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The objective of this study was to evaluate the ability of a cross-linked hyaluronic acid-
based biomaterial (CMHA) to promote healing in an equine distal limb wound model.
Three 6.25 cm? full thickness skin wounds were surgically created on the dorsomedial
metacarpus and metatarsus of each of four limbs of eight normal adult horses under
general anesthesia. Three days after surgery, wounds were photographed and one of
four treatments was applied to all three wounds on a single limb: control (no CMHA),

Ié?a/;vgl;dtsi.on tissue single application of CMHA gel, multiple applications of CMHA gel, and multiple
HA applications of CMHA film. Wounds were assessed for quality of repair tissue and
Horse photographed for image analysis at bandage changes every 4 days throughout the 47-
Hydrogel day study. Exuberant granulation tissue was excised as needed and weighed. Size of

granulating wounds was analyzed by repeated measures analysis of covariance and rate of
wound healing assessed using a logistic decay model fitted to the data by nonlinear least-
squares regression. Significance was set at P < .05. No adverse effects of CMHA were noted.
There was a significant day by treatment interaction; however, overall, there were no
significant differences among treatment groups (P = .09). Wounds treated with CMHA
films decreased to half their original size significantly faster, were significantly smaller on
day 31, and healed with higher quality, less fragile epithelium than wounds in other
treatment groups. Treatment of distal limb wounds in horses may benefit from use of
CMHA films to improve healing.

Wound healing

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Traumatic wounds are common in horses, and those on
the distal limb can be especially challenging due to tissue
loss, relatively poor blood supply, and/or damage to the
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blood supply [1]. They are under relatively high tension and
are prone to the formation of exuberant granulation tissue
[2,3]. Delayed healing in the distal limb of horses can be the
result of prolonged inflammation, slow epithelialization,
high motion, presence of a foreign body or necrotic tissue,
and cessation of wound contraction early in the healing
process [4-6]. These and other factors result in the need for
protracted wound care. Even with optimal care, suboptimal
results frequently occur due to formation of exuberant
granulation tissue and/or excessive scar tissue that may
cause chronic lameness, unacceptable cosmesis, or fragile
scar prone to reinjury. Many of the problems encountered
in equine wound healing present similar challenges in
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human medicine, including delayed wound healing and
scar formation [7,8].

Over the past 20 years, authors have reported on a va-
riety of novel dressings and topical medications designed
to speed or improve the quality of healing; however, the
results have been mixed [9-13]. Wound dressings perform
a variety of functions including protection from bacterial
infection, maintenance of a moist environment, absorption
of exudates, and stimulation of keratinocyte proliferation
and differentiation [14]. Biologic agents are receiving
increased attention as a means of stimulating optimal
wound healing [11,12,15,16]. Hyaluronic acid (HA) is an
attractive material for tissue regeneration applications such
as wound healing because of its natural role in tissue repair,
its biocompatibility, and the ability to optimize its physical
properties [17-22].

Hyaluronic acid is a nonsulfated glycosaminoglycan
ubiquitous in biological fluids and tissues and is a critical
component in the structure and organization of extracel-
lular matrix (ECM) [23]. Hyaluronic acid is a linear poly
saccharide comprised of alternating units of p-1,4-linked
D-glucuronic acid and (B-1,3) N-acetyl-D-glucosamine.
Despite its simple structure, HA has diverse biological
functions [24]. However, the mechanisms by which it
actively participates in tissue repair remain unclear. In
addition to its structural role in the ECM, HA influences cell
behavior such as cell proliferation, differentiation, adhe-
sion, and migration by its unique hygroscopic, rheologic,
and viscoelastic properties [17,25-27]. Finally, HA is known
to directly affect cell function by binding to cell surface
receptors and mediating a variety of downstream effects
important in wound healing, including increased expres-
sion of proinflammatory cytokines (e.g., tumor necrosis
factor-o, interleukin-1f, interleukin-8), cell migration,
cell proliferation, and organization of granulation tissue
matrix [17,25,28,29].

Although the exact role of HA in fetal wound healing is
not known, the findings of numerous studies suggest that
HA plays an important role in fetal scarless wound healing
[26,30-32]. Hyaluronic acid and its receptors are found in
greater abundance in fetal tissues compared to adult tis-
sues [29,33,34]. The density of the HA cell surface receptor,
CD44, was approximately four times higher on fetal rabbit
dermal fibroblasts compared to adult rabbit fibroblasts
[29]. Hyaluronic acid increased more rapidly and remained
elevated longer in fluid from experimental wounds in
lambs [35,36]. The amount of HA-stimulating activity was
greater in fetal wounds compared to adult wounds in a
rabbit model of wound healing [33]. Fetal rabbit wounds
treated with the enzyme hyaluronidase to reduce the HA
content showed markedly altered healing compared to
control wounds, resulting in increased fibroblast infiltra-
tion, collagen deposition, angiogenesis, and infiltration of
inflammatory cells [37]. Considered together, these data
strongly support the role of HA and its regulation in wound
healing.

Hyaluronic acid, in its unmodified form, has been used
for drug delivery and viscosurgery; however, its poor
biomechanical properties and rapid degradation limit its
clinical applications [38]. Hyaluronic acid is, however,
amenable to a variety of chemical modifications that can

make it more mechanically and chemically robust for
in vivo implantation. Carboxymethylation of HA creates
more available sites for thiol modification [39,40]. Thiol
modification creates active thiol groups available to form
chemical cross-links, which decrease the degradation rate
of the modified HA [38-40]. Cross-links formed by this
method can be created in a biocompatible manner rather
than having to use cross-linking agents that produce
cytotoxic products. The result is a thiolated carboxymethyl
HA (CMHA)-based biomaterial that is biocompatible and
supports cell proliferation [17-22,38,41].

Numerous studies document the ability of both topical
and systemic HA to improve wound healing in laboratory
animals [21,41-46]. Topical application accelerates reepi-
thelialization and decreases fibrosis and scar tissue for-
mation of dermal wounds in mice and rats [14,18,21,41,44]
and improves corneal wound healing in rabbits [21]. Me-
chanical properties of wounds were increased in diabetic
mice following systemic administration of HA [46G]. In vivo
studies evaluating the effects of chemically modified HA
hydrogels and films are limited; however, a preliminary
study comparing healing in rats, dogs, and horses found
that cross-linked HA-based biomaterials enhance wound
healing [41]. Wound areas in rats 7 days after CMHA hy-
drogel application and in horses 17 and 26 days following
CMHA film application were significantly smaller than
control wounds, and the wound beds of all species were
grossly healthier in appearance in CMHA-treated wounds
[41]. Although smaller than control wounds, the change in
wound size in dogs treated with CMHA films failed to reach
statistical significance at 14 and 21 days [41]. The results of
this preliminary study support further investigation of
CMHA hydrogels and films for the treatment of distal limb
wounds in horses.

The purpose of our study was to evaluate the ability of
CMHA [41,47,48] to enhance wound healing using a
model of equine distal limb injury. We hypothesized that
application of CMHA to surgically created full thickness
wounds on the distal limbs of horses would result in an
increased rate and quality of wound healing compared to
wounds managed with bandaging alone, regardless of
product formulation (hydrogel or film) or application
frequency.

2. Materials and Methods
2.1. Experimental Animals

Adult mixed breed horses (n = 8; mean, 3.4 years; range,
2-8) were examined clinically to ensure that no preexisting
skin defects were present on the distal limbs. Animal pro-
tocols were approved by the Institutional Animal Care and
Use Committee (IACUC). Horses were housed in individual
10 x 10 foot stalls and allowed to acclimate for 2 to 4 days
before surgery. A normal complete blood count was
confirmed for each horse before study initiation.

2.2. Surgical Procedure

Each horse was treated perioperatively with trimetho-
prim sulfa (30 mg/kg orally twice daily for 3 days) and
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phenylbutazone (4.4 mg/kg orally once daily for 3 days).
Feed was withheld for 12 hours before surgery. An intra-
venous catheter was placed in the left jugular vein, and
horses were sedated with xylazine (1.1 mg/kg intrave-
nously [IV]). Anesthesia was induced with diazepam
(0.02 mg/kg IV) and ketamine hydrochloride (2.2 mg/kg IV),
orotracheal intubation with a cuffed endotracheal tube was
performed, and horses were administered oxygen at 10 to
15 L/min via the tube. Anesthesia was maintained with a
combination of xylazine, ketamine, and guaifenesin
(500 mg, 2 g, and 50 g, respectively) in 1 L of sterile 0.9%
NaCl solution administered IV to effect (approximately
1 mL/kg/hr). The third metacarpi and metatarsi were clip-
ped and aseptically prepared using povidone-iodine and
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70% isopropyl alcohol. Three, 6.25 cm?, full thickness skin
wounds (2.5 cm x 2.5 cm) were created on the dorsomedial
aspect of each metacarpus and metatarsus using an
established model of wound healing (Fig. 1) [9,10,49,50].
Wounds were centered and aligned vertically on the long
axis of the bone and were spaced 2 cm apart. Wounds were
standardized using a sterile template. The skin was incised
using a #10 scalpel blade, separated from the underlying
subcutaneous tissues and the skin excised using mayo
scissors. Care was taken to leave the subcutaneous tissues
intact. Wounds were bandaged routinely (nonadherent
dressing, sterile gauze, elastic adhesive tape, and cotton
standing bandage). All horses recovered uneventfully
without assistance.
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Fig. 1. Study design. (A) Schematic showing size, location, and arrangement of limb wounds; (B) representative wounds on a single limb 3 days following surgery
before the start of treatments; (C) Example of a healing wound following image preparation for planimetry analysis with the healing wound (blue) and gran-
ulating wound bed (orange) outlined. The difference of the area surrounded by the blue and that surrounded by the orange is the area that has healed by
epithelialization. A ruler is included for internal calibration, and the label identifies the individual horse, the wound location on the limb, and the day after

surgery.
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2.3. Treatments

Three days after surgery, bandages were changed,
wounds were photographed, and one of four treatments
was applied. A Latin square design was used to control for
the two sources of variation (horse and limb location) with
one of the limbs on each horse serving as a control [51,52].
Treatments were randomized among the four limbs of the
first horse, and a rotating pattern was used on each horse
thereafter so that each treatment was applied to each limb
location twice in the eight horses. The result of this allo-
cation of treatments was an amalgamation of two Latin
squares to form a 4 x 8 rectangular design [51]. Each of the
three wounds on a particular limb received the same
treatment to avoid potential confounding that may have
occurred with different treatments applied to the same
limb. Two sterile CMHA formulations, gels and films, were
used in our study; their synthesis is described in detail
elsewhere [41]. Briefly, the starting product for both was
thiolated carboxymethyl HA that was then either cross-
linked with poly(ethylene glycol) diacrylate (films) or
disulfide cross-linked (gels). Films were then cast onto
nonstick gauze pads. The four treatment groups were as
follows: control (bandaging only), single application of
CMHA gel (single gel) (equitrX Gel, SentrX Animal Care, Salt
Lake City, UT), multiple applications of CMHA gel (multiple
gel), and multiple applications of CMHA film (multiple film)
(equitrX Film-On-Gauze (5 x 5 cm), SentrX Animal Care).
Single application occurred only on day 3, whereas multi-
ple applications were performed every fourth day at the
time of each bandage change (11 total applications). Car-
boxymethyl HA gel was applied in a thin layer covering the
entire wound using a gloved finger. One 5 x 5 cm film was
applied over each of the three wounds per leg. Bandages
were changed and wounds photographed on the third
postoperative day and every fourth day thereafter until the
completion of the 47 days study.

2.4. Wound Management

Horses were sedated with detomidine (5-10 pg/kg IV),
butorphanol (0.01-0.02 mg/kg 1V), and acepromazine
(0.03 mg/kg IV) for each bandage change. Granulation tis-
sue was considered exuberant when the periphery of the
granulation bed was above the surrounding skin and
covering the advancing epithelial margin; wounds were
considered healed when they were completely covered
with epithelium. Exuberant granulation tissue was trim-
med to the level of the surrounding skin or migrating
epithelium by simple excision using a single edge razor
blade with horses standing under sedation. The number of
excisions was recorded for each wound and the excised
tissue frozen and saved for later quantification of total
weight of trimmed tissue. Granulation tissue was trimmed
only as needed, but not excessively, in a manner similar to
that used in clinical practice. At the time of each bandage
change, wounds were gently cleaned of debris and exudate
using sterile saline from a spray bottle and blotted dry
before photography. First appearance of granulation tissue
and first appearance of new epithelium were recorded for

each wound. The general appearance of wounds and any
details associated with wounds were also recorded.

2.5. Assessment of Wound Healing

Wounds were photographed at the time of each
bandage change using a digital camera (EOS 20D, Canon
USA, Inc, Lake Success, NY) placed on a tripod [9]. As
needed, the hair surrounding the wounds was clipped to
ensure accurate identification of wound margins. Photo-
graphs were taken before trimming exuberant granulation
tissue. Horizontal and vertical metric scales forming a right
angle were included in each photograph for calibration, and
a label was placed below the wound for identification of
horse, treatment, day, and wound location. Images were
first prepared using commercial software (PowerPoint
2007, Microsoft Corporation, Seattle, WA) by tracing the
hair margin of the wound periphery (wound area) and the
margin between the granulation tissue and the epithelium
(granulation tissue area). Images were then saved for
determination of total wound area and granulation tissue
area using planimetry software (Image] 1.42, National
Institutes of Health, Bethesda, MD) (Fig. 1). Quality of
healed tissue in day 47 photographs was graded based
on the following criteria: color of advancing epithelium
(4 = healthy pink, 3 = mild discoloration, 2 = moderate
discoloration, and 1 = gross discoloration); flatness of
advancing epithelium (4 = flat and regular, 3 = small raised
areas, 2 = multiple raised areas, and 1 = grossly raised);
quality of adherence to underlying granulation tissue
(4 = fully adhered, 3 = small areas lacking adherence,
2 = multiple areas lacking adherence, and 1 = marked lack
of adherence); and the degree to which epithelium tore
during wound preparation (4 = no tearing, 3 = minor
tearing, 2 = moderate tearing, and 1 = severe tearing).
Scores for each criterion and for all three wounds on a
single limb were combined to achieve a single score per
limb with a higher score indicating a higher quality of
healed tissue.

2.6. Statistical Analysis

Data for wound size and granulation area were aver-
aged for the three wounds on each limb for all analyses.
Repeated measures analysis of covariance (ANCOVA) was
used to assess differences over time and differences be-
tween groups based at specific time points (SAS version
9.2, SAS Institute, Inc, Cary, NC). Size of the wound on day
3 at the time of initial treatment application was used as
the covariate. In addition, nonlinear least squares (LS)
regression was performed (TableCurve 2D 5.0, SYSTAT
Software Inc, Richmond, CA) to fit data on the relation-
ship between mean size of granulation area and time
using the logistic decay function [53,54]:

A

Yo =13 exp(b*(t — 0))

where for each treatment, Y(t) is mean size of granulating
wound on a particular day (t); the constant A represents the
mean size of granulating wound at the start of observations



94 LA. Dahlgren et al. / Journal of Equine Veterinary Science 44 (2016) 90-99

Table 1

Number of days to first need to trim granulation tissue, number of times granulation tissue required trimming, total weight of granulation tissue trimmed,

and number of days to first appearance of new epithelium.

Treatment Days to First Tissue Trim Number of Times Tissue Trimmed Total Grams of Tissue Trimmed Days to First New Epithelium
Control 19.5 + 4.50 2.38 + 0.92%° 5.47 +2.82 18.0 + 8.21
Single gel 22.0 + 10.6 2.25 + 1.28° 5.03 + 3.89 19.5 +8.93
Multiple gel 15.0 + 0.00 325+ 1.16° 6.88 + 4.25 20.0 +5.13
Multiple film  16.5 & 3.00 2.75 + 0.71%° 593 + 3.58 18.5 £ 6.21

Abbreviation: SD, standard deviation.

Mean =+ SD. Superscript letters indicate significant differences between groups.

in each treatment; b is a measure of the initial rate
of change (decrease) in the mean size of granulating
wound; and c is the time (number of days) it takes a
granulating wound to decrease to half its original mean size
(A). Significant differences in the mean values for each of
the parameters, A, b, and ¢, among the treatments were
determined by nonoverlapping 84% confidence intervals,
which equates to a significance level of P < .05 [55,56].

Differences in time to first trimming of granulation tis-
sue, number of times granulation tissue was trimmed,
weight of trimmed tissue, and quality of healed tissue were
analyzed by mixed model analysis of variance (ANOVA)
(SAS version 9.2, SAS Institute Inc, Cary, NC). Time to first
appearance of new epithelium was analyzed by Friedman'’s
chi-square analysis (SAS version 9.2). Significance was set
at P < .05.

3. Results

All wounds in all treatment groups progressed well
during the study period and were at least 85% covered
with epithelium at study completion; most wounds were
>90% epithelialized. No detrimental effects of CMHA
were detected for any wounds or treatment groups. Two
wounds (both from the CMHA film-treated group) were
completely epithelialized at the end of the study period.
One wound on one limb of a single horse in the single gel
group did not require trimming of granulation tissue at
all. There was a significant difference between groups in
the number of times granulation tissue required trim-
ming (P = .04; Table 1). Wounds treated with multiple
applications of CMHA gel required a significantly greater
number of trimmings compared to the single application
of gel. There were no significant differences between
groups in the amount of granulation tissue removed (by
weight) over the course of the study (P = .44; Table 1).
The mean time to first trim of granulation tissue (P =.27)
and the first appearance of new epithelium (P =.78) were
not significantly different between treatment groups
(Table 1). Wound quality at day 47 was significantly
different between treatment groups (P = .002; Fig. 2).
Wounds treated with CMHA film had a significantly
higher score for the quality of the healed tissue compared
to control (P =.020), single gel (P =.005), and multiple
gel (P =.005) groups (Fig. 3).

There were no significant differences overall in the LS
means for the size of the granulation tissue area (P =.09) or
wound (P =.35) among treatment groups; however, day by
treatment interaction was significant for both (P =.002 and

.013, respectively) indicating that the treatments resulted
in different patterns in the size of the granulation tissue
and wound area across time (Fig. 4). Because the graphs
appear similar, the more detailed results are presented for
granulation tissue area only. Mean size of the granulation
tissue area of wounds treated with the multiple film
application was smaller than control wounds on day 19
(P = .07) and significantly smaller on day 31 (P = .02)
(Fig. 5). Mean granulation tissue area for the single gel
group was significantly smaller than means for the multiple
gel or multiple film groups (P =.04 and = .05, respectively)
on day 11. Mean granulation tissue area for the multiple
film group was significantly smaller than that of the mul-
tiple gel group on day 15 (P =.04).

Data were fitted by nonlinear LS regression to the lo-
gistic decay model. The ANOVA of the regression for the
curve fit of the data under each of the treatments was
significant (P < .001) with R*> > .90, confirming that the
curves (and parameters) were a good fit to the respective
data sets. No significant differences were observed among
treatments with respect to original size of granulating
wounds indicating that all treatments started with equiv-
alently sized wounds (Table 2). The initial mean rates of
decrease in size of the granulating wounds were greater in
the single gel and multiple film groups; however, these
rates were not significantly different from the control and
multiple gel groups. The time it took for the granulating
wounds to decrease to 50% of their original size was
significantly shorter for the multiple film treatment
compared with the other three treatments (P < .05),
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Fig. 2. Mean (+SD) wound quality scores for day 47 control wounds and
those treated with single gel, multiple gel, or multiple film applications of
CMHA. Letters indicate significant differences between groups. SD, standard
deviation. CMHA, carboxymethyl HA-based biomaterial.
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Fig. 4. Least squares means and nonlinear LS regression for the size of the granulating wounds over time for each of four treatments. There were no significant
differences among treatment groups overall; however, there was a significant day by treatment interaction, indicating that the treatments resulted in different
patterns in the size of the granulation tissue area across time. X marks the mean time point at which wounds in each treatment group reached 50% of their
original size. Differences of interest between individual groups are indicated: +single gel versus multiple gel; *single gel versus multiple film; *multiple film

versus multiple gel; *multiple film versus control.

indicating that, overall, wound healing occurred faster with
this treatment.

4. Discussion

The majority of wounds heal with minimal medical
attention; however, in both people and horses, a subset
fails to heal normally and complications associated with
their healing commonly necessitate prolonged treatment
and/or frequent medical attention. There is a strong need
for the development of novel wound dressings capable of
actively participating in and therefore helping direct the
healing process. Hyaluronic acid-based dressings show
great potential to be successfully used in such a manner
[14,17,19]. The results of our study support the existing
literature establishing HA as a logical selection for a bio-
logical dressing. Wounds treated with CMHA films healed
with superior tissue quality and the granulation tissue area
reached 50% its original size significantly earlier than con-
trol wounds.

Wound healing over time was analyzed in two
different ways to evaluate both size of the granulation
tissue area (ANCOVA) and rate at which size changed
(LS regression). In both analyses, wounds treated with
multiple applications of the film preparation showed
significant improvement compared to the other treat-
ments. The results of the wound size analyses, along with
the higher wound quality scores, support the potential

benefits of the film-on-gauze preparation for treatment
of full thickness wounds on the distal limb of horses. Our
results and those obtained in other animal species lend
further support to the usefulness of HA-based biologic
dressings in the management of wounds across species,
including people.

The gel-based preparations failed to demonstrate a clear
benefit over the control wounds. After the initial 15 days,
during which all wounds retracted slightly, the HA-treated
wounds were at no time larger than controls. Wound
quality scores were not significantly different between
controls and gel-based preparations. Based on the results
presented, a single application of gel appears to be superior
for full thickness wounds such as those created in this
study than multiple applications of the gel, which resulted
in increased granulation tissue formation. Large degloving
wounds with significant tissue deficits, where stimulation
of granulation tissue is desirable to fill the void, may be an
excellent application for repeated application of CMHA gel.

Formation of granulation tissue is essential for suc-
cessful second intention wound healing. Granulation tissue
physically fills a wound deficit created by significant tissue
loss, forms a protective barrier against environmental
contaminants, and eventually creates a scaffold across
which the epithelium can migrate [2,57]. Myofibroblasts
contained within granulation tissue are responsible for
wound contraction, an essential part of second intention
healing [58]. Degloving wounds with significant tissue loss

Fig. 3. Representative images of wounds from two horses on day 47 (A and E) control; (B and F) single gel; (C and G) multiple gel; and (D and H) multiple film.
Wounds treated with CMHA films healed with significantly greater mean scores for quality of tissue demonstrating superior color, uniformity, adherence to the
underlying granulation tissue, and resistance to tearing at the periphery. CMHA, carboxymethyl HA-based biomaterial.
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Fig. 5. Representative images of wounds from a single horse on day 31. (A) control; (B) single gel; (C) multiple gel; and (D) multiple film. At this time point, the
mean granulation tissue area of those wounds treated with multiple films was significantly smaller than the controls.

are especially common on the distal limb of horses and
failure of a wound to fill with healthy granulation tissue
due to exposure of bone can result in significantly delayed
wound healing [59,60]. Multiple applications of the gel
formulation early in the healing process to stimulate the
formation of granulation tissue and to fill a large defect, if
followed by the application of the film-on-gauze formula-
tion of CMHA, may provide an ideal combination to speed
and optimize the healing process.

A specific reason for the differences in healing noted
between the gel and film preparations is unknown and is
worthy of further investigation. Although the CHMA
starting material is identical between the gel and film
products, there are several minor structural differences as a

Table 2

result of the two cross-linking methods that could impact
wound healing [41]. The lower degree of cross-linking
present in the gel makes the HA more readily accessible
for aiding wound healing. On the other hand, the film
rapidly hydrates by absorbing blood and wound exudate.
Growth factors and cytokines present in absorbed fluids
could then be rereleased as the film degrades. In addition,
the higher degree of cross-linking in the films compared to
the gels results in slower degradation, prolonging the
release of HA. Finally, the presence of the film’s gauze
backing, similar to that found in routinely used semi-
occlusive nonstick dressings, may have resulted in a more
favorable microenvironment for wound healing. The non-
adherent dressing used was not specifically semiocclusive

Nonlinear least-squares curve fit of the relationship between mean size of granulation tissue area (cm?) and time (days) after treatment.

Treatment Granulation Tissue Area—Day 3 (cm?) Initial Rate of Decrease of Granulation Tissue Area Days to 50% Original Size
Control 6.99 + 0.26 0.145 + 0.014 28.17 + 0.86°
Single gel 6.64 + 0.28 0.153 + 0.018 27.64 + 0.97¢
Multiple gel 6.96 + 0.27 0.135 + 0.013 27.39 + 0.94°
Multiple film 6.84 + 0.16 0.151 + 0.009 25.26 + 0.53°

Abbreviation: SEM, standard error of the mean.
Mean =+ SEM. Letters indicate significant differences between groups.
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and was selected for ease of covering the three wounds
under one bandage and to avoid slippage. In retrospect, it
may have been useful to have substituted a gauze bandage
more similar to that used as the CMHA film.

Our study was designed to compare several factors of
interest: healing resulting from any of the three forms of
CMHA to controls, gel versus film formulations, and single
application of gel versus repeated applications. In a rodent
wound healing model, single gel application resulted in
significantly improved wound healing compared to con-
trols [18]. However, because wounds are commonly
cleaned at the time of bandage changes in the horse,
multiple applications of the gel were included in our study
design to mimic how it might be used in clinical practice.

There are several factors that could account for the lack
of a difference seen in our study and that performed in
rodents [18,41]. First, there are tremendous variations in
wound healing between species and horses are notorious
for delayed wound healing. Rodent wounds were created
on the dorsum of mice and rats, and the majority of the
healing would have been expected to occur as a result of
wound contraction rather than epithelialization compared
to the distal limb. Creation of three wounds per limb in our
model would have reduced the amount of healing that
could occur via contraction, and our model was therefore
even more dependent on epithelialization. No clear con-
clusions can be drawn from our study regarding the fre-
quency of application of CMHA products. However, because
it is common to clean equine wounds at the time of each
bandage change to remove accumulated exudates and
because of the potential for multiple applications of gel to
stimulate granulation tissue formation, reapplication of
either form of the product at the time of bandage change is
a logical treatment protocol.

There are a several additional aspects of our study that
merit further discussion. A model of wound healing was
selected to achieve standardized size and depth of wounds.
Translation of the results of our study to naturally occurring
wounds in horses must be made with caution. Granulation
tissue was trimmed from each wound based on clinical
need; however, differences in the number of times granu-
lation tissue was removed between groups could affect the
rate and quality of wound healing. Because of differences in
healing rates between treatment groups, not all wounds
were followed to complete healing. The ability to follow all
wounds to complete closure may have revealed additional
information on delayed healing or even nonhealing
wounds. Finally, we chose to use perioperative antibiotics
in our horses because of the multiple wounds on a single
limb and in compliance with our IACUC. It is difficult to
determine how this may relate to the treatment of clinical
cases and whether the use of short-term antibiotics could
have resulted in a different outcome compared to no anti-
biotic therapy. Some horses may not receive immediate
antibiotic therapy; however, a portion of wounds are
identified early and treated with prophylactic antibiotics.
Whether the effects of the CMHA biomaterials used in this
study would be altered in the absence of antibiotic therapy
is unknown. Our study design ensured that all wounds
were treated the same way with respect to antibiotic
therapy, avoiding treatment bias within our study.

5. Conclusions

There is a need for novel wound dressings with the
potential to participate in and direct the healing process,
promoting wound contraction and epithelialization. Based
on evidence for an active role of HA in tissue repair and the
results of our study, treatment of distal limb wounds in
horses may benefit from use of CMHA films to improve the
rate and quality of healing. Early stimulation of healthy
granulation tissue by multiple applications of CMHA gel to
speed the rate of filling of a large defect followed by
application of CMHA films should be considered as a useful
adjunct to conventional wound management by second
intention healing. Further studies documenting histologi-
cal, gene expression, and mechanical differences in wounds
following application of either the film or gel preparation
would provide more detail into the mechanisms by which
CMHA could aid wound healing. Clinical investigation in
naturally occurring wounds might help further define the
potential benefits of both CMHA products.
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