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ORIGINAL ARTICLE
A non-invasive method to produce pressure ulcers
of varying severity in a spinal cord-injured rat model

AK Ahmed!’* CR Goodwin®*, R Sarabia-Estrada®?, F Layl, AM Ansaril, C Steenbergen3, C Pangl, R Cohenl,
LJ Born!, AE Matsangos!, C Ng!, GP Marti!, N Abu-Bonsrah?, NA Phillips?, I Suk?, DM Sciubba? and
JW Harmon!

Study design: Experimental study.

Objectives: The objective of this study was to establish a non-invasive model to produce pressure ulcers of varying severity in animals
with spinal cord injury (SCI).

Setting: The study was conducted at the Johns Hopkins Hospital in Baltimore, Maryland, USA.

Methods: A mid-thoracic (T7-T9) left hemisection was performed on Sprague-Dawley rats. At 7 days post SCI, rats received varying
degrees of pressure on the left posterior thigh region. Laser Doppler Flowmetry was used to record blood flow. Animals were killed
12 days after SCI. A cardiac puncture was performed for blood chemistry, and full-thickness tissue was harvested for histology.
Results: Doppler blood flow after SCI prior to pressure application was 237.808+16.175 PFUs at day 7. Following pressure
application, there was a statistically significant decrease in blood flow in all pressure-applied groups in comparison with controls with a
mean perfusion of 118.361+18.223 (P<0.001). White blood cell counts and creatine kinase for each group were statistically
significant from the control group (P=0.0107 and P=0.0028, respectively).

Conclusions: We have created a novel animal model of pressure ulcer formation in the setting of a SCI. Histological analysis revealed
different stages of injury corresponding to the amount of pressure the animals were exposed to with decreased blood flow immediately
after the insult along with a subsequent marked increase in blood flow the next day, conducive to an ischemia-reperfusion injury (IR1)
and a possible inflammatory response following tissue injury. Following ischemia and hypoxia secondary to microcirculation
impairment, free radicals generate lipid peroxidation, leading to ischemic tissue damage. Future studies should be aimed at

measuring free radicals during this period of increased blood flow, following tissue ischemia.
Spinal Cord (2016) 54, 1096-1104; doi:10.1038/sc.2016.61; published online 21 June 2016

INTRODUCTION

The efficient prevention and treatment of pressure/decubitus ulcers
(bed sores) remain a significant challenge in the care of individuals
with spinal cord injury, and such lesions impart a substantial cost to
society.! The Agency for Healthcare Research and Quality states that
pressure ulcers cost the US health-care system an estimated $9.1-$11.6
billion annually.? Pressure ulcers not only necessitate significant
medical expenses in the future but also irreversibly impair the quality
of life of affected patients.>* The most severe pressure ulcers cause
substantial necrosis of subcutaneous fascia and muscle, with the
potential to produce osteomyelitis.>® Paraplegic patients are at a
particularly high risk for the development of pressure ulcers due to
immobility, compounded by the loss of sensation, in the extremities.
Ninety-five percent of all pressure ulcers occur in the lower
extremities, and the rate of surgical complications and recurrence is
particularly high for individuals with a spinal cord injury (SCI). For
patients with a SCI and pressure ulcer, 40% suffer from surgical

complications and 79% have recurring ulcers.!2 It has been reported
that 6.6% of all hospital readmissions for individuals with SCI are due
to pressure ulcers.!> The global incidence of SCI is estimated to be
between 40 and 80 cases per million in the population.'* The National
Spinal Cord Injury Association reports that as many as 450 000 people
in the United States are living with a SCI with an estimated 11 000 new
cases every year.'?

Pressure ulcers are clinically and histologically classified into four
categories with increasing severity corresponding to the extent of
tissue loss, that is, Stage I-IV, according to the National Pressure Ulcer
Advisory Board. Stage I is defined as a non-blanchable erythema at the
skin surface. Stage II is defined as a shallow open ulcer with partial
thickness loss of dermis. Stage III is full-thickness tissue loss. Stage IV
is full-thickness tissue loss with exposed bone, tendon or muscle and
often includes tunneling,'® Although visible damage and erythema at
the level of the skin may be a concern in the earlier stages of pressure
ulcer formation, pressure is highest between the bony prominence and

!Department of Surgery and Hendrix Burn/Wound Laboratory, The Johns Hopkins University School of Medicine, Baltimore, MD, USA; “Department of Neurosurgery, The Johns
Hopkins University School of Medicine, Baltimore, MD, USA and 3Depar’[men‘[ of Pathology, The Johns Hopkins University School of Medicine, Baltimore, MD, USA

“These authors contributed equally to this work.

Correspondence: Dr CR Goodwin, Department of Neurosurgery, The Johns Hopkins University School of Medicine, 600 North Wolfe Street, Meyer 7-109, Baltimore, MD 21287,

USA.
E-mail: rory@jhmi.edu

Received 14 October 2015; revised 31 December 2015; accepted 27 January 2016; published online 21 June 2016


http://dx.doi.org/10.1038/sc.2016.61
mailto:rory@jhmi.edu
http://www.nature.com/sc

A non-invasive method to produce pressure ulcers
AK Ahmed et al

C/2015JHU -~

Epidermis—
Dermis —

Adipose —

Muscle —|

Broken
epithelium

Necrotic
damage

Abcess

Necrotic
damage

Inflammarory
PMNs

Figure 1 Pressure application model. (a) Medical illustration of rats placed on platform scales with a C-clamp used to apply load pressure. Pressure was
calibrated using the weight of the scale and the surface area of the external clamp. (b) Medical illustration of pressure ulcer progression from edema after a
few hours following compression. (c) Broken epithelium and skin breakdown. (d) Early infiltration of polymorphonuclear cells. (e) Inflammatory exudate after
the pressure application. Printed with permission. ©JHU Neurosurgery - lan Suk.

the underlying soft tissue. Deep tissue damage is therefore far greater
than the visible damage to the skin. As such, pressure ulcers have been
often defined as having an ‘iceberg-like’ quality, with the skin being
the tip of the iceberg.!” Histologically, it would be expected that deep
tissue injury would be far greater even though the dermis is intact in
early stage ulcers.

Although pressure ulcers can significantly alter patient health,
effective treatment modalities for these ulcers are exceptionally scarce.
Progress is impeded because there are currently no translational
research models that accurately produce a range of pressure ulcers
in spinal cord injury, as they would be observed clinically.'8-?! For
models that do produce pressure ulcers in spinal cord injury, these
ulcers are not followed over time for soft tissue breakdown.

For an animal model to successfully recapitulate a pressure ulcer,
there must be an external and measurable sustained force at the
surface of the skin that causes compression of the underlying muscle.
It must also exist in an animal that is immobilized or significantly
dependent, as occurs with a spinal cord injury. Prior models of
pressure ulcer formation have several disadvantages that create
difficulty in drawing substantial conclusions.

In this manuscript, we describe a model for pressure ulcer
formation that involves hemi-sectioning the spinal cord of a rat to
induce spinal cord injury, followed by a calibrated pressure to the
affected limb to create reproducible ulcers of varying severity.
Furthermore, we histologically and physiologically characterize our
animal model in terms of the clinical phenotypes found in the human
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condition. This method of pressure ulcer formation has important
features that make it clinically relevant.

MATERIALS AND METHODS

Animals

Twenty-five female adult Sprague-Dawley rats, aged 6-week old, were used for
all experiments. Five animals were placed in each pressure ulcer (PU) group to
establish the SCI/PU model. Rats were housed under a normal light cycle and
temperature of 25 °C. All procedures were approved by the institution’s ACUC
committee.

Spinal cord injury

All animals were shaved before surgical manipulation. A spinal cord
hemisection was performed at a mid-thoracic level (T7-T9) under aseptic
conditions to simulate spinal cord injury. Animals were anesthetized with a
mixture of inhalational anesthesia comprising isoflurane 5% initially and 3.5%
maintenance with 2% oxygen. A 3-cm midline incision was made on the back,
and the paraspinal muscles were retracted to expose the thoracic laminae.
A laminectomy was performed exposing the dura of the thoracic spinal cord
(T7-T9), the dura was opened and the spinal cord exposed. The midline of the
spinal cord was identified, and one half (the left side) of the spinal cord was
transected completely using fine scissors and surgical forceps. Hemostasis was
attained, the surgical areas were lavaged and the wounds were closed. Rats were
treated with buprenorphine (0.05 mg kg™! body weight, s.c.) post-operatively
to minimize discomfort.

Pressure application

After the hind limb fur was shaved, pressure was applied externally, on the
surface of the skin, 7 days after spinal cord injury. Twenty-five Sprague-Dawley
rats were separated into five groups with five rats in each group (Figure 1). The
first group did not receive any external pressure. Each subsequent group
received enough pressure to produce a stage 1, 2, 3 or 4 pressure ulcer, based
on the previously established pressure values'82* (Table 1).

Pressure was applied with Husky 4-inch C-clamps (The Home Depot,
Cranbury, NJ, USA) for a period of 8 h, at varying pressures, to the posterior
thigh region of the left, paralyzed, hindlimb. Each animal was placed on a
Horizon HPS-110 Digital Platform Postage Scale (Horizon Solutions,
Rochester, NY, USA), which was tared and utilized to assess the quantity of
load pressure. Pressure was calculated using the following formula:

P (mm He) Scale(kg) x 9.8 ms 2
ressure(mm =
§ Clampsurfacearea(m?) x 133 Pa mm Hg™!

The tissue exposed to pressure was assessed daily for the development of
pressure ulcers. The presence or absence of skin breakdown was noted. Each
animal was photographed, before killing, 12 days after spinal cord injury.

Laser Doppler flowmetry

A moorLDI (Moor Instruments, Wilmington, DE, USA) Laser Doppler
machine was used to assess blood flow every day, following spinal cord injury.
Blood flow for animals receiving pressure was assessed twice on the day
of pressure application, once before pressure and once after pressure.
Ischemia/reperfusion is expected in the development of pressure ulcers and
will be represented in a value of perfusion units (PFUs).

Table 1 Pressure ulcer groups

Group Pressure Duration Ulcer stage
1 N/A N/A N/A

2 250 mm Hg 8h 1

3 500 mm Hg 8h 2

4 750 mm Hg 8h 3

5 1000 mm Hg 8h 4

Spinal Cord

Histology

All animals were killed on day 12, relative to spinal cord injury. Full-thickness
tissue from the pressure zone (posterior thigh region) of each animal was
harvested. Tissue from the same region of the opposite, neural intact, limb
was harvested for each animal. Formalin-fixed, paraffin-embedded, tissue was
stained with hematoxylin and eosin (H&E).

Blood chemistry

A cardiac stick was performed on each animal, following euthanasia. Several
blood tests were performed to assess inflammatory response and tissue damage.
Blood tests included a complete blood count with differential and creatine
kinase.

Statistical analysis

Statistical analysis consisted of one-way analysis of variance followed by the
Tukey Multiple comparison test using Prism (Graph Pad Software Inc., La Jolia,
CA, USA). A P-value <0.05 was deemed statistically significant.

RESULTS

Spinal cord-injured pressure ulcer model

All animals tolerated the spinal cord injury and pressure application
well. All rats had paralysis of their left leg immediately post spinal
cord hemi-section. Varying amounts of pressure were applied to each
group under the conditions specified above 7 days after spinal cord
hemi-section. Immediately following pressure application, there was a
shallow depression corresponding to the size and location of the
applicator (Figure 1). The paralyzed hind limb demonstrated the
presence of edema after a few hours following compression. Animals
demonstrated evidence of skin breakdown as early as 6 h after the
pressure application in a graded response and were photographed
5 days after pressure application, at the time of euthanasia (day 12 of
the study) (Figure 2). Control animals had no evidence of skin
breakdown. Animals treated with 250 mm Hg pressure application
demonstrated intact skin with non-blanchable redness over the
applied location. Animals treated with 500 mm Hg pressure applica-
tion showed partial thickness loss of the dermal layer, with reddish
pink wound bed and superficial sloughing of the skin. Figure 2b
demonstrates a stage 2 ulcer with an open/ruptured blister. At
750 mm Hg pressure application, treated animals demonstrated
full-thickness tissue loss with exposure of the subcutaneous fat and
muscle, with no bony or tendinous exposure, whereas animals treated
with 1000 mm Hg pressure application had the same full-thickness
tissue loss with exposed bone and/or tendons as well as muscle.

Histological analysis

Pressure-induced ulcer formation was assessed via hematoxylin and
eosin staining of full-thickness cross-sectional slides taken from the
pressure zone in the paralyzed hind limb 5 days after pressure
application. Histological staining demonstrated an intact epithelium
with early necrotic damage in the pressure zone of animals treated
with 250 mm Hg as compared with control. Control animals demon-
strated intact epithelium, viable layers of dermis and well-organized
loosely packed connective tissue throughout (Figure 3al,a2,a3).
Animals treated with 250 mm Hg demonstrated necrosis to deeper
layers of the dermis and muscle, although overlying epithelium was
intact, consistent with the ‘iceberg effect’ (Figure 3b1,b2,b3). Animals
treated with 500 mm Hg demonstrated early epithelial breakdown,
eschar formation, densely packed connective tissue in the deeper layers
of the dermis and bloating and distortion of dermal collagen fibers
(Figure 3cl,c2,c3). Animals treated with 750 mm Hg were denoted
by broken epithelium, necrotic damage, widespread densely
packed connective tissue and muscle necrosis with an infiltration of
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Figure 2 Representative images of pressure ulcers. (a) Rats receiving 250 mm Hg displayed characteristics of a stage 1 pressure ulcer, with non-blanchable
redness and erythema. (b) Rats receiving 500 mm Hg displayed characteristics of a stage 2 pressure ulcer, with early signs of epithelial breakdown, a reddish
pink wound bed and superficial sloughing of the skin. (c) Rats receiving 750 mm Hg displayed characteristics of a stage 3 pressure ulcer, with full-thickness
tissue loss, exposure of the subcutaneous fat and muscle, and no bony or tendinous exposure. (d) Rats receiving 1000 mm Hg displayed characteristics of a
stage 4 pressure ulcer, with full-thickness tissue loss extending deep into the muscle to exposed bone and tendons.

inflammatory cells and polymorphonuclear leukocytes. The overall
muscle architecture was still preserved in this group (Figure 3d1,d2,d3).
The group of animals that underwent pressure application with
1000 mm Hg showed substantial necrotic damage to the muscle,
inflammatory cell infiltration, a loss of cellular integrity, complete
loss of the epithelial layer and hematoma formation in the dermal
layer. Higher stage pressure ulcers were also at greater risk for
inflammation and exudate®>>2° (Figure 3el,e2,e3).

Laser Doppler flowmetry/blood flow analysis

Pressure ulcers are hypothesized to occur secondary to induced
ischemia followed by a reperfusion injury. To determine whether
our model was consistent with this hypothesis, we utilized laser
Doppler flowmetry to assess blood flow in the paralyzed and
unaffected hind limb every 24h following spinal cord injury. In
animals receiving pressure, blood flow was assessed before pressure
application and after pressure application. A region of interest of
constant area was selected on the posterior thigh region of each animal
(Figure 4a). The Doppler blood flow after spinal cord injury before
pressure application was 238+16 PFUs at day 7. Immediately
following pressure application, there was a statistically significant
decrease in blood flow in all pressure applied groups in comparison
with controls with a mean perfusion of 118 +18 (P<0.001). The day
after pressure application (day 8), there was a substantial increase in
the perfusion of the pressure zone with a mean perfusion of 289 + 17
when compared with the perfusion immediately after pressure
application (P<0.001). These results demonstrate that the pressure

application induced a decrease in blood flow in the affected area
followed by a significant increase in blood flow to the affected area,
which is consistent with the hypothesized ischemia/reperfusion
mechanism. This increased blood flow is expected to be due to
reactive hyperemia followed by inflammatory vasodilation (Figure 4b).

Blood chemistry—cell count

Before killing on day 12, 5 days after pressure application, we
performed a cardiac puncture to collect blood on each animal
to determine whether pressure-applied animals demonstrated an
increased inflammatory response and/or evidence of muscle break-
down. We analyzed the blood from each group for red blood cell
counts, white blood cell counts, % of neutrophils, % of lymphocytes,
% of monocytes and % of eosinophils, as well as creatine kinase (CK),
blood urea nitrogen and creatinine. We found no statistically
significant difference in red blood cell counts, % of neutrophils, %
of monocytes and % of eosinophils between controls and pressure-
applied animals; however, we did find a statistically significant
difference between controls and all of the pressure-applied animals
for white blood cell, and lymphocyte counts and creatine kinase
(P<0.01; Figure 5). Furthermore, when we stratified groups based on
the presence or absence of intact epithelium (stages 1 and 2 vs 3 and
4), we found that the white blood cell and lymphocyte counts for each
group were statistically significant from those of the control group
(P=0.0107 and P=0.005, respectively). Furthermore, the lymphocyte
count increased from 2326+ 332 cells pul~! in the control group to
4718 +390 cellspl~! in groups 1 and 2 to 5315+412 cellspl~! in
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groups 3 and 4. When muscle breakdown was assessed via the CK
level, we found that the CK levels in groups 1 and 2 versus groups 3
and 4 were significantly increased in comparison with controls
(P=0.0028), and moreover groups 3 and 4 had significantly higher

CK levels than groups 1 and 2 (P<0.01). The CK level increased from
480+35U 1! in the control group to 1286 +274 U1~ in groups 1
and 2 to 2855+480UI1"' in groups 3 and 4. These results
demonstrate that pressure application increases an animal’s
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Figure 4 Laser Doppler blood flow analysis. (a) Laser dopper flowmetry was performed every day, following spinal cord injury. Blood flow for animals receiving
pressure was assessed twice on the day of pressure application, once before pressure and once after pressure. (b) The Doppler blood flow after spinal cord
injury before pressure application was 237.808 +16.175 PFUs at day 7. Immediately following pressure application, there was a statistically significant
decrease in blood flow in all pressure applied groups in comparison with controls with a mean perfusion of 118.361 +18.223 (P<0.001). The day after
pressure application (day 8), there was a substantial increase in the perfusion of the pressure zone with a mean perfusion of 288.997 +16.512 when
compared with the perfusion immediately after pressure application (P<0.001).
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Figure 5 Blood counts. A cardiac puncture was performed for each animal, following euthanasia. (a) White blood cell counts for each group were statistically
significant from the control group (P=0.0107). (b) Lymphocyte counts for each group were statistically significant from the control group (P=0.005).
Lymphocyte count increased from 2.326+0.3317 in the control group to 4.718+0.3902 in groups 1 and 2 to 5.315 +0.4115 in groups 3 and 4.
(c) CK levels in groups 1 and 2 vs groups 3 and 4 were significantly increased in comparison with controls (P=0.0028), and groups 3 and 4 had
significantly higher CK levels than groups 1 and 2 (P<0.01). *P<0.001; **P<0.01.
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Figure 3 Representative histology of pressure ulcers. Following euthanasia, full-thickness tissue was harvested on each limb of each animal. H&E staining
was performed for all tissue sections. (al, a2 and a3) x 10, x40 and x 64 maghnification, respectively, of a hemiparaplegic rat that did not receive pressure.
(b1, b2 and b3) x 10, x40 and x 64 magnification, respectively, of a hemiparaplegic rat that received 250 mm Hg pressure to the left posterior thigh region.
These animals demonstrated necrosis to deeper layers of the dermis and muscle, although overlying epithelium was entirely intact, consistent with the
‘iceberg effect’. (cl, ¢2 and c3) x10, x40 and x64 magnification, respectively, of a hemiparaplegic rat that received 500 mm Hg pressure to the left
posterior thigh region. These animals demonstrated early epithelial breakdown, eschar formation, densely packed connective tissue in the deeper layers of the
dermis and bloating and distortion of dermal collagen fibers. (d1, d2 and d3) x 10, x40 and x 64 magnification, respectively, of a hemiparaplegic rat that
received 750 mm Hg pressure to the left posterior thigh region. These animals demonstrated epithelial breakdown, necrotic damage, widespread densely
packed connective tissue and muscle necrosis with an infiltration of inflammatory cells and polymorphonuclear leukocytes (PMNs). The overall muscle
architecture was still preserved in this group. (el, e2 and e3) x10, x40 and x64 magnification, respectively, of a hemiparaplegic rat that received
1000 mm Hg pressure to the left posterior thigh region. These animals demonstrated substantial necrotic damage to the muscle, inflammatory cell
infiltration, a loss of cellular integrity, complete loss of the epithelial layer and hematoma formation in the dermal layer. Black arrow: intact epithelium.
Orange arrow: broken epithelium. Yellow arrow: eschar. Red arrow: loosely packed connective tissue. Green arrow: irregular densely packed connective tissue.
Blue arrow: necrotic muscle. Purple arrow: hematoma.
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inflammatory response as measured by white blood cell and lympho-
cyte counts, in addition to increasing the degree of muscle breakdown
as the amount of pressure is increased.

DISCUSSION

Even with the best clinical care, pressure ulcers are a substantial
challenge to individuals with spinal cord injury and impart a
significant cost to the US health-care system. Pressure ulcers are
caused by sustained pressure at the surface of the skin, thereby
resulting in soft tissue breakdown between the compressed skin and
underlying bony prominence.”® Capillary closure and ischemia are
present in the subdermal layers of such wounds with visible erythema
of the skin, in its earliest stages.>!> Because the skin displays only
minor signs of breakdown, pressure ulcers are often characterized as
having an ‘iceberg-like’” quality, in that the extent of the damage occurs
subdermally and is not visible on the surface, adding to the challenge
of diagnosing and preventing these wounds.””'%” The pressure ulcers
seen clinically often result from a combination of direct pressure and
shear forces causing friction.>1®17

Currently used animal models have drawbacks that limit their
usefulness. Models to evaluate these ulcers, including the surgical
placement of an implant underneath the muscle and a pressure
applicator screwed into the bone, or an implanted magnet and
overlying magnet, alter the environment of soft tissue before the
onset of pressure ulcer formation.?>?42> Other less-invasive models
include pinching the skin with magnetic plates but do not apply
pressure to the underlying muscle.!' As such, wounds created from
these models do not demonstrate true pressure ulcers.

Rat pressure ulcer models have been developed to increase our
understanding of the risk factors, progression and efficacy of potential
treatment modalities. In this study, we demonstrate a non-invasive
method to produce pressure ulcers of varying severity in a rat spinal
cord-injured model. Utilizing an external pressure model, we show
that, with varying pressures, we can reproducibly generate different
pressure ulcer severity with associated visual and histological char-
acteristics. Furthermore, we show that the pressure-induced damage is
associated with increased white blood cell and lymphocyte counts, as
well as increases in creatine kinase. This model also demonstrates the
ischemia/reperfusion mechanism of injury that is presumed to be a
causative factor in pressure ulcer formation. Taken together, these
results provide a novel preclinical model that can effectively and
reproducibly mimic the clinical phenotypes seen in patients diagnosed
with pressure ulcers following spinal cord injury.

Prior models of pressure ulcer formation have several advantages
and disadvantages that create difficulty in drawing substantial
conclusions. For an animal model to successfully recapitulate this
injury, there must be an external and measurable sustained force and
time following the onset of pressure for ischemic necrosis to take
place.'* The model proposed by Lin et al?* simulates the role of a
bony prominence in pressure ulcer formation by implanting a metal
pellet on the lateral surface of the rat’s tibial bone. The model
proposed by Hyodo et al?? fabricates a pressure applicator from a
6.5-mm diameter cancellous screw percutaneously implanted into the
greater trochanter of a monoplegic pig. These models alter the
environment of soft tissue before the onset of pressure ulcer
formation. Surgical implantation, or any other breach in the skin
barrier, releases inflammatory cytokines and compromises the
integrity of soft tissue even before pressure application. As such, the
most clinically relevant pressure ulcer model demands a solely external
and non-invasive load—mimicking what would ensue clinically.

Spinal Cord

The model by Stadler et al.'! attempts to create a model without an
invasive surgical component through the use of magnets. Although
there is visible erythema and pressure at the level of the skin, this
model only superficially encompasses pressure ulcers without the
subdermal necrotic damage characteristic of the pathology. Early stage
pressure ulcers are characterized by an ‘iceberg-effect’, in that the bulk
of tissue damage occurs at the level of muscle with minimal damage to
the overlying epithelium. Because this model fails to apply any load
force to the muscle the wound formed is not a true pressure ulcer.!”

The model by Bosboom et al.?® uses an external indentor but does
not do so in the setting of spinal cord injury, nor are there varying
stages of ulcers studied. This model also fails to follow the progression
of ulcers by harvesting 24 h after pressure application. Models by Cui
et al.,* Gefen et al.’® and Jiang et al.! harvest tissue following pressure
application but do not do so in the setting of spinal cord injury. The
model by Gostein et al3! studied tissue breakdown from externally
applied pressure in pigs over a period of 10 days but did not study
stage III or IV wulcers. In addition, this was not performed in the
setting of spinal cord injury. The model by Kokate et al.>? studied
temperature on pressure ulcer progression over time but did not do so
in spinal cord injury and only applied 100 mm Hg external pressure in
each group studied. Models by Linder-Ganz et al.>%33-35 successfully
study deep tissue injury in externally applied pressure ulcer models
with varying pressure but harvest tissue immediately following
pressure and do not study these ulcers in the setting of spinal cord
injury. The model by Salcido et al.3® externally applied pressure and
measured blood flow by Laser Doppler but only applied 145 mm Hg
and measured perfusion during pressure application. To capture the
range of ulcers, varying pressures must be used. In addition, blood
flow should be measured before pressure in order to determine a
baseline and after pressure to determine reperfusion.

It is essential to determine a distinction between pressure ulcer
models in the setting of spinal cord injury and those without spinal
cord injury.’” In the setting of spinal cord injury, in addition to
atrophy and decreased blood flow, MRI scans have shown significant
anatomical differences in gluteal and high-risk areas of patients with
spinal cord injury.>3*2? Because of the significant necrosis that occurs
from reactive oxygen species following ischemia it is also necessary
that effective pressure ulcer models allow time following injury to
accurately study the breadth of pressure ulcer formation.** Our
model overcomes these issues by applying external pressure without
breaching the skin in a spinal cord-injured model, following
progression over time, and studying varying stages of pressure ulcers.
Furthermore, the ability to alter the amount of pressure the
animal experiences ensures that a graded pressure ulcer response
can be achieved. This allows for more precise assessment of the
pathophysiologic mechanisms associated with a given pressure ulcer
stage and the ability to reproducibly create the desired stage for further
testing. Moreover, laser Doppler blood flow close to the infrared
spectrum allows for an analysis of muscle blood flow and deep tissue
perfusion,*44

Pressure ulcer progression relies on ischemia and reperfusion of
tissue. Sustained pressure causes ischemia in the capillaries and
microvasculature of the muscle tissue. Thus, subsequent reperfusion
delivers free radicals, exacerbating damage done to the previously
hypoxic tissue.>>®!2 Through Laser Doppler Flowmetry we showed
that our external pressure model results in increased blood reperfusion
following pressure application and recapitulates the presumed
mechanism of ischemia/reperfusion associated with pressure ulcer
formation. We were able to show a statistically significant decrease in
blood flow immediately following pressure application compared with



blood flow assessment before the insult. Subsequent measurement of
blood flow after 24 h, however, showed a marked increase in blood
flow to the region. Taken together, these data further support current
evidence about the role of ischemia/reperfusion in the development of
pressure ulcers while emphasizing the robustness of our model in
recapitulating clinically significant pressure ulcers.

Patients with SCI represent a unique population that is particularly
susceptible to the development of pressure ulcers with increased
morbidity and mortality associated with the occurrence of the ulcer, in
addition to monetary cost to the health system. A number of models
have been developed in animals to study pressure ulcer formation.
Our model and data add to our continued understanding of the
unique factors that contribute to how pressure ulcers are formed. The
potential exists for the use of this model to study therapies for both
patients who are at risk and those affected. Such therapies may
focus on ways to strengthen the skin as well as means to decrease
ischemia/reperfusion injury via a free radical scavenging system
or methods to increase blood flow to areas susceptible to the
development of ulcers. Further studies into free radical scavenging
systems following pressure ulcer formation are required to address
ischemia—reperfusion injury. These modalities will be relevant not only
for patients with SCI but others at risk for the development of ulcers
including the elderly, malnourished patients, patients with other
neurovascular injuries (that is, diabetic patients) or chronically
deconditioned patients among others.

Our model may have several limitations and disadvantages that
could limit the ability to draw substantial conclusions. For instance, in
our model, a clamp is applied to the hindlimb of animals and
compressed against a scale. In human patients, their ulcer normally
falls from a single-sided compression. Furthermore, animals are hemi-
sectioned instead of a full spinal cord injury, which is more consistent
with what is found in spinal cord-injured patients. This model does
not study the reactive oxygen species associated with reperfusion
injury, nor does it study shear forces in addition to direct pressure.
These limitations may hinder the true assessment of pressure ulcer
formation in animals; however, these limitations can be considered
minor in comparison with the ability to induce a pressure ulcer
through a non-invasive method.

CONCLUSIONS

We have created a novel animal model of pressure ulcer formation in
the setting of a spinal cord injury. Histological analysis revealed
different stages of injury corresponding to the clinical stages and
related to the amount of pressure the animals were exposed to.
Decreased blood flow immediately after the insult along with a
subsequent marked reperfusion in blood flow the next day suggests
reactive hyperemia a possible inflammatory response. Animals who
sustained the insult also had increased levels of creatine kinase with
elevated WBC and lymphocyte blood counts. In this way, this model
serves as an accurate preclinical tool to study spinal cord injury-
associated pressure ulcers for evaluation of the human condition.
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