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ABSTRACT

The goal of this study was to investigate the effects and mechanisms of action of an
intermittent electrical stimulation (IES) paradigm on the healing of deep-seated muscle
injury. Electrical stimulation has been extensively studied for the treatment of open wounds,
often with amplitudes lower than motor threshold. The effect of electrical stimulation
producing palpable muscle contractions on the cellular events in deep-seated muscle injury
has not been explored. In this study, an IES paradigm was tested in rats with complete spinal
cord injury (SCI) in which a deep-seated muscle injury was induced. The goals of the study
were to: (i) assess the natural progression of a muscle injury; and (ii) the role of IES in
expediting the rate of healing. Three groups of rats were used: (a) muscle injury only, (b)
IES only, and (¢) muscle injury with IES. Magnetic resonance imaging monitored the extent
and progression of muscle injury 1, 3, 5 and 7 days post-induction of injury and/or initiation
of IES. Immunohistochemistry assessed the severity of injury and rate of healing by
evaluating the presence of inflammatory and satellite cells, and embryonic myofibres. When
applied on day 1 after the induction of muscle injury, IES significantly reduced the edema
associated with the injury, increased M1 and M2 macrophages and increased satellite cell
proliferation. It also decreased the overall size of injury. This suggested that when applied
early after muscle injury, IES can expedite anti-inflammatory and pro-regenerative events,

and may be an effective means for treating deep-seated muscle injury.
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1. Introduction



1.1. Problem definition

Pressure injury (PI), previously known as pressure ulcer (Edsberg et al., 2016), is a
significant problem in Canada across the continuum of healthcare settings. They are among
the common secondary complications that occur in populations with reduced mobility and/or
sensation. Individuals at risk of developing PI include the elderly (Gorecki et al., 2009; Solis
et al., 2011), patients in intensive care units (Shahin et al., 2008; Solis et al., 2011), and those
with neurological insults (Krause et al., 2001; Garber and Rintala, 2003). A PI can also occur
in individuals undergoing cardiac surgeries (Feuchtinger et al., 2005) and with orthoses and
prostheses. Secondary complications like PIs lead to decreased quality of life, physical
restrictions, loss of independence, social isolation, and financial stress (Gorecki et al., 2009).
The resulting prolonged bed rest and restricted activity are among the factors that lead to

clinical depression (Saunders et al., 2012).

A Pl can initiate at the skin layer and progress towards the deep layers. These injuries
are evaluated based on their involvement of the layers of the skin, subcutaneous tissue, and
muscles (Black et al., 2007). Deep tissue pressure injury (DTPI) is a more recently studied
form of PI that forms at the deep bone-muscle interface before progressing towards the
epidermis (Edsberg et al., 2016). For example, in the recumbent position, the soft tissue
between the external support and the sacral region is entrapped (Shahin et al., 2008). The
common sites affected in the seated position include the region adjacent to the ischial
tuberosities, shoulder blades, and posterior aspect of the arms and legs. The tissue
compression and local obstruction in the blood supply can cause discomfort. This
mechanoreceptor input is received by the central nervous system from the periphery to

produce a suitable response (Marchand, 2008). Able-bodied individuals would



subconsciously reposition themselves to relieve the discomfort. The same would not be
possible in individuals with disorders causing immobility or reduced sensation. The resulting
compression of the tissue near the bony prominence over time can develop into a DTPI. The
injury to deep structures puts patients at risk for additional complications such as septicemia

(Galpin et al., 1976), osteomyelitis (Darouiche et al., 1994), and even premature death.

Despite the emergence of standard care interventions, the prevalence of PI decreased
minimally over the last two decades (Thomas, 2010). The overall prevalence rate in all health
facilities in the USA, Canada, and Europe ranges between 8 and 26% (Kaltenthaler et al.,
2001; Woodbury and Houghton, 2004; Vanderwee et al., 2007). The prevalence in non-acute
care facilities is the highest among all the hospital settings with a rate of 29.9%, followed by
acute care and community care facilities (Woodbury and Houghton, 2004). The increase in
the aging population attributes to the prevalence rates in the developed countries (Rasero et
al., 2015). Studies indicate that more than two-thirds of hospitalized patients developing a
PI are 70 years or older (Russo et al., 2006; Landi et al., 2007; Merten et al., 2015). The risk

of developing a new PI also increases with advancing age.

The incidence rates of PI among acute care facilities range from 5 to 9% (Whittington
et al., 2000; VanGilder et al., 2009). Acute care facilities include those who are severely ill
or had recent surgery. A PI can develop within a few minutes of immobilization as a

consequence of decreased mobility and loss of sensory perception after surgery.

The average length of hospital stay after developing a PI is 14.1 days (Russo and
Elixhauser, 2006). During this single episode of hospitalization, the average cost to treat a
full thickness PI in the United States was $ 129, 248 (Brem et al., 2010). In 2006, the minimal

annual cost to treat a hospital-acquired PI was $9.2 — 11 billion in the United States (Russo



et al., 2006). These expenditures are related to diagnostic tests, monitoring, expensive
preventive materials, extended inpatient stay, and re-hospitalization (Graves et al., 2005).
The lengthy hospital stays coupled with the costs associated with the management are a

significant concern in the Canadian health care system (Graves et al., 2005).

1.2. Significance of Pressure Injury on Spinal Cord Injury (SCI)

The incidence rates of PI are higher among people with chronic SCI than in the
general population. In the United States, at least 35% of the people with SCI will develop a
PI during the initial hospitalization, and the incidence rates rise with every year post injury
(Krause et al., 2001). The prevalence of PI in SCI in the first year is 8%, and this can increase
up to 32% a few years after SCI (Richardson and Meyer, 1981; Krause et al., 2001).
Individuals with SCI are especially more vulnerable to PI because of loss of sensory, motor,
and autonomic function (Carlson et al., 2017). They experience a change in the anatomical
and physiological properties of the skin and the muscles after injury which can lead to health-
related complications, including PI (Shields and Dudley-Javoroski, 2007). Some of the
predisposing factors in SCI that cause a PI are duration after SCI, completeness of injury,
spasticity, advancing age, urinary incontinence, and difficulty in performing routine skin
care (Mawson et al., 1988). These factors contribute to a lifetime risk of developing a PI to
85% in individuals with SCI (Richardson and Meyer, 1981; Mawson et al., 1988; Fuhrer et

al., 1993).



1.3. Classification of Pressure Injury

A PI is defined by the National Pressure Ulcer Advisory Panel (NPUAP), “ as a
localized damage to the skin and/or underlying tissue usually over a bony prominence or
medical device, as a result of pressure in combination with shear and/or friction (Edsberg et
al., 2016).” A PI can clinically present as intact skin or open ulcer (Edsberg et al., 2016).
Based on where the injury originates the PI is classified into two main types: superficial PI

and DTPI (Figure 1-1) (Black et al., 2007; Edsberg et al., 2016).

1.3.1. Superficial Pressure Injury

Superficial Pl initiates at the epidermis as a result of friction and shear stress between
the skin and the support surface (Dinsdale, 1974), and progress to underlying fat and muscle
if unnoticed. The current numerical system by the NPUAP classifies superficial PI into five
stages based on the involved tissue depth and extent of the damage (Shea, 1975; Black et al.,
2007; Edsberg et al., 2016). Stage I is described as intact skin with a localized area of non-
blanchable erythema (Black et al., 2007; Edsberg et al., 2016). Stage 11, partial thickness skin
loss, forms as a result of excessive moisture and shear in the skin (Black et al., 2007; Edsberg
etal., 2016). Inadequate care to the skin may progress into a stage III (full thickness skin loss)
or stage IV (full thickness skin and tissue loss), wherein deep structures such as fat and
muscle are visible (Black et al., 2007; Edsberg et al., 2016). A newer addition to the 4-stage
system is the unstageable PI, in which slough and eschar can make the staging of PI difficult
(Black et al., 2007; Edsberg et al., 2016). In the past, the focus of prevention and treatment

of PIs were concentrated on the skin to prevent a stage I from progressing into a full thickness



injury and skin loss (Bours et al., 2002).

1.3.2. Deep Tissue Pressure Injury (DTPI)

Early scientific literature described the differentiation between superficial PI and
DTPI (Groth, 1942). However, DTPI only became clinically acknowledged in 2005 and was
referred to as suspected deep tissue injury (sDTI) (Ankrom et al., 2005; VanGilder et al.,
2010). In 2016, the NPUAP added DTPI into the revised staging classification of PI (Edsberg
et al., 2016). A DTPI develops from prolonged entrapment or compression of soft tissue
between a bony prominence and an external support surface (Dinsdale, 1973; Breuls et al.,
2003a; Gefen, 2007; Stekelenburg et al., 2007; European Pressure Ulcer Advisory Panel et
al., 2014) (Figure 1-2). In individuals with SCI, DTPI typically occurs in the muscles

adjacent to the sacrum in supine and/or ischial tuberosities in seated position.

A DTPI is a serious form of PI due to its late detection and rapid deterioration. One
challenge is the difficult detection at the time of injury initiation (Breuls et al., 2003b). As
the DTPI progresses towards the skin, it presents as non-blanchable purple or localized
maroon areas. This clinical presentation is often confused as a stage I or stage II PI, resulting
in the management at the level of the skin. But, by then, the injury has involved the deep
tissue and is approaching the epidermis. Other challenges include skin changes on a darkly
pigmented skin which make the detection and differentiation difficult. Research studies have
suggested the use of biomarkers in sweat or blood with infrared spectroscopy (Keller et al.,
2006; Berg et al., 2010). Magnetic resonance imaging (MRI) and ultrasound are other
methods that may be used for early detection (Bosboom et al., 2003). Still, these diagnostic

techniques are under research and not practiced in hospital settings. Inappropriate



management and late detection of DTPI allow them to progress into stage IV PI with open

wounds as deep as bone.

A prevalence study conducted in the US population in 2006 — 2009 showed a
decrease in the proportion of stage I and stage II PI (VanGilder et al., 2010). In contrast,
there was a 3-fold increase in the proportion of DTPI (VanGilder et al., 2010). This increase

is due to staging education among the healthcare staff (VanGilder et al., 2010).

1.4. Magnetic resonance imaging for deep tissue pressure injury detection

Magnetic resonance imaging techniques were used to study the mechanisms of DTPI after
application of compressive load (Bosboom et al., 2003; Solis et al.,, 2007 p.20, 2013;
Stekelenburg et al., 2007). Of these techniques, the use of Tz-weighted MRI to detect the
response of tissue to injury were well validated in previous studies (Bosboom et al., 2003; Solis
et al., 2007, 2013; Stekelenburg et al., 2007).

The physics underlying MRI involves the application of radio frequency (RF) pulses at a
resonant frequency leading to the oscillation of hydrogen ions from longitudinal to transverse
plane. This helps generate a magnetic signal. When the RF pulse is turned off, the protons
undergo dephasing resulting in decay of magnetic signal (T2-relaxation time). The time constant
for the protons to reach the state of equilibrium (longitudinal plane) is referred to as Ti-
relaxation time. The response of these protons in different tissues (e.g., fat or water) are
responsible for different relaxation times. For instance, water consists of protons that are freely
mobile compared to fat, which leads to longer dephasing time and longer T>-relaxation times.
After DTPIL an increased mobility of protons in water of the affected region is associated with

increased T»- and Ti-relaxation time.



1.5. Etiopathogenesis of Pressure Injury

1.5.1. Etiology of Pressure Injury

The predisposing factors to the development of a PI are broadly classified into
mobility/activity related, sensory perception, extrinsic, and patient-related (Defloor, 1999).
Immobility is a contributing factor to PI formation because of its effect on various systems,
including cardiovascular, musculoskeletal, and gastrointestinal (Topp et al., 2002).
Cardiovascular manifestations are orthostatic hypotension, change in body fluid
composition, and impairment in the peripheral blood flow (Greenleaf et al., 1992; Powell
and Blair, 1994; Convertino, 1997; Krasnoff and Painter, 1999). Disuse of muscles leads to
atrophy over time. Decreased appetite affects nutritional requirements leading to weight loss
and malnutrition (Benati et al., 2001; Horn et al., 2004). Collectively, these consequences of

immobility increase the predisposition to PI formation.

Some of the extrinsic factors are friction, shear stress, stiffness of support surface,
and moisture (Defloor, 1999). Friction and shear stresses are primarily responsible for the
development of superficial PI and maybe predisposing factors to DTPI formation (Gefen et
al., 2005). Friction is the force that resists two surfaces. For instance, friction between the
skin and the supporting surface occurs with repositioning in bed or wheelchair without
completely lifting the body. Shear stress results when the externally applied load causes the
tissue to move in the direction opposite and parallel to the supporting surface. These extrinsic
factors also depend partially on properties of the mattress, wheelchair cushion, and/or
operating room pads. If the support surface is stiff, then there is an increased risk of
developing a PI. Moisture caused by urinary incontinence, fecal incontinence, and dual

incontinence can exacerbate stage I/II injuries to stage IV injuries.



The intrinsic biomechanical factors that determine the risk of developing DTPI are
the anatomy of the bone and the mechanical properties of the soft tissue affected by illness
or age (Gefen et al., 2005). These biomechanical factors make certain individuals more
susceptible than other individuals (Defloor, 1999; Gefen et al., 2005). Furthermore,
premorbid conditions such as hypotension, anemia, and diabetes mellitus lead to an increase

in the risk of PI (Fuoco et al., 1997; Scivoletto et al., 2004).

1.5.2. Mechanisms of Deep Tissue Pressure Injury

Muscle tissue comprises three components: bundles of muscle fibers (fascicles),
connective tissue, and blood and lymph vessels. Each muscle fiber is a multinucleated
syncytium made of myoblasts. Traditionally, the mechanism of DTPI formation was
explained using the vascular and lymphatic components of the muscle tissue (Dinsdale,
1974; Daniel et al., 1981; Miller and Seale, 1981; Reddy and Cochran, 1981; Schultz et al.,
1999). A recently emphasized mechanism is the role of mechanical tissue deformation in the
development of DTPI (Bouten et al., 2003b; Breuls et al., 2003a; Stekelenburg etal., 2007).
It is difficult to isolate these two mechanisms in understanding their effects on tissue damage

(Figure 1-3) (Gawlitta et al., 2007; Stekelenburg et al., 2007).

1.5.2.1. Mechanical Deformation

The earliest literature on the etiology of PI dates back to the 19" century. The initial
work suggested that the occurrence of PI was a result of prolonged pressure leading to

ischemia (Kosiak, 1961). It was believed that if the pressure between the contact area i.e.,



skin and the support surface (interface pressure), exceeded the critical capillary closure
pressure (32 mm Hg), ischemia occurs (Holloway et al., 1976; Bader et al., 1986; Benati et
al., 2001). In addition, if this pressure is sustained for an extended period of time, tissue
breakdown could occur (Kosiak, 1961; Dinsdale, 1973; Daniel et al., 1981; Bosboom, 2001).
Conversely, another study indicated that the interfacial pressure causes the blood vessels in
the skin and the subcutaneous tissue to be occluded and not the blood vessels in the muscle
(Husain, 1953). The surface pressures (friction/shear) and the interfacial pressures are not
solely responsible for the internal mechanical conditions that occur inside the tissue, which
are crucial for tissue break down (Bosboom, 2001; Bouten et al., 2003a). The internal
mechanical conditions are a result of tissue internal stresses/strain caused by the compression

of tissue between the support surface and bony prominence (Gefen et al., 2005).

The relationship of the external load to local internal stresses/strain was studied using
theoretical and numerical models (Todd and Thacker, 1994; Breuls et al., 2003b). One such
model, a finite element model, provides the magnitude and the location of the internal
stresses/strain (Oomens et al., 2003). The model consists of ischial tuberosities represented
as rigid material; covered by muscle, fat, and skin (Todd and Thacker, 1994). From magnetic
resonance imaging (MRI) data the thickness of these tissue layers is determined (Todd and
Thacker, 1994). In short, the findings represent the transfer of interfacial pressures to the
underlying tissues leading to greater extent of tissue deformation near the ischial tuberosities
(Todd and Thacker, 1994). However, these models could not predict the internal pressures
based on the interfacial pressure measurements (Galpin et al., 1976; Chow and Odell, 1978;

Todd and Thacker, 1994; Oomens et al., 2003; Gefen, 2007).

10



An empirical model was used to demonstrate the relationship between external loads
and internal stresses/strains using intact and SCI pigs (Solis et al., 2012). The levels of strain
were quantified in the pig muscle around the ischial tuberosities during external loading using
25 % body weight (BW) and 50% BW (Solis et al., 2012). The strain measurements were
performed at locations central, dorsal, and ventral to the ischial tuberosity on one side (Solis
et al., 2012). The study showed that loading on the muscle tissue located between the apex of
the ischial tuberosity and edge of the skin moves the tissue in the line of applied loading
towards the ischial tuberosity, causing compressive deformation. It also generates shear stress
in the tissue which moves the muscle tissue located near the ischial tuberosity in the transverse
plane, leading to what is known as shear deformation. External loading (e.g., 50% BW) results
in high peak strain deformation magnitudes in the tissue between an external support surface
and the ischial tuberosities not only at the apex of the tuberosities but also 2 cm ventral to the
bony prominence (Dodd and Gross, 1991; Oomens et al., 2010; Solis et al., 2012). Loading
of tissue near an irregularly-shaped bony prominence (e.g., ischial tuberosities) results in
internal stresses and strains that exceed the external load, causing greater muscle deformation

near the bony prominence than measured at the surface of the skin (Solis et al., 2012).

Over the past decade, studies have focused on cell deformation within the tissue as a
critical factor for cell damage after prolonged mechanical loading (Breuls et al., 2003b;
Peeters et al., 2003). The threshold value of a cell indicates the time at which tissue
deformation leads to cell damage (Stekelenburg et al., 2008). The estimated threshold value
range for shear strain is 50 — 60%, indicating that beyond this level cell damage occurs. If
the level of deformation is below this threshold level, cells are not affected (Stekelenburg et
al., 2008). These cells can adapt to the physical deformation; however, if the cell deformation

exceeds the adaptive capacity, cell damage occurs by apoptosis (programmed cell death) or
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necrosis (final cell death) (Gawlitta et al., 2007; Stekelenburg et al., 2008) within 10 minutes
(Loerakker et al., 2010). One study compared cell damage with compressive strains of 50%

and 30%, and showed a higher percentage of cell damage at the 50% strain level (Breuls et

al., 2003a).

The cells capable of adapting to physical deformation utilize circulating ATP as
energy to maintain normal homeostasis. The energy is generated by a cytoplasmic pathway
known as glycolysis, converting glucose into two pyruvates (Pronk, 2000; Barnett, 2003).
During this pathway, two moles of ATP are generated. If a cell lacks mitochondria or oxygen,
glycolysis occurs anaerobically (Pronk, 2000)(Figure 1-3). In the presence of cell
mitochondria and oxygen, pyruvate enters the citric acid cycle leading to the oxidation of
acetyl-CoA to carbon dioxide, generating energy in the form of ATP (Pronk, 2000; Barnett,
2003; Nelson and Cox, 2004). Enzymes in the mitochondria and those that are responsible
for the citric acid cycle produce nicotinic amide dehydrogenase (NADH) (Barnett, 2003;
Nelson and Cox, 2004). The oxidation of NADH to release NAD are reutilized by the
mitochondrial enzymes as required followed by the delivery of electrons to the electron
transport chain (ETC) (Nelson and Cox, 2004). The energy generated in this process can run
proton pumps which drive the protons from the extracellular matrix space into
intermembrane space (Nelson and Cox, 2004). It also helps in the transport of Na™ ions,
across the membrane to create a concentration gradient (Nelson and Cox, 2004). Overall,
aerobic glycolysis and citric acid cycle produce ATP to meet the cell energy requirements

and survival.
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1.5.2.2. Ischemia

Muscle tissue is highly vascularized making it susceptible to perfusion changes
during sustained loading (Linder-Ganz et al., 2006). Animal studies demonstrate that muscle
tissue is capable of tolerating ischemia for four hours (Tupling et al., 2001a). The resulting
decrease in blood supply leads to a state of ischemia and tissue hypoxia; wherein there is a
deprivation in the transport of nutrients and oxygen to the cell and removal of metabolic
wastes away from the cell in the tissue. Irreversible muscle cell damage starts at four hours

of ischemia and is complete at six hours (Blaisdell, 2002).

Tissue hypoxia deprives the ETC of sufficient oxygen; therefore; decreasing the rate
of ETC and ATP production. As the metabolic requirements of the tissue exceed the
availability of oxygen, cells switch to anaerobic metabolism (Nelson and Cox, 2004). This
leads to faster utilization of glucose stores, and an accumulation of lactic acid and inorganic
phosphates in the tissue (Harris et al., 1986; Tupling et al., 2001b; Nelson and Cox, 2004).
The resulting anaerobic by-products compromise cell viability and induce a state of lactic
acidosis, which can lead to apoptosis and necrosis (Kabaroudis et al., 2003)(Figure 1-3). The
resulting decrease in pH results in loss of H ions by Na'/H" exchanger followed by influx of
Na"ions (Kalogeris et al., 2012). In addition, during the cell acidosis state the functioning of
Na/K*-ATPase pumps fail, causing intracellular accumulation of Na* and Ca’' and in
exchange, K" to diffuse out of the cell (Tupling et al., 2001b; Kabaroudis et al., 2003). This
imbalance in electrolytes change the concentration gradient within the cell and therefore
induces water to enter the cell through diffusion, causing cellular swelling and final cell
rupture. An increase in Ca?* by the mitochondrial permeability transition pore causes the Ca?*
in the cytosol to increase (Byrne et al., 1999; Tupling et al., 2001a). This leads to an increase

in the Ca®" dependent proteases (Byrne et al., 1999), endonucleases, phospholipases, and
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production of toxic reactive oxidative species (Az-ma et al., 1999). The activation of Ca’*
dependent proteases causes the extracellular matrix to undergo degradation. The presence of
endonucleases causes denaturation of proteins, clumping of nuclear chromatin, and
inactivation of DNA and enzymes. Finally, phospholipase enzyme activation increases cell
and organelle membrane permeability. The activation of these enzymes leads to irreversible

cell death. This process is also referred to as cell degradation after injury.

1.5.2.3. Ischemia-Reperfusion Injury (IRI)

The removal of external load helps restore tissue perfusion as well as replenish nutrients
and oxygen to the cells. Although restoration of blood flow causes some of the ischemic muscle
to recover, a series of complex events of inflammation occur in the blood vessels and adjacent
tissue (Diana and Laughlin, 1974; Gute et al., 1998; Blaisdell, 2002). The inflammatory events

after ischemia include neutrophil accumulation, microvascular disruption, and edema formation.

In response to ischemia, the chemical mediators (e.g., tumor necrosis factor-o [TNF-
a] and interleukins [IL-8, IL-6, IL-1]) recruit neutrophils (primary leukocytes) in the
capillaries to post-ischemic tissue (Tidball, 1995, 1995, 2005; Gute et al., 1998; Ciciliot and
Schiaffino, 2010; Grommes et al., 2014). P-selectin and E-selectin, the cell adhesion
molecules, mediate the migration of the neutrophils in approximation to vascular
endothelium at the site of ischemia. The neutrophils migrating along the central axial column
of the capillary contribute to the circulating pool. The neutrophils that are in close proximity
to the capillary wall are exposed to cytotoxic compounds to form activated neutrophils. The

activated neutrophils contain NADPH oxidase which oxidizes NADP" and reduces
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molecular oxygen to superoxide and hydrogen peroxide.

During sustained loading, tissue ischemia causes the cell to lose the ability to produce
ATP from ADP (Parks and Granger, 1983; Granger, 1988). There is a substantial increase
in ADP to produce hypoxanthine in a series of reactions (Parks and Granger, 1983; Granger,
1988). Hypoxanthine accumulates in ischemic conditions, leading to oxidative damage
(Parks and Granger, 1983; Granger, 1988; Carden and Korthuis, 1989). Another enzyme,
xanthine dehydrogenase (XDH) is present in the non-ischemic healthy cells. Hypoxic stress
during ischemia results in the production of xanthine oxidase (XO) from xanthine

dehydrogenase (XDH) (Parks and Granger, 1983; Granger, 1988).

Upon removal of an external load, reperfusion introduces molecular oxygen into the
tissue. This molecular oxygen reacts with hypoxanthine and XO to produce a burst of
reactive oxygen metabolites (ROM) such as superoxide anions and hydrogen peroxide
(Parks and Granger, 1983; Granger, 1988; Carden Donna L. and Granger D. Neil, 2000;
Kaminski et al., 2002). In the presence of iron, the superoxide anion and hydrogenperoxide
convert into highly reactive hydroxyl ions (Haber Weiss reaction) (Granger, 1988). The
release of ROM produces an acute inflammatory response that causes necrosis and
irreversible cell death to both vascular endothelium and tissue (Hernandez et al., 1987). In
contrast, reperfusion of the skeletal muscle with anoxic blood generates less tissue damage
(Gute et al., 1998). Therefore, limiting the availability of oxygen to ischemic tissue during
reperfusion can reduce tissue necrosis (Gute et al., 1998). The injury caused by three hours
of ischemia followed by reperfusion was found to be higher than ischemia alone (Diana and
Laughlin, 1974; Hernandez et al., 1987). In fact, IRI is a severe cause of DTPI thus making

it an important underlying mechanism.
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Once the pro-inflammatory level is achieved, the activated neutrophils release
soluble factors such as tumor necrosis factor-a (TNF-«), thromboxane A2, and leukotriene
A4 (Kaminski et al., 2002). They help initiate contraction of endothelial cells, further
resulting in endothelial gaps. Moreover, the activated neutrophils with S-2 integrins
modulate tight adhesion to the vascular endothelium. The vascular endothelial cells contain
intracellular adhesion molecule (ICAM) and vascular cell adhesion molecule (VCAM).
These adhesion molecules aid in increasing the adhesion of neutrophils and vascular
endothelial cells. The -2 integrin/ICAM interaction increases intracellular Ca*?, mediating
actin polymerization and vascular endothelial cell contraction (Kaminski et al., 2002). These
mechanisms combine to increase the filtration of trans capillary fluid into the interstitial

space known as edema (Gute et al., 1998).

Another phenomenon after IRI is failure in the restoration of blood flow upon
reperfusion to ischemic tissue known as the no-reflow effect (Dahlbdck and Rais, 1966;
Lindsay et al.,, 1989; Carden Donna L. and Granger D. Neil, 2000). The mechanism
underlying this phenomenon is unclear. Various mechanisms have been proposed to explain
the pathogenesis of this perfusion defect. One potential mechanism is the adhesion of
activated neutrophils to the vascular endothelium (Schmid-Schoenbein et al., 1975; Carden
and Korthuis, 1989; Gute et al., 1998) . The partial occlusion of the capillary by the adherent
neutrophils affects blood flow dynamics in the capillaries at the ischemic site (Schmid-
Schoenbein et al., 1975; Gute et al., 1998). Another mechanism is the release of ROM by
the activated neutrophils causing the endothelial cell to swell (Gute et al., 1998). This can
decrease the caliber of the capillary lumen (Gute et al., 1998). Use of antioxidants can
decrease neutrophil and endothelial cell adhesion hence improving perfusion (Gute et al.,

1998). A third mechanism is leucocyte adhesion to capillary endothelium leading to
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microvascular disruption and increase in capillary permeability (Gute et al., 1998). Trans
capillary fluid passes through the endothelial gaps into the interstitial space (Gute et al.,
1998). The resulting increase in the interstitial fluid pressure compresses the capillaries

preventing blood flow.

1.6. Healing after DTPI

The sequence of overlapping events that occur after DTPI include: i) degeneration and
inflammation (described in section 1.4.2 and 1.4.2.3), ii) proliferation, differentiation, and
fusion of satellite cells, iii) maturation of new myofibers into regenerated muscle fibers, and iv)
formation of scar tissue (fibrosis) (Figure 1-4) (Ciciliot and Schiaffino, 2010). The termination
of inflammation is marked by the release of anti-inflammatory macrophages (M2) between 2 to
4 days post injury (Ciciliot and Schiaffino, 2010; Hesketh et al., 2017). In addition to removal
of necrotic tissue after injury, the macrophages have an important role in the muscle regeneration
process (Mackey et al., 2017). They release anti-inflammatory cytokines such as interleukin-10
(IL-10), which help in myogenic precursor proliferation and differentiation (Ciciliot and
Schiaffino, 2010; Mackey et al., 2017). Another event that occurs at the same time point as
release of M2 macrophages is satellite cell activation, proliferation, and fusion (Ciciliot and
Schiaffino, 2010). Satellite cells are muscle progenitor cells which contribute to muscle
regeneration. They proliferate rapidly on day 2 after injury followed by fusion into
multinucleated myotubes (Ciciliot and Schiaffino, 2010). The newly formed myotubes remodel
into regenerated muscle fibers starting on day 3 post-injury (Huard et al., 2002). However, the
regeneration process can vary based on the type and severity of injury with a peak at two weeks

in humans (Huard et al., 2002). Muscle tissue repair is the final stage of tissue healing marked
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by the formation of fibrosis or scar tissue beginning at 3 weeks after injury, and may continue
to increase in size over time depending on the size and type of injury (Huard et al., 2002; Mackey

etal., 2017).

1.7. Prevention of Deep Tissue Pressure Injury

1.7.1. Risk Assessment Scales

Risk assessment of PI is part of the screening process to identify individuals who are
at risk (Lyder and Ayello, 2008). Early identification of risk is essential for prevention of
DTPI. Particularly, risk assessment helps in identifying a prevention plan among the high-
risk populations. Of the various scales, the most commonly used risk assessment scales in
the clinic are the Braden (Bergstrom et al., 1987) , Norton, and Waterlow scales

(Papanikolaou et al., 2007).

The Norton scale, developed in 1962, is the first risk assessment scale and comprises
of 5 subscales evaluating the general physical condition, cognition, activity, mobility, and
incontinence (Post, 1963; Mortenson and Miller, 2008a). The total score ranges from 5 to 20
with each subscale consisting of 4 points. A cut-off score defines those who are at risk from
those who are not (van Marum et al., 2000); for instance, a score less than 12 indicates an
inevitable risk of PI (van Marum et al., 2000). Another scale is the Braden scale used in
research studies. This scale, developed in 1987, consists of 6 subscales: sensory perception,
skin exposure to moisture, mobility, ability to change position, nutrition intake, and presence
of friction and shearing force (Mortenson and Miller, 2008b). The total score ranges from 6

to 23, with a low score indicating a higher risk of developing a PI (Bergstrom et al., 1987;
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Sundaram et al., 2017). The third risk assessment scale is the Waterlow scale, developed in
1985. The scale consists of 7 subscales: weight, height, visual assessment of skin, age,
continence, mobility, and perception (Waterlow, 1985, 1988, 1991; Mortenson and Miller,
2008b). The score ranges from 10 to 20, with 10 being low risk and 20 being very high risk
(Anthony et al., 2008). In contrast to the Norton and Braden scales, the Waterlow subscales
have unequal weights coupled with a high score indicative of a greater risk of developing PI

(Anthony et al., 2008).

A review was conducted to determine the effect of risk assessment scales on patient
outcomes (Defloor and Grypdonck, 2004; Pancorbo-Hidalgo et al., 2006; Chou et al., 2013).
The results indicated that the Braden and Norton scales had no additional benefit in
comparison to routine inspection performed in the clinic (Defloor and Grypdonck, 2004;
Pancorbo-Hidalgo et al., 2006; Chou et al., 2013). One reason could be that the prevention
of DTPI requires early detection using risk assessment tools that allow for inspecting the
health of deep tissue, and an appropriate plan to prevent its progression. A failure in one of

these can result in the development of DTPIs that eventually develop into open wounds.

1.7.2. Prevention Strategies

It is critical to address the extrinsic and intrinsic factors to prevent the development and
progression of DTPI into an open wound. Current preventive strategies focus on reducing the
magnitude and duration of pressure between the body and an external support surface (Mclnnes
etal., 2015). Commonly, manual repositioning and the use of pressure relieving support surfaces
are strategies practiced by healthcare staff (Mclnnes et al., 2015). Recent advances in the

prevention of DTPI modify the internal mechanical conditions by relieving and redistributing

19



the pressure around the bony prominences (Gyawali et al., 2011; Solis et al., 2011) in addition

to pressure relief at the skin level.

1.7.2.1. Repositioning

Repositioning is a frequently used preventive strategy to redistribute the pressure
from particular parts of te body (MclInnes et al., 2015). A randomised controlled trial on the
prevention of PI describes 3-hourly repositioning in a 30-degree tilt can improve tissue
oxygenation by markedly reducing internal strains near the sacrum (Moore et al., 2011). A

less frequent change in the position results in high incidence of PI.

The repositioning schedule depends on the health status of the individual and the
costs associated with nursing time (Krapfl and Gray, 2008; Latimer et al., 2015). This
includes the number of turns and nurses required for each turn. Currently, there is no fixed
optimal repositioning regime for all individuals (Young, 2004; Krapfl and Gray, 2008; Miles
et al., 2013). The clinical guidelines for prevention of PI require two-hourly repositioning
(Miles et al., 2013). Similarly, wheelchair users are advised to perform push-ups and side-
to-side leans with a minimal duration of pressure relief for 2 minutes (Latimer et al., 2015).
If partial unloading occurs during repositioning, the supply of oxygen to tissues may be
replenished; nonetheless, the persistence of tissue deformation can result in an irreversible
injury. Moreover, repositioning increases the exposure of other sites to develop a PI (Oomens
et al., 2016). For instance, a change from a supine to a lateral tilt position exposes the
shoulder and greater trochanter to external loading and tissue damage (Oomens et al., 2016).

As DPTI can initiate within 10 minutes of tissue loading (Loerakker et al., 2010), more
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frequent repositioning is essential for the prevention of this inside-out PI. One of the
disadvantages of frequent repositioning is sleep deprivation. The alteration of sleep-wake
cycle affects the regulation of immune function (Besedovsky et al., 2012); in turn, slowing
the healing process and recovery. Another drawback of repositioning is the additional
discomfort because of wounds, stiff joints, and bony pain. Moreover, much of this preventive
strategy depends on the efficiency to perform timely repositioning by patients, care

providers, and healthcare staff.

1.7.2.2. Support Surfaces

The use of pressure relieving and redistributing devices such as cushions, mattresses,
overlays, in conjunction with repositioning reduce the magnitude and the duration of external
load (Mclnnes et al., 2015). They mold around the shape of the body to distribute the weight
over a greater surface area (Clark, 2011). The devices are classified into low technology/non-
powered surfaces or high technology surfaces based on their mode of operation (Clark, 2011;
Mclnnes et al., 2015). The low technology surfaces have a static relief of pressure whereas
the high technology surfaces have dynamic pressure relief (Clark, 2011; Mclnnes et al.,

2015).

Often on admission to a hospital standard mattresses are used. The non-
powered/static relief devices such as sheep skin, static air, gel, water, and bead filled supports
replace standard mattresses when individuals are at risk of developing PI (Ewing et al., 1964;
Cadue et al., 2008; Chou et al., 2013). During lengthy surgical procedures and postoperative
period, these devices are laid on the bed to reduce the development of PI. Similarly,

prescription of specialized cushions for wheelchair users prevent PI (Brienza et al., 2010).
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These devices distribute the pressures over a larger area by fitting around the body surface
(Clark, 2011). Some studies compared the incidence and severity of PI with the use of
specialized devices (Gray and Campbell, 1994; Collier, 1996; Russell et al., 2003). One
study reported a significant decrease in the incidence of stage II (43.6 %) to stage I PI
(19.9%) in the group that used specialized cushions/mattresses (Russell et al., 2003). This
indicates that the use of specialised devices were able to prevent the development of new
cases of stage II PI. Importantly, there was no significant change in the progression from
stage I to stage II PI indicating that specialised cushions prevent PI from developing into

stage IV PI (Russell et al., 2003).

An example of a specialized device in the dynamic pressure relief group is the
alternating pressure system (Andersen et al., 1983). These devices are connected to an
external power source to generate an alternating inflation and deflation of the cells within
the mattress/cushion (Andersen et al., 1983). The most commonly available devices are made
of air and water (Andersen et al., 1983). These systems are made of cells in which of air/water
is pumped at different cycles based on individual requirements (Andersen et al., 1983). The
disadvantages of these systems are seasickness-like sensation, sleep disruption, and
difficultly in cleaning. Newer devices are comprised of variable density foam within the air

cells to avoid these unpleasant sensations.

The static and dynamic systems focus on reducing the interface pressure but have a
minimal role on internal mechanical conditions around the bony prominence. Although
prevention of superficial PI may be possible with these interventions (Allen et al., 2012), so
far, there is no established evidence that these preventive methods will reduce the occurrence

of DTPI (Atkinson and Cullum, 2018).
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1.7.2.3. Electrical Stimulation as a Preventive Strategy

Simon Levine and coworkers studied the use of electrical stimulation to modify the
internal mechanical conditions of soft tissue near the ischial tuberosities by redistributing
and relieving pressures when individuals are seated (Levine et al., 1989, 1990). This group
was among the first to quantify tissue deformation and shape in the presence of electrical
stimulation using an eight transducer ultrasound imaging system (Levine et al., 1990). They
also addressed the changes in the blood flow during muscle contraction by electrical
stimulation in able-bodied and SCI individuals (Levine et al., 1990). The group demonstrated
an increase in blood flow between rest and electrical stimulation (Levine et al., 1989, 1990).
One drawback of these experiments was the use of continuous electrical stimulation which

caused the onset of muscle fatigue within a few minutes of use.

Ferguson et al. used an alternative strategy of electrical stimulation in experiments
involving nine persons with SCI (Ferguson et al., 1992). The electrical stimulation was
applied bilaterally to the quadriceps muscle for 10 second intervals with a 20 second rest
period. By restricting the knee extension movement during stimulation, the evoked muscle
contractions were able to relieve pressure around the ischial pressures in the seated
volunteers by lifting their buttocks above the support surface (Ferguson et al., 1992).
However, the complex setting of the experiments, associated discomfort and potential for

bone fractures made this approach unsuitable for the participants (Ferguson et al., 1992).

Paralyzed muscles undergo changes in cross-sectional area and enzymatic properties
after a complete SCI, which maybe additional predisposing factors to DTPI formation
(Burnham et al., 1997). Application of low frequency (10 Hz) electrical stimulation can

increase oxidative enzyme activity and fatigue resistance (Trumble et al., 2001). In one
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study, electrical stimulation was delivered for 6 weeks to the tibialis anterior muscle by
subsequently increasing the duration of stimulation per day (Trumble et al., 2001).
Surprisingly, the outcomes revealed no change in muscle fiber size and endurance. Another
study showed that electrical stimulation applied for 8 weeks to the vastus lateralis, gluteus
maximus, hamstrings, and erector spinae muscles increased muscle bulk. Moreover, a
significant decrease in the interfacial pressure around the ischial tuberosity was seen during
stimulation (Bogie and Triolo, 2003; Liu et al., 2006). The improvement in muscle mass
could provide a cushioning effect that leads to static pressure relief near the ischial

tuberosities (Bogie and Triolo, 2003; Bogie et al., 2006).

The Mushahwar lab applied intermittent electrical stimulation (IES) for the first time
to prevent DTPI. The principle idea behind this technique is the use of periodical IES-
induced contractions in the gluteus maximus muscles to counteract both the mechanical and
vascular pathways leading to DPTI around the ischial tuberosities and sacrum. The paradigm
tested in able-bodied study participants and participants with SCI was 10 seconds of
electrical stimulation delivered every 10 minutes (Gyawali et al., 2011; Solis et al., 2011)
(Figure 1-5). Contractions produced by IES changed the shape of the gluteus maximus
muscle; thus reducing pressure around the ischial tuberosities (Solis et al., 2011) and the
mechanical deformation in the deep tissue induced by loading (Gyawali et al., 2011; Solis et
al., 2011). The IES-induced contractions also increased tissue perfusion and oxygenation in
both able-bodied and SCI individuals (Solis et al., 2007, 2011; Gyawali et al., 2011). The
long-term effectiveness of IES in preventing DTPI was demonstrated in pigs with SCI (Solis
et al., 2013). The results showed a significant difference in muscle volume exhibitingtissue
edema and damage in animals receiving IES relative to animals without IES (Solis et al.,

2013). Animals receiving IES during loading did not develop a DPTI while all animals
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without IES developed a DPTI.

The safety and feasibility of IES to prevent DTPI was conducted in a rehabilitation
unit of general hospital, a tertiary rehabilitation hospital, a long term care facility, and a home
care environment (Ahmetovic¢ et al., 2015). The treatment, delivered for 4 weeks, was proven
to be safe, feasible, and acceptable by the participants and care givers (Ahmetovi¢ et al.,
2015). Another feasibility study to prevent DTPI using IES in an intensive care unit (ICU)
reported this technique as acceptable and safe (Kane et al., 2017). None of the study
participants developed a DTPI while using IES in both studies (Ahmetovi¢ et al., 2015; Kane

etal., 2017).

In summary, the work by various researchers demonstrate that electrical stimulation
could relieve and redistribute pressure around bony prominences leading to reduced tissue
deformation and necrosis. By improving tissue perfusion, electrical stimulation also helps

maintain tissue viability.

1.8. Current treatment methods

The treatment of DTPI once it approaches the skin can be challenging because of the
extensive damage to the underlying tissue. The failure of open wounds to heal, or if they
become infected, increases the cost of an already expensive treatment. New strategies are

needed to improve the clinical outcomes while also maintaining cost-effectiveness.
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1.8.1. Conventional and Adjunctive Management for Pressure Injury

Conventional wound care regimes for open wounds include debridement, wound
cleansing (Moore and Cowman, 2013), and regular dressing (Westby et al., 2017). Tissue
debridement with surgical, mechanical, enzymatic or autolytic methods removes the dead
necrotic tissue (Bradley et al., 1999; Bluestein and Javaheri, 2008; Choo et al., 2014). This
process leads to new granulation tissue which, in turn, accelerates wound healing. Following
debridement, the cleansing of wound with a neutral, non-irritant, and non-toxic agent is
essential to maintain a healthy wound bed (Moore and Cowman, 2013). An example of
commonly applied cleansing agents is normal saline at an irrigation pressure of 8 psi. Wound
dressings help protect the physiological integrity of skin and underlying tissue and protect
the wound against contamination (Westby et al., 2017). They also create a moist environment
for easier subsequent debridement. Topical preparations such as lodosorb (antiseptic) and
collagenase are used in addition for maintaining a healthy wound bed (Westby et al.,2017).
The wounds that are refractory to these conventional methods are managed surgically. This

involves a surgical reconstruction followed by a myocutaneous/fasciocutaneous flap closure.

Adjunctive treatments include the use of low energy laser irradiation,
ultrasound/ultraviolet C therapy (US/UVC), near-infrared light, and electromagnetic fields.
Low energy lasers improve tissue health by non-thermal means (Hashmi et al., 2010; Farivar
et al., 2014). Laser irradiation has been used as a treatment modality since the 1970s (Mester
et al.,, 1968), and acts by promoting fibroblast activity and increasing granulation tissue
(Farivar et al., 2014). Some benefits of low level laser therapy are reduction of pain and
inflammation of open wounds (Farivar et al., 2014). One study reported that the use of laser

did not show additional benefit to other standard of care/adjunctive interventions (Nussbaum
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etal., 1994). While various case series have been published using this intervention, it appears
that this method has not reached the clinical trial stages. Another study showed that the use
of US/UVC when alternated over 5 days can improve the healing of an infected wound by
reducing inflammation and infection (Honaker et al., 2016). Information on the individual
effects of ultrasound or ultraviolet C are lacking in the published studies (Honaker et al.,

2016).

Non-thermal near-Infrared light is used for refractory wounds (Braverman et al.,
1989). It is hypothesized that its mechanism of action includes increasing perfusion and
collagen synthesis (Braverman et al., 1989). Another adjunctive therapy is the use of
electromagnetic fields for DTPIs reaching the epidermis (Olyaee Manesh et al., 2006). These
act on the proliferative phase of wound healing, improving tissue perfusion and oxygenation,
and increasing the formation of granulation tissue (Olyace Manesh et al., 2006).
Electromagnetic fields when applied for 1 week were able to increase significantly the rate
of healing of stage II PIs. Complete healing was seen when the treatment was extended to 2

weeks (Comorosan et al., 1993).

Recent advances in the field of wound management have led to the development of
a novel technique known as vacuum-assisted closure (VAC) for open wounds. The negative
pressure generated with this technique reduces edema and improves microcirculation.
Although there is not much literature supporting this method, one study compared the
clinical outcomes of VAC with conventional management of open wounds. The blood
marker levels of leucocytes, hemoglobin, C reactive protein (CRP) were measured in both
groups before and after intervention (Fuchs et al., 2005). There was a faster decline in the

leucocyte and CRP levels in the participants receiving VAC; however, the extent of decrease
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in the blood markers was not different among the two groups (Fuchs et al., 2005).

In summary, some of the adjunctive treatment methods used for wound healing are
supported by strong evidence. However, there is a lack of incorporation of these
interventions in treatment plans because of the small sample sizes in their research studies
and lack of further work on these interventions (Reddy et al., 2008; Boyko et al., 2016;

Atkinson and Cullum, 2018).

1.8.2. Electrical Stimulation Therapy for Open Wounds

Electrical stimulation therapy is another adjunctive therapeutic method for DTPI’s
that reach the skin exposing the underlying muscle and bone (Thakral et al., 2013). Low
amplitudes of electrical current are applied in and around an open wound to improve healing.
Published reports on the benefits of electrical stimulation as a therapeutic modality date back
to the 1960s (Wolcott et al., 1969; Kloth and Feedar, 1988; Kloth, 2005). Electrical
stimulation therapy uses direct current (DC) (Wood et al., 1993; Adegoke and Badmos,
2001), alternating current (AC), and high-voltage pulse current (HVPC) delivered directly

to the wound bed or with the use of devices within the dressings (Griffin et al., 1991).

The difference in the polarity of the healthy epidermis and the dermis allows the flow
of natural monophasic current in the presence of an injury (Barker et al., 1982; Kloth, 2005).
This endogenous monophasic current helps in the wound healing process (Barker et al.,
1982; Kloth, 2005). The currents are disrupted if the wound is open for too long and affect
tissue healing after PI. At a cellular level, an exogenously electrical current applied alters the

ion channels to activate the cells and create small charges (Kloth, 2005). Electrical
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current also aids in the migration of fibroblasts for granulation tissue formation, increases
collagen synthesis, capillary density, and reepithelization (Kloth, 2005). In addition,
electrical stimulation can combat bacterial resistance with long-term antibiotics due to its

bactericidal and bacteriostatic properties.

Several research studies investigated the use of different types of electrical current
and stimulation parameters (frequency, amplitude, duration) for treatment of open wounds.
A study on the efficacy of HVPC one hour per day for 20 days showed a significant reduction
in the size of pelvic PI (Griffin et al., 1991). Another double-blind, placebo-controlled study
with 12-weeks of electrical stimulation showed a 65% closure of the wounds (Peters et al.,
2001). Low frequency pulse current, DC, and asymmetrical biphasic currents are other types

of currents proven to be better than conventional treatment alone.

Current electrical stimulation therapy targets DTPI that have reached the skin. By
then, the underlying tissue has deteriorated leading to lengthy and expensive treatments. A
better prognosis may be achieved by developing an intervention for DTPI before it reaches

the skin

1.9. Overview of Masters Work

The Mushahwar lab developed a novel technique using electrical current in the form
of IES for the prevention of DTPI. This technique works differently from the electrical
stimulation therapy used to heal open wounds. The current-controlled stimulation causes
muscles of interest to contract. Previous work on IES indicated that the periodical muscle

contractions produced by electrical stimulation increase tissue oxygenation and
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reduce/relieve internal pressure and mechanical deformation around bony prominences, thus

preventing the formation of DTPI (Gyawali et al., 2011; Solis et al., 2012).

The goal of this study was to extend the application of IES to treat an already formed
DTPI in a rat model. Based on previous work, I hypothesized that rats receiving IES will
have a faster rate of tissue healing than rats not receiving IES. The specific aims of my thesis

are twofold:
Identify when to intervene with IES after the induction of a DTPI; and

Assess the rate of muscle regeneration after injury with and without IES.

Chapter 2 describes the experiment I conducted to address the hypotheses of my

thesis, and discusses the results and their significance.

Chapter 3 provides general conclusions and future directions for IES as a treatment

strategy for DTPIL.

Appendix 1 compares injury progression using T2-weighted MRI and Ti-weighted

contrast-enhanced MRI in skeletal muscle.
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1.10. Figures and table

Body weight

Body weight

Ischial
tuberosity

Gluteus

Superficial pressure injury

muscle
Deep tissue pressure injury

Figure I-1: Classification of pressure injury. A) Superficial pressure injury initiates at the skin surface
and progresses towards the bone. B) Deep tissue pressure injury originates at the deep bone-muscle
interface and progresses outwards towards the epidermis (created using Adobe stock).
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Body weight

Gluteus
muscle

Figure 1-2: Progression of deep tissue pressure injury in seated position. The injury begins at the gluteus
maximus muscle near the ischial tuberosity before reaching the surface of the skin (created using Adobe
stock).
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Figure 1-3: Etiopathogenesis of deep tissue pressure injury. Sequence of events during tissue loading.
The primary pathway is tissue deformation leading to cell death within 10 minutes. The secondary

pathway is the vascular and metabolic pathway that leads to cell death 4 hours after the initiation of
loading.
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Inflammatory macrophages
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Figure 1-4: Deep tissue pressure injury and healing. Stages of healing after deep tissue pressure injury.
The first stage is the degeneration and inflammatory phase with invading neutrophils and macrophages.
This is followed by muscle regeneration and fibrosis, which continues weeks after injury.
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Figure 1-5: Intermittent electrical stimulation. The intermittent electrical stimulation paradigm used
for the prevention of deep tissue pressure injury. The paradigm consisted of an “on” duration of 10
seconds followed by “off” duration of 10 minutes, repeated throughout the duration of use.
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2.1. Introduction

The benefits of electrical stimulation (ES) have been described since the 19 century,
and ES is now employed as a common adjunctive treatment for many clinical conditions
such as cancer, non-union bone fractures, soft tissue injuries, open wounds and muscle
atrophy (Lente, 1850; Vodovnik and Karba, 1992; Stefanovska et al., 1993; Evans et al.,
2001; Guo et al., 2012; Love et al., 2018). Different forms of ES have been used, commonly
including direct current electrical fields and narrow pulses of various frequencies. Different
parameters of electrical fields ranging between <1 mV/cm to 60 kV/cm, exhibit different
roles on cell proliferation and apoptosis (Chen et al., 2005; Griffin et al., 2011; Love et al.,
2018). High magnitude electrical fields induce cell apoptosis with no effect on cell
proliferation, and are proposed as a potential treatment for different types of carcinoma
(Chen et al., 2005). Lower magnitude electrical fields accelerate recovery from various
conditions. For example, low magnitude fields applied on bone fractures with delayed union
promote osteogenesis by generating electronegative potentials (Evans et al., 2001; Hess et
al., 2012). These potentials, coupled with mechanical forces on the fracture site, expedite the

healing process (Hess et al., 2012; Sundelacruz et al., 2013).

High voltage pulsed current (HVPC) reduces inflammation and swelling in the acute
stages of soft tissue injuries such as tendon or ligament tears by minimising microvascular
permeability and increasing lymphatic drainage (McLoughlin et al., 2004; Michlovitz, 2005;
Snyder et al., 2010). HVPC also accelerates the closure of refractory open wounds, including
pressure injuries (PIs). The use of high voltage galvanic stimulation and monophasic currents
has also been shown to improve the rate of healing of open wounds but the mechanisms of

action are not clearly understood (Polak et al., 2014). It is thought that the exogenously
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applied electrical currents at amplitudes below motor activity form endogenous monophasic
currents, which promote migration of fibroblasts for granulation tissue formation, and
enhance angiogenesis and reepithelization, thus aiding in the healing of open wounds (Kloth,

2005; Kawasaki et al., 2014).

The effects of ES on counteracting atrophy in skeletal muscles after conditions such
as spinal cord injury (SCI) and disuse atrophy have also been reported (Kim et al., 2008;
Guo et al., 2012; Wan et al., 2016). A decrease in protein content, fibre size and overall
muscle mass are characteristic features of muscle atrophy (Darr and Schultz, 1989; Siu and
Alway, 2009). Decreased muscle mass is also the result of the depletion of satellite (muscle
progenitor) cells coupled with their reduced ability to proliferate and fuse to develop into
new muscle fibres (Mozdziak et al., 1998). Interestingly, electrical currents applied at
amplitudes below motor activity to muscles with disuse atrophy cause protein synthesis,
which is essential for regeneration, and enhance regrowth of the atrophied muscle (Ohno et
al., 2013). Delivery of ES pulses at frequencies of 2-20 Hz with amplitudes causing visible
contractions in muscles with disuse atrophy induced satellite cell proliferation (Guo et al.,
2012; Wan et al., 2016). Similar effects of ES were seen for frequencies ranging from 20-
100 Hz delivered at amplitudes causing motor activity in atrophied muscles after SCI (Kim

et al., 2008; Becker et al., 2010).

To the best of our knowledge, very few studies have directly assessed the effect of
ES-induced contractions on already injured tissue, and all such studies focused on the
treatment of pressure injuries (PIs) with open wounds (Martinez-Rodriguez et al., 2013;
Jercinovic et al., 1994). In the present study, we used deep tissue pressure injury (DTPI), a
class of PI that originates at deep bone-muscle interfaces (Black et al., 2007; Edsberg et al.,

2016), as a model of closed muscle injury with deep-seated damage. We induced
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contractions in the injured muscle using a novel intermittent electrical stimulation (IES)
pattern to assess the effect of ES-induced contractions on the cellular events after muscle

injury, and on the rate of tissue regeneration and injury healing.

The sequence of cellular events associated with muscle injury such as DTPI are
characterized by three phases. These are: (i) the inflammatory phase marked by invading
neutrophils, activated macrophages and T lymphocytes; (ii) the resolution of inflammation
by activation of anti-inflammatory macrophages; and (iii) regeneration described by
activation and differentiation of muscle progenitor cells (satellite cells), and maturation of

new myofibres into adult muscle fibres (Ciciliot and Schiaffino, 2010).

The invasion of neutrophils, inflammatory macrophages (M1) and T lymphocytes
occurs ~24 hours after the onset of injury (Savill et al., 1989). The inflammatory cells help
in the removal of necrotic debris after injury, release adhesion molecules (e.g., P-selectin, L-
selectin, and E-selectin), pro-inflammatory cytokines (e.g., tumor necrosis factor-« [TNF-
a] and interleukins [IL-8, IL-6, IL-1]) which are responsible for a series of vascular events
(Huard et al., 2002). This includes vascular endothelial cell contraction coupled with

filtration of transcapillary fluid into the interstitial space resulting in tissue edema.

Although the phases overlap, the activation of the anti-inflammatory macrophages
(M2) and satellite cells follow the inflammatory phase (Ciciliot and Schiaffino, 2010). The
M2 macrophages help in resolving inflammation by the release of anti-inflammatory
cytokines (e.g., IL-10) (Ciciliot and Schiaffino, 2010). The satellite cells develop into new
myofibres in response to growth factors such as insulin-like growth factor-1 (IGF-1),
epidermal growth factor (EGF) and transforming growth factor (TGF-« and TGF- /), which

then undergo remodeling to become regenerated muscle 7-10 days after injury (Huard et al.,
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2002; Mackey and Kjaer, 2017). In brief, muscle injury initiates a heightened inflammatory
response on days 1-3 followed by resolution of inflammation and muscle regeneration

(Mackey and Kjaer, 2017).

The main goal of the current study was to determine the effect of IES-induced muscle
contractions on modulating the cellular consequences of DTPI in rats with hind limb
paralysis, and its capacity to prevent the progression of the injury into an open wound. We
hypothesized that animals receiving IES would have a faster rate of DTPI healing in
comparison to animals without IES. IES was initiated at 3 different time points after the
induction of DPTI in rats with complete SCI, and the extent of tissue damage and healing
were assessed. The size of muscle injury was examined using magnetic resonance imaging
(MRI), and the cellular events associated with tissue regeneration and healing after DTPI

were assessed with immunohistochemistry.

2.2. Methods

Experiments were conducted in 85 adult female Sprague Dawley rats weighing250-
375g. All procedures were approved by the Animal Care and Use Committee at the
University of Alberta. All animals received a spinal cord injury (SCI) at the 8" thoracic level
(T8) to reduce the effect of voluntary movements on tissue healing. Animals were then
divided into control and experimental groups to assess the effect of IES on expediting tissue

healing and investigating the underlying mechanisms of action of IES.
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2.2.1. Spinal cord transection

Anesthesia was induced and maintained using isoflurane (2-3 %; 1L/min oxygen).

Under aseptic conditions, a 2cm incision was made around T8 and a laminectomy was

performed to expose the spinal cord. A complete SCI was induced by transecting the cord,

and the muscle layers of the back and skin were sutured closed. Post-surgery, Temegesic

(buprenorphine, 0.05 mg/kg subcutaneously, 3x/day) was administered for analgesia for the

first 3 days post-SCI, and Baytril (enrofloxacin, Smg/kg subcutaneously, 2x/day) was

administered for the entire duration post-SCI for preventing infections. The bladders were

manually expressed 4-5 times per day. Post-SCI, the rats were randomly assigned to control

and treatment groups (Figure 2-1) as follows:

L.

Loading only control (Lc; n=32): All rats in this group received a one-time load to the
tibialis anterior (TA) muscle of one hind leg 14 days after SCI, resulting in a DTPI. These
rats were then divided into 4 subgroups based on the duration they were maintained after
the loading procedure (1, 3, 5 and 7 days; referred to as LD1, LD3, LD5 and LD7,
respectively). The extent of the resulting tissue damage was compared to the intact
contralateral legs on days 1, 3, 5 or 7 after DTPI using T2-weighted and Ti-weighted
contrast-enhanced MRI. The animals in the different subgroups were euthanized on the
corresponding days to allow for muscle extraction for immunohistochemical analysis.

Stimulation only control (Sc; n=20): The rats in this group received IES only starting 14
days after the induction of SCI. IES was applied to the common peroneal (CP) nerve
through a nerve cuff, activating the TA muscle of one hind limb. The rats were divided
into 4 subgroups based on the duration of stimulation (1, 3, 5 and 7 days; referred to as

SD1, SD3, SD5 and SD7, respectively). The extent of tissue damage in the leg with
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implanted nerve cuff and stimulation was compared to the sham contralateral leg which
received nerve cuff but no stimulation on days 1, 3, 5 or 7 using T>-weighted and T;-
weighted contrast-enhanced MRI. The animals in the different subgroups were
euthanized on the corresponding days to allow for muscle extraction for
immunohistochemical analysis.

Loading and IES treatment (LSt; n=33): All rats in this group received a one-time load
to the TA muscle of one hind leg to induce DPTI 14 days after SCI, similar to the Lc
group. The rats were then divided into three subgroups based on the time of initiation of
IES post-induction of DPTI (1, 3 and 5 days; referred to as LSD1, LSD3 and LSDS5,
respectively). The application of IES initiated on days 1, 3 or 5 continued until day 7
after the induction of DTPIL. The extent of tissue damage was compared to the sham
contralateral leg with implanted nerve cuff and no stimulation using T>-weighted and T;-
weighted contrast-enhanced MRI on days 1, 3, 5 or 7. All animals were euthanized on
day 7 except for one additional LSDI group that was euthanized on day 3. The TA

muscles from both hind legs were extracted for immunohistochemical analysis.

2.2.2. Loading procedure

Two weeks post-SCI, the rats in the Lc and LSt groups were subjected to aone-time

load applied to the TA muscle of one hind leg for 2 hours to induce a DTPI. The rats were

weighed and the experimental leg was shaved under isoflurane anesthesia. The load was then

applied through a 3mm-diameter indenter centered 1cm below the tibial tuberosity using a

custom-built apparatus (Figure 2-2). The diameter of the indenter represented the cross-

sectional area of the rat’s ischial tuberosity (Curtis et al., 2011). The one-time load was
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equivalent to 44% of each rat’s body weight. This represented the level at which the deep
tissues adjacent to the ischial tuberosities are subjected to in humans when seated on a hard
surface (Curtis et al., 2011). The indenter was attached to a transducer to measure the applied
load, and the force trace was digitized and recorded on a personal computer using a CED
analog-to-digital converter and Spike 2 software (Cambridge Electronic Design Limited,
Milton, Cambridge, England). The one-time constant application of pressure on the TA

muscle led to the development of a DTPI.

2.2.3. Nerve cuff fabrication and implantation for delivery of IES

Nerve cuffs (2 per rat) were constructed using a 4mm piece of Silastic tubing (Dow
Corning; #2415542, Midland, MI, USA) with a Imm groove cut out (Figures 2-3A and B).
Three lengths (26cm) of multi-stranded stainless steel wire (Cooner Wire; AS631,
Chatsworth, CA, USA) with 1cm of the Teflon insulation removed from the end were used
as the conductors. The uninsulated wire tips were threaded through the top of the tubing and
out the other side. The cuff was placed around an 18G needle to form the wire against the
inside wall of the cuff. Silicon gel (Dow Corning #732) was applied to the outside of the
Silastic cuff and 2 braided 7-0 silk sutures (Ethicon, Somerville, NJ, USA) were embedded
into the silicon ~1.5mm from each end. Teflon tape was wrapped around the cuff to smooth
out the silicon gel and the cuff was placed in an oven at 37°C for 24 hours to cure. After 24
hours, the Teflon tape was removed and the free ends of the stainless steel wire were soldered
to gold pins (Plastics One; E363-0, Roanoke, VA, USA). The pins were inserted into a 6-pin
plastic headpiece (Plastics One; MS363) and affixed to the headpiece with epoxy (Figure 2-

30).
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To implant the nerve cuffs, the rats in the Sc and LSt groups were anaesthetized with
isoflurane (2-3 %; 1L/min oxygen). The top of the head, back, and both hind limbs were
shaved and sterilized with Betadine scrub. Incisions, 2cm-long, were made in the skin on top
of the skull, midway down the back and above the femur in both hind limbs. The nerve cuffs
were tunneled under the skin from the incision on the skull to the incisions in each hind limb.
The CP nerve was isolated from the tibial nerve and placed inside the Silastic cuff. The nerve
cuff was stabilized using the two embedded 7-0 silk sutures, and the muscle and skin were
sutured closed. Three holes were drilled in the skull forming a triangular shape across the
midline of the parietal bone, and 3 stainless steel screws were threaded into the holes. The
headpiece was placed in the middle of the 3 screws and anchored with orthodontic resin
(Dentsply, Milford, DE, USA), and the skin incision was sutured shut. Post-surgery, the rats

received Temegesic (buprenorphine, 0.05 mg/kg) and Baytril (enrofloxacin, Smg/kg).

Electrical stimulation was delivered using a constant current stimulator (model
number: MCSSTG4008) from Multi Channel Systems (Reutilgen, Baden-Wurttemberg,
Germany). The TA muscle of one hind limb received IES via the implanted nerve cuff
(Figure 2-3C). The stimulation paradigm consisted of a 2 s “ON” period followed by a 5 min
“OFF” period repeated for 4 hours every day from the time of initiation of the IES
intervention to the end point of all animals. The stimuli were biphasic and charge balanced
with a 300 ocs pulse width delivered at a frequency of 30 Hz (Figure 2-3D). The amplitude
of stimulation was chosen to induce palpable contraction of the TA muscle. The contractions

in TA and the activity of the rat were monitored throughout the duration of stimulation.
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2.2.4. Assessments of tissue injury using MRI

MRI assessments were performed using a 3T Siemens Prisma full body magnet at

the Peter S Allen MR Research Centre, University of Alberta. Rats were positioned within a

hand/wrist radio-frequency (RF) coil, with their legs stretched using Velcro straps. The body

and head were outside the RF coil, allowing for unrestricted breathing and for placing a gas

mask when isoflurane anesthesia was used. Rats were imaged on days 1, 3, 5 and 7 after

loading or initiation of IES as depicted in Figure 1. A subset of animals was euthanized on

each imaging day to provide tissue for immunohistochemical analyses.

MRI assessments on the days prior to the end point were performed under isoflurane (1.5-
2 %; 2L/minute oxygen). The assessment on the final day was performed under sodium
pentobarbital (intraperitoneal, 40mg/kg). Thirty consecutive transverse slices, 1 mm thick, were
acquired from the knee to the ankle bilaterally for each rat (Figure 2-4). Three sequences were
used: T>-weighted turbo spin echo (TSE), Ti-weighted 2D FLASH and T;-weighted 2D FLASH
contrast-enhanced MRI. The contrast agent was Magnevist administered intravenously through
a catheter in the jugular vein in a bolus of 0.1mmol/kg. The parameters of the sequences were as
follows: Tr-weighted TSE: echo time (TE) = 396 ms; repetition time (TR) = 3570ms; field of
view = 67x80mm; acquisition matrix = 192x192; in-plane resolution (interpolated) = 0.2mm x
0.2mm; slice thickness = Imm; flip angle = 152°; averages = 6; and total scan time = 10min
30s. Ti1-weighted 2D FLASH: TE = 6.35 ms; TR=460m:s; field of view = 67x80mm; acquisition
matrix = 192x192; in-plane resolution (interpolated) = 0.2mm x 0.2mm; slice thickness = 1 mm;
flip angle = 90°, averages = 1; total scan time = 3min 30s. Ti-weighted contrast-enhanced MRI
sequences were obtained after intravenous administration of contrast agent with parameters as

follows: TE = 6.35 ms; TR = 460ms; field of view = 67x80mm; acquisition matrix = 192x192;
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in-plane resolution (interpolated) = 0.2mm x 0.2mm; slice thickness = 1 mm; flip angle = 90°,
averages = 1; total scan time = 3min 30s. The T>-weighted MRI images were used to detect the
extent of tissue edema within the TA muscle in the limb that received loading, with the
contralateral limb serving as control. The Ti-weighted MRI images were used to delineate the
TA muscle in the experimental and contralateral control limbs for image analysis. The Ti-
weighted contrast-enhanced images were used to identify the region of TA with irreversible

injury (or scar formation) in the chronic stage of DTPI.

The MR images were analyzed by two observers (3 repetitions each) blinded to the
animal groups using custom written scripts in MATLAB (Mathworks, Cambridge, MA). The
MR images were imported to MATLAB as DICOM files. The region of interest representing
the TA muscle was selected in both limbs using the Ti-weighted images, and superimposed
on the T>-weighted images. The pixel intensity in T>-weighted images within the selected
region of interest in the experimental limb was compared to the intensity in the region of
interest chosen in the contralateral limb. If the signal intensity in the experimental limb
exceeded mean + 2 SD of the intensity in the contralateral limb, the increased signal intensity
indicated the presence of tissue edema/damage. The total pixels exhibiting tissue
edema/damage across the slices from the knee to ankle were used to determine the
percentage of muscle volume that was affected by DTPI. Outliers in the total of 6 repetitions
of analysis per animal by the two observers were statistically removed, and averages were

calculated for each rat (Figure 2-4)
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2.2.5. Immunohistochemistry (IHC)

Immediately after the final MRI assessment, the rats were deeply anesthetized and the
TA muscle was extracted from both hind limbs. The rats were euthanized following tissue
extraction. The TA muscle from the experimental leg was marked with an India ink line
denoting the level where the highest signal intensity was observed during the final MRI
assessment. The muscles from both hind limbs were weighed, frozen in liquid nitrogen- cooled
melting isopentane and stored in a -80°C freezer. Serial 12 pm-thick transverse sections were
collected at -23°C from the India ink marked area of each muscle and transferred onto
Superfrost Plus microscope slides (Fisher Scientific, Hampton, New Hampshire, USA). Two
sections each for the experimental and contralateral control muscle per animal were mounted

on a slide. The slides were air dried for 30-45 mins at room temperature and stored at -80°C.

Embryonic myosin heavy chain (eMHC) immunofluorescence was performed with a
primary antibody (anti-mouse IgGi, MYH3; Santa Cruz Biotechnology, Dallas, Texas, USA)
against eMHC. To determine whole muscle cross-sectional area (CSA) and fiber CSA,
individual muscle fiber boundaries were identified with a rabbit polyclonal IgG antibody
against laminin (Millipore-Sigma, Burlington, Massachusetts, USA). Macrophages and
satellite cells were identified using a combination of anti-CD68 (ED1) antibody (anti-mouse
monoclonal IgGi; Abcam, Cambridge, UK) and anti-Mannose Receptor (CD206) antibody
(anti-rabbit polyclonal IgG; Abcam, Cambridge, UK). Alexa Fluor® 488 and 568 secondary
antibodies were purchased from Thermo Fisher Scientific. Nuclei on all sections were
stained with DAPI (4°,6-Diamidino-2-Phemylindole, Dihydrochloride; Molecular Probes,

Eugene, Oregon, USA) (Figure 2-5).
Serial sections for either MYH3/laminin or CD68/CD206 labelling were briefly air
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dried, fixed in 100% acetone at -20°C for 10 min, washed once in phosphate-buffered saline
(PBS, pH 7.4) with 0.1% (v/v) Tween-20 (PBS-T, pH 7.4) and twice in PBS at room
temperature for 5 min each, before incubating in a blocking solution [1% (w/v) bovine serum
albumin and 10% (v/v) normal goat serum in PBS-T, pH 7.4] overnight at 4°C in a humidity
chamber. Sections were washed 3 times in PBS for S5min each and then co-incubated with
primary antibodies diluted in blocking solution containing anti-laminin (1:100) and anti-
MYHS3 (1:50), or CD68 (1:200) and CD206 (1:200) for 2 hours at room temperature. After
several washes in PBS-T followed by PBS, sections were co-incubated with secondary
antibodies diluted in blocking solution containing goat anti-mouse IgG Alexa Fluor 488
(1:400) and goat anti-rabbit IgG Alexa Fluor 568 (1:400) for 2 hours at room temperature.
After several washes in PBS-T followed by PBS, sections were exposed to a 14.3 mM
solution of DAPI in ddH,O for 3min followed by 3 rinses in PBS, mounted with
VectaShield® HardSet mounting medium and stored according to manufacturer directions

(Vector Laboratories).

Muscle sections of the experimental and contralateral control TA were visualized
with a spinning disk inverted confocal microscope (Leica TCS-SPE; Leica Microsystems,
Wetzlar, Germany). A Leica Application Suite X (LAS-X; Leica Microsystems) was used

to capture and export images as jpegs for later analysis.

The muscle images were analyzed using Image] 1.51K (NIH). The system was
calibrated using a scale bar embedded in each image. The merged images from the LAS-X
software were opened in ImageJ and split into the red, blue and green channels. The
CD68/CD206/DAPI-labelled muscle sections were split into their component channels to
measure the percentage of whole muscle CSA occupied by the DAPI-labelled nuclei, M1

macrophages, M2 macrophages and satellite cells. Cell counts were not expressed as a
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density (# of cells/known area) due to the large number of overlapping cells in high density

arcas.

The % of CSA occupied by DAPI labelled nuclei was measured using the blue
channel. The % of CSA occupied by M1 macrophages was measured by subtracting thered
channel from the green channel. The % of CSA occupied by M2 macrophages was measured
by combining (using the AND function in the ImagelJ calculator) the green and red channels.
The % of CSA occupied by satellite cells was measured by subtracting the green channel
from the red channel. Whole muscle fiber CSA and CSA of both the MYH3 positive (eMHC
MHC isoform) and negative (adult MHC only isoforms) fibers were analyzed using the red

and green channels from the MYH3/laminin double-labelled sections.

2.2.6. Statistical analysis

The outcome measures were twofold: 1) muscle volume with increased signal intensity;
2) % of CSA with positive staining for satellite cells, M1 and M2 macrophages, and

regenerating muscle fibers.

The reliability of MRI results conducted by two observers were assessed using
intraclass correlation coefficient (ICC) (random mixed model; absolute agreement). The %
he % of muscle volume with increased signal intensity were represented as mean + standard
error (SE). The change in signal intensity was compared across assessment time points using
one-way analysis of variance (ANOVA). Muscle volume exhibiting increased T» signal
intensity was normalised to day 1 for between group comparisons, and a two-way ANOVA
was performed for which group and time were the independent variables, and muscle volume

with increased signal intensity was the dependent variable. If significant changes were
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observed (p < 0.05), post-hoc analyses was conducted using Tukey’s Honestly Significant

Difference for multiple comparisons.

The THC counts of positively and negatively-stained cells in the experimental leg
were normalised to the counts in the contralateral control leg, and represented as mean = SD.
The eMHC fibre CSA for Lc, Sc and LSt subgroups were represented as mean =SE. The
values of %CSA with positive labelling for all cell types were compared across time points
using t-tests or one-way ANOVA. A two-way ANOVA was used for between group
comparisons. The value of o was 0.05 for all statistical tests, and differences were considered

significant for < 0.05.

2.3. Results

2.3.1. Tissue damage assessed using T>-weighted MRI

Assessments of muscle volume with increased signal intensity from T2-weighted MR
images were obtained on days 1, 3, 5 and 7 after the induction of DPTI and/or initiation of
IES. One rat from the Lc group was excluded from the MRI analysis because of technical
issues on the day 1 assessment time point. All animals that received the one-time 2hr-loading
on the TA muscle showed an increase in signal intensity in the muscle of the loaded leg,
indicating the presence of a DPTI. A typical example of a TA muscle with increased signal
intensity in one rat from the Lc group is shown in Figure 2-4. Each trace in Figure 2-4E
represents a blinded analysis performed by an observer. The reliability analysis for all trials
indicated an absolute agreement between the single and average measures with ICC score of

0.984 and 0.997, respectively (*p < 0.05).
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The % of muscle volume exhibiting increased signal intensity for the Lc group was
substantially reduced over time (from day 1 to 7). In Figure 2-6A, the raw data represent the
% of muscle volume with increased signal intensity across assessment time points in the
presence of statistically-identified outliers, which were then removed (Figure 2-6B). The leg
that received loading (experimental) had a significantly larger % of muscle volume with
increased signal intensity relative to the leg that did not receive loading (contralateral
control) at all time points. Moreover, the % of muscle volume with increased signal intensity
was significantly higher on day 1 compared to days 3, 5 and 7 (*p < 0.005). The significant
reduction in the % of muscle volume with increased signal intensity over time was due to

natural healing after DTPIL.

The IES intervention showed no change in the % of muscle volume with increased
signal intensity for all Sc subgroups (Figure 2-7). There was no statistical difference between
the experimental leg (nerve cuff + stim) and sham contralateral control leg (nerve cuff only)
across all time points (p > 0.513). Furthermore, there was no statistical difference in the %
of muscle volume with increased signal intensity between the sham contralateral control leg
in the Sc group and the contralateral control leg (no cuff) in the Lc group (p > 0.991). This
demonstrated that neither the nerve cuff nor the application of IES caused tissue damage in

the paralyzed TA muscles.

Initiation of IES on day 1 after DTPI (LSD1) showed a marked reduction in the % of
muscle volume exhibiting increased signal intensity compared to the Lc group without IES
(Figure 2-8). Figure 2-8A shows the % of muscle volume with increased signal intensity
(normalised to day 1) for the Lc and LSD1 groups on days 1, 3, 5 and 7 post-induction of
DTPI and initiation of IES. There was a significant reduction in % of muscle volume with

increased signal intensity on days 3, 5 and 7 compared to day 1 for the control Lc and LSD1
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groups (*p <0.001). Importantly, the % of muscle volume with increased signal intensity was
significantly smaller on day 3 in the LSD1 group than the Lc group (*p < 0.01). Although
there was no statistical significant difference on the subsequent assessment time points, the
trend of reduced % of muscle volume with increased signal intensity continued in the LSD1

group on the day 5 time point (p = 0.062).

A comparison of Lc and LSt subgroups with IES initiated in day 3 (LSD3) and day
5 (LSD5) after the induction of DTPI is shown in Figures 2-8B and C, respectively. There
was no significant difference between the Lc and LSt groups when IES was initiated onday
3 or later after the induction of DTPI (p > 0.671). Figure 2-8D merges the T>-weighted MRI
results from the Lc and LSt subgroups. The Lc, LSD3 and LSDS5 groups were not
significantly different from each other for any assessment time point (p > 0.520). In addition
to the statistical difference between the Lc and LSD1 groups, there was a significant
difference between the LSD1 and LSD3 groups (p < 0.019). However, there was no

statistically significant difference between LSD1 and LSDS (p = 0.075).

While increased signal intensity in Tr-weighted MR images indicates increases in
water content (i.e., edema), increased signal intensity in Ti-weighted contrast-enhanced MR
images delineates scar formation (Abdel-Aty et al., 2004; Kelle et al., 2009). Figure 2-9
shows the % of muscle volume with increased signal intensity in Ti-weighted contrast-
enhanced MR images for the Lc and LSD1 groups at two time points post-induction of DTPI:
day 3 (LD3 and LSD1-3) and day 7 (LD7 and LSD1-7). There was a significant reduction in
the % of muscle volume with increased signal intensity on day 7 in the LSD1 group (LSDI1-

7) relative to the Lc group (LD7) (*p < 0.026).
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2.3.2. Immunohistochemistry Outcomes

The cellular events after DTPI were quantified by immunolabelling muscle fibers,
nuclei, inflammatory cells and regenerating muscle fibers. After injury, activation of
chemokines recruits two macrophage subpopulations—pro-inflammatory or early
macrophages (M1) which are identified by CD 68" CD 206~ immune-labelling, and anti-
inflammatory or late macrophages (M2) identified by CD 68" CD 206" immune-labelling.
Another overlapping event is the activation, differentiation and fusion of satellite cells that
are marked by CD68CD 206" immunolabelling (Figure 2-5A-D). The satellite cells fuse into
new myofibers which express developmental markers, such as embryonic MHC (Figure 2-

SE-G).

Figure 2-10 shows the IHC results from the contralateral control TA muscles
extracted on day 7 from the Lc (LD7) and Sc (SD7) groups. There was no significant
difference between the contralateral control leg in the Lc group (no nerve cuff), the sham
contralateral control leg in the Sc group (nerve cuff, no stim) and the experimental leg in the
Sc leg (nerve cuff + stim) for any of the stained cells (p > 0.228). This demonstrated that the
implantation of the nerve cuffs and IES applied for 4 hr/day did not cause damage in the

paralyzed TA muscled.

Macrophage cell groups and satellite cells are shown in Figure 2-11A for TA muscles
extracted on day 3 from the Lc group (LD3) and the LSt group with IES initiated on day 1
post-induction of DTPI (LSD1-3). There was a statistically significant increase in satellite
cells, M1 and M2 macrophages in the group that received stimulation (*p < 0.0432), but no
significant increase in the nuclei stained with DAPI between the groups (p = 0.129) (Figure

2-11B). When, tissue was extracted on day 7 after DTPI induction from the Lc and LSt
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groups (LD7 and LSD1-7, respectively), there was no statistical difference in the satellite,

M1 and M2 cells (p > 0.274) between the groups (Figure 2-12).

Figure 2-13 shows the CSA of the positive and negative-labelled eMHC fibres in the
experimental and contralateral control legs for the Lc, Sc, and LSt groups in muscles
extracted on days 3 or 7 post-induction of DTPI and/or IES. Figure 2-13A shows that the
LD7 group had a significantly larger CSA of positively-labelled eMHC fibers than the LD1
group for both hind limbs, and the LD3 group for the experimental hind limb (*p < 0.001),
suggesting growth of eMHC fibres over time. Simultaneously, there was a significant
reduction in CSA of negatively-labelled eMHC fibers in LD7 relative to LD1 (p = 0.013),
potentially indicating increased atrophy of muscle fibres over time in the paralyzed TA

muscles.

The CSA of positively-labelled and negatively-labelled eMHC fibres was not
significantly different between the LD7 and SD7 groups for the contralateral (no cuff) and
sham contralateral (nerve cuff, no stim) control legs (Figure 2-13B). It was also not
significantly different for the negatively-labelled fibres in the experimental legs of the two
groups (p = 0.136). Furthermore, there was no difference in the positively-labelled fibres
between the experimental (nerve cuff + stim) and sham contralateral control (nerve cuff, no
stim) legs of the SD7 groups (p = 0.999). This suggests that 7 days of stimulation did not
result in tissue damage. However, the CSA of the positively-labelled eMHC fibres
significantly increased in the LD7 relative to the SD7 group (p = 0.001), indicating that the
proliferation of new muscle fibres due to injury. Interestingly, there was no statistical
difference in the CSA of the positively and negatively-labelled eMHC fibres in the TA
muscles from both hind limbs between the LD3 and LSD1-3 groups (p > 0.949) (Figure 2-

13C). Similarly, there was no statistical difference between the CSA of the muscle fibres
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between the LD7 and LSD1-7 groups (p > 0.277) (Figure 2-13D).

2.4. Discussion

2.4.1. Overview

The overall goal of this study was to investigate the role and underlying mechanisms
of'a novel IES paradigm in accelerating healing after tissue injury. DTPI, a class of PIs, was
chosen as an example of deep-seated tissue injury that currently has no treatment. The
progression of DTPI in the TA muscle caused by a one-time 2hr-application of loading was
assessed using MRI and IHC. The findings demonstrate, for the first time, that brief (2s),
low-level contractions of the injured muscle, repeated every Smin for 4 hours/day,
significantly accelerate the rate of healing and reduce the size of tissue damage when applied

early after DTPI formation.

2.4.2. Susceptibility of muscle to damage due to loading and electrical

stimulation

Across all animals in the Lc and LSt groups, loading the TA muscle for a duration of
2 hours was sufficient to cause a DTPI. The injury was deep in the muscle, below the skin,
and despite involving nearly 40% of the muscle volume, showed no signs of damage on the
surface of the skin in any of the animals. This demonstrates the higher susceptibility of
muscle tissue to damage by mechanical loading than the skin (Daniel et al., 1981; Bouten et

al., 2003b, 2003a; Solis et al., 2007; Loerakker et al., 2013), and underscores the danger of
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this class of PIs which currently progresses unbeknownst to the affect individual or their
caregiver. The initiation of DTPI within 2 hours of loading also suggests that current clinical
guidelines of 2 hourly repositioning of patients with reduced mobility and impaired sensation

may be ineffective for the prevention of DTPI (Miles et al., 2013).

In contrast to previous records (e.g., Bickel et al., 2004 and Slade et al., 2004), the
ES paradigm used in this study did not cause damage in the target muscle. The MRI findings
showed no IES-induced damage in the Sc group (Figure 2-7), which were confirmed
immunohistochemically (Figure 2-12), thus making this IES paradigm a safe treatment for
injured muscles. The primary differences with studies showing damage caused by ES-
induced contractions are likely to be the magnitude and type of ES-induced contractions.
Typically, large contractions (e.g., 60% of maximal voluntary contraction) are induced in an
isometric fashion (Bickel et al., 2004; Slade et al., 2004). These contractions may cause
micro-tears in muscle fibers, leading to local inflammation that subsequently appears as
increased edema (water content) in T2-weighted MR images (Slade et al., 2004). In the
present study, low-level, concentric muscle contractions were induced by IES, causing no

damage in the atrophied TA muscle after SCI.

2.4.3. Use of MRI for detection of damage progression in injured muscles

In the current study, edema in the damaged tissue was assessed using T>-weighted MRI,
which was validated by previous studies as an accurate measure for quantifying tissue beak down
(Solis et al., 2007, 2013; Curtis et al., 2011). An increase in the intensity of the T2 signal in the
damaged region of the experimental leg is due to increased water content within the intracellular

and/or extracellular environment following an injury, and is indicative of tissue edema (May et
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al., 2000) caused by an acute inflammatory response. The percentage of muscle volume with
increased signal intensity across the entire region of interest (TA muscle) helped determine the

extent of tissue damage.

In addition, the current study investigated for the first time, the progression of
skeletal muscle injury using Ti-weighted contrast-enhanced MRI to delineate the size of the
scar formed in the chronic stages of injury. Previously, the progression of edema and infarct
size in cardiac muscle after myocardial injury (MI) was assessed with T>-weighted MRI and
Ti-weighted contrast-enhanced MRI (Abdel-Aty et al., 2004; Klocke, 2010; Raman et al.,
2010). To date, however, these techniques have not been used in skeletal muscle. The T»-
weighted and Ti-weighted contrast-enhanced MRI findings in this study demonstrated that
IES reduces both inflammation (edema) and the overall size of a muscle injury (DTPI) when

applied one day after the induction of the injury.

2.4.4. Mechanism of action of IES

Recently, our lab developed IES as a novel technique for preventing the formation of
DTPI (Solis et al., 2007, 2012, 2013; Curtis et al., 2011). In contrast to ES for open wounds,
IES functions by application of pulses of electrical current to the muscles that are loaded
while sitting and lying down (Solis et al., 2012). The electrical stimuli are applied for 10s
every 10min resulting in periodical muscle contractions throughout the duration of sitting
or lying down (Curtis et al., 2011; Solis et al., 2012). These muscle contractions prevented
the formation of DTPI by periodically redistributing and relieving pressure and mechanical
deformation in tissue near bony prominences, and improving tissue perfusion (Solis et al.,

2007, 2012, 2013; Gyawali et al., 2011).
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The current study investigated the effects of IES delivered at low amplitudes for a
brief duration of 2s every Smin (4hr/day) on muscles affected with DTPI. In contrast to the
IES technique used for the prevention of DTPI, the ES paradigm in this study applied low-
amplitude and shorter-duration contractions on already injured tissue to resolve edema and
expedite the healing process. The mechanisms of action of IES-induced contractions on
expediting the healing of injured muscles are likely two-fold: 1) acceleration of anti-

inflammatory mechanisms, and 2) increase in the proliferation of satellite cells.

2.4.4.1. Acceleration of anti-inflammatory mechanisms

Clinicians have used different forms of ES to control edema after musculoskeletal
injuries. In particular, HVPC is commonly used to treat musculoskeletal injuries by athletic
trainers and physical therapists (Reed, 1988). These studies reported a treatment benefit on
acute edema when ES was applied at amplitudes lower than visible motor activity. However,
while ES applied at amplitudes below motor threshold was effective in resolving edema
(Man et al., 2007), ES-induced muscle contractions during the acute phase of ankle injury
showed minimal resolution of edema which was possibly due to the compression of
lymphatic and venous vessels (Man et al., 2007; Feger et al., 2015). In those studies, the ES
amplitudes were adjusted to the maximal level of tolerance (typically generate large muscle
contractions), and resulted in no to little effect on edema clearance. The present study showed
that the use of balanced, biphasic electrical stimulation at amplitudes titrated to produce
palpable contractions cause a significant reduction in edema on the day after the application

of IES.

The T>-weighted MRI findings in the present study showed a significant decrease in
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edema when IES was initiated on day 1 and ending on day 7 (LSD1). A trend showing a
reduction in edema on the subsequent time points in the same group was also seen, although
it was not significant (Figure 2-8A). However, there was no change in damage progression
when the IES was initiated on days 3 and 5 compared to the Lc group because of the

spontaneous resolution of edema over time.

The sequential and overlapping roles of macrophage subpopulations after DTPI are
shown using IHC. In this study, IES significantly increased the M1 and M2 macrophages
when the tissue was extracted on day 3. The balance between these two macrophage
subpopulations in tissue plays a role in the degeneration or healing processes (Leibovich and
Ross, 1975, 1976; Willenborg et al., 2012; Novak et al., 2014). Interestingly, Hesketh et al
suggested that the macrophage subpopulations switch from M1 to M2 5-7 days after injury
(Hesketh et al., 2017). In the present study, the switch occurred on the day 3 time point when
the IES intervention was initiated one day after the induction of DTPI (Figure 2-11B). The
M2 macrophage subpopulation plays a critical role in the removal of apoptotic cells,
promotion of angiogenesis and fibroplasia, which collectively promote tissue healing and

regeneration (Koh and DiPietro, 2011; Hesketh et al., 2017).

2.4.4.2. Increase in satellite cell proliferation

Initial work on ES demonstrated a decrease in cell death by altering cell signalling
pathways such as kinase pathways (Huang et al., 2010; Qi et al., 2013; Love et al., 2018).
Much of the effects on cell survival also depend on stimulation parameters. Li et al. showed
that the use of unbalanced biphasic ES (25mV/mm) significantly increases the survival of

neural progenitor cells (Li et al., 2007). This was proposed to be the result of increased
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production of trophic factors [nerve growth factor (NGF), brain derived neurotrophic factor
(BDNF), vascular endothelial growth factor (VEGF)] through the activation of the kinase

pathway by ES. The increase in trophic factors inhibits cell apoptosis (Li et al., 2007).

There is also strong evidence that low frequency ES pulses delivered to atrophied
muscles inhibits apoptosis of satellite cells (Guo et al., 2012; Wan et al., 2016). More
importantly, the same study showed that ES helps skeletal muscle regeneration, supported
by the ability of ES to increase satellite cell proliferation and inhibit apoptosis (Guo et al.,

2012).

In contrast to previous studies, the current study used IES to produce small visible
contractions in already injured muscle. There was a significant increase in satellite cells on
day 3 in the group of rats that received stimulation starting on day 1 after the induction of
DPTI. This demonstrated that the IES-induced contractions in the injured muscled inhibited
apoptosis of satellite cells (Figure 2-11), which likely resulted in a significant decrease in the

size of injury (Figure 2-9).

Interestingly, IES alone (Sc group) did not produce any changes in satellite cell
counts in atrophied but uninjured muscles (Figure 2-10). The absence of increase in satellite
cells in the Sc group may be due to the short duration (7 days) of IES application. Instudies
where ES showed increases in satellite cells in atrophied muscles, the duration of application
spanned multiple weeks (Becker et al., 2010). Importantly, however, is the effect of IES on
satellite cell proliferation in the injured muscle. IES caused a significant increase in the
number of satellite cells soon after its initiation (i.e., by the day 3 time point) in the injured

muscles (Figure 2-11).

Secondly, there was no difference in the regenerating muscle fiber size with IES
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when tissue was extracted on days 3 and 7 compared to the Lc subgroups (Figure 2-13C, D).
One possible reason could be that satellite cells fuse into new myofibers on day 3, the time
they begin to express the developmental marker eMHC. This suggests that the day 3 time
point may be too early to see regenerating muscle fibres. Collectively, IES may be a
technique that can help in resolving inflammation and promote an increase in M2
macrophages. These findings, coupled with a significant increase in satellite cells, may be

responsible for tissue regeneration after DTPIL.

2.4.5. Clinical applicability

In humans, a DTPI can initiate after 10 min of immobility and loading (Loerakker et
al., 2010). A change in the position can relieve tissue compression between the external
surface and an underlying bony prominence, which can help in the natural healing of a DTPL
Nonetheless, absence of frequent repositioning subjects a site to prolonged loading.
Paradoxically, even with repositioning, a site prone to injury is subjected to loading multiple
times per day. Over time, the persistent injury at the deep bone-muscle interface
progressestowards the skin surface.

In this experiment, the loading procedure was performed once for a duration of 2hr
to induce a DTPI. The resulting decrease in damage in the Lc group over the 7 day testing
period represents the natural healing process from a single episode of loading, in contrast to
multiple loading episodes that would occur in a clinical setting. The IES paradigm used in
this study demonstrated that healing of an impending DPTI can be expedited, thus preventing

the progression of the injury to the skin surface where it develops into a large open wound.
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2.5. Conclusion

This study demonstrated that IES-induced muscle contractions reduce tissue edema
coupled with an acceleration of pro-regenerative processes such as proliferation of satellite
cells, M1 and M2 macrophages. These cellular events suggest that IES is a safe intervention
for treating muscle injury by targeting on stages of acute inflammation and promoting tissue

regeneration in rats.
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2.7. Figures
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Figure 2-1: Overview of experimental protocol. Shown are the groups and timelines of assessments.
LDI, LD3, LD5 and LD7 are the subgroups of Lc with MRI assessments and tissue extraction on days
1, 3, 5 and 7, respectively. SD1, SD3, SD5 and SD7 are the subgroups of Sc with IES initiated on day 1
(4hr/day) and MRI assessments and tissue extraction obtained on days 1, 3, 5, and 7, respectively.
LSDI1, LSD3 and LSD5 are the subgroups of LSt with IES initiated on days 1, 3 and 5 after the
induction of DTPI, respectively. MRI assessments were performed on days 1, 3, 5 and 7, and tissue was
extracted on day 7. For LSDI1 (LSDI-3) tissue was also extracted on day 3 in a separate group.
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Figure 2-2: Loading procedure on an anaesthetized rat for induction of DTPL. The rat was positioned
in a custom built apparatus. A 3 mm indenter connected to a force transducer was used to apply 44%
of the rat’s body weight 1cm below the tibialis tuberosity.
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Figure 2-3 :Bilateral nerve cuff implants. Nerve cuff'in (A) sagittal view and (B) transverse view (C)
Nerve cuffs are implanted bilaterally around the CP nerve. (D) IES protocol consisted of a 2 s “on”
period and 5 min “off” period, delivered 4h/day.
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Figure 2-4: MRI image acquisition and analysis. (4) Sagittal view of rat leg from the loading only
group (Lc) showing the region of TA with DTPI (blue box) in the experimental leg. Cross-sectional MR
slices were acquired from knee to ankle, covering the full extent of the TA muscle. (B) Cross- sectional
slices of the TA from the experimental leg (left) and the contralateral control leg (right); the region of
DTPI is the region with the bright signal in the experimental leg. (C) Region of interest for analysis
(TA in both legs) is shown in red. (D) Pixels within the region of interest with signal intensity > (mean
+ 28D) of the signal intensity of all pixels in the contralateral control TA are marked in blue. (E)
Percent volume with increased signal intensity across sequential MRI slices of the experimental and
contralateral control legs in one animal. The traces represent the three repetitions of measurements
obtained by two blinded assessors. Colored traces (trials 1-6) are from the experimental leg; black
traces (different line types for the 6 overlaid traces) are from the contralateral control legs.
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Figure 2-5: THC staining on 12 um cryosections of the rat TA muscle showing the cellular events after
DTPL. The invasion of cells into the damaged region of TA is shown in panels (A-D). Clusters of nuclei
stained positively with DAPI in the damaged region are shown in A. (B-D) Macrophage
subpopulations and satellite cells. CD 68" CD 206 —M 1 macrophages (indicated by green arrows),
CD 68" CD 206"—M?2 macrophages (indicated by orange arrows), and CD 68 CD 206 —satellite
cells (indicated by red arrows). Regenerating embryonic myosin heavy chain (eMHC) muscle fibers
are recognised in panels (E-G) — MYH3 stains for eMHC fibres. Scale bars = 75 um.
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Figure 2-6: Progression of DTPI after a one-time application of loading. (4) Muscle volume with
increase in signal intensity on days 1, 3, 5 and 7 MRI assessments in the loading only group (Lc) with
outliers (red). (B) Muscle volume with increase in signal intensity after DTPI in the Lc group after
removal of outliers. Values are mean +SE. The muscle volume with increased signal intensity was
higher in the experimental leg (white bars) during all the analysed time points compared to the
contralateral control leg (grey bars). Mean signal intensity was significantly higher on day 1 in
comparison to days 3, 5 and 7 ('p < 0.005).
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Figure 2-7: Effect of IES on the atrophied TA muscle. Shown is the muscle volume with increased
signal intensity across time points for the stimulation only group (Sc). Values are mean + SE. The
volume with increased signal intensity in the experimental leg receiving nerve cuff and stimulation
(blue column) was not significantly different from the contralateral control leg that received a nerve
cuff and no stimulation (white column) at all assessment time points (p > 0.513). Horizontal lines
represent the mean + SE of volume with increased signal intensity in the contralateral control legs for
all animals without a nerve cuff. The signal intensity between the experimental legs that received neve
cuffs and stimulation (blue column) was not different from the contralateral control legs in animals
that did not receive nerve cuffs (p = 0.991).
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Figure 2-8: Comparisons of muscle volume with increased signal intensity between the control and
treatment subgroups. Shown are the [loading only control (Lc), load with stim starting on day 1
(LSD1), load with stim starting on day 3 (LSD3) and load with stim starting on day 5 (LSD 5)] groups.
Values are mean + SE. (A) Muscle volume with increased signal intensity across all assessment time
points normalised to day 1 for the Lc and LSD1 subgroup. The control and treatment subgroup show a
significant reduction in muscle volume with increased signal intensity on days 3, 5 and 7 relative to
day 1 ('p <0.001). Moreover, there was a significant decrease in muscle volume with increased signal
intensity on the day 3 time point when stimulation started on day 1 after DTPI (LSD1, n=18) compared
to the Lc group (n=8) ("p = 0.01). The trend of reduction in muscle volume with increased signal
intensity in the LSD1 subgroup relative to the Lc group continued on the subsequent time point (day
5:9p = 0.062). (B) No significant difference between Lc and LSD3 (stim starting on day 3 after
induction of DTPI; n=38) (p = 0.671). (C) No significant difference between Lc and LSD5 (stim starting
on day 5 post induction of DTPI; n=9) (p = 0.605). (D) Merge (control and all treatment subgroups) —
Lc and LSD3 were significantly different from LSDI ("p < 0.01).
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Figure 2-9: Comparison of muscle volumes with increased signal intensity in T,-weighted images and
Ti-weighted contrast-enhanced images. Shown are the muscle volumes with increased T» (solid bars)
or T contrast-enhanced (hashed bars) signal intensity for the loading only group on days 3 and 7
(LD3 and LD7; blue and green solid bars, respectively) and the group with stim initiated on day 1 post
induction of DTPI (LSD1-3 and LSDI-7; purple and pink bars, respectively). Muscle volume with
increased signal intensity was significantly smaller in the LSDI- 7 group relative to the LD7 group in
Ti-weighted contrast-enhanced images (‘p= 0.026) indicating and smaller DTPI size.
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Figure 2-10: IHC of tissue extracted on day 7 from the loading only control (LD7) and the stim only
control (SD7). (4) Satellite cells, M1 and M2 macrophages are shown in panels (A1-12). Satellite
cells: CD68 206" (red arrows); M1 macrophages: CD 68" CD 206 (green arrows); M2
macrophages: CD 68" CD 206" (orange arrows). Scale bar = 75 um. (B) Percent of cross sectional
area (CSA) with positive staining for both Lc and Sc groups (means + SD). No statistical significance
between %CSA with positive staining for all cell groups (p > 0.228) between LD7 and SD?7.
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Figure 2-11: THC of tissue extracted on day 3 from the loading only control (LD3) and the loading
with stim initiated on day 1 post induction of DTPI (LSD1-3). (4) Satellite cells, M1 and M2
macrophages are shown in panels (A1-8). Satellite cells: CD68 206" (red arrows); MI macrophages:
CD 68" CD 206 (green arrows); M2 macrophages: CD 68" CD 206" (orange arrows). Scale bar = 75
um. (B) Percent of cross sectional area (CSA) with positive staining for all cell types in the LD3 (gray
bars) and LSD1-3 (blue, hashed bars) groups normalized to the %CSA with positive staining in the
contralateral leg (means £ SD). “p < 0.0432.
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Figure 2-12: THC of tissue extracted on day 7 from the loading only control (LD7) and the loading
with stim initiated on day 1 post induction of DTPI (LSD1-7). (4) Satellite cells, M1 and M2
macrophages are shown in panels (A41-8). Satellite cells: CD68 206" (red arrows); M1 macrophages:
CD 68" CD 206 (green arrows); M2 macrophages: CD 68" CD 206" (orange arrows). Scale bar = 75
um. (B) Percent of cross sectional area (CSA) with positive staining for all cell types in the LD7 (black
bars) and LSD1-7 (blue bars) groups normalized to the %CSA with positive staining in the
contralateral leg (means + SD). No significant difference between LD7 and LSDI-7 for any cell type (p
>0.274).
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Figure 2-13: Cross sectional area (CSA) of embryonic myosin heavy chain (eMHC) fibres in control
and treatment groups. (4) CS4 of positive and negative eMHC stained fibers from the experimental and
contralateral legs for animals in the loading only group with tissue extracted from both the
experimental and contralateral control legs on days 1, 3 or 7 (LDI, white bars, LD3, gray bars; LD?7,
black bars). “p < 0.001. (B) CSA of positive and negative eMHC stained fibers from the experimental
and contralateral legs for animals in the loading only and stimulation only groups with tissue
extracted on day 7 (LD7, black bars; SD7, red bars). p = 0.001. (C) and (D) CSA of positive and
negative eMHC stained fibers from the experimental and contralateral legs for animals in the loading
only and loading with stim initiated on day 1 post induction of DTPI with tissue extracted on days 3
(LD3, gray bars; LSD1-3, blue, hashed bars) or 7 (LD7, black bars; LSDI-7, blue bars). There was no
significant difference in the size of positive and negative eMHC stained fibers between the groups (p >
0.277).
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3. Conclusions and Future Directions
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3.1. Summary

Despite advances in the treatment of pressure injuries over the past 60 years, there is
no one method that is proven beneficial over the other, the incidence rate has not changed.
Moreover, treatments for DPTI that prevent its progression to an open wound currently do
not exist. The underlying mechanisms for the formation of DTPI involve mechanical and
vascular (ischemia and ischemia/reperfusion injury) pathways as a result of prolonged

pressure (Kosiak, 1961; Dinsdale, 1973; Bouten et al., 2003a).

Previously, IES was shown to be an effective preventive method for DTPI that
directly addressed both pathways leading to its formation. IES delivered in bouts of 10 s-
duration followed by 10 min-rest periods produce muscle contractions that mimic the
fidgeting movements performed by able-bodied individuals to relieve discomfort while
seated or lying down (Solis et al., 2007, 2011). Specifically, the IES-induced contraction of
gluteus maximus muscle relieve pressure around the ischial tuberosities and improve tissue
oxygenation in able-bodied and SCI individuals (Solis et al., 2007, 2011; Gyawali et al.,
2011). IES was also effective in preventing the onset of DTPI in partially SCI pigs subjected
loading for 4h/day for 4 weeks (Solis et al., 2013). In addition, the IES intervention was
applied for an extended period in clinical settings, and was found to be safe, feasible and
acceptable among the study participants and clinical staff (Ahmetovic¢ et al., 2015; Kane et

al., 2017). Collectively, IES is a technique for preventing the formation of DTPI.

The overall goal of my project was to develop for the first time, IES as a treatment
technique for an already formed DTPI to halt and reverse its advancement towards the skin.
The current study looked at DTPI progression with/without IES in a rat model with SCI. The

IES stimulation paradigm consisted of low amplitudes of electrical current causing minimal
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contractions in the muscle with DTPI. My IES paradigm differed substantially from the
paradigm used for the prevention of DPTI formation. Specifically, I used a 2s “on” period
followed by a 5 min “off” period for 4 hours/day after a DPTI had already formed, and
monitored the rate of DTPI healing. I compared the rate of healing with IES to that without

IES.

The short bouts of IES at low amplitudes were intended to prevent already damaged
tissue from worsening. I posited that the frequent small muscle contractions would diffuse
edema from the site of injury and improve tissue oxygenation; therefore, expediting the

healing process.

MRI results demonstrated a significant decrease in edema on day 3 post-induction of
DTPI (T2-weighted MRI) and a significant decrease in the size of injury on day 7 (T;-
weighted contrast-enhanced MRI) when the delivery of IES started on day 1 post-DTPI
induction and ended on day 7. IHC results showed a significant increase in satellite cells,
M1, and M2 macrophages on day 3 after DTPI. The results of this thesis propose a potential
treatment option at an early stage of DTPI that may prevent the progression of injury towards
the skin by reducing edema in the acute phase, and over time decrease the overall extent and

size of DTPL

3.2. Limitations

The loading only control group (Lc) underwent a natural healing process that reduced
the extent of edema over time as demonstrated using T>-weighted MRI. This was because a
one-time load application to induce DTPI was used. Nonetheless, persistent edema and

injury in the Lc group was seen with both the T;-weighted and Ti-weighted contrast-
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enhanced MRI, respectively. The effects of IES on the healing of a DPTI were likely smaller
than would have been seen had multiple loading sessions been administered. Moreover, the
effects of IES application at time points other than the first day post-DTPI induction may

have been more substantial had multiple loading sessions been used.

While Tr-weighted MRI was obtained for all animal subgroups, Ti-weighted
contrast-enhanced MRI indicating the size of persistent injury (Appendix 1) could not be
obtained for all animals in the stimulation only (Sc) and loading with IES (LSt) groups. This
was because the contrast agent for Ti-weighted contrast-enhanced MRI was administered
intravenously on the final assessment day in each subgroup, during which an intravenous
catheter was inserted in the jugular vein. Therefore, comparisons between Lc and LSt using
Ti-weighted contrast-enhanced MRI could not be performed at all time points. It may have
been possible to detect a significant difference in the size of a DPTI on day 5 between the
Lc and LSt groups with Ti-weighted contrast-enhanced MRI indicating an earlier effect of

IES. Nonetheless, a difference was detected on day 7.

[HC showed satellite cells fused into new myofibers (identified by the developmental
marker, eMHC) in tissue extracted on day 3, and mature myofibers in tissue extracted on day
7. On these days, no significant difference was detected in the eMHC-labeled fibers between
the Lc group and the LSt subgroup with IES starting on day 1. This is likely because day 3 is
too early for the detection of eMHC-labeled fibers in both groups. Moreover, day 7 may have
either also been too early for the development of regenerated myofibers since tissue
regeneration and remodelling can extend to 4 weeks depending on the severity of injury
(Mackey et al., 2017), or the natural healing process after the one-time application of loading

obscured the effect of IES.
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3.3. Future directions

An extension to this study would be to look at a paradigm with multiple loading
sessions followed by application of IES to study the effectiveness of the intervention. This
would be a closer model to DTPI occurrence in clinical settings. Previously, application of
IES to prevent DTPI formation as a result of daily loading was studied in paralyzed pigs
(Solis et al., 2013). The results showed that IES, when applied every day for one month,
prevented the formation of DTPI (Solis et al., 2013). A similar model could be used to study
the effectiveness of the IES intervention as a treatment technique on the progression of an
already formed DTPI. In addition, the current study looked at a single stimulation paradigm
that was applied after DTPI formation. The effect of other stimulation parameters (e.g., pulse
width, pulse frequency, durations of “on” and “off”’) may have an effect on the rate of

healing.

In Chapter 2, the T2-weighted MRI findings for DTPI progression in paralyzed rats
were emphasized to compare the control and treatment subgroups. Ti-weighted contrast-
enhanced MRI sequences were acquired at one time-point (i.e., day 7) for the treatment
subgroups. Information from Tz-weighted and Ti-weighted contrast-enhanced MRI
sequences are useful to provide a more in depth knowledge regarding the effects of IES in
the acute and chronic stages of DTPI. A larger animal model (e.g., pig model) may be used

to address this limitation in future studies.

The THC results showed an increase in satellite cells, M1, and M2 macrophages in
tissue collected on day 3 after DTPI. However, there was no difference in these cells on day
7 after DTPI. While the peak in the satellite cell response is at 7-8 days after injury in humans

(Mackey et al., 2017), a peak in animal studies were observed between 2-7 days (Ciciliot and
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Schiaffino, 2010). We were not able to address the difference in eMHC on day 3 as this time
point is too early for the formation of new myofibers. Some papers suggest that the peak in
regenerating fibers is seen at two weeks in animals (Ciciliot and Schiaffino, 2010). A long
term animal model (i.e., weeks) will be able to address these limitations related to changes

in the regenerating fibers.

Although previous studies have shown the rate of tissue regeneration in various
animal models such as mouse, rat, and pigs, there appears to be limited information about
human muscle regeneration. This can make the direct comparison between animal models
and humans challenging. The stimulation parameters and results from the animal work could
be consolidated to develop a device that is non-invasive and user friendly for use in humans.
The progression of DTPI with the application of IES intervention using these devices in
humans is a realistic future development. IES may prove to be an innocuous yet effect means

for treating DTPI, a devastating condition that currently has no known treatment.
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Appendix A

Comparing the progression of deep tissue pressure
injury using T>-weighted and T;-weighted contrast-
enhanced MRI in Skeletal Muscle.
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A.l. Introduction

Contrast-enhanced MRI studies the pharmacokinetics of contrast agent in the blood
vessels, interstitial space, and extracellular space (Kim et al., 2009). In this MRI technique
images are acquired prior to the intravenous administration of a contrast agent (baseline) and

subsequently after (O’Connor et al., 2011).

Ti-weighted contrast-enhanced MRI is currently used as a method for measuring the
size of a cardiac infarct in individuals with a previous or suspected myocardial infarction
(MI) (Abdel-Aty et al., 2004; Roes et al., 2007; Kim et al., 2009; Klocke, 2010). Information
gained from this imaging modality complements information provided by biomarkers such
as troponins and creatinine kinase, and echocardiography to predict MI prognosis (Abdel-
Aty et al., 2004; Roes et al., 2007). In particular, Ti-weighted contrast-enhanced MRI helps
delineate very small and subendocardial infarcts that are not detected by biomarkers, with
high spatial resolution and precision. Clinical outcome after an irreversible myocardial injury
has been best predicted by infarct size compared to other methods (Abdel-Aty et al., 2004;
Kelle et al., 2009). Moreover, while functional recovery after MI shows high correlation
between infarct size and creatinine kinase levels (Kelle et al., 2009), contrast- enhanced MRI

provides accurate measures of the size and location of myocardial injury.

Acute MI produces an inflammatory response within afew hours after ischemia that
persists for 7 days. The initial response which occurs at 4 — 12 hours after M, is marked by
neutrophil infiltration and edema formation (Chapman et al., 2017). Subsequent reperfusion
after ischemia can accentuate the myocardial injury and inflammatory response. With
gradual healing of myocardial injury, edema resolves followed by scar formation. There is

substantial literature on the use of T2-weighted MRI in the first few days and weeks after MI
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showing edema associated with an acute MI that resolves with time (Abdel-Aty et al., 2004;
Klocke, 2010; Raman et al., 2010). However, edema after MI may not necessarily indicate
irreversible myocardial injury. The injury is often followed by scar formation in the chronic
phase that is best delineated with Ti-weighted contrast-enhanced MRI (Mahrholdt et al.,
2002; Abdel-Aty et al., 2004; Kelle et al., 2009; Klocke, 2010). Combining the information
from both T»-weighted images and Ti-weighted contrast-enhanced images may provide
extensive information about the acute and recovery phases after an ischemic myocardial

injury (Abdel-Aty et al., 2004).

Previous work in the progression of musculoskeletal injury commonly used T»-
weighted MRI; however, Ti-weighted contrast enhanced MRI for injury progression has not,
to the best of my knowledge, been used. In Chapter 2, I demonstrated the progression of
DTPI after skeletal muscle injury using T>-weighted MRI. The findings showed anincrease
in the T signal intensity on day 1 after loading (induction of DTPI) compared to days 3, 5,
and 7, indicative of tissue edema at DTPI onset. In this study, Ti-weighted contrast-enhanced
MRI was used to study DTPI progression with/without IES on days 1, 3, 5, and 7 after the

induction of DTPI and the results were compared to findings from T>-weighted MRI.

A.2. Methods

All experimental procedures were approved by the University of Alberta Animal
Care and Use Committee. The experimental timeline and protocol are as described in
Chapter 2. Briefly, experiments were conducted in adult female Sprague Dawley rats, which
received spinal cord transection at the T8 level resulting in paralysis of the hind limbs. The

rats were randomly assigned to loading only control (Lc; n = 31), stimulation only control
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(Sc; n = 25), and loading with stimulation treatment (LSt; n = 33) groups. The rats from Lc
and LSt received loading to the tibialis anterior muscle two weeks after the spinal transection,
to induce a DTPI (described in section 2.3.2). The progression of the DTPI was assessed on

days 1, 3, 5, and 7 using MRL

On the day of MRI assessments, the rats were positioned in Siemens Hand and Wrist
RF coil with the hind limbs aligned and secured with Velcro straps. Three MRI sequences
were used to acquire the images: 1) T2-weighted turbo spin echo (TSE), Ti-weighted 2D
FLASH (pre-contrast), and Ti-weighted 2D FLASH with contrast. The contrast agent
(Magnavist = 0.1ml) was injected via an intravenous catheter through the jugular vein. A
series of 30 images of slice thickness Imm were obtained from knee to ankle, with the

parameters described in Chapter 2.

The MR images were analysed by 2 individuals (3 trials each) using a custom written
MATLAB program (Mathworks, Cambridge, MA) (described in section 2.3.5). The total
pixels exhibiting increased signal intensity in slices of the tibialis anterior muscle from the
knee to ankle were used to identify the percentage of muscle volume with DTPI. In this
chapter, the T2-weighted MRI and Ti-weighted contrast enhanced MRI findings for all

groups are discussed.

A one-way ANOVA was performed to determine the total muscle volume exhibiting
a change in signal intensity in T>-weighted images and Ti-weighted contrast enhanced
images across time points. A two-way ANOVA was conducted to compare the total muscle
volume exhibiting a change in signal intensity (dependent variable) as a function of imaging
technique and study group (independent variables). Least Significance Difference or

Tukey’s Honestly Significant Difference post-hoc tests were used for post-hoc analyses.
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Differences with p < 0.05 were considered significant.

A.3. Results

A comparison of DTPI progression in a subgroup of Lc animals that had undergone
both T>-weighted imaging and Ti-weighted contrast-enhanced imaging is shown in Figure
4-1A. Tr-weighted MRI showed a significant increase in muscle volume exhibiting increased
signal intensity on day 1 compared to days 3, 5, and 7 (one-way ANOVA; *p < 0.002). In
contrast, the Ti-weighted contrast-enhanced MRI indicated no difference across the time
points (one-way ANOVA; p < 0.135). Secondly, there was a significant difference in the
percentage of muscle volume with increased signal intensity between the T>-weighted and
T1-weighted contrast-enhanced MRI groups on day 1 time-point (two-way ANOVA; *p

<0.001).

Figure 4-1B compares the findings from T2-weighted MRI and T:1-weighted contrast-
enhanced MRI for the subgroup of Sc animals that had undergone both methods of imaging.
There was no significant difference in the muscle volume with increased signal intensity of
the stimulated leg obtained by both MRI sequences (one ANOVA; p < 0.10). In addition,
there was no significant difference between the experimental and contralateral control leg

using the two MRI sequences (two-way ANOVA; p < 0.09).

In Figure 4-2, the percentage of muscle volume with increased signal intensity was
compared using Tz-weighted MRI and T;-weighted contrast-enhanced MRI for
animalswith/without IES on days 3 and 7. There was a significant difference between the Lc

and LSt subgroups on day 7 using Ti-weighted contrast-enhanced MRI (independent t-test;
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*p < 0.026). Interestingly, there was no significant difference between the other subgroups
comparing the days 3 and 7 with/without IES using T>-weighted and Ti-weighted contrast-

enhanced MRI (independent t-test; p < 0.437).

A.4. Discussion

The overall goal of this study was to assess the progression of DTPI in skeletal
muscle with and without IES using two imaging techniques: T>-weighted and Ti-weighted
contrast-enhanced MRI. The T>-weighted MRI findings indicate a significant reduction in
the percentage of muscle volume exhibiting increased signal intensity on days 3, 5, and 7
compared to day 1. There was also a significant difference between the two imaging
techniques on the day 1 time point. However, Ti-weighted contrast-enhanced MRI in the
same rats showed no statistical difference across time points. These results support the
findings on MI progression using T>-weighted and Ti-weighted contrast-enhanced MRI,
wherein the initial response to the injury is seen as an increased signal intensity on day 1
with T2-weighted MRI, which resolves on the subsequent days. This increase in the signal
intensity is a result of tissue edema in the acute phase of injury. Whereas, the Ti-weighted
contrast-enhanced MRI delineates scar formation in the chronic phase of DTPI. Collectively,
the T>-weighted and Ti-weighted contrast-enhanced MRI sequences are useful to provide
information on tissue damage in both the acute and chronic stages. To the best of my

knowledge, this is the first time that these two MRI sequences were compared in skeletal

muscle.

In Chapter 2, I demonstrated the effect of IES, initiated on day 1 post-induction of

DPTI, on the reduction of tissue edema (measured on day 3). The effect of IES initiated on

103



day 1 post-induction of DPTI on tissue edema measured on days 5 and 7 could not be
detected (in comparison to the Lc group) using Tz-weighted MRI. In this study, the size of
DTPI on day 7 was significantly different between the groups with and without IES (LSt,
Lc) using T1-weighted contrast-enhanced MRI. This suggests that the actual size of the injury
on day 7 was significantly reduced by the use of IES when initiated on day 1 post-DTPI,
confirming that IES may act by reducing the edema in the initial phase of DPTI and the size

of injury in the chronic phase DTPI (day 7).
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A.5. Figures
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Figure A-1: Damage progression with T2-weighted & contrast-enhanced MRI. 4) Comparison of
muscle volume with increased signal intensity for loading only control (Lc) subgroups on days 1, 3, 5,
and 7 using T>-weighted (black) and Ti-weighted contrast-enhanced MRI (purple) (mean £+ SE). T»>-
weighted MRI showed a significant decrease in signal intensity on days 3, 5, and 7 ('p < 0.002). There
was also a significant difference between the two MRI sequences on the day 1 time-point (‘p < 0.001).
B) Comparison of T>-weighted (blue) and T;-weighted contrast-enhanced MRI (orange) for Sc
subgroups (mean +SE). There was no statistical difference between the experimental and contralateral
control legs using both MRI sequences (p <0.100).
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Figure A-2: Damage progression with/without [ES using T2-weighted & contrast-enhanced MR
Comparison of T2-weighted and contrast-enhanced MRI with/without IES on days 3 and 7 (mean +
SE). The day 7 contrast-enhanced MRI (green bar) in the absence of IES was significantly different
from the group that received IES initiating on day 1 and ending on day 7 (pink) (*p <0.026).
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