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Abstract: Traumatic injuries to the nervous system, including the brain and spinal cord, lead to neuro-
logical dysfunction depending upon the severity of the injury. Due to the loss of motor (immobility)
and sensory function (lack of sensation), spinal cord injury (SCI) and brain injury (TBI) patients may be
bed-ridden and immobile for a very long-time. These conditions lead to secondary complications such
as bladder/bowel dysfunction, the formation of pressure ulcers (PUs), bacterial infections, etc. PUs are
chronic wounds that fail to heal or heal very slowly, may require multiple treatment modalities, and
pose a risk to develop further complications, such as sepsis and amputation. This review discusses
the role of oxidative stress and reactive oxygen species (ROS) in the formation of PUs in patients with
TBI and SCI. Decades of research suggest that ROS may be key players in mediating the formation of
PUs. ROS levels are increased due to the accumulation of activated macrophages and neutrophils.
Excessive ROS production from these cells overwhelms intrinsic antioxidant mechanisms. While
short-term and moderate increases in ROS regulate signal transduction of various bioactive molecules;
long-term and excessively elevated ROS can cause secondary tissue damage and further debilitating
complications. This review discusses the role of ROS in PU development after SCI and TBI. We also
review the completed and ongoing clinical trials in the management of PUs after SCI and TBI using
different technologies and treatments, including antioxidants.

Keywords: spinal cord injury; brain injury; pressure ulcer; reactive oxygen species; oxidative stress;
wound healing

1. Introduction

Pressure ulcers (PUs) are skin injuries primarily caused by prolonged pressure on
the skin and underlying tissue. Skin wound healing is a multi-stage process that aims to
restore the integrity and function of the skin after injury but is often impaired in patients
with underlying diseases or other medical conditions, including traumatic brain injury
(TBI) and spinal cord injury (SCI). TBI and SCI result in sensory (lack of sensation) and
motor loss (paralysis). Affected patients are at risk of PU development because they do
not feel the pain that would normally signal excessive and prolonged pressure in one area
and lack mobility to alter position to relieve that pressure. PUs are prone to reoccur and
may lead to rehospitalization, which increases the cost of care and burdens the families of
patients both financially and emotionally.

In the United States, 1-3 million people per year develop PUs [1]. It causes enormous
costs to the healthcare system, with an average of over $124,000 per patient to treat a stage
4 PU [2] and a total annual cost of up to $11 billion [3]. The severity of PUs is scored
using different stages (stages 1-4). Stage 1 is the mildest form of PU and, in many cases,
it can transform into a severe stage such as stage 4. Stage 4 is the most severe form of
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PU with full-thickness skin loss and extensive destruction of the tissue that affects also an
underlying muscle, bone, and/or supporting tissue [4]. From nursing home admissions,
10-13% have PU ratings if in stages 2 to 4 [5]. PUs are caused by immobility and lack of
protective sensory perception after any neurological injury; 28.3% of patients that suffer
from SCI and 18.8% of patients with TBI develop PUs during their hospitalization [3,6]. In
the lifetime of SCI patients, up to 95% may develop advanced stages 3 or 4 PUs [7]. Patients
with a cervical or thoracic SCI have a three-fold greater risk to develop a PU compared to
patients with a lumbar or sacral SCI [8]. The severity of TBI can be scored with the GCS
scale [9]. The percentage of TBI patients with PU development varies from mild to severe
TBI. As mild TBI patients are lower in the number who develop PU compared to moderate
and severe TBI patients. Severe TBI patients with PU had a five times higher mortality [10],
as compared to mild and moderate TBL

In this review, we discuss the latest updates on the role of traumatic injury in the
development of PUs, and the underlying mechanisms involving reactive oxygen species
(ROS) and oxidative stress. We also discuss the results of ongoing clinical trials for the
treatment of PU after SCI and TBI.

2. Spinal Cord Injury and Pressure Ulcers

One of the major reasons for the rehospitalization of SCI patients who are over 25 years
old is due to the development of PUs [11]. The European Pressure Ulcer Advisory Panel,
the Pan Pacific Pressure Injury Alliance, and the National Pressure Ulcer Advisory Panel
jointly published international clinical practice guidelines to prevent and treat PUs [12].
Coleman and colleagues suggest that there are three direct causal factors of developing a
PU: (1) Immobility; (2) general health condition of the skin and if the patient has a history
of developing PUs; (3) how well the tissue is perfused. They also identified several indirect
causal factors, including moisture, sensory perception, diabetes, age, low albumin, and
poor nutrition [13].

2.1. Underlying Mechanisms in the Development of Pressure Ulcers

The primary cause of developing a PU is a mechanical load on the skin over bones
causing localized pressure and shear [13]. These mechanical forces trigger different damage
mechanisms that cause damage to the tissue [14]. Mechanical deformation of the tissue
may induce immediate damage to the cells. The magnitude of the deformation is the most
important factor that determines the severity of the damage [15-17]. Prolonged loading
periods lead to occlusion of blood vessels, causing ischemia, a reduced supply of nutrients,
and the accumulation of metabolites, all of which leading to tissue damage [15,18-20].
Changes in the body position of a patient remove the mechanical force on the skin, which
leads to reperfusion of the tissue. This reperfusion might exacerbate the damage caused
by ischemia through the release of harmful ROS [21,22]. The occlusion of lymph vessels
in soft tissues also contributes to the accumulation of waste products and the buildup
of interstitial fluid which further promotes the development of a PU [23,24]. Two major
routes for PU development have been described. First, the pathway of a superficial PU
starts with superficial loss of the epidermis caused by shear stresses on the skin layers.
If the mechanical force remains on the skin, the damage will progress to deeper tissues.
The second pathway starts with deep tissue injury with necrosis of muscle and fat that is
triggered by mechanical deformation and sustained compression of soft tissues. This deep
damage eventually leads to the destruction of the superficial layers, at which point the full
depth of the ulcer is visible [14,25].

2.2. Role of Oxidative Stress in the Development of Pressure Ulcers

Ischemia-reperfusion leads to a transient ROS spike in the tissue. ROS are products of
cellular metabolism that contain radical and non-radical derivatives of oxygen. Oxygen
radicals contain one or more unpaired electrons and thus, are the most unstable and highly
reactive; these include superoxide, hydroxyl, peroxyl, and hydroperoxyl. Non-radicals
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include hydrogen peroxide and peroxynitrite. An increase of ROS in the cell might lead to
inappropriate oxidation of DNA, proteins, and lipids, which might lead to loss of function
and potentially to an additional increase of ROS levels. To regulate ROS levels in the cell,
antioxidant mechanisms have evolved. Excessive ROS levels and ensuing oxidative stress
arise if the production of ROS increases and /or when antioxidants are depleted [26,27].

The free radical superoxide occurs if an additional electron is added to the outer
orbital of the oxygen atom. This may happen in the mitochondrial electron transport chain
or during the NADPH dehydrogenase reaction. Under normal physiological conditions,
there occurs leakage of 1-3% superoxide from the mitochondria into the cytoplasm. This
leakage increases with higher oxygen levels in the cell and is dependent upon the cellular
rates of energy substrate and energy utilization [28]. Superoxide can also be produced by
enzymes such as NADPH oxidase and xanthine oxidase. NADPH oxidase is expressed in
phagocytic cells, such as neutrophils, macrophages, and sensitized monocytes activated
by inflammatory stimuli. Phagocytic cells purposely secrete hydrogen peroxide to fight
pathogens but this may also cause local tissue damage [29]. Non-phagocytic cells, such as
fibroblasts, smooth muscle cells, endothelial cells, and chondrocytes also express NADPH
oxidase which is a component of their intracellular signal cascades [30-34]. An increase in
NADPH oxidase in the tissue will cause more free radicals to be generated [35].

The non-radical H,O, is produced by peroxisomes, and during high peroxisome
activity, hydrogen peroxide can leak into the cytoplasm [36]. H,O is also formed upon
dismutation and simultaneous oxidation and reduction of superoxide. Hydrogen peroxide
can be also produced by xanthine oxidase, urate oxidase, and D-amino acid oxidase.
Although hydrogen peroxide is relatively unreactive, it has a long half-life time (cellular
half-life ~1 ms, steady-state levels ~10~7 M) [37], it can cross cellular membranes and
can react with transition metals such as iron to form the highly reactive hydroxyl radical
according to the Haber-Weiss reaction [38]. The reaction with ferrous ions is called the
Fenton reaction. Since hydrogen peroxide can cross the plasma membrane, hydrogen
peroxide and secondarily derived hydroxyl radicals can affect neighboring cells. Copper
is another transition metal that forms complexes with proteins, DNA, and carbohydrates.
In a complex, copper can undergo redox cycling and can function as an active site to
form hydroxyl radicals [39]. This can have different consequences depending on which
cell compartment and what kind of copper-macromolecules are affected. In the plasma
membrane, it can cause a cascade of lipid radical formation and the oxidation of lipids
would lead to damage of the lipid bilayer. Oxidized proteins get rapidly digested in
peroxisomes by the proteolytic system. Overactivation of this system leads to increased
leakage of hydrogen peroxide from the peroxisomes, more cellular damage, and might
lead to apoptosis [40]. Copper-DNA complexes can lead to DNA damage [41].

The nitrogen-centered free radical nitric oxide, which is produced by the enzyme nitric
oxide synthase, has an ambivalent role [42]. It can act both as an oxidant and as an antioxidant.
It. As an oxidant, it can form reactive nitrogen species such as peroxynitrite, nitrosonium
cation, and nitroxyl anion [43]. An extensive generation of these nitric oxide-related radicals
can relate to cell injury. For example, peroxynitrite can oxidize lipids that affect cell membranes,
aromatic amino acids in proteins that affect their structures, and sulfur-containing amino
acids which lead to a depletion of the antioxidant glutathione [44]. At low concentrations,
nitric oxide acts as an antioxidant. By reacting with and neutralizing oxidants, nitric oxide
attenuates the Fenton reaction. A high concentration of nitric oxide would be able to scavenge
the oxidant peroxynitrite, which would result in dinitrogen trioxide. This would lead to
the attenuation of the pH-independent reaction of peroxynitrite and carbon dioxide to the
oxidant CO,O0ONO; [45]. Xanthine oxidase is the enzyme that catalyzes the oxidation of
hypoxanthine to xanthine and the oxidation of xanthine to uric acid [46]. Although under
normal conditions it is not a major contributor to ROS generation, there are indications that it
is an important ROS generator during ischemia-reperfusion [47-49].

The epidermis of the skin provides major protection from oxidative damage. Hy-
drophilic, lipophilic, and enzymatic antioxidants are present at higher concentrations in
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the epidermis than in the dermis layer of the skin [50]. In the epidermis, there is a con-
centration gradient of antioxidants [51,52]. The uppermost tissue layer, which is exposed
to the environment, has the lowest concentration of antioxidants, and this concentration
increases with the increasing depth of the epidermis. Additionally, antioxidant levels
can be enhanced by exogenous antioxidant treatments, such as vitamin C acetate and/or
vitamin E [51,52].

Primary damage to the skin occurs after severe mechanical deformation of the tissue.
Plasma membranes rupture, which leads to a release of cellular content into the extracellular
space, cellular and mitochondrial swelling, ATP levels drop, thus leading to necrosis of the
tissue [53]. Subsequently, ischemia-reperfusion of the skin induces additional damage. Dur-
ing the ischemic phase, endothelial cells swell, which leads to a reduction of the arteriolar
diameter, restricted blood flow, and/or increased permeability of the blood vessels [54] As a
consequence, leucocyte adhesion increases in ischemic tissue, causing neutrophils to attach
to the walls of the blood vessels or to be trapped in the capillary bed [55,56]. Major play-
ers in this ROS production are xanthine oxidase and phagocytic cells, mainly neutrophils.
During ischemia, xanthine dehydrogenase is converted to xanthine oxidase. During the
reperfusion phase, oxygen is reintroduced to the tissue, which leads to an oxidative burst
that produces an extensive amount of ROS [49]. After oxygen returns to the tissue, xanthine
oxidase generates superoxide and hydrogen peroxide, which causes tissue injury, activation
of phagocytic cells, and damage to membrane lipids, proteins, and DNA [57]. In addition,
the return of oxygen into the tissue leads to a dramatic increase in mitochondrial activity.
Release of cytochrome c¢ from mitochondria to cytoplasm leads to a massive ROS production
by the mitochondrial respiratory chain during the reperfusion phase [58]. Nitric oxide reacts
with superoxide to form peroxynitrite [59,60]. ROS can trigger neutrophil infiltration and
activation which leads to additional ROS secretion from immune cells [61,62]. The type 2
isoform of nitric oxide synthase (iNOS) is expressed by immune cells and it can be activated
by inflammatory stimuli such as cytokines, lipopolysaccharides, and immunological fac-
tors [63]. Neutrophils and macrophages also express myeloperoxidase, which is triggered
by inflammatory stimuli, leads to the production of the extremely damaging hypochlorous
acid [64]. The damage caused by reperfusion injury can be attenuated if neutrophils are
depleted from the blood or are otherwise inhibited [65,66]. All these related events are
summarized in a chronicle order in Figure 1.
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Mechanical Endothelial cell Oxidative
deformation swelling burst

. & &

Ischemia Phase

‘ " in ischemic '

tissue
Mitochondrial A Blood vessel Oxidation of
swelling permeability cytochrome ¢

¥ b b

T TR
W ATP level Restricted Mitochondrial
e blood flow ROS
I _ production

Figure 1. Timeline of the pathology in the development of chronic pressure ulcer (PU). The scheme
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displays the chronological order of pathological events that occur during the primary damage of the
skin, the ischemia phase, and the reperfusion phase that lead to the development of PU. A—Increase;
V—Decrease.
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Antioxidants are how cells protect against oxidative stress and buffer the increased
ROS levels. Antioxidants can act by enzymatic removal of free radicals, by transition metal
ion chelation, or by simply sacrificing themselves by reacting with the free radicals to
neutralize them [67]. Superoxide cannot cross the plasma membrane, which can lead to its
accumulation inside the cell. The enzyme superoxide dismutase accelerates the dismutation
of superoxide to hydrogen peroxide, which can cross the plasma membrane and leak out of
the cell. Thus, these processes lead to the removal of the superoxide radical from the site of
production [68]. Superoxide dismutase itself is vulnerable to oxidative inactivation, with an
ensuing increase in ROS levels in the mitochondria, leading to mitochondrial dysfunction
and death [69]. Extracellular superoxide dismutase has an important role in protecting
the extracellular matrix against oxidation by superoxide that is secreted from immune
cells [70]. Another example of the enzymatic removal of ROS is by the enzyme catalase.
This heme-containing enzyme is mainly present in peroxisomes and cleaves hydrogen
peroxide to water and oxygen [71].

Glutathione is a small molecule antioxidant, and it protects the thiol groups in active
sites of many enzymes [72]. Glutathione peroxidase is an enzyme that breaks down
hydrogen peroxide to water and oxygen in the cytoplasm and mitochondria and can
also neutralize lipid peroxides by using reduced glutathione. The resulting oxidized
glutathione can be regenerated back to reduced glutathione by glutathione reductase [73].
Reduced glutathione can also act as a substrate for glutathione S-transferase, which removes
oxidized substrates by reacting them with glutathione molecules. Ferric ion binding
proteins such as transferrin and lactoferrin can function as antioxidants by depleting
the free ion in the cell and thus inhibiting the Fenton reaction [74]. Albumin, which is
present at high concentrations in the blood, has one thiol group that is capable of binding
to ROS thus enabling it to function as a scavenger of free radicals [35]. Various small
chemical compounds bind to oxidants and thus function as antioxidants. These sacrificial
antioxidants can be derived from the diet or are endogenously expressed in the cells.
Vitamin C, E, and carotenoids are examples of diet-derived antioxidants. Uric acid and
bilirubin are endogenously expressed antioxidants [75,76].

Apoptosis is the programmed cell death that can be triggered by ROS. The caspase
family of proteases, and transcription factors such as NF-kappa B, MAPK, and p51, are
important signaling molecules for apoptosis. Antioxidants inhibit signaling cascades that
lead to apoptosis [77,78]. Neutrophils undergo apoptosis after the oxidative burst which
might be triggered by the increased ROS levels [79,80]. Apoptosis can also be initiated by
inflammatory signals, UV-light, or specific drugs [81,82]. Reduced glutathione removes
hydrogen peroxide in the cytoplasm, and its depletion is associated with the initiation
of apoptosis [83,84]. At lower oxidant concentrations, signal pathways will be a trigger
that leads to apoptosis. However, if oxidant concentration increases, signal transducer
molecules of the apoptosis pathways will also be oxidized and damaged so that the cell
will not undergo apoptosis. Instead, the cell will undergo necrosis after the cellular ATP
levels are depleted and oxidation caused lethal damage [85-88].

2.3. Impaired Healing of Pressure Ulcers

In patients with SCI, major risk factors to developing a chronic PU with impaired
healing are the immobility of the patient together with impaired sensation as well as the
general condition of the skin. The risk is exacerbated by increasing age and by metabolic
disorders such as diabetes. Following the primary mechanical injury, excessive humidity,
immunodeficiency, and diabetes may result in an increased likelihood of bacterial infection
of the skin. Such infections trigger an immune response that further increases ROS levels
due to secretion from host phagocytes with ensuing additional tissue damage [89-91].

Skin aging, which alters the composition of antioxidants, has two types: photoaging,
and chronological aging [92]. However, it is more likely that PUs happen in chronologically
aged skin compared to photoaged skin. Chronological aging affects skin the same way
that it affects other tissues. Enzymatic antioxidants tend to increase, while non-enzymatic
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antioxidants tend to decrease with aging [93]. During chronological aging, glutathione
reductase increases in the epidermis, catalase increases in the epidermis and decreases
in the dermis, x-tocopherol decreases in the epidermis, and ascorbate and glutathione
decrease in the epidermis and dermis [94]. The glutathione antioxidant system maintains its
capacity until about 45 years of age, but then rapidly declines afterward [95]. This may be
one potential mechanism by which age increases the risk to develop PUs [96]. It is reported
that non-enzymatic antioxidants are depleted during the early phase of cutaneous wound
healing [97]. As consequence, a pro-oxidative shift may happen in cutaneous wounds of
elderly people which might attenuate the healing process and promote the development
of a PU. Interestingly, antioxidant treatment in aged rats impaired wound healing in the
early phase of healing but improved it in the later phases [98]. Thus, oxidative processes
may be important in the early phase of wound healing. Patients who are metabolically
compromised have a higher risk to develop PUs [99]. A normal functioning metabolism
is important to provide the energy and protein substrates that support physiological
processes including the immune system. It also provides the antioxidant defense system
with diet-derived antioxidants, such as vitamins C and E, and micronutrients such as
copper, zinc, and manganese that are required for the activity of superoxide dismutase
enzymes [100-102].

3. Brain Injury and Pressure Ulcers

Traumatic and non-traumatic brain injuries result in patients that are bedridden
depending upon the severity of the injury and the related functional impairment. Both
in acute and chronic care settings, these patients have been seen to develop PUs [8]. PUs
increase the length of hospital stay, extend nursing care, and raise the total treatment cost;
they also affect morbidity and mortality, especially in the young [103]. It is reported that
immobility is an independent risk factor for PU development besides nutrition, age, gender,
associated systemic injury, surgical intervention, and enteral feeding [75]. The role and
mechanism of ROS and oxidative stress are likely similar to that discussed for SCl-induced
PU formation, although there are no reported studies on the role of ROS and oxidative
stress in the context of brain injury. The tools and scales for predicting and reporting
the development of PUs are very important in terms of their specificity and sensitivity.
The scale of PU prediction after TBI during the acute care setting is very important to
provide the proper care for affected patients. According to the GCS score in a different
population of mild to severe TBI patients, more patients develop PUs with severe TBI [9]
as compared to mild to moderate TBI patients. A study related to Norton and Braden scale
estimation/prediction sensitivity and specificity of patients developing PUs suggested
that the Braden Scale compared well with the Norton Scale regarding sensitivity, while
the specificity was greater for the Norton than for the Braden Scale (64% versus 36%,
respectively). This difference is critical to provide the proper care for these patients [104]
and assess the overall role of injury in the development of PUs.

Montalcini et al. (2015) studied the brain injury population meeting the minimal
conscious state (MCS) criteria and they found that low albumin concentration (<3.1 g/dL)
predicted PU formation and mortality. Besides, a low level of hemoglobin was also signifi-
cantly associated with PU formation in these patients [105]. Dhandapani et al. (2014) found
that 16% of TBI patients developed PUs within 21 days of admission despite taking all
the measures for PU prevention [10]. TBI-related delayed enteral feeding, >10% decrease
in hemoglobin and albumin had a significant impact on PU development with severe
TBI. They also reported an association of PUs with recovery status at three months and
mortality at 21 days. A study also suggested that patient’s history about their formal life,
if it involved planning daily care according to health professionals, had an encouraging
effect on PU prevention [106]. A study of TBI patients in long-term palliative care centers
(2013-2016) suggested no difference between TBI patients in at-home care vs. rehabilita-
tion centers and intensive care units, and death in respect to mobilization and PUs. PU
formation significantly increased the length of stay in TBI patients and had higher GCS
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scores [107]. Overall, it is not only intrinsic metabolic and physiological changes that are
responsible for the formation of PUs after brain injury, but also external factors such as
acute primary care and the patient’s history.

4. Overview of Clinical Trials

Many clinical trials involved in treating or preventing PUs in SCI and TBI patients
target one or more risk factors that benefit the development of chronic PU, such as immo-
bility, a poor health condition of the skin, and/or poor nutrition (Tables 1 and 2). Direct
or indirect treatment of these risk factors might lead to a rescue of the redox balance in
the affected skin tissue and recovery from the PU. One strategy is to improve the pa-
tients” and health care workers’ behavior in skincare, and relocation of the patient by
educational interviews or apps, telemedicine, or apps that display the pressure on the
skin during the patient is in the wheelchair (NCT01885962, NCT01999816, NCT02894437,
NCTO00763282, NCT00624806, NCT03469141, NCT02800915, NCT04266808, NCT02876666,
NCTO04309864). As consequence, the risk of bacterial infections, ischemia-reperfusion
injury, and inflammation of the skin might be minimized so that the oxidative stress in
the skin tissue is attenuated. An optional approach is to treat the symptoms of the chronic
PU such as bacterial infections and/or ischemia-reperfusion injury with antibacterial
and/or circulation-stimulating substances (NCT01433159, NCT02001558, NCT01500174,
NCTO02584426). A third strategy to reduce the risk of developing PUs by mechanically
changing the pressure of immobile patients over time so that no ischemia-reperfusion injury
occurs through mechanical pressure. This can be done by special beds, wheelchairs, gels,
bandages, or pulsatile lavage (NCT03317288, NCT03220451, NCT04165395, NCT01943201,
NCT03048357, NCT01834417, NCT00047619). Interestingly, there was only one clinical trial
that tested a potential beneficial effect of bone marrow mononuclear cells on the wound
healing of PUs (NCT01572376, [108]). This is surprising, since it was reported that these
cells may attenuate several symptoms that might lead to a PU such as ischemia-reperfusion
injury, inflammation, and low antioxidants levels by modulating inflammatory, antioxidant,
and apoptotic related molecules [109].

However, to the best of our knowledge, not one single clinical trial is testing an
antioxidant treatment on PU treatment in the context of SCI or TBI. This is surprising,
since clinical trials that include antioxidants into the diet of patients with PUs observed an
improved recovery of the PUs (NCT01107197, [110]; NCT00487097, [111]). In one study with
malnourished patients with PUs, a diet supplemented with arginine, zinc, and antioxidants
improved PU healing [110]. In the second study, adult patients with PUs of grade II or
higher received a diet that is enriched with fish oil. This fish oil supplemented diet improved
the wound healing of the PUs and decreased the serum concentration of the inflammatory
marker C-reactive protein [111]. Thus, we would like to point out that antioxidant treatment
in the form of diet and in combination with a gel that directly affects the PU would be a
promising approach to improve the lives of SCI and TBI patients that suffer from PUs.
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Table 1. Clinical trials for pressure ulcers in the spinal cord injury (SCI) and traumatic brain injury (TBI).

# Enrolled/ . ;.
NCT # . Recruitment Condition Dose Fre- Country
(Start-End) Study Title (Phase) COH:}I)/IFe)ted Status (SCI/TBI) Treatment quency/Repetition/Duration Co-Sponsor Results References
. Pressure Ulcer . USA Rates of medically serious pressure injuries were
gg(;go_?oglg;m Ptre;su'r N él (IZCIe(rPI:}Jlreve;tlon 170/NP Completed SCI Prevention Program Qrtle—tlm? home University of not significantly different across treatment [112-117]
studyin ase (PUPP) tervention Southern California groups.
Ultraviolet-C UY—C—radiation . Canada
NCT01500174 effectiveness in the 3-time/week until Toronto In stage 2 buttock ulcers, UVC significantly
(2007-2011) management of pressure 43 /NP Completed SCI Ultraviolet-C therapy . Ulcer close Rehabilitation reduces the % area relative to baseline, but not in [118,119]
ulcers in people wit . Patient discharge . stage 3 or 4 ulcers.
1. in p .p'l ith 8 Institute ge 3or4 ul
spinal cord injury (NA) . Study period ends
Autologous bone marrow ul treated with b Spain Patients with (BMSC) treatment reduced 50%
NCT01572376 stem cells in pressure cers treated with bone . Hospital stay time in the hospital and also reduced the
30/22(19/3) Completed SCI marrow mononuclear One-time procedure X N 5 . ) . - [108]
(2007-2010) ulcer treatment cells (BMSCs) Universitario 75% of daily care requirement in comparison to
(Phases 1 and 2) Central de Asturias the patients with conventional surgery.
Self-management No significant increases in skin behaviors
c-management to Telephone-based . A between motivational interviewing
NCT00763282 prevent ulcers in veterans 143 (129/4) R . 8 coordinator-initiated USA
(2008-2014) with SCI (spinal cord /78 Completed SCI individual MI counseling calls over US-DVA (MI)/self-management (SM) and control group. [120]
injury) (N A% and SM skills group High rates of skin worsening (51.7%) were
jury observed in both groups.
The daily group had slightly more days of data
. than the weekly group. Both groups showed a
. Daily or weekly L . .
Developing a home (depending on treatment similar number of days with triggers. More
NCT00624806 telehealth program to 18 (M)/18 Completed  SCT roﬁ ) teleg hone calls to Daily (56 calls) Weekly (8 ~ USA participants in the weekly call group experienced [121]
(2008-2015) manage pressure ulcers (M) P § mirI? d tIiJ nts how th calls) US-DVA equipment issues, skin moisture issues, existing
in SCI/D (NA) ; d patie ts lo ey PU care, depression, and ongoing problems
shouid prevent uicers affecting self-management than in the daily call
group.
NCT00101361 Oxandrolone to heal 212 (201/2) . USA Oxandrolone had no significant benefit over
(2005-2013) pressure ulcers (Phase 3) /212 (201/2) Terminated  SCI Oxandrolone 25 mg/day for 24-week US-DVA placebo for healing. [122]
Enhancement of pressure . A trend of improvement of pulsatile lavage
g&};qg%%glg healing with pulsatile (21\8/[§M)/ 28 Completed SCI gzlai;h;itlavage Once-daily for 3 weeks SS—I?DV A therapy in terms of reducing ulcer length and [123]
lavage (Phase 2) depth in comparison to the Control group.
Preventing pressure Terminated
NCT00105859 ulcers in veterans with (recruit- Cognitive behavioral USA S
(2005-2010) spinal cord injury (SCI) 278/NP ment SC1 intervention NP US-DVA NP [124-120]
(Phase—NA) issues)
. T Norway
Telemedicine makes the Interdisciplinary .
NCT02800915 patient stay in hospitalat ~ 56/NP Completed SCI outpatient follow-up via For 12-month or until the Surma'ag . NP [127]
(2017-2018) h - pressure ulcer heals Rehabilitation
ome (NA) telemedicine Hospital

US-DVA—United States Department of Veterans Affairs; NP—Not posted; NA—Not applicable.
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Table 2. Incomplete or Complete Clinical trials for PU/skin wound in the SCI and TBI.

NCT # . # Enrolled/ Recruitment Condition Dose Fre-
(Start-End) Study Title (Phase) Completed (M/F) Status (SCI/TBI) Treatment quency/repetition/duration Country Co-Sponsor Results References
Comparison of HP011-101 to HP011-101 (Xenaderm
standard care for stage I-1I Terminated . . . Ointment) and Standard Care
NCT01433159 pressure ulcers in subjects 19 M) /16 (M) (business SCI HPOll-lOl (Xenaderm Toplcal o%ntment applied USA . both showed an improved NP
(2011-2014) with spinal cord ini decisi Ointment) daily (twice for 14 days) Healthpoint h X ¢
pinal cord injury ecision) change in scores of the pressure
(Phase 2) ulcer scale for healing (PUSH)
Both microcyn and sterile saline
. . Topical Microcyn (control) reduced ulcer size by
NCT02001558 Prgssure ulcer healing with 65 (55/10)/43 Completed SCI Microcyn sprayed on wound dail USA . more than half of baseline. The NP
(2013-2017) Microcyn (Phase 4) p Y pray y University of Alabama
4 (twice for 24 weeks) y PUSH score improved slightly
in both treatment groups.
Development and feasibility
of an internet intervention for iSHIFTup: Internet skin
NCT01885962 adults with spinal cord injury 19/NP Completed SCI health intervention for NA UsA N NP NP
(2012-2013) to prevent pressure ulcers targeted ulcer prevention University of Virginia
(Phase—NA)
Alternating pressure overlay
ight-bearing tissue
NCT03317288 on welght & 1S3 o USA
(2017-2019) tol_erance 1r1.p¢_eop1e with 15/NP Completed SCI Device: Dabir Air overlay ~ NP University of Illinois NP NP
spinal cord injury
(Phase—NA)
Subcutaneous injection and
ultrasonic dispersion of - . P USA
. : . Phonophoresis via 1 Hypodermic antibiotic
NCT02584426 Cefazohn into chronic PelVIC 20/NP Unknown SCI ultrasonic distribution of injection and James J. Peter§ NP NP
(2017-2018) region pressure ulcers in ) Veterans Affairs
. . Cefazolin Phonophoresis .
persons with spinal cord Medical Center
injury (Phase—NA)
Use of adhesive elastic taping Five-layer foacrin dressing (éanada
for the therapy of onsaumand entre Inogre
NCT03220451 medium/severe pressure 24/NP Recruiting SCI installation of Heelmedix NP Un1ver_51ta1re le Sante NP NP
(2017-2020) ulcers in spinal cord infured boot alternately from one et Services Sociaux du
atients (Pl;ase—N A) ) foot to the other within Nord de I'ile de
P 48 h after spinal surgery Montreal
A qualitative study of the Conceptual framework France
NCT02894437 preventive organization of the 45/NP Unknown SCI for work esta}bhshed to NP Nantes University NP NP
(2016-2018) pelvic bedsores injured spinal prevent pelvic Hospital
cord (QUALIPREPS) (NA) pressure ulcers P
Interactive telehealth for . . . USA
NCT03469141 pressure ulcer prevention 100/NP Recruiting SCI Biofeedback via Run biofeedback scan Rancho Research NP NP

(2018-2021)

after SCI (NA)

smartphone app

daily for 4 weeks

Institute, Inc
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Table 2. Cont.

NCT #

# Enrolled/

Recruitment

Condition

Dose Fre-

(Start-End) Study Title (Phase) Completed (M/F) Status (SCI/TBI) Treatment quency/repetition/duration Country Co-Sponsor Results References
NCT01943201 Switzerland
(2010-2012) Low friction bedsheet (NA) 20/NP Completed SCI Low-friction bed sheet Daily for 5 nights Swiss Paraplegic NP NP
Centre Nottwil
Effectiveness of freedom bed
compared to manual turning
NCT03048357 in the prevention of pressure TBI and/or E{Sj’:heast Center for
injuries in persons with 8/NP Unknown Freedom bed Daily for 6 months e NP NP
(2016-2017) limited mobility due to SCI Rehabilitation and
traumatic brain injury and/or Brain Injury
spinal cord injury (NA)
. . imitoMeasure France
gggﬁ%%%:;% ?gﬁﬁ:?enﬁiﬂigigﬁ? ofa 59/NP Completed SCI (smartphone app that NP University Hospital, NP NP
PP measures wound size) Montpellier
Interactive telehealth
. monitoring and USA
NCT04266808 Interachvg telehealth for 50/NP Not vet SCI biofeedback system on Used for one year Rancho Research NP NP
(2020-2022) wheelchair users (NA) recruiting L0 N
phone application and Institute, Inc.
wheelchair
NCT02876666 Spinal cord injury virtual SCI virtual coach . USA
(2017-2017) coach RCT (NA) 40/NP Completed SCI interaction Once-daily for 2 months Boston University NP NP
Preliminary study leading to
prevention of pressure ulcers
by the use of an on-board . France
23120—12%32%;;17 device: Ergonomic assessment ~ 90/NP Completed SCI Og_b?agd. i'e\"i"lcglslmt Use for 4 weeks Nantes University NP NP
of wheelchair-seat pressures wheelchau): lextva Hospital
in spinal cord injured (SCI)
patients (PRESDIE) (NA)
Quantification of the pressure 2{%2;;?3:?20 ¢ France
INCT02412046 .th'reshqld relatgd to tissue 21/NP the Ph.D. in SCI Mus_c le biopsy after lying One-time procedure University Hospital, NP NP
(2015-2018) injury in bed-ridden h £ th on air mattress 1
araplegics (NA) charge of the Montpellier
P study)
Correlation between pressure Terminated
NCT03114345 differences and (Departure of XSensor by bed for 1 h and France
(2017-2020) micro-vascularization changes ~ 4/NP the Ph.D. in SCI XSensor 02C applied for 1 min; University Hospital, NP NP
in bedridden paraplegic charge of the one-time procedure Montpellier
atient (NA) study)
P y
NCT04309864 CMAP refinement for Comprehensive Mobile fﬁ;ﬁ;f felﬁ; l:)illiigti)l;rmg USA
pressure injury prevention 46 /NP Recruiting SCI Assessment of Pressure . VA Office of Research NP NP
In-home: Use for 2 weeks

(2020-2024)

(NA)

(CMAP mobile app)

during daily routine

and Development

US-DVA—United States Department of Veterans Affairs; NP—not posted; NA—not applicable.
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5. Conclusions

In conclusion, the accumulation of ROS in the skin tissue and the resulting oxidative
stress is a key mechanism in the formation and impaired healing of PUs. While oxidation
seems to have a beneficial effect in the early phase of wound healing, in later phases
persistent oxidation causes additional damage to the skin tissue and increases the risk that
patients develop a chronic PU. The majority of clinical trials are focusing on the education
of the patients, family members, and health care workers to improve the daily care of the
skin of SCI and brain injury patients. However, we believe that it is of similar importance
to study the effect of antioxidants on PUs in different phases of wound healing in these
patients. The use of antioxidants may be incorporated into the daily care of SCI and brain
injury patients.
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