NO
Inc., Eden Prairie, MN, derived from porcine liver
USA (now Reprise
Biomedical)
Neox Wound Amniox Medical, Inc., Neox Wound Matrix is preserved human umbilical cord YES NO
Allografts Miami, FL, USA and amniotic membrane.
NuShield Organogenesis, Inc. NuShield is a dehydrated placental allograft. YES EU: NO
CH: YES
QOasis Extra- Cook Biotech Qasis Matrix products are naturally derived scaffolds of YES YES
cellular Matrix  Incorporated, West ECM, composed of porcine small intestinal submucosa.
Lafayette, IN, USA
Ologen™ Aeon Astron Europe B.V.  Ologen Collagen Matrix is made of crosslinked lyophilized YES YES
Collagen Matrix porcine type latelocollagen (>*90%) and glycosaminoglycans
(£10%).
Omegald Kerecis, Arlington, VA, Kerecis MariGen Wound Dressing is processed fish dermal YES YES
Wound USA matrix composed of fish collagen and is supplied as a sterile
intact or meshed sheet.
PalinGen Amnio Technology PalinGen Membrane and Hydromembrane are human YES NO [NR]
Membrane LLC,Phoenix, AZ, USA allografts processed from healthy placental tissue.
and Hydro-
membrane
PriMatrix Integra LifeSciences PriMatrix Dermal Repair Scaffold is derived from fetal YES YES:
Dermal Repair bovine dermis. CH, DE,
Scaffold FR, IT,
UK
Puracol and Medline Industries, Composed of 100% bovine collagen. YES NO
Puracol Plus Northfield, IL, USA
Collagen Wound
Dressings
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Table 22: Skin substitute products commercially available in the US, compared to the EU (352).
When only approved in some European countries, country code according ISO3166-1 is given.
[NR] = no reply from manufacturer

PRODUCT MANUFACTURER MANUFACTURER’S us EU
PRODUCT DESCRIPTION

PuraPly Organogenesis, Inc. PuraPly Antimicrobial Wound Matrix consists of a collagen YES NO
Antimicrobial sheet coated with 0.1% polyhexmethylenebiguanide
(PuraPly AM) hydrochloride.

Wound Matrix
(formally called FortaDerm)

Restorigin™ Parametrics Medical, Restorigin Amniotic Tissue Patches is derived from YES NO [NR]
Amniotic Leander, TX, USA human placenta.
Tissue Patches

Restrata™ Acera Surgical, Inc., Restrata is a fully synthetic electrospun wound dressing YES NO [NR]
St. Louis, MO, USA composed of randomly oriented nanofibers

Revita StimLabs, LLC, Roswell,  Revita is an intact human placental membrane allograft. YES NO [NR]
GA, USA

SimpliDerm Aziyo Biologics Pre-hydrated human acellular dermal matrix. YES NO

SkinTE PolarityTE, Salt Lake SkinTE is an entirely autologous product derived from a YES NO
City, UT, USA sample of the patient’s skin.

Stavix Osiris Therapeutics, Cryopreserved human placental tissue composed of umbilical YES NO

Inc., Columbia, MD, USA  amnion and Wharton’s jelly. Retains native collagen and ECM,
growth factors, and endogenous cells including epithelial cells,
fioroblasts, and mesenchymal stem cells.

Talymed Marine Polymer Talymed advanced matrix is composed of shortened fibers YES NO
Technologies, Inc., of poly-N-acetyl glucosamine isolated from microalgae.
Burlington, MA, USA

TheraForm™ Sewon Cellontech Co., TheraForm is a sterile, pliable, porous scaffold made YES YES
Standard/Sheet Seoul, Korea of biocollagen
Absorbable

Collagen Membrane

TheraSkin LifeNet Health TheraSkin is a human, living, splitthickness allograft. YES NO
(procurement and
processing) Solsys
Medical, Newport News,
VA, USA (distribution)

WoundEx Skye Biologics, Inc., WoundEx Membrane is a dehydrated amniotic membrane. YES NO
Membrane El Segundo, CA, USA WoundEx Flow is a flowable human placental connective

and WoundEx tissue matrix.

Flow

Xwrap Amniotic  Applied Biologics, Xwrap is a chorion-free amniotic membrane wrap, cover, YES NO [NR]
Membrane- Scottsdale, AZ, USA or patch.

Derived Allograft
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