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Abstract The loss of extracellular matrix in combination with the exposure of structures such as bone
and tendon pose a major challenge; the development of granulation tissue and subsequent reepitheli-
alization over these structures is extremely slow and often may not happen at all. Replacement of
the matrix has been shown to significantly increase the chances of healing since, with revascularization
of the matrix, a wound bed is created that may either heal by secondary intention or via the application
of a skin graft.
A literature search on an esterified hyaluronic acid-based matrix (eHAM) returned five articles on

the treatment of wounds with tendon and bone loss in which the eHAM was used. The etiologies of
the wounds described varied among the articles, as did treatment modalities. However, all of them
received proper debridement of necrosis with subsequent (although not always immediately) applica-
tion of the eHAM. A very high percentage of all wounds reached the different primary endpoints in the
studies, which were complete reepithelialization, complete coverage with granulation tissue and/or
10% coverage of the original wound size with epithelium, the latter being a strong indicator of the
wound continuing to heal. The individual authors concluded that the esterified hyaluronic acid matrix
(eHAM) is a valuable tool to assist in the complete healing of difficult to heal wounds.
� 2018 Published by Elsevier Inc.
Introduction

Debridement, removal of devitalized tissue, is a crucial
step in wound healing and an essential part of the initiation
of the wound healing process,1–3 as reflected in acronyms
such as DIMES.4
m
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In lesions such as Wagner stage III and IV diabetic foot
ulcers,5 debridement may extend into the subcutaneous tis-
sues, often with exposure of tendon and/or bone. While
grafting on other clean, subcutaneous tissues (i.e. fat or fas-
cia) is possible and may lead to good results,6 direct
coverage of tendon and bone is difficult without the devel-
opment of granulation tissue over these structures.7

Because of the exposure of deep structures, typical wound
management is often insufficient, and the lesion may not
reach complete, or even partial, reepithelialization.8 It is
estimated that these so-called ‘‘hard to heal wounds’’
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Case I 49-year-old male with type 2 diabetes mellitus and peripheral neuropathy. A right transmetatarsal amputation was performed
because of a gangrenous forefoot with osteomyelitis. Conservative treatment and hyperbaric oxygen treatment had failed (Ia). Patient
refused a below knee amputation and was admitted to a long-term acute care facility for wound care. Intravenous antibiotic therapy
was combined with excision of necrotic soft tissue and osteomyelitic bone. The plantar defect was partially closed, and eHAM was applied
in combination with NPWT (Ib). Two weeks later, the wound bed was covered with 100% granulation tissue (Ic): an STSG was applied, and
NPWT was used for one week. The wound showed complete reepithelialization one week later (Id).
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represent a growing economic burden on Western society of
approximately $25B annually.9

It has been shown that reconstruction or replacement of
lost extracellular matrix (ECM) is beneficial, since it
improves the development of granulation tissue, the speed
of healing and overall quality of the tissues.10,11 The first
‘‘replacement matrix’’ was made of a mixture of collagen
and a glycosaminoglycan (chondroitin sulfate). It was
developed in the 1980’s for the treatment of large, full-
thickness, excised burns12,13 and was first tested in a clin-
ical trial14 in the same decade, receiving wider acceptance
and usage in the 1990’s.15,16 In the burn and trauma litera-
ture, it was shown that a matrix based on a glycosamino-
glycan can also be used successfully in hand, foot, and
ankle reconstruction and their associated tendon and joint
exposures.17–19

Many matrices, including acellular dermal-epidermal
matrices and bioengineered skin substitutes, are now
available and all aim at replacing the lost ECM with a
matrix that will allow and encourage the production of
granulation tissue and a ‘‘neodermis’’.20–23 The matrices
become vascularized from both the wound margins and
the underlying tissues,24–27 eventually covering the poorly
vascularized wound bed with a vascularized scaffold, which
can then support a skin graft or go on to closure via second-
ary intention.

Some of the newer matrices are based on hyaluronic acid
(also called hyaluronan or HA), another glycosamino-
glycan. Glycosaminoglycans, also called mucopolysaccha-
rides, are long, unbranched polysaccharides consisting of
repeating disaccharides. Among them, hyaluronic acid
has a unique structure; it does not contain any sulfate
groups and is not covalently attached to proteins. It is, how-
ever, a component of non-covalently formed complexes
with proteoglycans in the ECM. The disaccharides in hyal-
uronic acid are D-glucuronic acid and D-N-acetylglucos-
amine units, and the molecule can reach a molecular
mass of up to 107 daltons28 It has a unique mode of synthe-
sis in which the molecule is extruded directly into the extra-
cellular space upon formation.29



Case II 27-year-old male. After a lateral right ankle injury, presented with beta Streptococcus Group A necrotizing fasciitis. Surgical
excision was performed (IIa). Patient was placed on wide spectrum antibiotics in combination with twice-daily dressings with Dakin’s so-
lution ¼ strength. At post-operative day 7, the wound was stable; a second debridement was performed and eHAM was applied over the
exposed ankle capsule and extensor tendons (IIb) and combined with NPWT. Three weeks later, the wound bed showed 100% granulation
tissue (IIc) and was grafted with an STSG. Two weeks later, reepithelialization was complete (IId).

aMedline, Northfield, IL.
b Hyalomatrix�. In the European Union, the matrix is called Hy-

alomatrix� PA.
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Hyaluronic acid is completely and consistently
conserved throughout a large span of the evolutionary
tree,30 indicating its fundamental biological importance. It
is identified in all vertebrates and present in many tissues,
but more than 50% of hyaluronan resides in the dermis
where it is associated with versican.28

HA plays a multifaceted role through its complex
biological and physicochemical interactions with matrix
components and cells.31 This ranges from a purely struc-
tural function in the extracellular matrix to controlling
cellular behavior via its influence on the tissue macro-
and microenvironments, as well as through direct
receptor-mediated effects on gene expression.32 Hyaluronic
acid is a major component of synovial tissues and fluids, as
well as other soft tissues, and endows their environments
with remarkable rheological properties such as changing
viscosity depending on shear stress within the joint.33,34

Hyaluronan also takes part in the partitioning of plasma
proteins between vascular and extravascular spaces. This
way it affects solubility of macromolecules in the intersti-
tium, changes chemical equilibria, and stabilizes the struc-
ture of collagen fibers.34

Through complex signaling mechanisms, HA plays a
major role in promoting angiogenesis.35 Indeed, hyaluronan
content in skin is elevated transiently in granulation tissue
during the wound healing process.32

Hyaluronic acid is metabolically very active; for
example, its half-life in skin is less than one day.28 To avoid
this rapid turnover when used in, for example, a matrix, hy-
aluronic acid can be esterified, and the level of esterifica-
tion ‘‘controls’’ the half-life of the product. HYAFF�a is
an esterified form of hyaluronic acid36 and Hyalomatrixa,b

is an esterified hyaluronic acid matrix (eHAM) featuring
HYAFF as the primary layer. eHAM acts as a 3-
dimensional scaffold for cellular invasion and capillary
growth, thus creating a vascularized wound bed. It has a
protective outer silicone layer that can be removed upon
incorporation of the matrix.

eHAM has been used in different indications for deep
tissue loss, such as deep partial- and full-thickness burns37–39

and other full-thickness trauma,40–45 as well as in the
reconstruction of the scalp. Other indications include the
reconstruction of contracted and hypertrophic scars,46,47

the correction of syndactyly48 and as a matrix in the repair
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of wounds with exposed tendons and bone.45 In addition, its
clinical efficacy has been evaluated in ulcers of various etiol-
ogy, including large venous leg ulcers and diabetic foot ul-
cers with critical limb ischemia lesions.41,42,44

In lesions with exposed tendons and bone, the use of flaps
for wound closure is generally considered the best option;
fasciocutaneous flaps are the first choice for the repair of
lesion with exposed tendon, since they provided the best
functional repair with superior gliding properties for the
underlying tendons.49–51 Myocutaneous flaps or muscle flaps
in combination with a (split-thickness) skin graft (STSG) are
a good choice for the coverage of exposed bones.52–54 How-
ever, due to several local and systemic conditions, not all pa-
tients and their wounds may be appropriate candidates for
(extensive) surgery, in which case the use of an extracellular
matrix may play an essential role in reconstructing the ECM,
thus contributing to wound healing.

The aim of this article is to analyze and review clinical
research on eHAM as an ECM in the repair of ulcers and
other (surgical) lesions with exposed bone and/or tendon.
Method

An online search, using search engines such as PubMed,
Google Scholar, Embase and Endnote, was initiated. (En-
glish) search terms included ‘‘hyaluronic acid,’’ ‘‘hyalur-
onan,’’ ‘‘ulcer,’’ ‘‘chronic wound,’’ ‘‘exposure,’’ ‘‘tendon,’’
‘‘bone,’’ ‘‘matrix’’ and ‘‘Hyalomatrix.’’ Search results were
limited to those articles that described ulcers with exposed
bone and tendon, and for which eHAM was used as part of
the treatment.
Results

Five articles, describing only lesions with exposed
tendon and/or bone or with some exposed bone/tendon
lesions among a more extensive series of deep ulcers, were
found in the literature, with patient populations ranging
from one (a case history) to 262. Evidence levels55 ranged
from 2a42 (essentially a multicenter, non-comparative, pro-
spective, observational study) to 456 (a single case study).
Inclusion and exclusion criteria showed a significant diver-
sity among the studies. At the same time, there was a high
level of consistency with regard to wound care per se; all
lesions were thoroughly (and, typically, surgically) de-
brided prior to application of eHAM with a neutral, non-
adherent material as a cover dressing. In some cases, the
matrix was fixated using sutures. Incorporation of eHAM
into the wound base was among the consistent study objec-
tives, as was (the level of) reepithelialization and, in some
studies, the quality of healing.

The individual articles are described below. If wound
bed preparation was significantly different from ‘‘stan-
dard’’, including debridement, this was highlighted. In
many cases the newly vascularized wound bed was used
as a recipient site for an STSG, although ‘‘spontaneous’’
reepithelialization, without grafting, occurred in a number
of cases. At least one of these clinical features was part of
the endpoints of each study.

Vindigni et al.,56 in a case study, describe an 82 year
male with a squamous cell carcinoma on the forehead
which had been in existence for 3 years. The lesion under-
went wide excision, including the underlying periosteum,
resulting in a skin defect of 12 ! 8 cm eHAM was applied
immediately post-excision. The silicone top layer was
removed on post-operative day 21, and an STSG was
applied in the same session. Four weeks after the grafting
procedure, the lesion was completely reepithelialized with
good cosmetic results; the STSG resembled normal skin.
A biopsy showed complete vascularization of eHAM,
with a total integration of the graft into the wound bed.
Long-term follow-up (2 years post-op) still showed proper
cosmesis, and the patient was tumor-free.

Caravaggi et al.,41 in a study for which the type is not
defined in the article, describe 23 diabetic patients with
deep infections of the foot. All patients presented with crit-
ical limb ischemia (defined as TcPO2 , 30 mmHg); 18 of
these underwent successful endoluminal revascularization.
In every patient, some type of amputation had to be per-
formed, with mid-foot amputation counting for eight of
these (transmetatarsal: N 5 3, Chopart: N 5 5). Eight pa-
tients were subjected to open partial calcanectomy for a
heel ulcer with osteomyelitis of the os calcis, and seven pa-
tients were subjected to open forefoot amputation (single
or multiple rays). Post-operatively and prior to application
of eHAM, topical antimicrobial and negative pressure
wound therapy (NPWT) was used for 10 6 3 days. If
necessary, debridement of soft tissue and exposed cancel-
lous bone was performed again; at that time, eHAM was
applied, and wounds were grafted with an STSG upon
ingrowth of the matrix or left to heal by secondary
intention.

Complete coverage of the exposed cancellous bone was
obtained in 21 out of 23 patients in a period of 28 6 17
days of treatment. Further follow up lasted for a period of
176 6 141 days. One patient was submitted to above-the-
knee amputation due to recurrence of foot infection and
severe ischemia and was excluded from further participa-
tion in the trial. One patient was lost at follow up. Two
patients died during the follow up period from myocardial
infarction.

Four patients were submitted to skin graft with complete
reepithelialization, while six patients healed by secondary
intention with initial reepithelialization from the wound
edges. The remaining patients showed total coverage of the
exposed bone with compact and well-organized new
dermal tissue, which was the secondary objective of this
study.

Dessy et al.46 describe a prospective study on 10 patients
with deep carcinomatous lesions on the scalp. Seven of the
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described patients were male, and the average age of all pa-
tients was 74.4 years (range: 60–90). All patients suffered
from infiltrating, giant, non-melanoma skin cancer, of
which 2 were squamous cell- and eight were basal cell car-
cinomas. All tumors were treated with wide excision; when
the lesion did not extend beyond galea, surgical excision
was performed in subgaleal plane. In deeper lesions, the
external calvarium was removed as well. eHAM was
applied during the same surgical intervention, and after for-
mation of a neodermis and granulation tissue, covered with
an STSG. On average, skin grafts were applied on post-op
day 18 (range: 14–21). Graft take was 97% on average
(range: 80–100) with 8 patients (80%) reaching 100%
take. One patient developed a post-operative infection,
which was treated successfully; this was the patient with
80% take.

Average patient satisfaction, rated on a Visual Analogue
Scale (VAS) (0: totally unsatisfactory, 10: completely
satisfactory) was 8.5. The Vancouver scar57 scale high-
lighted good graft evolution, with normal vascularity in
all cases, normopigmentation in nine cases, hypopigmenta-
tion in one case, and no hyperpigmentation. Pliability was
normal, supple or yielding in all cases; the graft height
was flat or less than 2 mm.

Valenti et al.44 published on a prospective, non-
comparative, observational trial in patients with trauma,
with exposed bone or tendon. 8 males and 7 females with
a mean age of 36.6 years (range: 3–68) suffered from
trauma to the lower limb (N 5 8) or the upper limb
(N 5 7). The average size of the lesions was 103.5 cm2

(range 6–490 cm2). Twelve patients had exposed tendons,
and two had exposed bone (data on one patient could not
be confirmed from the article). Once, after debridement sur-
gery, a clean wound bed was obtained, an eHAM was
applied. After a minimum period of 15 days, assessment
of the wound was performed by removing the silicone
film; where necessary, a second application of eHAM was
performed, which was the case for six patients (40%). On
average, eHAM stayed in situ for 15.4 days (range: 14–
21), and the average number of applications was 1.3 (range:
1–2).

10 patients (67%) experienced spontaneous reepithelial-
ization, and in 5 cases (33%), the lesion was closed with an
STSG. The mean time to complete healing was 26.8 days
(range: 16–60).

The assessments of clinical epithelialization and the
aesthetic quality of the newly formed skin (texture, color
similarity and elasticity) were performed at least 6 weeks
after product application.

The assessment of the quality of the new skin was
optimal for 5 cases (33.3%), good in 7 (46.6%) and modest
in 3 (20%). In one case (6.7%), reepithelialization was
delayed by a wound infection that was treated with
antibiotics. No other complications or adverse events
occurred.
Caravaggi42 was the primary author of an article
describing a multicenter trial.42 This was an IRB approved,
prospective, observational study involving 70 Italian cen-
ters and 262 elderly patients. Patients with different types
of ulcers and in whom conventional treatments for at least
2 months prior to enrollment had proven ineffective partic-
ipated in the study. The main exclusion criterion was signs
of local infection. Patients using medications known to
interfere with healing (e.g., corticosteroids, immunosup-
pressive, or cytotoxic agents) were not excluded since
concomitant therapy was ‘‘considered an essential part of
wound treatment in ulcers with an immunological etiol-
ogy’’. Patients suffering from significant peripheral
vascular disease underwent revascularization procedures
in accordance with the criteria established by the Inter-
Society Consensus for the Management of Peripheral Arte-
rial Disease58,59 (TASD II). Offloading was recommended
for patients with neuropathic plantar foot ulcers. If patients
were suffering from more than one ulcer of the same etiol-
ogy, the largest ulcer was chosen to participate in the trial.

Ulcers were properly and extensively debrided. When a
viable wound bed was obtained, treatment with eHAM was
initiated. Study endpoints were defined as either wound
coverage with dermal tissue suitable for a thin autograft or
growth of new epithelium from the wound edges .10% of
the wound surface. The 10% threshold has been shown to
be a strong indicator towards reepithelialization60,61 For pa-
tients with ‘‘normal’’ pain sensation, the level of pain dur-
ing eHAM treatment was assessed at each visit using a
Visual Analogue Scale (VAS), with 0 indicating no pain
and 100 indicating excruciating pain. Quantitative variables
were described as mean with range or, in instances of
skewed distributions with median, first (Q1) and third
(Q3) quartiles. For this analysis, only patients with a VAS
score of .0 at baseline and at least one other pain evalua-
tion within 1 month from study-start were enrolled in the
data analysis.

A total of 262 patients with 262 ulcers participated in the
study. The mean age was 70 years (range: 33–103), and
53% of the subjects were women. With regard to etiology,
121 (46%) of the ulcers were vascular in origin; 61 ulcers
were venous, 60 had a mixed arterial/venous etiology, 66
lesions were diabetic foot ulcers, and 73 ulcers were of
other origin. The leg was the most common location (111,
43%), followed by the foot (49, 19%) and the ankle (66,
25%). The 95 ulcers with exposed bone and tendons were
not presented in the article as a separate cohort.

The median area was 21.5 cm2 and 34 ulcers (13%) were
larger than 100 cm2. Thirty-six percent (n 5 95) of the ul-
cers had exposure of tendon, joint, and/or bone. Of these,
46 (49%) were diabetic foot ulcers. Additional ulcer char-
acteristics are presented in Table 1. The median number
of times that eHAM was applied to an ulcer was 2, and me-
dian in situ residence was 8 days (range: 6–14) per
application.



Table 1 Ulcer characteristics, multicenter study (Caravaggi et al.42).

Venous ulcer Mixed, arterial venous ulcer Diabetic foot ulcer Other origin Total

Location
Ankle 18 (30) 20 (33) 6 (9) 5 (7) 49 (19)
Foot 0 (0) 3 (5) 56 (85) 7 (10) 66 (25)
Leg 39 (64) 33 (55) 0 (0) 39 (53) 111 (43)
Other 4 (6) 4 (7) 4 (6) 22 (30) 34 (13)
Total 61 (100) 60 (100) 66 (100) 73 (100) 260 (100)

Size
,15 cm2 14 (23) 20 (33) 22 (33) 26 (35) 82 (310)
15–50 cm2 30 (50) 24 (40) 34 (51) 26 (35) 114 (44)
.50 cm2 17 (28) 16 (27) 10 (15) 22 (30) 65 (25)
Total 61 (100) 60 (100) 66 (100) 74 (100) 261 (100)

Duration
,6 months 11 (18) 17 (28) 45 (68) 44 (59) 117 (45)
6–12 months 12 (20) 14 (23) 11 (17) 13 (17) 50 (19)
.12 months 38 (62) 29 (49) 10 (15) 18 (24) 95 (36)
Total 61 (100) 60 (100) 66 (100) 75 (100) 262 (100)
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Re-epithelization of ten percent or higher was achieved
in 83% of ulcers in a median time of 16 days. Twenty-six
percent (26%) of wounds achieved 75% re-epithelization
within the 60-day follow-up period using only eHAM
treatment. A further follow-up showed that 84% of ulcers
achieved complete re-epithelialization by secondary inten-
tion. Venous ulcers reached the study endpoint faster than
the other types of ulcers. Smaller and more superficial
ulcers also reached the 10% reepithelialization threshold
faster, although these differences were not statistically
significant (Kaplan Meier).

VAS distributions data at baseline and within 30 days
from the initial treatment were available for the 229
patients; 16 patients reported no pain at baseline
(VAS 5 0), and 17 did not report any pain evaluation after
baseline. The VAS median value at baseline was 50 (18–
74), and the median VAS within 30 days was 15 (first
quartile: 3, third quartile: 40). The median trend showed
rapid pain relief after eHAM application. Pain intensity was
reduced almost 3-fold within 30 days after the initial
treatment with eHAM.

Of the 35 adverse events (AE’s) (13.5% frequency), 4
infections and 5 increases in the pain level were possibly
related to the treatment. Other possibly related AE’s
included micro-bleeding (N 5 1), maceration and erythema
of the perilesional skin (N 5 2, N 5 1, respectively), and
‘‘flush of the perilesional skin’’ (N 5 1). All AE’s resolved
within a short time without further consequences, and
removal of eHAM was unnecessary. One patient died due
to a non-related disease.

General matrix properties, such as overall handling, ease
of use, compatibility with secondary dressings, ease of
silicone film removal, safety, tolerability, and overall
performance were all rated ‘‘very good’’ or ‘‘optimal’’ by
the treating clinician.
Limitations

A review article has inherent limitations since, as is the
case here, it is highly unlikely that the different case series
and trials described in articles found through (web)
searches all have the same format and generate the some
type of parameters. This implies that results cannot
necessarily be combined or extrapolated, since study pro-
tocols, patient populations, indications and endpoints vary
among the different studies. The level of evidence55 also
usually varies among the different studies, as was the
case in the articles reviewed here, ranging from 2a to 4.

All studies referenced in this article, however, included
lesions that included exposed bone and/or tendon, albeit
with different etiologies. In addition, the approach to the
treatment of these lesions also was largely similar; all
were extensively (surgically) debrided, which is one of the
principles of good wound care61–63: Proper debridement
eliminates a number of factors that are known to impede
wound healing. To a large extent, the endpoints among
the studies were also similar and included the rebuilding
of a proper (neo) dermis, which either allows for the
lesion to become a healthy recipient site for an STSG or
allows for healing by secondary intention. Healing by sec-
ondary intention is a process that, in typical chronic
wounds, usually is hampered by intrinsic factors in the
lesion, such as a disbalance between metalloproteinases
(MMP’s) and their inhibitors (TIMP’s), as well as the
presence of biofilms.64,65



Table 2 Overview endpoints & clinical results: patients with exposed bone/tendon, treatment with HMX.

Type of study # of subjects Type of indication Primary endpoint, % reached Secondary Endpoint, % reached

Vindigni et al.56 1 Excision squamous
cell carcinoma

Full reepithelialization:
100%

N/A?

Caravaggi et al.41 23 Diabetic foot ulcer
with exposed
bone/tendon

Full reepithelialization:
With STSG: 17%
2ND Intention: 26%

‘‘Rebuilding’’ dermis: 57%

Dessy et al.46 10 Skin carcinoma Graft take: 97%
(80% of subjects: 100%)

Average patient satisfaction
(VAS, 1–10): 8.5

Valenti et al.44 15 Trauma with exposed
bone/tendon

Full reepithelialization:
100%:
With STSG: 33%
2ND Intention: 67%

Optimal or good quality
of skin: 80%

Caravaggi et al.42 262, 95
exposed
tendon
or bone

Ulcers of different
etiology

Reepithelialization R 10%
from wound edges:
83% (16 days)

Reduction of pain: nearly
3-fold within 30 days
of primary application.

Simman and Hermans Managing wounds with exposed bone and tendon 7
Discussion and conclusion

144 lesions of different etiologies, but all with exposed
bone and/or tendon, were treated with proper and extensive
debridement (ulcers) or primary excision (malignancies).
The wounds were subsequently covered with eHAM,
comprised of a hyaluronan based material (HYAFF) with
a protective silicone top-layer. The matrix, allows for
cellular ingrowth, thus creating a viable wound bed. In a
number of lesions, the ‘‘reconstructed’’ dermis was then
covered with a split thickness skin graft. Alternatively, the
lesions were left to heal by secondary intention.

The primary etiologies of the lesions and the endpoints
of the studies were somewhat different (Table 2). A rela-
tively small percentage of the lesions was surgically
created, while the majority included different types of ul-
cers, particularly diabetic foot ulcers, venous leg ulcers,
and mixed arterial/venous ulcers. Debriding the ulcers,
however, created lesions that would favorably accept a
dermal template, while the surgery, used to excise malig-
nancies, resulted in the creation of a viable woundbed as
well.

The endpoints for the different studies were challenging
to analyze and included the creation of a proper wound bed
through the application of eHAM, in some cases to be
followed by closure of the lesion with an STSG. Wounds
with exposed bone and/or tendon and which occur mostly
in elderly patients are notoriously difficult to heal.7,45 In
addition, many patients, particularly those with ulcerations
such as diabetic foot ulcers and venous leg ulcers, are
known to suffer from concomitant diseases and/or use med-
ications that negatively influence wound healing; this
makes for an even more challenging patient population.

Since, in patients with serious and hard to heal wounds,
the study endpoints were similar to a very high degree
(Table 2), it can be concluded that eHAM is a valuable tool
for the recreation of a healthy dermis in lesions with
exposed bone and/or tendons. In addition, where analyzed,
cosmesis and ease of use also received positive results.
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