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ABSTRACT 

The main goal of this thesis was to develop a novel intervention named 

Intermittent Electrical Stimulation (IES) to prevent the formation of deep tissue 

injury (DTI) in immobilized individuals, in particular those with spinal cord 

injury. Deep tissue injury is a type of pressure ulcer that originates at the deep 

bone-muscle interface due to the prolonged entrapment of soft tissue between a 

bony prominence and an external surface. Intermittent electrical stimulation is 

applied to muscles at risk of developing DTI and works by eliciting periodic 

muscle contractions in cycles of 10 seconds “ON” followed by a period of 10 

minutes “OFF”, replicating the subconscious repositioning performed by able 

bodied individuals in response to sitting discomfort. These periodic IES-elicited 

muscle contractions are able to counteract both the mechanical and vascular 

factors leading to DTI. Four studies were conducted to test the effects of IES 

within the muscle and its effectiveness to prevent DTI. In able-bodied volunteers 

the use of IES reduced and redistributed superficial pressure around the ischial 

tuberosities. In addition, it increased the level of muscle oxygenation immediately 

after the IES-induced muscle contraction, and kept it elevated throughout the 

entire duration of each IES “OFF” phase.  In studies conducted in adult pigs both 

intact and with spinal cord injury, the results of this thesis showed that peak 

internal pressures due to external loading was localized within a 2cm area 

centered around the ischial tuberosities. Peak internal pressures were 

approximately 2 times higher than peak superficial pressures. The use of IES 

effectively reduced internal pressure levels around the ischial tuberosities and 



 

 

 

redistributed internal pressure levels away from the ischial tuberosities during 

each IES-induced contraction. The effectiveness of IES was demonstrated in a 

study in adult pigs with injured spinal cords and atrophied muscles. An external 

load equivalent to 25% of body weight was applied to the paralyzed limb of each 

animal every day for 4hrs a day for 1 month. In the group of pigs that received the 

application of IES the extent of DTI was significantly less (8%) compared to the 

extent of DTI in the control group (48%).  
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INTRODUCTION 

Overview 

Pressure ulcers, commonly known as bed sores or pressure sores, are a major 

complication associated with people with reduced mobility and/or loss of 

sensation, and constitute a severe health care concern. Pressure ulcers develop as 

a result of skin breakdown due to continuous surface abrasion, moisture and poor 

hygiene, or as a consequence of deep muscle necrosis due to localized and 

sustained external pressure. The estimated annual cost of only treating those 

pressure ulcers that develop during a hospital stay is $11 billion in the United 

States [1-2].  

 

Incidence of Pressure Ulcers 

Populations at risk of developing pressure ulcers are primarily those who are 

confined to a bed or are dependent on a wheelchair for daily mobility. They 

include the elderly; residents of long-term care facilities and nursing homes; 

patients in acute and critical care units; patients who undergo lengthy surgeries; 

people with bone and joint disease, vasculopathies associated with diabetes, or 

cardiovascular failure; and those with neurological insults such as spinal cord 

injury, stroke or multiple sclerosis [3-8]. Although the risk of pressure ulcers 

increases with age reaching an incidence rate of 85% in the elderly [9], pressure 

ulcers can also develop in immobilized infants and children. The incidence rates 

of pressure ulcers in pediatric intensive care units are reported to be as high as 

27% [10]. 

A version of this chapter has been published . Solis et al. “Mechanisms and Prevention of Deep 

Tissue Injury.” In: The Pathomechanics of Tissue Injury and Disease, and the Mechanophysiology 

of Healing. A. Gefen (ed), 2009. 
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Pressure ulcers can develop within a few hours of immobilization [11]; their 

incidence rate due to long surgeries and in acute and critical care settings are as 

high as 40% [7-8]. Individuals with spinal cord injury are among those most at 

risk of developing pressure ulcers due to their impaired sensation and atrophied 

muscles. Impaired sensation compromises judgment regarding the state of 

muscles and skin [12], and atrophied muscles reduce the tissue‟s natural 

cushioning abilities [13]. Twenty nine (29%) to 80% of individuals with spinal 

cord injury develop pressure ulcers [6], with incidence rates varying depending on 

the level and completeness of injury [14-16].  

 

Treating deep pressure ulcers is a difficult process; severe ulcers require an 

average hospital stay of 2 months and cost $15,800 to $72,680 per ulcer to heal 

[17-18]. After their discharge, patients are at higher risk of developing a recurring 

ulcer primarily due to scar formation and compromised tissue integrity [7]. Deep 

scars act as promoters for pressure ulcer development because of their 

mismatched mechanical properties with the surrounding muscle; this results in 

heightened pressures between the tissue layers and increased tendencies for 

inducing ischemia in the adjoining soft tissue. Niazi et al. [19] reported a pressure 

ulcer recurrence rate of 91% in wheelchair-dependent individuals with spinal cord 

injury. 

 

In addition to the financial consequences, pressure ulcers lead to further 

debilitation in individuals whose physical abilities are already compromised, 
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further reducing general independence and productivity, and lowering self-esteem 

and self-worth [20]. Overall, the physical and psychological toll of pressure ulcers 

results in a considerable decrease in the quality of life.  

 

Pressure ulcer classifications 

 Pressure ulcers can develop in two forms: either developing at the level of the 

skin and progressing to affect the underlying fat, muscle and bone tissue, or in 

deep muscle tissue and progress towards the skin after destroying the surrounding 

tissue. Candidate factors for ulcers originating at the skin are friction between 

skin and an external surface, tissue hygiene, moisture, temperature, circulatory 

integrity, and nutrition [21]. This class of ulcers has long been recognized 

clinically and a staging system has been developed to assess the state of 

progression of these ulcers. The most frequently used staging system in North 

America is set forth by the National Pressure Ulcer Advisory Panel (NPUAP) in 

the United States. Detected ulcers are classified into different stages, ranging from 

discoloration of intact skin to full-thickness skin loss and tissue damage that 

extends to the underlying bone, muscle and fat [22]. The classified stages are as 

follow: 

 

Category/Stage I: Non-blanchable erythema 

Intact skin with non-blanchable redness of a localized area usually over a 

bony prominence. Darkly pigmented skin may not have visible blanching; its 

color may differ from the surrounding area. The area may be painful, firm, soft, 
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warmer or cooler as compared to adjacent tissue. Category I may be difficult to 

detect in individuals with dark skin tones. May indicate “at risk” persons. 

 

Category/Stage II: Partial thickness  

Partial thickness loss of dermis presenting as a shallow open ulcer with a 

red pink wound bed, without slough. May also present as an intact or 

open/ruptured serum-filled or sero-sanginous filled blister.Presents as a shiny or 

dry shallow ulcer without slough or bruising*. This category should not be used to 

describe skin tears, tape burns, incontinence associated dermatitis, maceration 

or excoriation. 

*Bruising indicates deep tissue injury. 

 

Category/Stage III: Full thickness skin loss  

Full thickness tissue loss. Subcutaneous fat may be visible but bone, 

tendon or muscle are not exposed. Slough may be present but does not obscure 

the depth of tissue loss. May include undermining and tunneling. The depth of 

a Category/Stage III pressure ulcer varies by anatomical location. The bridge of 

the nose, ear, occiput and malleolus do not have (adipose) subcutaneous tissue 

and Category/Stage III ulcers can be shallow. In contrast, areas of 

significant adiposity can develop extremely deep Category/Stage III pressure 

ulcers. Bone/tendon is not visible or directly palpable. 
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Category/Stage IV: Full thickness tissue loss  

Full thickness tissue loss with exposed bone, tendon or muscle. Slough or 

eschar may be present. Often includes undermining and tunneling. The depth of 

a Category/Stage IV pressure ulcer varies by anatomical location. The bridge 

of the nose, ear, occiput and malleolus do not have (adipose) subcutaneous 

tissue and these ulcers can be shallow. Category/Stage IV ulcers can extend 

into muscle and/or supporting structures (e.g., fascia, tendon or joint capsule) 

making osteomyelitis or osteitis likely to occur. Exposed bone/muscle is visible or 

directly palpable. 

 

Unstageable/Unclassified: Full thickness skin or tissue loss – depth unknown 

Full thickness tissue loss in which actual depth of the ulcer is 

completely obscured by slough (yellow, tan, gray, green or brown) and/or eschar 

(tan, brown or black) in the wound bed. Until enough slough and/or eschar are 

removed to expose the base of the wound, the true depth cannot be determined; 

but it will be either a Category/Stage III or IV. Stable (dry, adherent, intact 

without erythema or fluctuance) eschar on the heels serves as “the body‟s natural 

(biological) cover” and should not be removed. 

 

Suspected Deep Tissue Injury – depth unknown  

Purple or maroon localized area of discolored intact skin or blood-filled 

blister due to damage of underlying soft tissue from pressure and/or shear. The 
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area may be preceded by tissue that is painful, firm, mushy, boggy, warmer or 

cooler as compared to adjacent tissue. Deep tissue injury may be difficult to detect 

in individuals with dark skin tones. Evolution may include a thin blister over a 

dark wound bed. The wound may further evolve and become covered by thin 

eschar. Evolution may be rapid exposing additional layers of tissue even with 

optimal treatment. 

 

 A similar system set forth by the European Pressure Ulcer Advisory Panel 

(EPUAP) is utilized in Europe. These systems help to assess and classify those 

who have developed a pressure ulcer in order to prescribe the best treatment for 

them. 

 

 The leading factor for the formation of ulcers of deep origin is the entrapment 

and compression of tissue between a bony prominence and an external hard 

surface for extended periods of time [7, 13, 21, 23-25]. This class of ulcers has 

only been recently acknowledged clinically, and it was not until 2001 that the 

NPUAP defined this type of pressure ulcer as “deep tissue injury” (DTI). Ulcers 

of deep origin are the more perilous ulcers as they are difficult to detect and cause 

severe damage in bone, ligament, muscle, and fat tissue prior to exhibiting 

obvious skin signs. The most susceptible location for DTI formation in 

wheelchair-dependent individuals is the tissue over the ischial tuberosities where 

muscle-bone interface forces are greatest [26-28]. Ischial ulcers represent 24% of 

the total incidence of pressure ulcers in all groups at risk [29].  
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Detection of pressure ulcers 

 Current clinically available techniques to detect and assess pressure ulcers  

focus mainly on the condition of the skin and are insensitive to the breakdown of 

the underlying muscle tissue [30]. Skin inspections of the body regions commonly 

susceptible to pressure ulcer development are performed routinely to identify 

signs of skin discoloration or breakdown in a timely manner. Although this 

detection method has some limitations to properly detect ulcers of superficial 

origin, particularly in individuals with darkly pigmented skin [31], it is 

completely insensitive to the early development of DTI.   

 

 Due to the absence of clinical detection methods of DTI, it is difficult to 

differentiate between the incidence rates of ulcers due to DTI and those due to 

superficial skin injury in the literature. Different methods have been attempted in 

research studies with the goal of developing early detection techniques for DTI. 

These methods include measuring different biochemical markers present in sweat 

[32-33] or blood [34], either directly, or through the use of indirect methods like 

near infra-red spectroscopy [35]. Imaging techniques like magnetic resonance 

imaging (MRI) [36-38] and ultrasound [39] have also been utilized. In spite of 

varying degrees of success at detecting early signs of DTI in controlled studies, 

none of these methods are currently feasible as clinical detection tools for DTI.   
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Mechanisms of Deep Tissue Injury 

 An understanding of the underlying factors resulting in the development of the 

different classes of pressure ulcers is essential for devising effective methods for 

risk assessment and prevention of these ulcers [25]. Numerous studies have been 

conducted over the past 50 years with the goal of understanding the mechanism 

by which sustained pressure leads to the formation of a pressure ulcer. One of the 

most studied pathways is that of ischemia and subsequent reperfusion, which 

arises when the pressure levels applied to soft tissue interrupt blood flow through 

the capillaries for prolonged durations. Another pathway, studied to a lesser 

extent, is that of the direct effect of mechanical deformation on soft tissue. This 

section discusses the manner in which ischemia/reperfusion and mechanical 

deformation contribute to the onset of DTI.  

 

Ischemia/Reperfusion 

 In order to maintain sufficient energy stores, and thus cell health, tissue 

requires a steady supply of oxygen and nutrients as well as constant removal of 

metabolic wastes. Capillaries subjected to pressures greater than their perfusion 

pressures become occluded, halting this necessary exchange [21]. Extended 

loading of the tissue, causing prolonged ischemia of the surrounding region, 

renders cells unable to function properly [40-42]. Restoring blood flow to this 

injured tissue, while necessary, can paradoxically further the tissue damage [43-

46]. In fact, cellular damage following ischemia-reperfusion injury is more severe 

than the damage incurred after ischemia alone, and is a primary factor in pressure 
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ulcer development [43].  

 

 The duration of cell survival under limited blood flow varies with cell type. 

Due to its high energy demands, muscle tissue is extensively vascularized, and in 

turn, is especially sensitive to interruptions in blood flow [28, 47-48]. This 

sensitivity renders muscle more susceptible to ischemic injury than skin, which  

has a lower metabolic rate, and accordingly, is less vascularized. 

 

 Normally, cells maintain homeostasis by creating, storing and utilizing energy 

in the form of adenosine triphosphate (ATP). Under aerobic conditions, glycolysis 

and oxidative phosphorylation work consecutively to generate ATP by completely 

oxidizing glucose. Glycolysis creates 2 moles of ATP by breaking glucose down 

to pyruvate. In the presence of oxygen, pyruvate undergoes a sequence of 

enzyme-assisted conversions, known as the citric acid cycle. These reactions 

generate NADH or NADPH which are electron carriers in their reduced forms 

that are shunted to a respiratory complex in the mitochondria. Here, the electrons 

move through a series of enzyme complexes, transferring large amounts of energy 

that is harnessed by the cell to create 34 moles of ATP per cycle. Aerobic 

conditions are necessary for the post-glycolysis process of oxidative 

phosphorylation, as molecular oxygen is the final electron acceptor within the 

respiratory complex. The final products are CO2 and water.  
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Ischemia 

 In the absence of oxygen, cells are forced to give up the high yielding 

oxidative phosphorylation cycle, for the much less effective anaerobic process. 

ATP can be generated anaerobically for a short period of time, by using creatine 

phosphate as an ATP substrate or through glycolysis. Creatine phosphate 

combines with adenosine diphosphate (ADP) to form ATP. In the first three hours 

of ischemia, this pathway produces enough ATP to compensate the effects of 

losing oxidative phosphorylation. Beyond this window, creatine phosphate stores 

are exhausted and only glycolysis is available for ATP formation. Depletion of 

energy levels is accelerated as the rate of energy production by these pathways 

cannot meet the rate of consumption [49-50]. After 4 hours of ischemia, there is a 

96% drop in ATP levels in muscle cells [51]. 

 

In the absence of ATP, the Na
+
K

+
-ATPase ion pumps cannot maintain the 

necessary ion gradients across the cell membrane. K
+
 diffuses out of the cell while 

Na
+
, Ca

2+ 
and water accumulate inside the cell [52] leading to swelling and 

eventual rupture of the cell membrane.  It is also proposed that ischemic 

conditions force the mitochondrial permeability transition pore (MPTP) open. 

This pore extends through the outer and inner mitochondrial matrix, connecting 

the inner mitochondrial matrix to the cytosol. As a potent signaling molecule, 

Ca
2+

is carefully compartmentalized within the mitochondria. Inappropriate 

opening of the MPTP allows Ca
2+

 to move from the mitochondria into the cell 

[53-55]. Unexpected surges in Ca
2+

 damage the mitochondrial electron transport 
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chain - increasing free radical production, as well as activate Ca
2+

-dependent 

proteases and nucleases, triggering apoptosis directly [55-60]. 

  

 Additionally, without blood flow, glycolysis products rise to cytotoxic levels. 

Under anaerobic conditions, the pyruvate created from glycolysis is converted 

into lactate in the cytoplasm, instead of being transported into the mitochondria 

for further oxidation. The conversion of pyruvate to lactate generates hydrogen 

ions as lactate reconfigures in the cytosol to lactic acid, and therefore prolonged 

ischemia can result in cellular acidosis. Lactic acid levels increase 10-fold over 4 

hours of ischemia [61-63], compromising cellular function by inducing clumping 

of nuclear chromatin, and inactivation of DNA and enzymes [43, 62]. The Cori 

cycle, the metabolic pathway by which lactate is converted back into glucose by 

the liver is also interrupted with the lack of blood flow, contributing to the 

accumulation of lactate within the ischemic region.  

 

Skeletal muscle death is highly correlated to ATP depletion, which is 

associated to the duration of ischemia. In fact, the relationship between the 

duration of ischemia and extent of tissue necrosis approaches an exponential 

curve. Labbe et al. [64] found that after 3, 4, and 5 hours of ischemia the 

proportion of skeletal muscle affected by necrosis increased from 2 to 30 to 90%, 

respectively. The earlier-described depletion of substrates as alternate methods of 

ATP production explain how the damage progresses from mild at 3 hours (2% 

necrosis) to extensive within 5 hours (90% necrosis).  



 

12 

 

 

 The extent of damage is also dependent on the tissue‟s ability to restore ATP 

levels following ischemia. Skeletal muscle can quickly reestablish pre-ischemic 

levels of ATP following ischemic periods of less than an hour, allowing the cell to 

resume normal function. However, tissues subjected to ischemia for longer than 4 

hours take much longer to regenerate their energy supply as ATP formation itself 

costs energy, and cellular ATP levels is scarce after 4 hours of ischemia [63].   

 

Reperfusion 

 While the restoration of blood flow is critical for cell and tissue survival, 

reperfusion following prolonged periods of ischemia can further cellular injury 

[43, 65]. In fact, reperfusion based events, including activation of inflammation 

cascades, infiltration of leukocytes, generation of reactive oxygen species, and 

Ca
2+

 overload, make ischemia-reperfusion injury more detrimental than ischemia 

alone [5, 43-44, 61, 63, 66] . 

  

 The hypoxic environment resulting from interrupted blood flow stimulates 

blood vessel dilation. Upon reperfusion, the induced vasodilation allows for 

increased blood flow and oxygen to the ischemic area, a phenomenon known as 

reactive hyperemia. The peak and duration of the reactive hyperemia is inversely 

proportional to the duration of ischemia [67]. Oxygen in the returning blood is a 

primary cause of reperfusion injury [68] as it combines with free radical 

substrates that have accumulated during ischemia. Accordingly, longer periods of 
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ischemia generate higher levels of reactive free radicals, resulting in greater 

damage during reperfusion. Significant reduction in cell damage and skeletal 

muscle necrosis is observed by using deoxygenated blood or reintroducing 

oxygen gradually into the reperfusate post-ischemia [68]. Additionally, using free 

radical scavengers with deoxygenated blood resulted in further reductions in post-

ischemic necrosis [69], directly linking free radicals as primary causes of damage. 

 

 The formation of these free radicals is initiated by the original ischemic 

conditions. Without oxygen, the cell‟s ability to convert ADP to ATP is 

significantly reduced. The increasing levels of ADP are broken down into 

hypoxanthine. However, under ischemic conditions the enzyme that normally 

breaks down hypoxanthine, xanthine dehydrogenase (XDH), is converted to 

xanthine oxidase (XO), causing hypoxanthine to build up during ischemia [44, 

70]. Although not entirely understood, this conversion has been found to be 

modulated in varying degrees by the levels of NADPH oxidase, nitric oxide (NO), 

hydrogen peroxide (H2O2), and calcium (Ca
2+

).[71-72]     

 

 Post-ischemia, the reintroduced oxygen reacts with hypoxanthine and 

xanthine. Both reactions are catalyzed by XO and form reactive oxygen species, 

notably superoxide, hydrogen peroxide and the hydroxyl radical. In prolonged 

ischemia, the reactive oxygen species overwhelm the cell‟s free radical 

scavengers [73-74], leading to oxidative damage. The reactive oxygen species 

attack lipids, enzymes, proteins and DNA. Injury to the lipid-based membranes 
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within and surrounding the cell results in leakage of autolytic enzymes, apoptotic 

factors, reactive compounds and ions (like Ca
2+

) into the extra-cellular 

environment [75-77]. Oxidative stress to structural proteins, enzymes and DNA 

renders the cell unable to undergo tasks essential to cell survival. Collectively, the 

structural and functional damage resulting from reperfusion reactive oxygen 

species directs the cell towards death [5, 43-44, 63, 66].  

 

 Another significant factor resulting in cell and tissue death in reperfusion 

injury is damage to the vasculature itself. The endothelium is a single layer of 

cells lining all blood vessels in the body. It is in direct contact with the blood cells 

and the vasculature, and intensively regulates both environments, maintaining 

both vascular and total internal homeostasis [78-79]. Damage to the endothelium 

results in microvasculature dysfunction, heightening the effects of ischemic-

reperfusion injury [80]. Distressing stimuli, such as ischemia-based release of 

cytotoxic compounds, shifts the endothelium from a „resting‟ condition to a 

proinflammatory state[68]. Leukocytes and platelets migrate to the distressed site 

and adhere to the endothelium [81-83]. The cytotoxic compounds released by 

dying cells activate leukocytes, which release their own toxic substances. The 

autolytic enzymes and reactive oxygen species released in this cycle damage 

healthy cells in the microvasculature and surrounding environment [84-86]. 

Structural damage to the endothelial cell layer allows large proteins and 

molecules to leak out, resulting in interstitial edema [87-89]. The increased 

permeability of the microvasculature further propagates the inflammatory 
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cascade, resulting in an extremely detrimental cycle. 

  

 One established phenomenon of the inflammatory response to ischemia-

reperfusion injury is the „no-reflow‟ effect [90], in which even after reperfusion 

has been established, areas of tissue remain ischemic. Similar to other 

mechanisms of injury within the reperfusion phase, the duration and severity of 

ischemia determine the extent of no-reflow induced damage [91]. A number of 

factors are interposed to create this phenomenon. During reperfusion, endothelial 

cell swelling reduces the diameter of the capillary lumen. Due to the expression of 

adhesion molecules, activated leukocytes travel slowly through these capillaries, 

and accumulate easily in the capillary, hindering reperfusion [92-93]. 

Furthermore, the slow speed of the migrating leukocytes allows for more 

interaction with platelets, increasing the incidence of microvascular thrombosis 

[94]. Coagulation and thrombosis within the microvasculature can restrict 

delivery of nutrients and removal of waste products despite reperfusion [95]. The 

improvement in tissue viability observed by administering blood thinners such as 

heparin following ischemia [96-97] provide evidence for the role of coagulation 

and thrombosis in post-ischemic damage. 

 

 Endothelial cells express two ligands particularly involved in ischemia-

reperfusion injury: intercellular cell adhesion molecules (ICAMs) and selectins 

[98]. Both ligands propagate inflammatory events [99]. For example, selectin 

facilitates adhesion allowing for leukocyte rolling [98] and neutrophil aggregation 
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within the microvasculature.  Selectin-mediated adhesion, and ICAM-1 

expression correspond with changes in intracellular Ca
2+

 levels [100], illustrating 

that Ca
2+

 plays a critical role in both stages of ischemic and reperfusion injury. 

The literature shows that ischemia-reperfusion injury is significantly reduced 

when selectin activation and ICAM expression is blocked [101-103].  

 

 Another signaling molecule important in ischemia-reperfusion is nitric oxide 

(NO). NO is a short lived free radical, formed within the endothelium, and 

produced by the nitric oxide synthase enzyme. In early ischemia-reperfusion 

injury, it contributes reactive nitrogen species, which damage the endothelium 

directly and indirectly [104], For example, peroxynitrate, an NO based free 

radical, can promote thrombosis in the vasculature. Peroxynitrate also reacts with 

oxygen free radicals to inhibit NO production [105]. NO has a variety of functions 

that protect against microvascular dysfunctions such as leukocyte adhesion and 

platelet aggregation. NO also promotes vasodilation [106], inhibits lipid 

peroxidation [107], the expression of pro-inflammatory genes [108] and apoptosis 

[109]. NO has also been found to have an antioxidant effect, inhibiting the 

conversion of XDH to XO. Therefore, the inhibition of NO by reactive nitrogen 

species impede the cell‟s capacity to combat injury. 

 

Mechanical deformation 

 Mechanical loading of tissue can result in friction, shear stresses and strain, as 

well as compressive and tensile stress and strain being generated within the 
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loaded tissue. Friction is the force that resists movement between two surfaces, 

and is generated when the individual is moved across a surface without 

completely lifting the affected area of the body. Repeated exposure to friction can 

cause tearing of the skin and lead to damage of the superficial layers of the tissue 

[110-111]. Shear stress is generated by the parallel force vector from the external 

loading applied to the tissue, which in turns creates shear strain as tissue moves in 

a parallel but opposite direction to the supporting surface. Shear stresses have 

been associated with the onset of superficial pressure ulcers [110-113] and are 

also believed to contribute to the onset of DTI [114-115]. Both compression and 

tension are the stress and strain components resulting from the normal 

(perpendicular) force vector resulting due to the external loading. When only the 

compression component is evaluated, typically at the skin-surface interface, this is 

often simply referred to as pressure. This has been the most studied mechanical 

factor in understanding the etiology of pressure ulcers. 

 

 Several studies agree that there exists an inverse relationship between the 

level of pressure required to develop DTI and the duration of pressure application 

[41, 111, 116-117]; however, there is no consensus regarding a threshold level of 

pressure or duration beyond which an injury is certain to happen, nor can the  

extent of injury be accurately predicted. Historically, pressures exceeding that of 

capillary pressure (32mmHg) have been considered as being conducive to damage 

in clinical medicine, however, this measurement is not a reliable predictor under 

all conditions. Traditionally, pressure has been measured at the skin-surface 



 

18 

 

interface to predict the risk of developing a pressure ulcer; however, there is 

growing evidence that to predict the onset of DTI, surface pressure measurements 

are inadequate on their own [115, 118-121]. From a purely mechanical 

perspective, one reason behind the difficulty in establishing threshold levels is the 

heterogeneous composition of soft tissue compressed between a bony prominence 

and an external surface. While soft tissue in general can be considered a 

viscoelastic material capable of withstanding some degree of deformation without 

suffering irreversible damage, the degree of soft tissue deformation in response to 

mechanical loading depends on the mechanical properties of the particular tissue 

layer. At the macroscopic level, the soft tissues involved in pressure ulcers are 

typically composed of skin, fat, and muscle cells organized in layers from bone to 

skin level. At the microscopic level, each type of cell possesses its own 

mechanical properties. In addition to the inherent mechanical properties of the 

different cells, the stress-strain relationship of tissue can be affected by the cells‟ 

arrangement, location and orientation with respect to bone, as well as their 

physical integrity. This combination of factors determines the stresses and strains 

experienced by different areas in the tissue and determine whether the induced 

deformation will lead to the onset of DTI [28]. The manner in which excessive 

deformation can lead to DTI in the muscle can be better understood by studying 

its effect at the cellular level. In vitro studies in single muscle cells [122-124] 

were performed to investigate the cells‟ stress-strain relationship and viability 

under different levels of compression. It was observed that single cells subjected 

to compressive stress experience some deformation and as the stress level 



 

19 

 

increases, blebs begin to form around the membrane, which eventually ruptures. 

As more cells die from excessive deformation the integrity of the muscle as a 

whole becomes affected. A recent study by Slmoka et al [125] demonstrated that 

at the cellular level, tensile strains exceeding 3% can cause significant 

permeability changes in the cell membrane, which might play a role in the 

likelihood of developing DTI.  

 

 It is believed that during loading, the stress and strain levels around the bony 

prominences are higher than those experienced at the skin level [47, 115, 118, 

120, 126], however, in-vivo measurements of deep pressure are lacking. To obtain 

a better understanding of the forces experienced in the deep tissue, finite element 

models of the buttocks have been developed with the goal of predicting the 

amount of stress and strain generated across the different layers of tissue, in 

particular around the bony prominences, in seated individuals. These models 

incorporate the mechanical properties of different types of tissue to estimate the 

propagation of stress and strain based on external pressure measurements. The 

degree of complexity of published models varies tremendously. Initially models 

were 2 dimensional and utilized generic dimensions [115]. More recent models 

are 3 dimensional and use personalized dimensions obtained mostly from MRI 

scans [121, 127-131]. Although there is variability in the magnitude of the 

stresses and strains obtained from the different models, one common denominator 

among all is that the tissue around the bony prominences always experiences 

higher levels of stress and strain than more superficial tissue. Incorporating real 
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life bone and tissue dimensions has shown that individuals with sharper ischial 

tuberosities experience higher strain levels around the bone, compared to 

individuals with more blunt tuberosities [132]. In addition to bone shape, muscle 

mass and body composition has also been found to be a factor affecting the levels 

of internal strain and stress [131]. Individuals with paraplegia have been found to 

experience higher stress and strain levels than intact individuals due to the 

atrophied state of their muscles [133], highlighting the higher risk of developing 

DTI among the spinal cord injury population.  

 

 One confounding factor in predicting the onset of DTI due to mechanical 

deformation is that exposure to prolonged periods of high stress induces changes 

in the muscle‟s mechanical properties, whereby the muscle becomes stiffer during 

the development of injury. The increase in stiffness of injured muscles can 

increase the stress levels of adjacent and previously uninjured muscle [47, 126], 

thus propagating an expansion of muscle volume subjected to high levels of 

mechanical stress. In addition to this, atrophied muscles, typical of individuals 

with spinal cord injury, exhibit a decreases in muscle stiffness, which increases 

the levels of strain experienced by muscles during loading periods[134]. These 

changes in muscle stiffness due to atrophy or ongoing DTI create a perpetual risk 

of DTI development, which if not addressed properly will develop into an open 

ulcer. 
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 With today‟s technology it is not possible to measure directly the amount of 

stress generated in the deep tissue in a non-invasive manner, therefore, a 

limitation of computer models is that the stress levels predicted for the deep layers 

of tissue have not been validated with in-vivo measurements. One study where 

external pressure was compared against internal pressure was performed by Dodd 

and Gross in Yorkshire pigs [135]. In it, an external load was applied to the 

spinous process and to the wings of the ilium to obtain a correlation between 

external pressure and interstitial pressure. Interstitial pressure was measured 

through a needle-wick catheter inserted into the subcutaneous tissue directly 

under the indenter utilized to compress the tissue. Their results showed that the 

interstitial pressure at the ilium and spinous process was only about 28% and 42 – 

43% respectively, of the total pressure measured at the skin-indenter interface. 

This result contradicts the notion that the deeper tissue experiences higher levels 

of stress; however, the interstitial pressure measurements in this study were 

obtained from subcutaneous tissue directly under the skin, in a body location 

where there is no muscle between the bone and the skin, therefore a direct 

comparison to a location like the ischial tuberosities of humans can not be made. 

  

Interaction between Vascular and Mechanical Pathways of Injury 

 The independent contribution of ischemia/reperfusion and mechanical 

deformation to DTI is currently unknown. A study conducted by Stekelenburg et 

al [136] compared the effects of mechanical deformation against those of 

ischemia on the onset of DTI in leg muscles of Brown-Norway rats. The authors 
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found that when the muscle is externally loaded with an indenter for 2 hours 

(~150 kPa), irreversible injury to the tissue could be detected through magnetic 

resonance imaging, as well as by histological assessments of the tissue. In 

comparison, a 2-hour period of ischemia induced by the application of a 

tourniquet (~140 kPa) only generated reversible changes in the tissue. In a parallel 

set of experiments [136], the authors quantified the strain throughout the muscle 

using magnetic resonance imaging when the muscle was compressed in short 

bursts. The results showed a good correlation between the areas where the highest 

strains were measured and the areas with damaged tissue due to a 2-hour 

compression period. Another study by Loerakker et al [137] showed that the 

degree of muscle deformation determines whether or not injury occurs, while the 

duration of the deformation determines the extent of injury.  

 

 While there is evidence to indicate that mechanical deformation alone can 

injure tissue, in in-vivo situations it is difficult to dissociate the effects of 

ischemia/reperfusion on the development of DTI. It is likely that the initial onset 

of DTI is caused by the mechanical deformation of the tissue, and as time 

progresses the amount of damage is compounded with injury caused by the 

ischemia/reperfusion cascade.   

 

Prevention of Pressure Ulcers 

Preventing the initial onset of pressure ulcers is critical to avoid the 

exceptionally arduous and expensive interventions for treating them. To date, no 
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intervention strategy has succeeded in reducing the incidence of pressure ulcers 

consistently and reproducibly [6, 138]. In people with spinal cord injury, 

incidence rates of pressure ulcers have not changed significantly from those 

reported since the late 1940‟s during which they ranged from 57 to 85% [139]. 

While these comparisons should be interpreted with caution given the differences 

in detection and assessment techniques as well as changes in terminology and 

definitions over the years, they do suggest that the interventions may not be fully 

in step with the mechanisms leading to the formation of pressure ulcers, 

especially those originating from DTI.  

 

Given the vascular and mechanical pathways leading to DTI, the ultimate 

prevention of this class of pressure ulcers lies in invoking frequent postural 

adjustments to relieve internal pressure, emulating the constant subconscious 

adjustments performed by able-bodied individuals in reaction to discomfort when 

seated or lying down.  

 

Repositioning 

The staff at hospitals and nursing homes plays a pivotal role in repositioning 

patients or residents unable to move independently for preventing the 

development of pressure ulcers. While there is no conclusive evidence for an ideal 

repositioning frequency [140-143], it is traditionally recommended that patients 

are repositioned every two hours [144]. This time, however, can vary for each 

individual, with some people requiring more frequent repositioning [140-141, 
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144]. In practice, institutions establish their own pressure ulcer prevention 

program [145-146], and repositioning frequency is determined by the patient‟s 

condition, staff‟s availability, and costs associated with the time needed for 

repositioning procedures [140, 144, 147].  

 

For wheelchair users, rehabilitation therapists train people to adjust their 

posture. People with paraplegia are trained to perform wheelchair push-ups and 

those with quadriplegia are trained to perform side leans and front-to-back 

rocking to relieve ischial tuberosity pressure [17, 148-149]. In these cases, the 

effectiveness in preventing DTI and the formation of pressure ulcers is largely 

dependent on 1) patient compliance, 2) the ease with which the exercises can be 

performed, and very importantly 3) adequate relief of internal pressure at bone-

muscle interfaces. Unfortunately, none of the behaviors recommended during 

inpatient rehabilitation significantly contribute to reduction in the incidence of 

pressure ulcers [138, 150]. 

 

Specialized Cushions and Bed Mattresses 

Specialized wheelchair cushions, bed mattresses and overlays are often used 

to reduce the pressure at the interface between the skin and the chair/bed [151-

155]. Although the use of these special surfaces does not eliminate the need for 

periodical repositioning, reductions in interfacial pressures generally lead to a 

reduction in internal pressure around bony prominences and longer intervals 

between repositioning procedures may be tolerated without compromising the 
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integrity of deep tissue. Based on their operating mode, support surfaces can be 

divided into non-powered and powered systems. Non-powered systems provide 

static relief of pressure while powered systems provide dynamic relief of pressure 

by inducing periodical redistribution of superficial pressure. 

 

Non-powered Cushions and Bed Mattresses 

Non-powered cushions and bed mattresses are designed to maximize the 

support surface area in contact with the skin, thus reducing the pressure at the 

skin-surface interface. The devices are generally composed of high-density, 

viscoelastic, elastic closed-cell or open-cell foams, elastomers, or sacks filled with 

air, water or viscous fluids. Their compliant surface allows regions of high 

pressure under bony prominences to sink into the surface, thus diffusing the 

pressure to surrounding areas [7]. The support surface is made of a single 

component or a combination of different components. For wheelchair users, 

specialized wheelchair cushions are currently the only devices available for 

providing pressure relief while sitting, and are routinely prescribed by physical 

and occupational therapists. 

 

 Air-filled cushions are composed of multiple cells that are inflated to a desired 

air pressure. The amount of pressure reduction provided by air filled cushions is 

affected by variables such as the size, shape, material, air capacity, and air 

pressure of the inflated cushion. Varying the inflation pressure changes the 

amount of pressure relief provided by the cushion. Pitfalls of this type of cushion 
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include difficulties in adjusting the air pressure by the user and/or caregiver [156]. 

In the absence of adequate air pressure the user can “bottom out” in the cushion, 

thus eliminating the pressure relief around bony prominences [157-158]. 

Moreover, air cushions do not account for users‟ postural imbalance and could 

compromise their stability in the wheelchair [3, 26, 159]. Gel-filled cushions 

provide better support than air-filled devices; however, changes in the viscous 

properties of the gel occur over time, reducing the effectiveness of the cushion in 

relieving interfacial pressure. The properties of gel-filled cushions can also be 

altered by temperature. In cold weather conditions, gel cushions may lose some of 

their pressure relief capabilities, and they can become a hazard if the gel freezes, 

exposing the user to the risk of frost bite and extreme cold injuries[160]. 

 

Viscoelastic foam cushions and mattresses are made of heat-sensitive foam 

that allows them to mold to the contour of the body, providing a reduction in the 

interfacial pressures, friction and shear forces [161]. One study showed their use 

reduced the incidence of pressure ulcers from 3.5–4% to less than 1% in an acute 

care setting [161]. Different studies have compared the use of standard hospital 

mattresses and cushions against mattresses and cushions made from viscoelastic 

foam in the same population. The results indicate that the use of these surfaces 

offers better pressure reduction [162], and significantly reduces the incidence of 

blanchable erythema compared to standard devices; however, in the cases were 

blanchable erythema developed, the progression of the lesion seemed to be 

unaffected by the type of support surface utilized [163]. One of the pitfalls 
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associated with foam-based surfaces is their propensity to increase skin 

temperature, thereby increasing the susceptibility to ulcer formation due to skin 

breakdown [164].  

 

Powered Cushions and Bed Mattresses 

Dynamic wheelchair cushions, mattresses and overlays are available wherein 

alternating interfacial pressure is achieved [165]. These systems require an 

external source of power and are based on pumping air or water through the cells 

of the support surface in adjustable cycles. Other alternating pressure air systems 

use variable density foam within the air cells; this makes the flow of air through 

the cells more subtle, and reduces the unpleasant sensations that some alternating 

pressure air systems can generate [165]. Some drawbacks of alternating air 

pressure mattresses are that: 1) they can cause the sensation of “seasickness” in 

some people; 2) they are noisy which makes sleeping more difficult; 3) they can 

get damaged easily [161]; and 4) they are hard to keep clean especially between 

patients where they become a vehicle for bacterial spread. 

 

Because the operation of powered pressure reduction devices is dependent on 

compressors and power supplies, these systems can limit the person‟s mobility 

and level of activity [3]. Reclining and “tilt-in-space” wheelchairs provide an 

alternative approach for periodical alternation in interfacial pressure [166-167]. 

These wheelchairs are designed for individuals who lack the upper body strength 

needed to perform periodical wheelchair push-ups and side leans for pressure 
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relief [167]. The wheelchairs are equipped with a motor that tilts the backrest of 

the wheelchair to different angles. The change in inclination shifts the weight of 

the body from the ischial tuberosities to the sacrum, thus redistributing the 

pressure with each setting [167]. Drawbacks of this type of chair include the risk 

of generating shear forces [166], malpositioning for some individuals [166-167], 

high cost, and the larger size than regular wheelchairs which limits the mobility  

and encumbers transportation of the wheelchair [167].  

 

Summary of conventional preventative interventions 

Static and dynamic pressure relief systems undoubtedly play a vital role in 

preventing the formation of DTI and subsequent pressure ulcers. Due to the 

absence of early detection and assessment methods of DTI as well as the absence 

of non-invasive measurement approaches of internal pressure, it is unclear how 

effective the currently available systems are in reducing pressure at deep bone-

muscle interfaces. The continued prevalence of pressure ulcers and the mounting 

medical costs warrant the search for additional interventions that could be used in 

addition to existing pressure relief surfaces to counteract the vascular and 

mechanical pathways of DTI. 

 

Electrical Stimulation  

An alternative prevention technique entails the use of functional electrical 

stimulation. Levine et al. [168-170] first proposed the use of electrical stimulation 

for preventing the formation of pressure ulcers in people with spinal cord injury. 
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Their studies showed that electrical stimulation applied to the motor point of the 

gluteus maximus muscles overlying the ischial tuberosities generated changes in 

muscle shape [170], redistribution of pressure at the seating interface [168], and 

increases in blood flow [169]. More recent studies showed that frequent use of 

electrical stimulation increased muscle mass, which could allow wheelchair users 

to remain seated for longer periods of time [18, 171] [172-174]. Increases in 

transcutaneous oxygen levels have also been reported in a long-term study with a 

single subject [175]. Collectively, these studies suggest that the benefits obtained 

through the daily use of functional electrical stimulation (i.e., increased blood 

flow and larger muscle mass) could lead to long-term improvements in soft tissue 

health and the reduction in the formation of pressure ulcers. 

 

Intermittent Electrical Stimulation (IES) 

The main goal of my PhD thesis is to develop a functional electrical 

stimulation technique for the prevention of deep tissue injury. The proof of 

principle studies were completed in 2007 as part of my MSc degree, with results 

indicating that the use of IES could significantly reduce the formation of DTI in 

rats [38, 176]. Intermittent electrical stimulation consists on applying short bouts 

(~10 seconds) of electrical stimulation to the motor point of muscles overlying 

bony prominences to relieve pressure in a manner that mimics the subconscious 

adjustments in posture conducted by able-bodied individuals in response to 

discomfort due to increases in internal pressure. This pattern of stimulation is then 

repeated once every 5 to 10 minutes to induce muscle contractions [38, 176]. 
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While long-term application of IES could lead to increases in muscle mass and 

improvement in the cushioning capacity of atrophied muscles, the mechanism of 

action of IES does not directly depend on muscle mass. Instead, the periodical 

contractions induced by IES in muscles compressed by external pressure 

reconfigure the shape of the muscle, thereby altering the distribution of internal 

stress and strain in the deep tissue surrounding bony prominences. The muscle 

contractions also could periodically increase tissue oxygenation in the compressed 

region, thus providing nutrients and removing metabolic waste products from 

areas susceptible to ischemia. 

 

Specific objectives of thesis 

In order to accomplish the main goal of this thesis, four studies with specific 

objectives were conducted. 

1. Identify IES paradigms that provide the best surface pressure 

redistribution, deep tissue oxygenation, and reduction of sitting discomfort 

effects in humans with intact spinal cords. The basic IES duty cycle is 

based on the frequency at which able bodied people reposition themselves, 

which is on average every 6 to 7 minutes. The remaining IES parameters 

are adjusted for each individual to those that better generate a full muscle 

contraction. 

2. Assess changes in internal strain levels around bony prominences due to 

varying levels of external loading in adult miniature pigs with and without 

paralyzed muscles. 



 

31 

 

3. Assess changes in internal stress levels around bony prominences due to 

varying levels of external loading in adult miniature pigs with and without 

paralyzed muscles. 

4. Test the effectiveness of IES for the prevention of deep tissue injury in 

paralyzed muscles of miniature pigs subjected to external loading on a 

daily basis for one month. 

 

These objectives were addressed in four studies which became four separate 

published papers. Each study is presented in a chapter of this thesis.  
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CHAPTER 1 

Effects of intermittent electrical stimulation on superficial 

pressure, tissue oxygenation, and discomfort levels for the 

prevention of deep tissue injury. 

 

1.2. Introduction 

 Pressure ulcers are a severe type of soft tissue injury commonly prevalent 

in individuals who have reduced mobility and/or sensation. Populations at risk of 

developing pressure ulcers are those confined to a bed or dependent on wheelchair 

use for daily mobility. They include the elderly, patients in intensive care units, 

individuals in long-term care, and people with spinal cord injury (SCI) [1-3].  

 

A developed ulcer can severely affect the quality of life of the person, 

limiting their comfort, mobility, and ability to participate in daily life activities 

[4]. If infected, pressure ulcers can lead to death due to sepsis [5-6]. Treating 

advanced stage ulcers can require surgery and lengthy hospital stays [7-8]. In 

developed countries, the annual costs of treating pressure ulcers are estimated to 

be in the billions of dollars [2, 9-10]. 

 

Pressure ulcers can originate at the level of the skin and progress inwards. 

These ulcers start as a red or discolored area on the skin and progress inwards to 

deeper layers of tissue. Contributing factors to these ulcers are excessive friction, 

shear, and poor skin hygiene [11]. Pressure ulcers can also originate at deep bone-

A version of this chapter has been published . Solis et al. “Effects of intermittent electrical 

stimulation on superficial pressure, tissue oxygenation, and discomfort levels for the prevention of 

deep tissue injury.” Annals of Biomedical Engineering, 2011; 39(2): 649 - 663. 
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muscle interfaces and progress outwards [12-13]. The main factor contributing to 

the development of these ulcers, which are termed deep tissue injury (DTI), is the 

prolonged compression of soft tissue between a bony prominence (e.g., ischial 

tuberosities or sacrum) and a surface (e.g., wheelchair or bed) [1, 11, 14-17]. The 

compression leads to tissue injury by two mechanisms: 1) Excessive mechanical 

deformation leading to rupture of cell membranes [18-21]. 2) Blood vessel 

occlusion leading to prolonged ischemia [22-24] and accumulation of metabolic 

waste [25], the effects of which are further exacerbated during reperfusion [26-

28]. Muscle is more susceptible to breakdown than skin due to mechanical 

deformation and ischemia/reperfusion stress [18, 29]; therefore, DTI presents a 

very perilous form of pressure ulcers that develops without exhibiting obvious 

skin signs.  

 

 The gluteal muscles over the ischial tuberosities are among the most 

susceptible locations for DTI in wheelchair users [17, 30]
-
[31]. Conventional 

preventative interventions focus on reducing superficial pressure through the use 

of specialized wheelchair cushions [32-33]; however, most wheelchair cushions 

provide static reduction of pressure. Moreover, the effectiveness of pressure 

reduction depends on the type of cushion used, degree of muscle atrophy, and 

geometry of the ischial tuberosities [17, 30] among other factors. For dynamic 

relief of pressure, wheelchair users are encouraged to perform back and forth, and 

side-to-side leans as well as wheelchair push-ups [8, 34-35]. The effectiveness of 

these exercises in preventing DTI is limited by the ability of the individual to 
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perform them, and the extent to which they reduce pressure at deep bone-muscle 

interfaces. 

  

We suggested previously the use of intermittent electrical stimulation 

(IES) as a method for preventing pressure ulcers of deep origin [36]. In this 

approach, electrical stimulation is applied for a short duration (on the order of 

seconds) with several minutes of recovery between stimulations. The muscle 

contractions produced by the intermittent bursts of stimulation mimic the natural 

repositioning movements subconsciously performed by able-bodied individuals in 

response to discomfort while sitting. Each IES-induced muscle contraction 

redistributes pressure over the ischial tuberosities and increases tissue 

oxygenation, effectively counteracting the two pathways that lead to DTI [36].  

 

In rat experiments we demonstrated the effectiveness of IES in reducing 

the amount of DTI in a compressed muscle [36]. More recently, IES was tested in 

human volunteers with SCI, and the capacity of IES-elicited contractions in 

highly atrophied muscles to distribute superficial pressure and increase tissue 

oxygenation was assessed [37]. The results demonstrated that IES produced 

significant reductions in pressure over the ischial tuberosities and increased 

oxygenation in the stimulated muscles, suggesting that the IES effects were 

independent of muscle mass.     

 

The present study was performed in able-bodied volunteers and had three 
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main goals: 1) to test the effects of four different IES protocols and identify those 

that were more likely to prevent DTI; 2) to compare the IES effects against those 

produced by voluntary contractions and conventional pressure relief maneuvers 

such as chair push-ups; and 3) to identify if the effects of IES are dependent on 

the amount of superficial pressure experienced at the sitting interface since, for 

wheelchair users, superficial pressure can vary greatly depending on factors such 

as muscle mass and type of cushion utilized.  

 

1.3. METHODS 

1.3.1 Overview 

All experimental protocols were approved by the University of Alberta 

Human Ethics committee. Experiments were performed in two groups of adult 

able-bodied volunteers with six participants in each. Volunteers provided 

informed consent prior to their participation. Each volunteer participated in two 

testing sessions held on two separate days. The first session involved the 

assessment of changes in superficial pressure due to IES, voluntary contractions 

or a conventional pressure relief maneuver (chair push-up). The second session 

involved the assessment of changes in tissue oxygenation throughout the gluteus 

maximus muscles induced by the same testing parameters. 

 

In the first group of volunteers (3 F, 3 M, 20 – 42 yrs old) the effects of 

four IES protocols were tested, as well as the effects of voluntary contractions. In 

the second group (3 F, 3 M, 21 – 32 yrs old) the effects of the two best IES 
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protocols identified in the first group were tested under two loading levels, and 

were compared to the effects of conventional relief of pressure (chair push-ups). 

Superficial pressure, deep tissue oxygenation levels, and perceived changes in the 

level of muscle discomfort due to sitting were assessed in both groups. Each test 

trial consisted of applying one IES protocol, a voluntary contraction, or a chair-

push up, and each trial was replicated three times. The order in which trials were 

acquired was randomized.  

 

1.3.2. Application of IES 

The application of IES was performed through rectangular (50x100mm) 

self adhesive electrodes (Pure Care, Sherwood Park, Alberta, Canada) placed 

bilaterally on the surface of the skin, over the motor points of the gluteus 

maximus muscles. A commercially available stimulator (BioStim NMS+, 

BioMedical Life Systems, California, U.S.A.) was used. Stimulation pulses were 

square, biphasic and charge balanced. Stimulation frequency and pulse width 

were held constant at 40Hz and 250µs, respectively. Pulse amplitude was set to 

the level required to elicit a strong fused contraction in each volunteer. The 

required stimulator intensity level ranged from levels 3 – 8 (out of 10 levels) 

depending on the volunteer.  

 

1.3.3 IES protocols and testing conditions 

The four IES protocols tested were: 1) Bilateral Continuous. This 

consisted of a 10 sec bout of stimulation (“ON” phase) applied to both the left and 
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right gluteus maximus muscles simultaneously in order to elicit a strong 

contraction in both sides of the buttocks. The “ON” phase was followed by a 7 

minute no stimulation period (“OFF” phase). 2) Bilateral Bursting. In this 

protocol, the “ON” phase was composed of three short bouts (3 sec) of 

stimulation applied simultaneously to both the left and right gluteus muscles, with 

two short periods (2 sec) of rest between each bout to elicit three bilateral short 

contractions in near succession. This “ON” phase was followed by a 7 minute 

“OFF” phase. 3) Alternating Continuous and 4) Alternating Bursting. These 

were similar to the bilateral continuous and bilateral bursting protocols, 

respectively, with the exception that the “ON” phase of IES was first applied to 

one side of the buttocks, followed by the other. This generated contractions in one 

side followed immediately by contractions in the other. The bilateral and 

alternating protocols were chosen because their action was expected to mimic the 

effect of wheelchair push-ups and side-to-side leans performed by wheelchair 

users, respectively. The continuous IES protocols were expected to cause an 

influx of blood after each muscle contraction as a result of reactive hyperemia, 

even while seated, which would cause large, transient increases in tissue 

oxygenation. The bursting IES protocols were expected to act as blood pumps, 

generating cumulative increases in blood flow and tissue oxygenation after each 

brief contraction. 

 

For trials that required a voluntary contraction, the volunteers were asked 

to contract both left and right gluteus muscles simultaneously and hold the 
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contraction for 10 sec, followed by a 7-minute rest period.  

 

To determine whether the effects of IES could be limited by the level of 

superficial pressure at the ischial tuberosities, two loading conditions were used. 

The natural bodyweight (BW) condition was tested by asking the volunteers to sit 

upright on an office chair. The increased loading condition (BW + 30%) was 

implemented by asking the volunteers to wear a weighted vest. The weight of the 

vest was equivalent to 30% of each person’s body weight.  

 

The effects of IES were also compared to conventional pressure relief 

involving complete lifting of the buttocks off the chair (chair push-up). The 

volunteers held the push-up position for 10 sec, followed by a 7-minute rest 

period. 

 

1.3.4 Measurements of superficial pressure 

The first testing session involved the assessment of changes in superficial 

pressure around the ischial tuberosities. All volunteers sat upright on a standard 

office chair with their feet flat on the ground and their arms rested on the chair’s 

armrests. The chair had a thin (~1 in), regular foam padding over the seating area. 

Once the experimental session began the volunteers were not allowed to stand up 

or move their legs between trials. Superficial pressure was measured utilizing an 

XSensor pressure sensing mattress (XSensor, Calgary, Alberta, Canada), 

composed of an array of 36x36 capacitive pressure sensors 1cm
2
 each. The 
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mattress was placed between the volunteers’ buttocks and the chair. Pressure 

measurements were acquired at three different periods during each trial: 1) A 5 

sec period before the application of IES (baseline), 2) during the IES-elicited or 

voluntary contraction, and 3) a 5 sec period immediately after the cessation of 

contraction. Data were acquired using XSensor software, X3 Pro V5, at a 

sampling rate of 10 frames per second. Recordings from each sensor were 

subsequently exported into Matlab (Mathworks, Massachussetts, U.S.A.) for 

analysis using custom-written scripts. Half a second worth of data (5 pressure 

readings) from the start and end of each period were discarded to remove 

fluctuations in pressure occurring at the beginning and end of contraction. The 

pressure readings from all 3 trials within a protocol were grouped, and sensors 

that experienced a significant change in their pressure readings were identified, 

and a protocol-specific spatial representation of pressure changes was obtained for 

each volunteer.  

 

1.3.5 Measurements of tissue oxygenation 

 The second testing session assessed the changes in tissue oxygenation 

throughout the gluteal muscles induced by the different test protocols. The testing 

took place in the Peter S Allen MR Research Centre (University of Alberta) 

within a week of the first session. A full-body 1.5T Magnet (Siemens Sonata) was 

utilized. Because subjects were limited to supine positions inside the magnet, a 

device was built to compress the gluteus muscles in a manner that resembled 

sitting (figure 1A, top). An indenter was used to apply pressure to the ischial 
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tuberosities in a near perpendicular alignment to emulate sitting compression. A 

neoprene garment with adjustable Velcro® straps placed over the volunteer’s 

thighs and hips was used to compress the buttocks and adjust the level of pressure 

measured around the ischial tuberosities. The load applied to the gluteus muscles 

through this device was adjusted to match that measured while sitting (with or 

without the weight vest) for each volunteer (figure 1A, bottom plots). Each 

experimental trial consisted of a 30 sec baseline period, followed by a 10 sec IES-

induced/voluntary contraction (“ON” phase), and a 7 min rest period (“OFF” 

phase).  

 

To obtain an assessment of changes in tissue oxygenation in the gluteal 

muscles, a T2*-weighted magnetic resonance imaging (MRI) sequence was 

utilized, which provides blood oxygen level dependent (BOLD) image contrast 

[38-40]. An echo-planar imaging sequence was used with the following 

parameters: echo time = 37 ms, repetition time = 1.33 s, flip angle = 75, 

bandwidth = 1500 Hz/pixel, field of view = 275 * 400 mm, acquisition matrix = 

88 x 128 pixel, and in-plane resolution = 3.125 x 3.125 mm. Fifteen 6 mm thick 

slices with no gap between were acquired to provide full coverage of the buttocks. 

A total of 343 stacks of images were obtained for each trial over 7.6 minutes, with 

full three-dimensional coverage every 1.33 seconds.  

 

Analysis of acquired images was conducted using custom-written Matlab 

scripts that allowed for the quantification of changes in tissue oxygenation due to 
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the different protocols. Similar analysis procedures as those used in functional 

MRI were utilized [41-43]. Within a trial the gluteus maximus muscles were 

delineated bilaterally in each MR slice starting at the first time point of the 

baseline period (figure 1B, left image). The signal intensity of each pixel 

contained within the delineated regions was obtained and the average signal 

intensity throughout the regions was calculated. The same template of the 

delineated muscles was subsequently applied to the images acquired at every time 

point throughout the baseline period and post-stimulation periods, and the average 

signal intensity for each muscle was calculated. Signal intensity was not measured 

during the contraction period because the change in the shape of the muscle 

(figure 1B, middle image) causes the signal to be measured from tissue outside 

the region of interest. Because muscle returns to its original shape following the 

contraction (figure 1B, right image), changes in signal intensity measured before 

and after contraction can be compared, as they are obtained from the same tissue. 

This process was repeated for all slices within a trial, and changes in signal 

intensity post IES-induced or voluntary contraction were calculated as a percent 

change from baseline.  

 

 

The effect of chair push-ups on tissue oxygenation was assessed using 

another setup inside the magnet. The volunteers lay down in a prone position and 

a portable wooden surface with handles was placed over the gluteus muscles to 

compress the buttocks against the sacrum. Bags filled with sand were placed on 
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the surface to further compress the gluteus muscles to levels equivalent to those 

measured when the person laid in a supine position. Two assistants standing on 

opposite ends of the MRI scanner lifted the loaded surface when needed to 

simulate chair push-ups. To compare the effects of this conventional pressure 

relief strategy to IES, the bilateral continuous IES protocol was tested with this 

loading setup. When IES was applied, the load was not lifted by the assistants. 

The analysis of the images obtained from the “chair push-up” setup was 

conducted in the same manner as the one described for the IES/voluntary 

contraction protocols.   
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The results from the three trials within each protocol from all volunteers 

were averaged and a 95% confidence interval was calculated for each time point 

of data acquisition. The signal intensity measurements from each protocol were 

binned in 30 sec time windows and averaged.  

  

Adjustable 
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40
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Figure 1. Reproduction of sitting pressure inside the MRI magnet.

(a) Top: Setup utilized to load the ischial tuberosities inside the MRI

magnet. Bottom left: Pressure map of ischial tuberosities of a

volunteer sitting in a regular chair. Bottom right: Pressure map of

ischial tuberosities of the same volunteer “sitting” in the MRI setup.

Color bar denotes pressure magnitude. (b) MRI images of gluteus

maximus muscles from one volunteer during baseline, stimulation,

and post-stimulation periods.
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1.3.6 Volunteers’ perception of discomfort due to sitting and IES 

During both experimental sessions, the volunteers were asked to answer a 

questionnaire that ranked their perception of discomfort due to prolonged sitting 

and the change in that discomfort as a result of the IES protocols, voluntary 

contractions or conventional relief. This scale was designed specifically for this 

study and was not validated against other similar scales. Discomfort was rated on 

a 10 point scale, ranging from 1 (no discomfort), to 10 (unbearable pain). The 

following 5 questions were asked during each trial: 1) Rate the level of discomfort 

in your buttocks due to sitting? 2) Rate the level of discomfort in your buttocks 

during muscle contraction? 3) Rate the level of discomfort in your buttocks at the 

end of muscle contraction? 4) If a reduction in discomfort level is maintained 

after the cessation of muscle contraction, notify us when the discomfort returns to 

the level reported in question 1. 5) Rate the level of skin discomfort caused by the 

application of electrical stimulation? Question 1 was asked at the beginning of 

each trial. Questions 2-4 were asked after the “ON phase” of each trial, and the 

reported measurement in question 4 was the time elapsed from the end of the 

contraction or conventional pressure relief to the time at which discomfort 

returned to pre-contraction/relief levels. Question 5 was asked immediately after 

each IES trial to assess if the electrical current necessary to elicit a muscle 

contraction causes skin discomfort.  

 

 All responses were tabulated using Microsoft Excel and the median score 

was calculated.  
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1.3.7 Statistical Analyses 

The main hypothesis of this study was that the use of IES would provide 

improved relief of superficial pressure, increase in tissue oxygenation, and a 

reduction in sitting discomfort compared to rest and the conventional 

interventions tested.  Therefore, this study tried to reject three different null 

hypotheses: 1) No statistical difference would be found in superficial pressure 

relief between the different conditions tested (IES and non-IES). 2) No statistical 

difference would be found in tissue oxygenation changes between the conditions 

tested. 3) No statistical difference would be found in discomfort perception 

between the different conditions tested. 

   

A one-way ANOVA (α = 0.05) and Tukey’s HSD multiple comparison 

test were used to assess if the protocols tested produced significant changes in 

superficial pressure.  A one-way ANOVA and Tukey’s HSD multiple-comparison 

post-hoc test (α = 0.05) were used to establish statistical significance between 

signal intensity levels (an indicator of tissue oxygenation) before (baseline) and 

after IES-induced/voluntary contractions and conventional pressure relief. 

Friedman’s test was utilized to assess statistical differences between perceived 

discomfort before, during, and after the administration of each test protocol 

(Questions 1 - 3). The non-parametric Kruskal-Wallis test was utilized to assess 

statistical significance between protocols for the perceived skin discomfort as a 

result of the application of IES (Question 5), as well as to compare the duration of 

sustained reduction in discomfort level after each protocol (Question 4). These 
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non-parametric tests were selected given the non-normality of the data observed 

after doing a normality test. 

 

1.4. Results 

1.4.1 Pressure Reduction due to IES 

1.4.1.1 Effectiveness of different IES protocols in reducing pressure at the ischial 

tuberosities 

 

In all volunteers, the highest points of superficial pressure were located 

under the ischial tuberosities (figures 2, 3, rest period). The average pressure in 

this region was 15.16 ± 3.25 kPa (mean ± standard deviation). All IES protocols 

resulted in a redistribution of pressure around the ischial tuberosities; specifically, 

IES significantly reduced pressure under the ischial tuberosities, and significantly 

increased pressure in regions adjacent to the ischial tuberosities. 

 

A comparison of the bilateral and alternating continuous protocols in one 

volunteer is shown in figure 2. The bilateral continuous protocol (figure 2A) 

produced an upwards push during the contraction and redistributed pressure 

around the ischial tuberosities (figure 2B). The resulting movement produced a 

significant reduction in pressure under the ischial tuberosities of 10.3 ± 2.9 % 

relative to baseline in 4 of 6 volunteers (e.g., figure 2C). The alternating 

continuous protocol also significantly reduced pressure under the ischial 

tuberosities in 4 of 6 volunteers (e.g., figure 2G,H); however, the reduction was 
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only by 6.6 ± 17.0%. The alternating IES protocol generated a push-up effect in 

the contracting side of the buttocks, causing a slight side-to-side lean. In the 

contracting side superficial pressure was redistributed in a similar manner to the 

bilateral protocols, with a decrease in pressure under the ischial tuberosities, and 

an increase in the surrounding areas; however, changes in the contralateral side 

(non-contracting side) did not follow this pattern. Interestingly, changes in the 

contralateral side were dependant on the handedness of each volunteer. In right 

handed volunteers (n = 5), contraction of the right gluteus generated a significant 

reduction of pressure throughout the left (non-contracting) gluteus. When the left 

gluteus was contracted, there were no significant changes on the right (non-

contracting). The opposite of this effect occurred in the left handed volunteer (n = 

1). This suggests that the IES-induced contractions were slightly stronger in the 

dominant side, even though visually, both sides appeared to be contracting with 

the same strength.  
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An example of the pressure redistribution produced by the bilateral 

continuous and bursting IES protocols in one volunteer is shown in figure 3A-F. 

Similar to the bilateral continuous protocol, the bilateral bursting protocol 

generated significant reductions in pressure under the ischial tuberosities in 5 of 6 

volunteers (e.g., figure 3F) by 9.9 ± 5.3% relative to baseline. The alternating 

bursting protocol was the least effective of the four IES protocols tested, 

generating a significant reduction in pressure of 5.6 ± 2.6% from baseline at the 
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Figure 2. Pressure measurements during alternating continuous and bilateral continuous IES 

protocols in one volunteer. Baseline pressure map obtained by averaging the sensor values 

over a 5 s period prior to IES delivery (a). Average pressure maps during alternating 

continuous IES that produced a contraction in the right (b) and left (c) gluteus. Distribution of 

sensors that experienced a significant change in pressure (reduction or increase) during 

contraction of the right (d) and left (e) gluteus. Baseline pressure map obtained by averaging 

the sensor values over a 5 s period prior to IES delivery (f). Average pressure map during 

bilateral continuous IES producing contraction of both left and right gluteus simultaneously 

(g). Distribution of sensors that measured a significant change in pressure during contraction 

(h).  
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ischial tuberosities in 3 of 6 volunteers.  

 

Two of 6 volunteers were unable to generate consistent bilateral voluntary 

contractions while sitting; therefore, only data collected from the remaining 4 

were analyzed. The pattern of pressure redistribution evoked by voluntary 

contractions was similar to the pattern generated by the two bilateral IES 

protocols (figure 3C, F, I). Of the 4 volunteers, voluntary contractions generated 

a significant reduction in pressure under the ischial tuberosities of 7.0 ± 4.6% in 

three.  

 

A one-way ANOVA revealed no significant differences in pressure 

reduction between the IES protocols. Furthermore, the reductions produced by 

IES were similar to those produced by voluntary contractions.  
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1.4.1.2 Effectiveness of IES in reducing pressure under increased loading 

conditions 

In volunteers subjected to increased loading equivalent to 30% of BW, the 

pressure under the ischial tuberosities increased by a similar percentage (average 

pressure increased from 12.53 ± 2.9 kPa to 17.27 ± 4.16 kPa). An example of the 

effectiveness of the two bilateral IES protocols in reducing pressure under 

increased loading in one volunteer is shown in figure 4. 
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Figure 3. Pressure measurements during bilateral continuous IES, bilateral bursting IES and 

voluntary contractions in one volunteer. Top row (a–c): baseline pressure map obtained by 

averaging the sensor values over a 5 s period prior to IES delivery (a). Average pressure map 

during contractions produced by bilateral continuous IES (b). Color indicates magnitude of 

pressure. Highest levels of pressure were located around the ischial tuberosities (arrows). 

Distribution of sensors experiencing a significant change in pressure (reduction or increase) due 

to IES (c). Middle row (d–f): baseline pressure map obtained by averaging the sensor values over 

a 5 s period prior to IES delivery (d). Average pressure map during contractions produced by 

bilateral bursting IES (e). Distribution of sensors experiencing a significant change in pressure 

(reduction or increase) due to IES (f). Bottom row (g–i): baseline pressure map obtained by 

averaging the sensor values over a 5 s period prior to IES delivery (g). Average pressure map 

during voluntary contractions of the gluteal muscles (h). Distribution of sensors experiencing a 

significant change in pressure (reduction or increase) due to IES (i).  
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With increased loading, the continuous protocol generated a significant 

reduction in pressure under the ischial tuberosities in 3 of 6 volunteers by 8.9 ± 

6.2% compared to baseline. The bursting protocol significantly reduced pressure 

in 5 of 6 volunteers by 8.1 ± 4%. A two-way ANOVA revealed no significant 

difference in the reductions in pressure produced by the IES protocol (p = 0.79), 
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Figure 4. Pressure measurements during bilateral continuous and bilateral bursting IES 

protocols under normal and increased loading conditions. (a–c) Baseline pressure map with 

BW loading obtained by averaging the sensor values over a 5 s period prior to IES delivery 

(a). Average pressure map during contractions produced by bilateral continuous IES (b). 

Color indicates magnitude of pressure. Highest levels of pressure were located around ischial 

tuberosities (arrows). Distribution of sensors experiencing a significant change in pressure 

(reduction or increase) due to IES (c). (d–f) Baseline pressure map with BW + 30% loading 

obtained by averaging the sensor values over a 5 s period prior to IES delivery (d). Average 

pressure map during contractions produced by bilateral continuous IES (e). Distribution of 

sensors experiencing a significant change in pressure due to IES (f). (g–i) Baseline pressure 

map with BW loading obtained by averaging the sensor values over a 5 s period prior to IES 

delivery (g). Average pressure map during contractions produced by bilateral bursting IES 

(h). Distribution of sensors experiencing a significant change in pressure due to IES (i). (j–l) 

Baseline pressure map with BW + 30% loading obtained by averaging the sensor values over a 

5 s period prior to IES delivery (j). Average pressure map during contractions produced by 

bilateral bursting IES (k). Distribution of sensors experiencing a significant change in 

pressure due to IES (l).  
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loading level (p = 0.98), nor the interaction between loading level and protocol 

used (p = 0.39).  

 

Chair push-ups produced a 100% pressure reduction throughout the 

buttocks regardless of the loading level. This was because all volunteers were able 

to lift their buttocks fully off the chair.   

 

In summary, all IES protocols were capable of reducing pressure under the 

ischial tuberosities; however, the bilateral protocols produced a larger reduction 

in pressure than the alternating protocols. Furthermore, the reduction in pressure 

achieved by the bilateral protocols was similar to that achieved by voluntary 

contractions. The effectiveness of the bilateral protocols in redistributing pressure 

was maintained even under conditions of increased loading on the ischial 

tuberosities. 

 

1.4.2 Increases in Tissue Oxygenation due to IES 

Based on the results from the superficial pressure measurements and 

feedback from the volunteers, only the bilateral IES protocols were tested inside 

the MRI magnet to assess changes in tissue oxygenation. Voluntary contractions 

and chair push-ups were also used to compare with the results obtained from the 

IES protocols.  
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1.4.2.1 Effectiveness of IES protocols in increasing oxygenation in the gluteus 

maximus muscles 

An example of the average changes in tissue oxygenation due to the two 

bilateral IES protocols and voluntary contraction in one volunteer is shown in 

figure 5A. The results from the 6 volunteers in this group followed a similar 

pattern. In all trials, there was an immediate increase in signal intensity in the 

gluteus maximus muscles following the IES-induced or voluntary contraction. 

The increase in signal intensity reflected the increase in tissue oxygenation 

throughout the gluteus muscles. After the initial peak, the signal intensity decayed 

for ~2.5 minutes and plateaued at an elevated level relative to baseline for the 

remainder of the scan time (7 min).  

 

The average signal intensity ± 95% confidence interval of 30 sec time 

window bins from all protocols is shown in figure 5B (top). All time windows 

following the IES-induced or voluntary muscle contractions were significantly 

different from baseline. To compare the changes in signal intensity between 

protocols, grouped data from each protocol were fitted with an exponential decay 

curve and compared using a one-way ANOVA and Tukey’s HSD post-hoc test 

(figure 5B, bottom). The post-IES and voluntary contraction periods from all 

protocols were significantly different from each other. The bilateral continuous 

IES protocol produced the highest changes in signal intensity, followed by the 

bilateral bursting protocol and voluntary contractions, respectively.   
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1.4.2.2 Effectiveness of IES in increasing tissue oxygenation under increased 

loading conditions 

A summary of the effects of IES on tissue oxygenation under conditions of 

increased loading around the ischial tuberosities is shown for one volunteer in 
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Figure 5. Changes in tissue oxygenation induced by bilateral continuous IES, bilateral bursting IES, 

and voluntary contractions. (a) Average change in signal intensity (%) from baseline. No data were 

quantified during the stimulation/ contraction period. (b) Top: comparison of time points after 

stimulation/contraction to baseline for bilateral continuous IES, bilateral bursting IES, and 

voluntary contraction protocols. Time points were grouped in 30 s time windows for comparison. 

(b) Bottom: exponential decay curves fitted for data from time points after contraction for 

continuous, bursting, and voluntary protocols.  
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figure 6A. The average changes in tissue oxygenation due to each IES protocol 

under BW and BW + 30% loading are shown. For all 6 volunteers in this group, 

there was an increase in signal intensity in the gluteus maximus muscles as a 

result of both IES protocols, even with the additional load. The additional load 

(BW + 30%) caused an overall drop in the signal intensity of ~23% and ~30% for 

the bilateral continuous and bursting protocols, respectively; however, the same 

pattern of change in signal intensity was maintained. The signal intensity levels 

remained elevated throughout the imaging duration after the bilateral IES 

protocols.  

 

The average signal intensity ± 95% confidence interval for 30 sec time 

windows associated with each IES protocol is shown in figure 6B (top), and 

fitted exponential decay curves are shown in figure 6B (bottom). The additional 

loading (BW + 30%) caused a significant decrease in the signal intensity induced 

by both the continuous and bursting IES protocols; however, the signal intensity 

patterns produced by the two IES protocols were not significantly different from 

each other under each loading condition (p = 0.4).  
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Figure 6. Changes in tissue oxygenation induced by bilateral continuous and bilateral bursting IES 

under normal and increased loading conditions. (a) Average change in signal intensity (%) from 

baseline. No data were quantified during the stimulation/contraction period. (b) Top: comparison 

of time points after stimulation against baseline under both loading conditions (BW and BW + 

30%). Time points were grouped in 30 s time windows for comparison. (b) Bottom: exponential 

decay curves fitted for data from time points after contraction for continuous IES with BW, 

continuous IES with BW + 30%, bursting IES with BW, and bursting IES with BW + 30% 

protocols. * Denotes significant difference. 
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The effect of a chair push-up on tissue oxygenation was compared to the 

pattern of tissue oxygenation produced by the bilateral continuous IES protocol. 

The average changes in signal intensity due to both pressure relief approaches are 

shown for one volunteer in figure 7A. Both protocols generated an immediate 

increase in signal intensity following the IES-elicited contraction or chair push-

up. The increase in signal intensity was maintained for the duration of the scan 

time.  

 

After both the IES and chair push-up maneuvers, all time points had signal 

intensities that were significantly higher than baseline (figure 7B, top). A 

comparison of the exponential decay curves (Figure 7B, bottom) revealed that 

the signal intensity generated by the bilateral continuous IES protocol was 

significantly higher than that produced by the chair push-up.  
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baseline for bilateral continuous IES and chair push-ups. Time points were grouped in 30 s 

time windows for comparison. (b) Bottom: exponential decay curves fitted for data from time 

points after contraction for bilateral continuous IES and for chair push-up protocol.  
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In summary, bilateral IES produced prolonged increases in tissue 

oxygenation throughout the gluteus maximus muscles under both natural and 

increased loading conditions. Interestingly, IES resulted in larger increases in 

tissue oxygenation than voluntary contractions. Moreover, for both natural and 

increased loading conditions, the bilateral continuous IES protocol was more 

effective in producing elevated and sustained increases in tissue oxygenation than 

the conventional chair push-up maneuver for pressure relief.  

 

1.4.2.3 Perception of Discomfort due to Sitting Pressure and IES 

 Information was obtained regarding the volunteers’ perceived discomfort 

due to prolonged sitting (~2 hrs), as well as perceived changes in discomfort due 

to the various IES protocols, voluntary contraction and chair push-up. The level of 

discomfort due to sitting increased in all volunteers as the experimental session 

progressed. Figure 8A shows the median discomfort level reported before each 

trial by the volunteers who participated in the first set of experiments which 

focused on testing different IES protocols without additional loading. Figure 8B 

summarizes the average median scores of perceived discomfort before, during and 

after IES-induced or voluntary contractions from these volunteers. The levels of 

perceived discomfort during and at the end of all 4 IES protocols were 

significantly lower than the discomfort perceived before the application of IES. 

Moreover, all IES protocols produced a similar reduction in perceived discomfort 

during and at the end of the “ON” phase of IES. In contrast, voluntary 

contractions did not produce significant changes in discomfort level during or at 
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the end of the contraction relative to pre-contraction levels (p = 0.08).  

 

 

 

 

 

 

 

Electrical stimulation during the “ON” phase of all IES protocols did not 

produce an increase in skin discomfort (p = 0.73). Furthermore, the duration of 

reduction in perceived discomfort following the IES-induced contractions was 

similar for all IES protocols and voluntary contractions (p = 0.94). Nonetheless, 

when asked about their general preference regarding the perceived effectiveness 
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Figure 8. Perception of discomfort due to prolonged sitting and pressure relief protocols. (a) 

Median level of discomfort for all volunteers in group 1 as time progressed during the experimental 

session. (b) Comparison of discomfort levels before, during, and after the use of IES for each 

protocol in group 1. Star denotes a significant difference from discomfort level perceived before the 

use of IES. (c) Median level of discomfort for all volunteers in group 2 as time progressed during 

the experimental session. Black line corresponds to discomfort level as result of natural BW. Gray 

line corresponds to discomfort level as a result of additional loading (BW + 30%). (d) Comparison 

of discomfort levels before, during, and after the use of IES for each protocol in group 1. Star 

denotes a significant difference from discomfort level perceived before the use of IES. Star denotes 

a significant difference from discomfort level perceived both, before and during the use of IES.  
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of the IES protocols in reducing discomfort, all volunteers chose the bilateral 

protocols (4 continuous, 2 bursting) over the alternating protocols. All volunteers 

also preferred IES over voluntary contractions for reducing the discomfort 

produced by prolonged sitting. 

 

 As expected, increased loading on the ischial tuberosities in the second set 

of 6 volunteers increased the level of perceived discomfort due to prolonged 

sitting (figure 8C). For most time points during the experimental session, the 

perceived discomfort with additional weight (BW ± 30%) was 1.5 to 2.5 levels 

higher than that with natural BW. The average median responses of discomfort 

levels obtained throughout the experimental session in these volunteers are 

summarized in figure 8D. Under both loading conditions, a significant reduction 

in perceived discomfort was reported during and after the bilateral IES protocols 

(figure 9D). Similarly, chair push-ups induced a significant reduction in 

perceived discomfort under both loading conditions. Similar to the results 

reported by the volunteers participating in the first set of experiments, electrical 

stimulation during the “ON” phase of IES did not increase the level of perceived 

skin discomfort (p = 0.88). Furthermore, there were no significant differences (p = 

0.68) in the duration of reduction in perceived discomfort produced by the IES or 

chair push-up protocols.  

 

Five of the six volunteers subjected to increased loading at the ischial 

tuberosities preferred the bilateral continuous IES protocol over the bilateral 
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bursting protocol, particularly in the presence of the extra load. While the chair 

push-up was perceived to reduce discomfort in a similar amount to the IES 

protocols, pushing up on the chair and holding that position for 10 sec was 

considered straining for most volunteers, especially with the additional load.   

 

In summary, all IES protocols were effective in reducing perceived 

discomfort due to prolonged sitting. Volunteers preferred the bilateral protocols 

over the alternating protocols. Interestingly, IES was found to be more effective in 

reducing perceived discomfort than voluntary contractions. In the presence of 

increased loading, IES continued to be effective in reducing the level of perceived 

discomfort. While the reduction in perceived discomfort and its duration were 

similar to those obtained with the chair push-up pressure relief maneuver, all 

volunteers preferred IES for relief from discomfort due to prolonged sitting. 

 

1.5 Discussion 

1.5.1 Overview 

The goal of this study was to identify the effects of different intermittent 

electrical stimulation protocols and identify those best suited for preventing the 

formation of deep pressure ulcers. The effects of IES were compared to voluntary 

contractions and conventional pressure relief maneuvers that resembled the 

repositioning performed by able-bodied individuals and pressure relieving 

exercises performed by wheelchair users, respectively. 
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1.5.2 IES decreases pressure around bony prominences 

Pressure measured at the seating interface is dependent on several factors 

such as body weight, body build, geometry of the ischial tuberosities, and the type 

of surface used to sit. For this study, the average superficial pressure under the 

ischial tuberosities ranged from 6.8 to 23.7 kPa, which corresponded to a range of 

~70 – 80% of each person’s body weight (given an ischial tuberosity surface area 

of ~3 cm
2
). Although the understanding of pressure ulcer etiology, in particular 

that of DTI has improved over the years, the exact mechanisms that cause DTI are 

still not fully understood.  

 

An aspect of pressure ulcer etiology that has received particular attention 

lately is the extent of muscle damage caused directly by the mechanical 

deformation of the tissue. There is growing evidence that, especially in the earliest 

stages of DTI development (first 2 hrs), mechanical deformation may be the 

primary cause of tissue injury [44]. To better assess individuals at risk of 

developing DTI it is necessary to identify the pressure at the bone-muscle 

interface, and its relationship to the externally measured pressure at the seating 

interface. Obtaining a direct measurement of internal pressure (bone-muscle 

interface) is not possible without invasive procedures; however, estimates have 

been made through the use of finite element modeling [21, 45-46]. The overall 

consensus of these computer models is that internal pressures at the bone-muscle 

interface are likely to be higher than those measured at the seating interface. This 

suggests that superficial pressure measurements should not be the only 
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consideration when assessing individuals at risk of developing DTI [30, 47]. 

Nonetheless, measuring superficial pressure is relatively easy and can be routinely 

performed in a clinical setting. In addition, given that internal pressure is still 

dependent to a degree on superficial pressure, these measurements can provide 

valuable information regarding the effectiveness of interventions aimed at 

preventing the onset of DTI. 

 

The novelty and significance of the current work lies in the pattern of 

stimulation used to elicit contractions in the gluteus muscles of immobilized 

individuals. Able-bodied individuals typically reposition themselves every 6 – 9 

minutes as a result of discomfort from prolonged sitting [48-49]. Trying to mimic 

this repositioning pattern, IES stimulates the gluteus muscles for a short duration 

of time (5 – 15 sec) every 5 – 10 minutes. This intermittent use of electrical 

stimulation reduces the chance of fatiguing the muscles in users with SCI, whom 

as a result of the spinal injury often have muscles which are severely atrophied 

and highly fatigable, while still providing all the beneficial effects of each 

contraction. 

 

The use of electrical stimulation as a prophylactic intervention for pressure 

ulcers was originally proposed by Levine et al in studies in both able-bodied 

subjects as well as subjects with spinal cord injury [50-52]. In those studies each 

electrical stimulation-induced contraction significantly reduced superficial 

pressure under the ischial tuberosities, while at the same time increasing it in the 
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surrounding areas. More recently, van Londen et al. [53] showed very similar 

results in a group of volunteers with SCI. 

 

The main difference between IES and these previous electrical stimulation 

paradigms is the pattern of stimulation. For this study, IES was applied every 7 

minutes. When IES was applied simultaneously to both the left and right gluteus 

muscles, our results were in accord with those reported by Levine et al. [51], and 

van Londen et al. [53]. In the same manner, when IES was applied alternatively to 

one side first and then to the other, our results agree with those reported by van 

Londen et al. [53]. Unlike findings from these studies, muscle fatigue did not 

develop with IES as measured by the force generated ruing each muscle 

contraction, suggesting that it can be applied for long durations of time (e.g., 

throughout the hours of sitting). Moreover, we have extended the above studies by 

testing how superficial pressure is redistributed as a result of two different 

patterns of muscle contractions. In these additional protocols, stimulation was 

applied to induce three short contractions for the duration of the “ON” phase 

instead of a single strong contraction. This bursting protocol was applied both 

simultaneously and in an alternating fashion between the left and right gluteus 

muscles.  

 

In all IES protocols tested, we observed a significant reduction of pressure 

under the ischial tuberosities and an increase in pressure in the surrounding areas. 

The redistribution of pressure was also comparable to, or better than that achieved 



75 

 

by voluntary contractions. The effectiveness of IES in redistributing superficial 

pressure was maintained even under the increased superficial pressure generated 

by the additional load placed on the volunteers. This indicates that IES can 

effectively redistribute at least up to 17.27 kPa of pressure. While it is possible 

that IES could become ineffective in redistributing superficial pressure with 

loading levels higher than those tested in this study, the tests were performed with 

the volunteers seated on a lightly padded office chair. Given that people using 

wheelchairs typically sit on specialized cushions which greatly reduce superficial 

pressure, such high levels of superficial pressure are unlikely to arise in the 

majority of wheelchair users.   

 

 The chair push-ups, similar to those performed by wheelchair users, 

completely relieved superficial pressure as expected; however, although in good 

health and average fitness, all volunteers struggled to maintain the push-up 

position for the required 10 seconds. This was exacerbated in instances where 

push-up trials occurred back to back, even with the 7 min of rest in between. This 

highlights one of the difficulties people with SCI face in performing some of the 

recommended repositioning maneuvers to alleviate pressure, and may partly 

explain the consistent pressure ulcer incidence rates reported among this 

population over the years [54-56]. 

 

In a similar study conducted in our laboratory, Gyawali et al.[37] tested 

the effects of the bursting and continuous IES protocols in volunteers with SCI 
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who had varying degrees of muscle atrophy, and were seated on a specialized 

wheelchair cushion. The effectiveness of IES in redistributing pressure in those 

volunteers was similar to the one reported in this study. This suggests that the 

effectiveness of IES-induced contractions to redistribute superficial pressure is 

not dependent upon muscle mass, as these results were shown in volunteers with 

atrophied muscles. 

 

1.5.3 IES increases tissue oxygenation in compressed muscles 

When muscle becomes compressed, inflow and outflow of blood in the 

compressed tissue is compromised due to the occlusion of capillaries and major 

blood vessels. This ischemia prevents the exchange of oxygen, nutrients, and 

metabolic waste required to maintain proper cellular health, leading to cellular 

damage. Paradoxically, restoration of blood flow after prolonged periods of 

ischemia can lead to further injury as a result of reperfusion injury. The role of 

ischemia/reperfusion injury in pressure ulcer development has been the focus of 

much of the literature addressing pressure ulcer etiology [22, 57-58].  

 

Although it was believed that damage initiated both in the deep muscle 

and skin simultaneously [22-24], it is now accepted that muscle is more prone to 

damage due to ischemia/reperfusion injury than skin [18, 29]. The reason for this 

increased muscle susceptibility is that muscle has a higher metabolic demand, 

thus is more vascularized than skin. To assess the effectiveness of IES in 

preventing DTI formation, it was also necessary to obtain a measurement of deep 
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tissue oxygenation and measure the changes generated by each IES-elicited 

contraction. 

 

Our results show that each IES-elicited contraction causes tissue 

oxygenation levels to increase significantly, and to remain elevated for several 

minutes. These results are important because it has been suggested that the 

compressed muscles need to be fully unloaded in order to properly restore blood 

flow and prevent pressure ulcer development [59-60]. Our results demonstrate 

that the oxygenation levels achieved by IES-induced contractions are comparable 

to those generated by fully unloading the muscles, despite the fact that the target 

muscles remain compressed to some degree. Gyawali et al. reported similar 

changes in tissue oxygenation levels as a result of IES-elicited contractions when 

IES was tested in volunteers with SCI [37].  

 

The rapid increase in tissue oxygenation immediately after the IES-

induced contractions is likely a result of reactive hyperemia or to the pumping 

effect of muscular contractions. The sustained increase in tissue oxygenation 

which lasted for the duration of the acquisition time, however, is not completely 

understood. Changes in blood flow due to reactive hyperemia only last for 

seconds. Jordan et al. [42] suggested that the prolonged duration of elevated 

oxygen levels is due to a decrease in oxygen demand by the muscle, which is 

regulated by nitric oxide. As muscles exercise, nitric oxide is produced, which can 

inhibit mitochondrial respiration, reducing the consumption of oxygen by the 
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muscle. With a lower demand for oxygen, the surplus of oxygen that comes into 

the tissue immediately after the muscle contraction lasts longer, thus giving a 

higher T2* signal intensity.  Because of this, the long-term effect of active 

contractions should be a lowered oxygen demand, making the muscle more 

resistant to ischemic injury. It has also been shown that in people with SCI, the 

long-term use of electrical stimulation can improve tissue health by reducing 

atrophy and improving partial pressure levels of transcutaneous oxygen[61-62]. 

This suggests that IES could be an effective alternative where repositioning is not 

possible, especially in individuals who are incapable of performing the 

recommended exercises to relieve pressure passively.  

 

1.5.4 IES reduces perceived discomfort due to sitting 

To date, the effect of pressure ulcer prevention techniques on sitting 

discomfort has been overlooked, likely due to the fact that pressure ulcer research 

usually focuses on individuals with diminished sensation. To the best of our 

knowledge, this study is the first to assess in able-bodied individuals the changes 

in sitting discomfort that are generated by an intervention aimed at preventing the 

formation of DTI. This is significant because, in able-bodied individuals, the 

development of discomfort in the compressed tissue (e.g., gluteus muscles) is the 

signal that encourages the person to subconsciously change position after 

prolonged sitting. Various factors which can contribute to the generation of 

discomfort in the compressed muscle include the buildup of metabolic waste, and 

the “pins and needles” or numbness sensation that accompanies transient ischemia 
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caused by alterations in the activity of mechanosensitive neurons [63]. After 

repositioning, it is likely that the influx of fresh oxygenated blood and the 

removal of metabolic waste from the previously compressed region help to 

alleviate the discomfort, resetting the counter, figuratively speaking, before the 

next repositioning event. It is this mechanism that allows able-bodied individuals 

to remain seated for several hours a day whether at home, work, or while traveling 

without developing pressure ulcers. 

 

All of the IES-protocols tested generated a reduction in the level of sitting 

discomfort perceived by the study participants. This reduction took place even in 

trials where a higher initial discomfort was reported as the result of placing an 

additional load on the volunteers. An unexpected finding was that the reduction in 

discomfort generated by the different IES-protocols, and the duration of this 

reduction, were perceived to be as good as or even better than those generated by 

voluntary contractions or complete unloading through chair push-ups. This effect 

became more evident in the latter parts of the experimental session, when some 

volunteers were impatiently requesting to know when the next IES bout would 

start in order to alleviate sitting discomfort.  

 

The lasting effect of the elevated oxygenation levels in the muscle can 

explain the lasting effects in the relief of discomfort after the contraction ends. 

With an increased pool of oxygen available for the muscle, the production of 

metabolic waste that results from muscular anaerobic respiration should be 
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reduced, in turn slowing down the buildup of discomfort. Additionally, the 

reduction in pressure under the ischial tuberosities during each IES-elicited 

contraction is likely to change the mechanical stress levels within the muscle. 

 

The reduction in sitting discomfort is important because it suggests that 

the 10 second IES-induced contraction may be enough to restore the muscle’s 

capability to withstand another period of sustained loading.  

 

1.5.5 Conclusion 

This study demonstrated that IES is effective in reducing superficial 

pressure at the ischial tuberosities while sitting, increasing oxygenation levels in 

the compressed gluteus maximus muscles, and providing relief from discomfort 

due to prolonged sitting. The benefits of the bilateral IES protocols were similar 

to, and at times superseded those produced by voluntary contractions and 

conventional pressure relief maneuvers. The long-term effects of periodical active 

contractions produced by IES could include improved muscle conditioning and 

resistance to breakdown due to prolonged compression. The use of IES in 

combination with existing specialized surfaces provides an exciting new avenue 

for effectively reducing the incidence of DTI and pressure ulcers in people with 

compromised mobility and sensation.  
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CHAPTER 2 

Distribution of Internal Pressure around Bony Prominences: 

Implications to Deep Tissue Injury and Effectiveness of 

Intermittent Electrical Stimulation 

 

2.2 INTRODUCTION 

Pressure ulcers refer to the breakdown of soft tissue around bony 

prominences in people with reduced mobility or sensation due to prolonged sitting 

or lying down.  These ulcers are particularly prevalent among the elderly, people 

with mobility impairments due to spinal cord injury, head trauma or multiple 

sclerosis, those with musculoskeletal diseases, people in coma or those 

undergoing long surgical procedures.  The incidence of pressure ulcers in clinical 

centers varies, but is as high as 40% in acute care facilities and 39.4% in nursing 

homes [1-5]. The prevalence of pressure ulcers in people with spinal cord injury is 

25-33% [6-21].  Moreover, 80% of people with spinal cord injury develop at least 

one pressure ulcer following their injury [6].  These ulcers interfere with 

rehabilitation efforts, disrupt work, and reduce independence.   

 

Pressure ulcers develop at the surface of the skin and progress inwards, or 

at deep bone-muscle interfaces and progress outwards.  Outside-in ulcers develop 

due to skin abrasion, poor nutrition or hygiene, and excessive skin moisture or 

dryness [22].  These ulcers are detected via skin inspection and can be prevented 

early on in their stage of development.  Inside-out ulcers, known as deep tissue 

A version of this chapter has been published . Solis et al. “Distribution of internal pressure around 

bony prominences: Implications to deep tissue injury and effectiveness of intermittent electrical 

stimulation.” Annals of Biomedical Engineering, 2012; 40(8): 1740 – 1759. 
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injury (DTI), develop due to prolonged loading and deformation of soft tissue 

trapped between a bony prominence and an external surface [2, 22-28].  Because 

of their deep origin, these ulcers develop unbeknownst to the individuals or their 

caregivers. Once skin signs are detected, extensive damage of the underlying 

tissue would have already occurred.   

 

Pressure in the deep tissue around bony prominences is the primary factor 

for the development of DTI.  Muscle is more susceptible to breakdown due to 

loading than skin [26-27, 29-31]; nonetheless, there are currently no empirical 

measures of pressure or strain in tissue located deep around bony prominences.  

Instead, surface pressure measurements are obtained using pressure mattresses 

placed between the seated individual and the support surface.  The resulting 

measurements describe the distribution of interfacial pressure around the bony 

prominences [32-33], but do not provide quantitative assessments of pressure or 

strain in the deep tissue [28, 34-35].  

 

Computer models of the buttocks in seated individuals indicate that the 

levels of internal pressure are substantially higher than those measured at the 

surface [30, 36-38].  Initial validations of these models have been conducted in 

the thighs of rodents [39]; however, empirical measurements of internal pressure 

from humans or animal models with pelvic anatomy that closely resembles that of 

humans are not available.  Initial measurements of hydrostatic pressure in the 

deep tissue of pigs were provided by the seminal work of Le et al [40]. 
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The goals of the present study were twofold.  First, obtain direct 

measurements of pressure around the ischial tuberosities of adult pigs subjected to 

different levels of external loading, and assess the effect of muscle atrophy 

secondary to spinal cord injury on the levels of internal pressure.  Second, 

determine the effect of intermittent electrical stimulation (IES), a novel 

rehabilitation intervention currently under investigation for the prevention of DTI 

[32-33, 41-42], on the distribution of internal pressure around bony prominences 

in healthy and atrophied muscles.   

 

2.3 METHODS 

2.3.1 Overview 

Acute experiments were conducted in 6 adult, female pigs (Yucatan 

minipig strain, 45 – 75 kg).  All experimental protocols were approved by the 

University of Alberta Animal Care and Use Committee.  At the time of the 

experiment, 5 animals had intact spinal cords and healthy muscles around the 

ischial tuberosities.  One animal received a hemi-lesion of the spinal cord 4 weeks 

prior to the experiment, which caused paralysis and muscle atrophy in the 

ipsilateral hindleg.  With the animals in a prone position, controlled levels of 

pressure were applied to the buttocks region to load the muscles around the ischial 

tuberosities.  Magnetic resonance images (MRIs) of the buttocks and hip regions 

were obtained to document the anatomical features of the soft tissue under 

unloaded and loaded conditions, and during muscle contractions induced by IES.  

Constant levels of external loading were applied using a servo-controlled motor.  
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Corresponding levels of internal pressure around the ischial tuberosity of the left 

hindleg were recorded using a catheter with an indwelling pressure transducer 

near the tip.  Upon completion of the mapping of internal pressure, the animals 

were euthanized with an overdose injection of Euthanyl (i.v., 30mg/kg). 

 

2.3.2 Spinal Cord Hemi-transection and Palliative Care 

A hemi-lesion of the spinal cord was induced in one animal at the second 

lumbar level (L2).  This led to the loss of voluntary control of the ipsilateral hind 

leg, but retained bowel and bladder function.  The transection procedure was 

performed under complete aseptic conditions.  The pig was premedicated with a 

mixture of Ketamine, Glycopyrrolate and Xylazine (22mg/kg, 0.01mg/kg, and 

2.2mg/kg, respectively) administered intramuscularly.  The trachea was then 

intubated and isoflurane inhalation anesthesia was administered (2-3% in 

oxygen).  The opioid analgesic, buprenorphine, was administered (0.005mg/kg) 

and the surgical area was washed with antiseptic soap and rubbed with betadine.  

A small laminectomy exposing the L2 lumbar segment was performed and a 

transverse cut was placed in the dura mater using fine ophthalmic scissors.  

Lidocane (2%) was then injected in the left side of the spinal cord, and the cord 

was progressively transected dorso-ventrally.  The completeness of the hemi-

lesion was verified visually and small pieces of Surgicel (Ethicon, Inc. 

Somerville, NJ, USA) were inserted in the lesion site to reduce the incidence and 

extent of bleeding.  The back wound was sutured shut in layers and the incision 

site was cleaned with sterile saline and alcohol.  Another intravenous injection of 
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buprenorphine was administered and isoflurane anesthesia was terminated.   

 

The pig recovered in its cage which had been fitted with Tempur-Pedic 

mattresses in order to reduce the incidence of pressure ulcers in the paralyzed 

hind leg.  Saline (0.9% NaCl) was administered (i.v., 3L per day, for 3 days) to 

ensure proper hydration, and buprenorphine (i.v., 0.005mg/kg) every eight hours 

for the first three days post-surgery.  Antibiotics (Cephalexin 20mg/kg, orally) 

were also administered twice per day throughout the post-surgery duration and 

until the day of the terminal experiment.    

 

2.3.3 Animal Preparation and Magnetic Resonance Imaging 

On the day of the terminal experiment, all animals were premedicated with 

Ketamine, Glycopyrrolate and Xylazine (22mg/kg, 0.01mg/kg, and 2.2mg/kg, 

respectively) administered intramuscularly. Anesthesia was initially induced using 

isoflurane anaesthesia (2 - 3% in oxygen) and maintained with sodium 

pentobarbital (i.v., 10 mg/kg). The pigs were then transported to the Peter S. Allen 

MR Research Centre at the University of Alberta, and placed inside a 1.5T, one 

meter-bore magnet (Siemens Sonata Scanner, Siemens Medical Solution, 

Malvern, Pennsylvania, USA).  They were placed in a prone position in an MR-

compatible custom-built carrier with the hind legs flexed and tucked under the 

body such that both the femur and the feet were positioned parallel to the 

horizontal plane (Figure 1A). Morphological magnetic resonance images (MRIs) 

of the buttocks region were obtained using a 3D gradient echo imaging sequence 



90 

 

with the following parameters: echo time = 2.33 ms, relaxation time = 4.92 ms, 

flip angle = 12°, slice thickness = 2.5 mm, number of slices = 104, slice 

separation = 0 mm, in-plane matrix size = 320 x 320 pixels, field of view = 400 

mm x 400 mm, in-plane resolution = 1.25 x 1.25 mm. 

 

Images were obtained when the tissue of the buttocks was unloaded, and 

when loaded through an indenter to levels corresponding to 25, 50 or 75% of 

body weight (BW).  These levels of loading represented the range of interfacial 

pressure measured around the buttocks in people sitting on various support 

surfaces (unpublished data).  Images were also obtained during muscle 

contractions induced by IES in one hind leg.  Electrical stimulation was delivered 

through a pair of 5 cm x 10 cm MR-compatible surface electrodes (Pure Care, 

Sherwood Park, Alberta, Canada).  The cathode was placed over the motor point 

of the semimembranosus muscle, which in the pig is the muscle that directly 

overlies the ischial tuberosity.  The return electrode was placed rostrally and 

medially along the pelvis.  Trains of biphasic, charge-balanced stimulation pulses, 

200 µs wide, were delivered at a frequency of 50 Hz using a BioStim NMS+ 

stimulator (Biomedical Life Systems, California, USA).  The amplitude of the 

pulses was set to the level that produced maximal contractions.  The strength of 

the contractions was assessed visually. 
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2.3.4 External Loading and Internal Pressure Mapping 

Loading of the tissue around the ischial tuberosities was achieved using an 

indenter (10 cm x 30 cm) attached to a feedback-controlled servomotor (Danaher 

AKM23D, Danaher Motion, Washington DC, USA) (Figure 1A).  A force 

transducer (Interface SMT2-225, Interface Inc., Scottsdale, Arizona, USA) was 

placed serially between the indenter and shaft of the servomotor and provided the 

signal for feedback control.  The servomotor was supported by a horizontal panel 

attached to the vertical rod of a drill press that allowed for accurate positioning of 

the indenter in three planes.  To eliminate forward translation during loading, the 

pelvis was secured through straps to the animal carrier, and the carrier was 

secured via additional straps to the vertical rod.  The base of the rod was heavily 

loaded and securely anchored to the floor.   

 

A controller was used to maintain a constant loading level to within ±900 

g of the target load.  Readings from the force transducer were sampled every 2 ms 

by the controller.  Following a control signal, the servomotor pushed the indenter 

at a continuous speed of 0.5 cm/s until the target loading level was reached.  At 

this point, the servomotor was automatically set to a hold position, keeping the 

indenter in place.  If the load dropped below or increased above the target load by 

900 g, the servomotor automatically adjusted the position until the target load was 

reached again.  The controller code was developed in the DMC Smart Terminal 

(Galil Motion Control, Rocklin, California, USA) software environment.  
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For each target loading level, the distribution of interfacial pressure on the 

buttocks was measured using a pressure sensing mattress (PX200:36:36, XSensor 

Technology Corporation, Calgary, Alberta, Canada) placed between the indenter 

and the surface of the skin (Figure 1A).  The mattress had an array of 36 x 36 

sensors, each covering an area of 1 cm
2
 (1 cm x 1 cm).  After removal of the 

mattress, measurements of internal pressure in the left hind leg proceeded by 

advancing a pressure sensing catheter (FTS-3011B-0024, Scisense, Ontario, 

Canada) within a 13.3 cm-long 14 gauge needle (BD Angiocath, BD, Franklin 

Lakes, NJ, USA) through a grid of holes in the indenter.  The solid state pressure 

sensor was positioned inside the catheter 3 mm from the tip, and pressure 

measurements were obtained along a 1 cm x 1cm grid of holes in the indenter 

(Figure 1B, C).  The 9 x 13 grid was positioned such that, as much as possible, the 

second or third row from the top and the second column from the right 

corresponded to the center of the ischial tuberosity of the left hind leg.  One to 

three rows were available for mapping the internal pressure above (dorsal) or 

below (ventral) the ischial tuberosity.  One column to the right (medial) of the 

ischial tuberosity and up to twelve columns to the left (lateral) were also available 

for mapping.   
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Figure 1. Experimental setup. (a) A computer controlled servo motor was used to push an indenter 

against the buttocks of an anesthetized pig. Loading levels equivalent to 25%, 50%, and 75% BW 

of each pig were applied to the buttocks. (b, c) A pressure catheter was introduced through small 

openings (1 mm diameter) in the indenter and into the pig‟s buttocks. (d) With the buttocks loaded, 

a map of internal pressure was formed by acquiring measurements at different dorso-ventral, 

medio-lateral and antero-posterior locations relative to the ischial tuberosity. (e) Top: An example 

of a raw trace of internal pressure recorded as the pressure transducer was retracted toward the 

skin from a location next to the bone. Bottom: Trigger signals recorded in conjunction with the 

raw pressure traces. Each trigger indicates the location, relative to the bone, from which internal 

pressure measurements were acquired. Arrow indicates the instance of transducer insertion toward 

the bone; arrow heads indicate two instances of transducer retraction in 1 cm steps through the 

tissue.  
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Measurements of internal pressure were obtained every 2 centimeters 

horizontally and vertically in the plane parallel to the ischial tuberosity.  This 

allowed for adequate mapping of internal pressure under multiple loading levels 

and IES without causing tissue damage due to repeated catheter insertions in a 

given location.  Thus, measurements under different conditions were obtained 

from locations that were at most 1 cm apart from each other.  Collectively, the 

measurements provided full characterization of pressure within the soft tissue 

around the ischial tuberosity. 

 

Once a stable level of external loading was achieved by the servomotor, 

measurements of internal pressure were taken.  For each location on the grid, the 

14G needle was advanced to a depth of 9 cm or until the bone was reached 

(Figure 1D).  The pressure sensing catheter was inserted through the length of the 

needle and the needle was withdrawn, leaving the catheter in place within the soft 

tissue.  The pressure sensing catheter was then retracted in 1 cm steps and 

measurements were continuously sampled at each location until steady state was 

achieved (Figure 1E).  The process of acquiring internal pressure measurements 

through a grid location required a maximum of 15 - 20 seconds.  The same 

mapping process was repeated for all three loading conditions.   

 

2.3.5 Internal Pressure Mapping during Intermittent Electrical Stimulation 

The changes in the distribution of internal pressure due to IES were 

quantified for each level of external loading in order to assess the effectiveness of 
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this approach in alleviating pressure in deep tissue around the ischial tuberosities.  

Upon applying the target external load (25, 50, or 75% BW), the pressure sensing 

catheter was inserted through one of the grid locations and the guide needle was 

removed.  Electrical stimulation was then initiated to induce a maximal muscle 

contraction.  During the contraction (which lasted 10 – 12 seconds), pressure 

measurements were recorded by retracting the catheter in the same manner 

described above.  The muscle contraction was sustained throughout the period of 

catheter retraction.  A 10 minute resting period was imposed between trials with 

IES to ensure that muscle fatigue does not develop. 

 

2.3.6 Data Acquisition 

Interfacial pressure measurements were obtained at a rate of 10 

frames/second using XSensor proprietary software (X3 Pro V5, XSensor 

Technology Corporation, Calgary, Alberta, Canada).  The recordings from each 

sensor were exported to Matlab (Mathworks, Massachusetts, USA) for analysis 

using custom-written routines.   

 

Internal pressure measurements were amplified 1000 times and low-pass 

filtered with a cut-off frequency of 500Hz.  The values were sampled at a rate of 

1000 samples/second using the CED Power 1401 analog-to-digital conversion 

interface and Spike2 software (Cambridge Electronic Design, Cambridge, 

England).  The signal from a trigger switch indicating when a pressure 

measurement was acquired was also recorded at the same sampling rate.  The 
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recorded values were then exported to Matlab for analysis using custom-written 

routines. 

 

2.3.7 Data Analysis and Statistics 

a) Interfacial pressure 

A 2D distribution of interfacial pressure was constructed for each level of 

external loading based on measurements obtained from the 36 x 36 array of 

individual sensors in the pressure sensing mattress.  The center of the ischial 

tuberosity in the left hind leg was identified by the sensor with the highest 

interfacial pressure.  This sensor was always surrounded by sensors with lower 

pressure values.  Measurements from the sensor at the center of the ischial 

tuberosity and those surrounding it were given coordinates to match the 

coordinate system used for the internal pressure measurements.  

 

b) Internal pressure 

Measurements of internal pressure were analyzed individually for each grid 

location in all animals.  For each location, the average internal pressure (~1sec of 

data) at a given depth was calculated and stored in a 3D matrix according to the 

spatial location of that measurement.  The combined measurements from all 

locations provided 3D coverage around the ischial tuberosity.  Values were 

interpolated using a 3D cubic-spline function to fill in missing measurements.  
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c) Comparison of internal and interfacial pressure 

To allow for comparisons between the levels of internal and interfacial 

pressure across animals, the ratio of internal to maximal interfacial pressure was 

calculated.  For a given level of external loading, the maximal interfacial pressure, 

located at the center of the ischial tuberosity, was identified.  All pressure 

measurements, both internal and interfacial were then divided by this value, and a 

3D map of the ratio of internal to maximal interfacial pressure was constructed for 

each animal.  The same process was performed for all levels of external loading 

with and without the use of IES.  

 

To compare the redistribution in internal pressure as a result of IES, a pressure 

displacement vector was calculated.  The coordinates of the point with highest 

internal pressure without IES were used as the starting point of the vector, and the 

coordinates of the point with highest internal pressure during IES were used as the 

end point.   

 

d) Statistics 

This study had three null hypotheses. 1) There would be no statistical 

difference in internal pressure levels between the different external loading 

levels. 2) There would be no statistical difference between internal pressure 

levels and superficial pressure levels at each respective external loading level. 

3) There would be no statistical difference in internal pressure levels between 

the use and non-use of IES for each respective loading level. 
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A one-way ANOVA was used to compare the maximal interfacial pressure 

and the area of elevated interfacial pressure around the ischial tuberosities across 

the three levels of external loading. The region of the ischial tuberosity was 

determined by the sensor with the highest interfacial pressure. The area of 

elevated interfacial pressure was determined by the sensor with the highest 

interfacial pressure and surrounding sensors with pressures higher than one 

standard deviation over the mean interfacial pressure of the entire buttock contact 

area. A two-way ANOVA was used to compare the ratios of peak internal 

pressure relative to maximal interfacial pressure across the three levels of loading, 

as well as the changes in these ratios due to the use of IES.  Statistical 

significance was established at p < 0.05.   

 

2.4 RESULTS 

2.4.1 Appropriateness of the Yucatan Minipig as an Animal Model 

The adult Yucatan minipigs were the most suitable animal model for these 

experiments due to the close resemblance of their size, anatomy of the buttocks, 

and skin, fat and muscle characteristics to that of adult humans.  Examples of MR 

images of the buttocks region of animals and humans are shown in Figures 2A 

and B.  The images from pigs (left) were obtained during the application of 

external loading equivalent to 50% BW.  The images from human volunteers 

(right) were obtained while they were seated in an MR-compatible apparatus that 

loaded the tissue around the ischial tuberosities to the same levels experienced 
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while sitting [32-33].  The loading levels were calculated from interfacial pressure 

measurements and were 60.90 ± 17.95% BW (mean ± standard deviation) for 

volunteers with intact spinal cords (n = 12) [33], and 69.87 ± 13.47% BW for 

volunteers with chronic spinal cord injury (n = 8) [32].  While the volume of the 

ischial tuberosities in the pigs was approximately half of that in humans, both pigs 

and humans had similar thicknesses of skin, fat and proportional muscle tissue 

around the bony prominences.  On average, muscle volume in the buttocks region 

of the pigs was half of that in humans (Figure 2C).  Four weeks following spinal 

cord injury, substantial disuse atrophy was seen in the muscles of the paralyzed 

legs exemplified by the reduction in muscle volume.  Muscle volume was 249.83 

± 48.89 cm
3
 in intact pigs (n = 5) and 127.26 ± 41.61 cm

3
 in pigs with spinal cord 

injury (n = 3) [43].  The reduction in muscle volume by 50.94% after spinal cord 

injury in the pigs was similar to the reduction in muscle volume seen in humans 

11 years post spinal cord injury (51.37%; from 535.68 cm
3
 to 275.20 cm

3
, Figure 

2C). 
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2.4.2 Distribution of Interfacial Pressure  

An example of the distribution of interfacial pressure in the buttocks of 

pigs is shown in Figure 3 A (Top and Middle panels) for the 50% BW loading 

level.  This closely resembled the distribution of interfacial pressure seen in 

seated human volunteers.  The highest regions of pressure were focused around 

the ischial tuberosities in both spinally intact (Top Panel) and spinally injured 

(Middle Panel) animals.  The maximal interfacial pressure at the 50% BW loading 
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Figure 2. Anatomy of the buttocks in pigs and humans with intact and injured spinal cords. (a) 

Coronal MRI of a pig (left column) and a human (right column) with intact spinal cord, and 

muscles loaded to 50 and 60% of BW, respectively. Arrows indicate ischial tuberosities. (b) 

Coronal MRI of a pig and a human with spinal cord injury and muscles loaded to 50 and 60% of 

BW, respectively. The spinal hemisection affected the hind leg ipsilateral to the lesion (left side of 

MRI) in the pig; however, the contralateral hind leg also experienced muscle atrophy due to the 

reduction in the overall level of movement following injury. (c) Muscle volume around the 

buttocks in humans and pigs with and without spinal cord injury. Quantifications from the 

paralyzed side in three pigs were used (one pig used in this study and two used in a separate 

study).  
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level was 54.94 ± 11.73 kPa (mean ± standard deviation) and 65.64 kPa in intact 

animals and animal with spinal cord injury, respectively.  Figure 3 B summarizes 

the maximal interfacial pressure measured at each loading level for both intact 

(n=5) and spinally injured (n=1) pigs.   

 

 

The average interfacial pressure around the ischial tuberosities for the 
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Figure 3. Interfacial pressure distribution in pigs with intact and injured spinal cords. (a) Top: 

Interfacial pressure distribution of an intact pig loaded to 50% BW. Bottom: Interfacial pressure 

distribution of a pig with spinal cord injury loaded to 50% BW. (b) Summary of maximal interfacial 

pressure in spinally intact pigs (mean 6 standard deviation) and the pig with spinal cord injury for 

the 25%, 50%, and 75% BW loading.  
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50% BW loading level was 28.10 ± 3.15 kPa (over an area of 39.52 ± 5.59 cm
2
) 

and 34.13 kPa (over an area of 24.19cm
2
) for the intact and spinally injured pigs, 

respectively.  In addition to the increase in the absolute values of interfacial 

pressure after spinal cord injury, the area experiencing high pressures decreased.  

Because of the smaller volume of ischial tuberosities and surrounding muscle, the 

average values of interfacial pressure in the spinally intact and injured pigs were 

nearly twice those measured in able-bodied (15.16 ± 3.25 kPa) and spinal cord 

injured (13.85 ± 3.81 kPa) volunteers seated on a lightly padded chair and a gel 

wheelchair cushion, respectively [32-33].   

 

2.4.3 Distribution of Internal Pressure in Spinally Intact Pigs 

Recordings of pressure in the medio-lateral, dorso-ventral and antero-

posterior planes around the left ischial tuberosity are shown in Figure 4 for one 

spinally intact pig with 50% BW loading.  Figure 4A shows the recordings from 

the dorso-ventral plane centered on the ischial tuberosity (corresponding, in this 

case, to the top row of measurements in the grid of Figure 2B, C).  Pressure levels 

were highest at the center of the ischial tuberosity and exceeded 100 kPa (106.86 

kPa).  The highest levels of internal pressure were focused immediately around 

the bone and dropped substantially 2 cm posteriorly from the ischial tuberosity, at 

the level of the skin.  Peak levels of internal pressure dropped to 86.15 kPa 1 cm 

laterally from the ischial tuberosity and to 63.32 kPa 2 cm laterally.  For locations 

2 cm lateral from the ischial tuberosity (green line), relatively low levels of 

internal pressure were recorded at the level of the skin and anterior locations 



103 

 

(depths) of 3.5 cm and higher.  

 

Internal pressure levels had a similar profile 1 cm ventrally from the plane 

centered on the ischial tuberosity (Figure 4B; corresponding to recordings from 

the second row in the grid of Figure 2B, C); however, the peak amplitudes were 

lower and the antero-posterior distribution was wider.  The highest pressure 

values were 70.15, 60.01, and 42.93 kPa 0, 1 and 2 cm lateral from the ischial 

tuberosity, respectively.  Pressure was lowest at the level of the skin and at 

anterior locations of 5 cm and higher.  Ventral locations 2 and 3 cm away from 

the ischial tuberosity (Figure 4C and D; corresponding to recordings from the 

third and forth rows in the grid in Figure 2B, C) experienced substantially lower 

levels of internal pressure.  At these locations, maximal internal pressure was 60% 

and 83% lower than that measured directly around the ischial tuberosity (Figure 

4A), respectively.  
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Figure 4. Internal pressure measurements obtained from a spinally intact pig. Example of internal 

pressure measurements obtained from one pig at different dorso-ventral, medio-lateral and antero-

posterior (depths) locations with respect to the ischial tuberosity in one hind leg during 50% BW 

loading of the buttocks. (a) Medio-lateral and antero-posterior (depth) measurements along a dorso-

ventral (horizontal) plane centered on the ischial tuberosities. Medio-lateral and antero-posterior 

measurements along (b) a dorso-ventral plane located 1 cm ventrally relative to „„a‟‟, (c) a dorso-

ventral plane located 2 cm ventrally relative to „„a‟‟, (d) a dorso-ventral plane located 3 cm ventrally 

relative to „„a‟‟. The location of the antero-posterior measurements for each lateral location is shown 

in the corresponding MRI on the right.  
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Maps of interfacial pressure for the 25%, 50% and 75% BW loading 

levels in one spinally intact animal are shown in Figure 5A.  Maximal interfacial 

pressure was 36.40, 62.26, and 65.74 kPa for the 25%, 50% and 75% BW loading 

levels, respectively.  The corresponding distributions of internal pressure in the 

dorso-ventral plane centered on the ischial tuberosity (top row in the grid, Figure 

2B, C) as well as ventral planes 1, 2 and 3 cm away (second to fourth rows in 

grid, Figure 2B, C) are shown in Figures 5B, C, D and E, respectively.  As 

expected, the levels of internal pressure increased with increasing levels of 

external loading.  Importantly, the magnitude of peak internal pressure exceeded 

that of maximal interfacial peak pressure for all levels of external loading.  This 

was particularly evident in the dorso-ventral plane centered on the ischial 

tuberosity (Figure 5B), where peak internal pressures were 72.23, 106.90, and 

105.60 kPa for the 25%, 50% and 75% BW loading, respectively.  For all levels 

of external loading in this animal, peak internal pressure continued to exceed that 

of maximal interfacial pressure 1 cm ventrally from the central plane (Figure 5C), 

where peak internal pressures were 50.4, 70.16, and 96.66 kPa for the 25%, 50% 

and 75% BW loading, respectively.  This also continued to be the case 2 cm 

ventrally for the 75% BW loading level (Figure 5D), where peak internal pressure 

was 71.62 kPa.  
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To further understand the relationship between internal and interfacial 

pressure and allow for comparison of measurements between animals, internal 

pressure recordings in a given animal were divided by the value of the maximal 

interfacial pressure measured in that animal.  The normalized results, grouped 
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Figure 5. Distribution of interfacial and internal pressure in a spinally intact pig. (a) Map of 

interfacial pressure for the 25%, 50%, and 75% BW loading levels. Medio-lateral and antero-

posterior map of internal pressure (b) in the dorso-ventral plane centered on the ischial 

tuberosities, (c) in the dorso-ventral plane located 1 cm ventral to „„b‟‟, (d) in the dorso-ventral 

plane located 2 cm ventral to „„b‟‟, (e) in the dorso-ventral plane located 3 cm ventral to „„b‟‟.  
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across all intact animals, are shown in Figure 6.  Interestingly, the highest values 

of internal pressure were approximately two times larger than the maximal values 

of interfacial pressure.  Furthermore, the highest levels of internal pressure were 

not located directly next to the bone, but about 0.5 – 1.0 cm posterior to the bone.  

Across animals, the ratio of peak internal pressure to maximal interfacial pressure 

for the 25%, 50% and 75% BW loading was similar (2.11 ± 0.18, 1.80 ± 0.16, and 

2.12 ± 0.20, respectively (mean ± standard error)).  The average ratio of peak 

internal pressure to maximal interfacial pressure across all loading levels was 2.01 

± 0.08.  With the exception of the 25% external loading condition (Figure 6B), the 

average ratio of peak internal to maximal interfacial pressure dropped to 

approximately 1 (1.1 ± 0.17) 1 cm ventral to the plane centered on the ischial 

tuberosities.  This ratio was less than 1 (0.84 ± 0.12) 2 cm ventrally (Figure 6C), 

and less than 0.5 (0.34 ± 0.04) 3 cm ventrally (Figure 6D).   

 

2.4.4 Distribution of Internal Pressure following Chronic Spinal Cord Injury 

The thickness of the soft tissue between the bone and skin was 

substantially reduced one month after spinal cord injury (2.98 cm relative to 3.5 ± 

0.8 cm (mean ± standard deviation) in intact animals).  Therefore, fewer 

measurements of internal pressure could be obtained around the ischial tuberosity 

of the paralyzed hind leg.  Figure 7 shows the distribution of interfacial (A) and 

internal pressure (B-D) in the animal with spinal cord injury with external loading 

levels of 50% and 75% BW.  Peak interfacial pressures were 65.64 and 92.17 kPa 

for the 50% and 75% loading levels, respectively (Figure 7A).  Similar to the 
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intact animals, peak internal pressure was highest around the ischial tuberosity 

(Figure 7C, dorso-ventral plane centered on the ischial tuberosities) and was 

97.31 and 111.77 kPa for the 50% and 75% BW loading, respectively.  For the 

50% loading level, peak internal pressure dropped to 73.59 kPa one cm dorsal to 

the ischial tuberosity (Figure 7B, left) and to 52.66 kPa one cm ventral to the 

tuberosity (Figure 7D, left).  The 75% BW loading condition tilted the pelvis and 

caused high levels of internal pressure in the planes centered on the ischial 

tuberosity and one cm dorsally (111.77 kPa and 126.11 kPa, respectively. Figure 

7B, C right).  Internal pressure dropped to 75.16 kPa 1 cm ventrally (Figure 7D, 

right).  For all dorso-ventral planes sampled except one (Figure 7D, left), peak 

internal pressure was higher than the maximal interfacial pressure.   
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Figure 6. Relationship between internal pressure and maximal interfacial pressure in spinally 

intact pigs. Ratio of internal to maximal interfacial pressure for all dorso-ventral, medio-

lateral and antero-posterior locations sampled in all intact animals, and for all external 

loading levels. (a) Mean and standard error of internal pressure (relative to maximal 

interfacial pressure) for mediolateral and antero-posterior locations in the dorso-ventral plane 

centered on the ischial tuberosities. Internal pressure in the dorsoventral plane located (b) 1 

cm ventral to „„a‟‟, (c) 2 cm ventral to „„a‟‟, (d) 3 cm ventral to „„a‟‟. Solid lines indicate the 

mean proportional value of internal pressure with respect to maximal interfacial pressure, 

dotted lines indicate standard errors. The values to the left of the skin indicate the normalized 

interfacial pressure at the corresponding dorso-ventral, medio-lateral locations.  

 



110 

 

Recordings of internal pressure normalized to maximal interfacial pressure 

for the same pig are shown in Figure 8.  Due to the larger values of maximal 

interfacial pressure, the ratio of peak internal to maximal interfacial pressure was 

smaller than that in intact animals (1.48 and 1.37 for the 50% and 75% BW 

loading levels, respectively).  Nonetheless, Figure 8 demonstrates that peak 

internal pressure was more highly focused around the ischial tuberosity than in 

intact animals.  Moreover, peak levels of internal pressure were located 

immediately posterior to the bone for both the 50% and 75% BW loading 

conditions (Figure 8B, dorso-ventral plane centered on the ischial tuberosities).  

For the 50% BW loading, the ratio of peak internal to maximal interfacial 

pressure in the dorso-ventral plane centered on the ischial tuberosity dropped to 

1.22 1 cm posterior to the bone, and to 0.90 2 cm posteriorly (Figure 8B, left).  

The ratios also dropped to 0.49 1 cm dorsally and 0.35 1 cm ventrally (Figure 8A, 

C, left).  In all dorso-ventral planes, the ratio of internal to maximal interfacial 

pressure approached zero within a 2-3 cm antero-posterior span.   
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Figure 7. Distribution of interfacial and internal pressure in a pig with spinal cord injury. (a) 

Map of interfacial pressure for the 50 and 75% BW loading levels. Medio-lateral and 

anteroposterior map of internal pressure (b) in the dorso-ventral plane located 1 cm dorsal to 

the ischial tuberosities, (c) in the dorso-ventral plane centered on the ischial tuberosities, (d) 

in the dorso-ventral plane located 1 cm ventral to the ischial tuberosities.  
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With 75% BW loading (Figure 8, right), the region of peak internal 

pressure extended dorsally and laterally, with near peak levels still evident 1 cm 

dorsally and 1 cm dorso-laterally from the ischial tuberosity (Figure 8A, right).  

One centimeter ventrally and laterally (Figure 8C, right) peak internal pressure 

levels were still around 1.05 times the maximal interfacial pressure.  Nonetheless, 

a substantial drop in the ratio of internal to maximal interfacial pressure was seen 

2 mm lateral to the bone in the plane centered on the ischial tuberosity (Figure 8B, 

right).   
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spinal cord injury. Ratio of internal to maximal interfacial pressure for all dorso-ventral, medio-
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and 75% BW loading levels. Internal pressure (relative to maximal interfacial pressure) for medio-
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2.4.5 Effects of IES on the Distribution of Internal Pressure 

In previous studies, we demonstrated that IES was effective in 

redistributing interfacial pressure in the buttocks of seated individuals, 

significantly reducing its magnitude around the ischial tuberosities [32-33].  In the 

present study, we assessed the effectiveness of IES in redistributing pressure in 

deep tissue around the ischial tuberosity.   
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Figure 9. Redistribution of internal pressure due to IES in spinally intact pigs. Maps 

indicate the distribution of internal pressure (relative to maximal interfacial pressure) in the 

dorso-ventral plane centered on the ischial tuberosities from all spinally intact animals, and 

for all levels of external loading. Left: Internal pressure before the use of IES. Center: 

Internal pressure during muscle contraction due to IES. Right: Shift in location of peak 

internal pressure due to the IES-induced muscle contractions. „„O‟‟ indicates the location of 

peak internal pressure (relative to maximal interfacial pressure) before the use of IES. „„A‟‟ 

indicates the location of peak internal pressure during the IES-induced muscle contractions. 

(a) 25% BW loading. (b) 50% BW loading. (c) 75% BW loading.  
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Composite reconstructions of internal pressure maps (normalized to 

maximal interfacial pressure) in the dorso-ventral plane centered on the ischial 

tuberosities from all spinally intact animals without IES are shown in Figure 9 

(left column) for 25%, 50% and 75% BW loading.  As the external loading 

increased, the compression of tissue between the bone and the indenter increased 

and the thickness of the soft tissue layer decreased.  The highest levels of internal 

pressure were located posteriorly to the bone, and the focal point of peak internal 

pressure moved anteriorly towards the bone as the level of external loading 

increased.  The point of peak internal pressure was approximately 1.75 cm 

posterior to the bone with 25% BW loading (Figure 9A, left), and 0.8 cm and 0.7 

cm posterior to the bone for the 50% and 75% BW loading, respectively (Figure 

9B, C).  As the level of external loading increased, the location of peak internal 

pressure corresponded to the zone between the muscle and fat. 
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The application of IES produced a muscle contraction that increased the 

thickness of the tissue directly between the ischial tuberosity and indenter (Figure 

9, center column) in all animals.  Measurements from MR images showed that 
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Figure 10. Statistical changes in internal pressure during IES-induced muscle contractions 

in intact pigs. (a) Mean internal pressure 6 standard error in the dorso-ventral plane centered 

on the ischial tuberosities for all levels of external loading. (b) Medio-lateral distribution of 

internal pressure (mean 6 standard error) relative to the ischial tuberosity in the dorso-

ventral plane centered on the ischial tuberosities, for all levels of external loading, with and 

without IES. *Significant reduction in internal pressure during IES.  
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tissue thickness increased by an average of 25% with IES for the 25% BW 

loading, and by 32% and 31% for the 50% and 75% BW loading levels, 

respectively.  Moreover, under all loading conditions, IES shifted the focal point 

of peak internal pressure.  For the 25% and 50% BW loading conditions, the focal 

point shifted 3 cm laterally and 1 cm dorsally and ventrally (Figure 9A, B, right 

column), while for the 75% BW loading, the focal point shifted by 1 cm anteriorly 

and ventrally (Figure 9C, right column).   

 

The ratio of internal to maximal interfacial pressure in the region 

surrounding the ischial tuberosity significantly decreased during IES (p < 0.001) 

in intact animals for all loading levels.  Internal pressure was reduced by 44%, 

50% and 39% for the 25%, 50% and 75% BW external loading conditions, 

respectively (Figure 10A).  The medio-lateral distribution of reductions in the 

average ratio of internal to maximal interfacial pressure during IES in the dorso-

ventral plane centered on the ischial tuberosity is shown in Figure 10B.  The 

maximal reductions in internal pressure were seen immediately around the ischial 

tuberosity.  These reductions were significant (p < 0.001) for areas within ± 1 cm 

from the ischial tuberosity for the 25% and 50% BW loading levels, and within ± 

2cm for the 75% BW loading level.  

 

The effect of IES on redistributing internal pressure was measured in one 

animal with chronic spinal cord injury.  During IES, the thickness of tissue 

between the surface and ischial tuberosity increased by 38%, 43%, and 35%, for 
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the 25%, 50%, and 75% BW loading, respectively.  The distribution of internal 

pressure (relative to maximal interfacial pressure) for the 50% BW loading is 

shown in Figure 11A.  Prior to IES, the focal point of peak internal pressure was 

located 0.51 cm posterior to the bone under this level of loading.  During IES, the 

peak internal pressure dropped to 0.36 of the maximal interfacial pressure, and the 

focal pressure point shifted 2 cm laterally and 2 cm anteriorly.  Due to the scarcity 

of measurements obtained during the 25% BW loading, only the results from the 

50% and 75% BW loading were further quantified (Figure 11B).  Intermittent 

electrical stimulation was effective in substantially redistributing internal pressure 

for areas within ± 1 cm from the ischial tuberosity under the 50% BW (Figure 

11B, left). It also redistributed internal pressure in areas within ± 1 cm from the 

ischial tuberosity under the 75% BW loading (Figure 11B, right), albeit not 

substantially.   
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Figure 11. Redistribution of internal pressure due to IES in a pig with spinal cord injury. (a) Maps 

indicate the distribution of internal pressure (relative to maximal interfacial pressure) in the dorso-ventral 

plane centered on the ischial tuberosities for the 50% BW loading level. Left: Internal pressure before 

the use of IES. Center: Internal pressure during muscle contraction due to IES. Right: Shift in location of 

internal pressure due to the IES-induced muscle contractions. „„O‟‟ indicates the location of peak internal 

pressure (relative to maximal interfacial pressure) before the use of IES. „„A‟‟ indicates the location and 

of peak internal pressure during the IES-induced muscle contractions. During muscle contraction, the hip 

rotated downwards, thus allowing for the recording of internal pressure from regions of soft tissue that 

were occluded by the bone prior to the contraction. (b) Medio-lateral distribution of internal pressure 

relative to the ischial tuberosity in the dorso-ventral plane centered on the ischial tuberosities, for the 50 

and 75% BW loading, with and without IES.  
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2.5 DISCUSSION 

2.5.1 Overview 

The overall goal of this study was to investigate the relationship between 

internal and interfacial pressure around the ischial tuberosities during various 

levels of external loading, and to determine the effectiveness of IES in 

redistributing pressure in tissue deep around the bony prominences.  An adult pig 

model was used because of the similarity of size, tissue morphology and tissue 

properties around the ischial tuberosities to those of humans.  We demonstrated 

for the first time, that the absolute peak levels of internal pressure were 1.5 to 2.1 

times as large as the maximal levels of interfacial pressure in the spinal cord 

injured and spinally intact animals, respectively.  The peak values of internal 

pressure were focused posterior to the ischial tuberosity, at the interface between 

muscle and fat.  We also demonstrated, that IES effectively reduces the levels of 

internal pressure around the ischial tuberosities.   

 

2.5.2 Internal Pressure is Highly Concentrated around the Bone 

To the best of our knowledge, this study provides the first direct 

quantification of internal pressure in the tissue deep around the ischial tuberosities 

for a large range of external loading.  While the outcomes generally agree with 

the predictions of computer simulations [30, 36-38], they provide a number of 

critical findings that could enhance existing computer models.  The findings also 

shed new light on the importance of considering internal pressure in the 

prescription of seating surfaces for people with reduced mobility. 
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First, the absolute values of internal pressure obtained in this study were 

smaller than those predicted from computer models. For example, Gefen et al [44] 

suggested that compressive stress around the sacrum is two orders of magnitude 

higher than the wheelchair-skin interfacial pressure. Moreover, Bouten et al [30] 

proposed that the Von Mises stress around the ischial tuberosity is 2.0 MPa for an 

80kg seated individual.  This suggests that the assumptions of interfacial loads 

may have been too high in the computer simulations, the viscoelastic moduli of 

the various tissues were too low, or conditions of tissue anisotropy were not 

accounted for.  These factors could collectively lead to assumptions of increased 

stress or deformation in the deep tissues.  Because a range of external loading 

levels that produced interfacial pressures similar to those seen in human 

volunteers sitting on various support surfaces were used in this study, the results 

suggest that the threshold for damage due to external loading is smaller than that 

predicted from computer simulations.  While the level of internal pressure leading 

to tissue breakdown is unknown, findings from rat studies conducted in our lab 

demonstrated that loading one leg to 20-28% of body weight for 2 hours produces 

detectable muscle damage [42].   

 

Second, a constant relationship between peak internal pressure and 

maximal interfacial pressure was revealed for all levels of external loading (i.e., 

type of seating surface).  In intact animals, peak internal pressure was twice as 

high as the maximal interfacial pressure.  In the animal with spinal cord injury, 

this constant was slightly lower than 1.5 (1.48 and 1.37 for 50% and 75% BW, 
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respectively) due to the increase in maximal interfacial pressure for the same 

levels of external loading.  Interestingly, the absolute levels of peak internal 

pressure remained the same following spinal cord injury.  This could suggest that 

a similar threshold of DTI should be expected in people with spinal cord injury 

relative to spinally-intact individuals.  Nonetheless, the substantial muscle atrophy 

and the changes in tissue properties (e.g., reductions in muscle stiffness [45-47]) 

make the spinal cord injured population highly at risk of developing pressure 

ulcers.   

 

Third, the maximal levels of internal pressure were highly focused around 

the bone for all levels of external loading.  A 2 cm shift dorso-ventrally or medio-

laterally led to more than 50% reduction in peak internal pressure in intact pigs 

and 25% reduction in the animal with spinal cord injury.  This substantial 

anisotropy in internal pressure distribution suggests that uniform support cushions 

may not provide the best relief of pressure in wheelchair users with spinal cord 

injury.  Cushions with non-uniform properties leading to differential spatial 

alleviation of internal pressure in the buttocks would likely be more responsive to 

the internal loading profiles around the ischial tuberosities. 

 

Fourth, surprisingly, the location of peak internal pressure was not directly 

next to the bone in intact animals, but about 1 cm away (Figures 5, 9).  This 

corresponded to the interface between muscle and fat, particularly in the case of 

the 50% and 75% body weight loading (Figure 9B and C, left column).  
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Furthermore, as the level of external loading increased, the muscle thickness 

decreased substantially relative to that of the fat.  Previous computer models 

suggested that a region of high internal pressure exists within the fat posterior to 

the ischial tuberosity in seated individuals [30, 36], similar to that corresponding 

to the peak internal pressure under the 25% body weight loading condition 

(Figure 9A, left column).  As external loading increased the location of peak 

internal pressure moved anteriorly towards the interface between muscle and fat.  

The difference in material properties between muscle and fat [48-50] could 

explain the concentration of internal pressure at this interfacial region.  Recent 

computer simulations analyzing the changes in strain in the same animal model 

used in this study also demonstrated that maximal shear strain is localized within 

the region of the interface between muscle and fat [51].   

 

In the animal with spinal cord injury, the peak internal pressure was 

directly next to the bone (Figure 7, Figure 11A left).  This is primarily a result of 

the disuse atrophy of the muscles following chronic injury, and could also 

correspond to the interfacial region between the muscle and fat.  Nonetheless, 

under the loading conditions tested in this study, deep tissue damage still 

originates within the muscle [41-42].  Moreover, a preliminary study in our lab 

investigating the origin and progression of deep tissue damage due to prolonged 

loading (3 hours) in an adult pig demonstrated that damage originated in the 

muscle and subsequently spread to the fat over a 4 day period (unpublished data).  

This affirms the presence of a differential threshold for damage in muscle and fat 
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tissue as suggested by others [26-27, 29-31]; however, these thresholds remain 

unclear.   

 

2.5.3 Intermittent Electrical Stimulation Effectively Redistributes Internal 

Pressure 

The leading factor for the formation of DTI is the entrapment of tissue 

between a bony prominence and an external surface for extended periods of 

time[2, 22-28]. This leads to substantial increases in pressure around bony 

prominences (as demonstrated in this study) and deformation of the tissue in these 

regions (as described in a companion paper [47]). These in turn lead to capillary 

occlusion and mechanical breakdown of the tissue [52-64].  These factors are 

further extenuated in people with spinal cord injury who have atrophied muscles, 

and reduced tissue stiffness [45-47].  Reductions in tissue stiffness lead to 

increased deformation for a given level of pressure, thus resulting in further 

damage.  A means for frequently redistributing internal pressure, restoring tissue 

oxygenation and alleviating tissue deformation is needed for the prevention of 

DTI.    

 

Intermittent electrical stimulation, whereby a loaded muscle is electrically 

activated to produce a brief contraction every few minutes, is a novel intervention 

developed for the prevention of DTI [32-33, 41-42].  We demonstrated that this 

intervention produces significant reductions in interfacial pressure and sustained 

increases in tissue oxygenation in the loaded gluteal muscles of seated volunteers 



126 

 

with intact [33] or chronically injured [32] spinal cord.  We also demonstrated in 

a rat model that IES significantly reduces the extent of tissue damage following 2 

hours of external loading to levels similar to the ones used in this study [41-42].  

Moreover, this approach was more effective in reducing deep tissue damage than 

presently prescribed interventions [42].  Nonetheless, the effect of IES on internal 

pressure remained unknown. 

 

In this study, we demonstrated for the first time, that IES redistributes 

internal pressure, significantly reducing its level in the deep tissue surrounding 

the ischial tuberosities.  This was the case in spinally-intact animals for all levels 

of external loading (up to 75% of body weight).  It was also the case in animals 

with a chronic spinal cord injury for levels of external loading up to 50% of body 

weight. This result is very exciting given the substantial muscle atrophy in these 

animals.   

 

Muscle contractions induced by IES redistribute internal pressure by 

periodically increasing muscle stiffness and reconfiguring muscle shape.  The 

periodical increases in muscle stiffness „reset‟ the viscoelastic properties of the 

loaded muscle and restore them to preloaded conditions, thus alleviating the time-

dependent, non-reversible changes (e.g., creep) that occur due to prolonged 

deformation.  Recent modeling work suggested that increases in tissue stiffness 

has little effect on the levels of internal stress [51]; however, coupled with the 

changes in muscle shape, this study demonstrates that a substantial distribution of 
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internal pressure from areas at risk of breakdown to regions of lower initial 

pressure occurs.   

 

Very importantly, the dynamical distributions of internal pressure and 

“resetting” of tissue properties through IES take place without the need for muscle 

unloading (i.e., removal of the external pressure).  This provides an attractive 

pressure relieving strategy for wheelchair users who are unable to conduct 

postural adjustments independently such as wheelchair push-ups or side-to-side 

leans.  Together with the advantageous changes in tissue oxygenation produced 

by IES [32-33], we believe that this intervention may be effective in preventing 

the formation of DTI.  Nonetheless, the long-term effectiveness of IES needs to 

be established.  Moreover, the effects of IES on the vascular and viscoelastic 

properties of fat and skin need to be investigated. 

 

2.5.4 Study Limitations 

In this study, internal pressure was measured through a one-dimensional 

sensor; thus, the contribution of compressive, tensile and shear stresses could not 

be independently deciphered.  Nonetheless, in a companion study [47] as well as 

in recent computer simulations [51], normal and shear strains were investigated in 

adult pigs.  These results will be consolidated in future studies to investigate the 

relative contribution of various stresses and strains to the breakdown of muscle, 

fat and skin. 
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Due to experimental considerations, the resolution of the internal pressure 

maps was limited to 1 cm.  Furthermore, the utilized internal pressure 

measurement method precluded measurements around curved portions of the 

bone.  Therefore, we could not assess the levels of internal pressure around the 

lateral-anterior edge of the ischial tuberosity, a region suggested by computer 

simulations to have high internal pressures [30, 36].  Nonetheless, the information 

gained from the empirical mapping could in the future be included in computer 

models, and more accurate predictions of the distributions of internal pressure 

around the bony prominences could be achieved.   

 

2.5.5 Conclusion 

This study established, for the first time, the distribution of internal 

pressure relative to interfacial pressure in the tissue surrounding the ischial 

tuberosities of intact and spinally-injured animals for a wide range of levels of 

external loading.  Regions of peak internal pressure were highly localized around 

the bony prominences and exceeded the maximal levels of interfacial levels by a 

factor of 2.0 in intact animals and 1.5 in animals with muscle atrophy due to a 

chronic spinal cord injury.  Intermittent electrical stimulation was highly effective 

in redistributing internal pressure by reconfiguring muscle shape and increasing 

muscle stiffness.  These findings contribute valuable information to computer 

models focusing on understanding the mechanisms of DTI.  They also provide 

important considerations for the design and prescription of wheelchair cushions.  

The work also highlights the potential role of IES as a novel strategy for the 
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prevention of DTI. 
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CHAPTER 3 

Distribution of Internal Strains around Bony Prominences in Pigs 

 

3.2 INTRODUCTION 

 

 Pressure ulcers are a type of soft tissue injury commonly found in individuals 

with reduced mobility and sensation as a result of age, disease, or injury. 

Populations typically affected by pressure ulcers include the elderly[1-3], patients 

in intensive and acute care units[4-5], residents of long-term care institutions[6], 

patients undergoing lengthy surgeries[7], as well as people with neurological 

injuries or diseases, such as those with spinal cord injury (SCI)[8-14]. People with 

SCI are particularly susceptible to pressure ulcers with up to 80% developing at 

least one pressure ulcer  during their lifetime[12]. Locations around the pelvic 

area (trochanters, ischial tuberosities, sacrum) are most susceptible to pressure 

ulcer development, with approximately 67% of all pressure ulcers developing 

around this area[13].    

 

 Pressure ulcers can greatly affect the quality of life of those affected[15]. 

Treatment of these ulcers can be a lengthy and costly process[16-17], in many 

cases requiring surgery to repair the extensive tissue damage. Furthermore, with 

pressure ulcer recurrence rates as high as 91%[18], those who have acquired 

pressure ulcers are likely to develop them again. This highlights the importance of 

preventing pressure ulcers from developing in the first place.  

 

A version of this chapter has been published . Solis et al. “Distribution of internal strains around 

bony prominences in pigs” Annals of Biomedical Engineering, 2012; 40(8): 1721 – 1739. 
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 Pressure ulcers can be classified into two categories, those that initiate at the 

level of the skin[19], and those that initiate at deep bone-muscle interfaces[19-

23]. Pressure ulcers of superficial origin are caused primarily by factors like 

friction between the skin and an external surface (i.e., bed), poor tissue hygiene, 

excessive or insufficient skin moisture, and elevated skin temperature[1, 24]. 

With proper nursing care and diligent skin inspections, these ulcers can be 

detected early in their course of development and prevented from progressing to 

deeper tissue layers.  Pressure ulcers of deep origin, known as deep tissue injury 

(DTI), are caused primarily by prolonged loading of soft tissue between a bony 

prominence and a surface[25-28] (e.g., chair, bed) in the absence of volitional 

motion for pressure re-distribution. Due to their deep origin, this type of pressure 

ulcers can cause extensive tissue damage before signs of the injury are exhibited 

at the skin level. Deep tissue injury was recognized as a new category of pressure 

ulcers by the National Pressure Ulcer Advisory Panel in the United States[29] in 

2007.  Nonetheless, evidence for this class of pressure ulcers in animal models 

dates back to the early 1980s [19, 23, 30-31] . 

 

 During prolonged tissue loading two different mechanisms of tissue damage 

have been identified. One mechanism is vascular, in which tissue compression 

occludes blood vessels in the affected region causing ischemia, which if sustained 

for a long time (>2hrs) leads to tissue death due to the lack of oxygen and 

nutrients in the tissue, as well as the accumulation of metabolic waste like lactic 

acid [15, 32-35]. After prolonged periods of ischemia, reperfusion of the affected 
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tissue further exacerbates tissue breakdown as a result of both the activation of 

free radicals accumulated during ischemia, and the inflammatory response 

occurring upon restoration of blood flow[36-39]. The second mechanism of tissue 

injury is the direct effect of mechanical forces acting on the tissue. Data from 

animal models, engineered tissue, as well as finite element modeling suggest that 

excessive strain and stress magnitudes in the tissue can directly lead to cell 

death[19, 40-41]. A strain-time model proposed by Gefen et al suggests that 

muscle cells can endure strains of up to 60% for 1 hour, or 40% for 285 minutes 

before damage takes place[42]. It is suggested that the highest magnitudes of 

internal strain and stress occur in the deep tissue closest to the bone, and that these 

levels are much higher than those measured at the skin level[31]. Magnetic 

Resonance Imaging (MRI) has been used to assess the deformation of the tissue 

occurring during sitting in order to estimate the strain levels in the gluteal muscles 

in human volunteers and build finite element models of the buttocks[43-45]. In 

addition, measurements of strain due to external loading have also been obtained 

from rat studies with the use of MRI tagging[46].  

 

 The main goal of this study was to determine the levels of strain in different 

regions of the muscle surrounding the ischial tuberosities in adult, healthy pigs as 

a result of varying levels of external loading. In addition, we assessed the effect of 

muscle atrophy secondary to chronic SCI on the distribution of strain magnitudes 

in the soft tissue around the ischial tuberosity in one animal. Moreover, we 

determined the effect of DTI on the distribution of strain magnitudes in another 
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animal with SCI and DTI. Finally, we investigated the effect of intermittent 

electrical stimulation (IES)[47-49], an intervention for preventing the formation 

of DTI, on the levels of soft tissue compression around the ischial tuberosity.  

 

3.3 METHODS 

3.3.1 Overview 

 All animal experiments were approved by the University of Alberta Animal 

Use and Care Committee (IACUC number A5070-01). The experiments were 

performed in adult, anesthetised pigs (Yucatan miniature pig strain) with intact 

spinal cords, as well as pigs with an incomplete SCI. In all animals, a range of 

external loading levels was utilized to entrap the semimembranosus muscles, 

which in the pig overly the ischial tuberosities, between an indenter and the bony 

prominences. Levels of muscle strain were assessed using data from MRI tagging 

images of the loaded muscles in one hind-limb.  

 

3.3.2 Test subjects 

 A total of seven adult pigs were used, weighing 68 ± 8 kg (mean ± SD). Five 

of the animals had intact spinal cords and healthy muscles on the day of the 

terminal experiment. The number of intact pigs utilized was the minimal number 

required to obtain a statistical power greater than 0.8 (actual power was 0.83). The 

other two animals underwent a surgical hemisection of the spinal cord at the level 

of the 2
nd

 lumbar vertebra one month prior to the experiment. The lesion caused 

paralysis of the ipsilateral hind-limb but retained voluntary bladder and bowel 
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function. Detailed descriptions of the surgical procedure and palliative care are 

provided in Solis et al[50]. During the 4 weeks between surgery and the terminal 

experiment, noticeable atrophy occurred in the paralyzed hind-limb. A 

quantification of muscle atrophy due to the spinal hemisection was obtained from 

MR images, in which the volume of muscles around the ischial tuberosity in the 

affected hind-limb in the pigs with SCI was compared to the muscle volume in the 

intact pigs on the day of the terminal experiment. For muscle atrophy 

quantification purposes only, an additional pig which was part of a separate study 

but had undergone the same surgical and recovery procedures as the pigs used in 

this study, was included (for a total N = 3). 

 

3.3.3 Development of DTI in one pig with spinal cord injury 

 One of the two pigs with incomplete SCI developed, unbeknownst to the 

researchers, a DTI in the semimembranosus, semitendinosus, and parts of the 

biceps femoris muscles of the paralyzed limb prior to the terminal experiment. 

After surgery, both pigs with SCI received as much attention as possible to 

prevent the formation of pressure ulcers. The flooring of their kennels was padded 

with memory foam to reduce the level of pressure when the pigs sat or lay down. 

Every day the pigs were suspended in a sling for up to 4 hours help maintain them 

in a standing position. When not in the sling, the pigs were assisted every two 

hours to move around their cage. In spite of this care, one of the pigs developed a 

DTI. The DTI exhibited no visible skin signs during the time elapsed between the 

hemisection surgery and the terminal experiment. Instead, the DTI was detected 
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in the MR images on the day of the terminal experiment. For analyses purposes, 

the two pigs with SCI, with and without DTI, were treated as individual case 

studies, and therefore were not included in any statistical quantifications of strain 

magnitudes. 

  

3.3.4 Experimental setup 

The experiments were performed at the Peter S. Allen MR Research 

Centre at the University of Alberta. On the day of the experiment the animals 

were sedated using a combination of the drugs Ketamine (22mg/kg), 

Glycopyrrolate (0.01mg/kg), Xylazine (2.2mg/kg), and Buprenorphine 

(0.005mg/kg) administered intra-muscularly. A tracheal tube was then inserted to 

ensure proper ventilation throughout the experimental procedures, and an intra-

venous catheter was placed in each ear to allow for the administration of fluids 

(NaCl 0.9%) and drugs as needed. Anaesthesia was maintained through 

continuous administration of sodium pentobarbital (10mg/kg/hr; intravenous) for 

the duration of the experiment. Vital signs (respiration and heart rate) and the 

level of anaesthesia were monitored at all times by a veterinarian. The pigs were 

placed inside an MRI compatible containment unit (Figure 1a) which served two 

functions: 1) Sanitary containment of body fluids and particles while the pigs 

were inside the MRI magnet, and 2) provide a platform to hold the pig in place 

inside the MRI magnet during the external loading of the semimembranosus 

muscles.  
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3.3.5 Application of external loading  

A custom-designed system was built to load the semimembranosus 

muscles of the animals (Figure 1c). The system consisted of: 1) A computer 

controlled servo motor (Danaher AKM23D, Danaher Motion, Washington, DC, 

USA) mounted horizontally on a drill press shaft located in a room adjacent to the 

MRI magnet room. 2) An MRI compatible indenter mounted on the pig’s 

containment unit inside the MRI magnet (Figure 1b). 3) An MRI compatible 10 ft 

long-rod connecting the indenter (mounted on the pig’s containment unit), and the 

servo motor located in the room adjacent to the MRI magnet room (Figure 1c). 

The rod had a force transducer (Interface SMT2-225, Interface, Arizona, USA) 

mounted in-line with the servo motor to record the level of external loading 

applied (Figure 1b). The levels of external loading were proportional to each 

animal’s body weight (25%, 50%, and 75% of body weight). These loading levels 

are comparable to the range of loads measured for various seating surfaces in 

human volunteers with or without SCI in laboratory tests from this group 

(unpublished results). These levels are also within the range reported in literature 

for average percentage of body weight supported by the buttocks and upper thighs 

in seated individuals with or without SCI[51-53]. To prevent the pigs from sliding 

forward during the application of external loading, they were strapped in place 

inside the containment unit, and the containment unit was also attached to the 

servo motor through industrial quality straps. The control of the servo motor as 

well as the trigger to initiate each MRI acquisition was implemented using a Galil 

DMC-2123 (Galil Motion Control, California, USA) controller. The code for the 
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controller was written using the DMC Smart Terminal environment provided by 

the manufacturer.  A built in displacement sensor was used for feedback control 

of the servo motor.   

 

 

 

 

3.3.6 MRI tagging sequence 

All MRI data were collected using a 1.5T magnet (Siemens Sonata, 

Malvern, USA) and two flexible MRI body coils, one placed underneath and the 

other over the region of the pelvis. An MRI tagging sequence (slice thickness = 

Indenter(a) (b)

Indenter

Servo motor
Anesthetized pig

Wall

MRI magnet

(c)
Force 

transducer

Drill press

Straps

Figure 1. MRI compatible setup utilized to load pig muscles inside an MRI magnet. (a) 

MRI compatible containment unit. (b) MRI compatible indenter. (c) Diagram of loading 

setup.  
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8mm, echo time = 1.36ms, repetition time = 360ms, field of view = 380mm x 

317mm, matrix size = 192 x 136pixels, in-plane resolution = 2mm x 2.3mm, echo 

spacing = 2.6ms, flip angle = 12°, bandwidth = 810Hz) was used to obtain an 

assessment of tissue deformation during each loading protocol.  

 

Four MRI slices were acquired to obtain a full coverage of the gluteal 

region (Figure 2) in intact animals. One slice was aligned with the anatomical 

frontal plane (parallel to the MRI bed), passing through the center of the ischial 

tuberosity, one dorsal to the central slice, and two ventral to it. The slices were 

separated by a 2mm gap, thus adjacent slices were positioned with a 1cm center-

to-center distance between them. In the two animals with incomplete SCI, 3 slices 

were adequate for providing full coverage (one central, one dorsal, one ventral). 

This was because the muscles were smaller around the ischial tuberosities due to 

atrophy following the injury. 

 



142 

 

 

 

 

Loading of the muscles was applied in a stepped manner. For each target 

load, the displacement of the indenter required to reach the target load was 

divided into seven smaller steps (Figure 3). The number of steps was based on 

the desired total duration of each MRI acquisition (≤ 14 sec).  MR images were 

Muscles unloaded

B)

1cm dorsal 

from ITs

Centered on ITs

1cm ventral 

from ITs

2cm ventral 

from ITs

Ischial 

Tuberosities

Ischial 
Tuberosities

Ischial 

tuberosities

Hip 

Hip 

Figure 2. MR images acquired in 4 different slices. (1) 1 cm dorsal from the center of the ischial 

tuberosities. (2) Aligned with the center of the ischial tuberosities. (3) 1 cm ventral from the center of the 

ischial tuberosities. (4) 2 cm ventral from the ischial Tuberosities.  
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acquired before (baseline image) and immediately after each loading step 

(deformed image). The acquisition of the baseline image, completion of the 

loading step, and acquisition of the deformed image all took place within 2 

seconds. Given that muscle is a visco-elastic material, the slowest indentation 

speed possible (~1 cm/sec) was used for each loading step to minimize the 

viscous effects. This speed allowed for the completion of each loading step within 

the allotted time frame of the MRI acquisition (< 2 seconds).  

 

 

 

  

 

Loading in a stepped manner was a restriction of the MRI tagging 

technique, which can only work effectively if small deformations take place 
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Figure 3. Target external loading level reached in 7 displacement increments (steps). MRI 

images acquired prior and immediately after each increment. (a) Acquisition of baseline image 

before loading step. (b) Start of loading step. (c) Acquisition of deformed image after loading 

step. Numbers (1–7): Loading steps taken to reach target load.  
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(Figure 4b). If the deformation in the tissue becomes too large, as was the case to 

reach even the lowest loading level (25%BW) in a single step, the tag lines 

become indiscernible and strain vectors immeasurable (Figure 4a). Each external 

loading level was applied a total of four times in the intact animals, with each 

repetition corresponding to the acquisition of each slice. For the pigs with SCI, 

the loading levels were repeated three times, once for each acquired slice. For the 

50% body weight level, in both spinally-intact and injured animals, the load was 

repeated once for each slice acquired, plus two additional times to replicate the 

MRI slice centered on the ischial tuberosities. The additional repetitions were to 

ensure the absence of variability due to repeated loading, and to assess researcher 

error during the manual analysis of the MR images  The order in which each 

loading level was applied and which slice was acquired was randomized in all 

animals.    
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Step 1

Step 2 Step 3

Step 4

Full compression, 25% BW

Uncompressed

(b)

Measurable 
deformation 

(a)

Uncompressed 25% BW load applied in 1 step

Measurable deformation

immeasurable 
deformation 

Step 5

Figure 4. Large deformations in the tissue did not allow for loading to the desired level in a 

single step, as MRI tagging data became unquantifiable. (a) Tagging images of unloaded and 

loaded muscle to 25% BW load in a single loading step. (b) Tagging images of unloaded muscle 

and loaded muscle to 25% BW in multiple steps.  
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3.3.7 Measurement of strain magnitudes 

All MR images were imported into Matlab (Mathworks, Cambridge, 

USA) and processed using custom-written scripts to track the changes in the tag 

lines as a result of each loading condition. Analyses of strain in the 

semimembranosus muscle in all animals were limited to one side. In the pigs with 

SCI this side corresponded to the paralyzed limb.  For each external loading level, 

the sequence of loading steps required to reach the target load were analyzed in 

succession. The images comprising each step were classified as baseline image 

and deformed image, and the x and y coordinates of each intersection (node) in 

the tag lines in both images were obtained. The x and y coordinates from the 

baseline image were then displayed over those of the deformed image. If no 

deformation occurred in a particular region of the tissue after the loading step, the 

nodes corresponding to the baseline image matched exactly those of the deformed 

image (Figure 5a). If however, deformation occurred, the nodes from both 

images did not coincide and each node from the baseline image was moved 

manually to the location of the corresponding intersection in the deformed image 

(Figure 5b). The change in position was then calculated for each node and the 

process was repeated for all steps in the loading sequence. The final deformation 

vectors for the nodes were then calculated by vectorially summing the 

deformations in each individual step. The displacement of the nodes between each 

step of indentation was also used to calculate the maximal and minimal principal 

strains, as well as the maximal shear strain. The calculation of these strains was 

implemented according to the method proposed by Geers et al[54]. 
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3.3.8 Application of intermittent electrical stimulation 

To test the effects of IES on tissue compression, MRI compatible 

electrodes (5cm x 10cm, Pure Care, Sherwood Park, Alberta, Canada) were used 

to elicit muscle contractions. The cathode electrode was placed over the motor 

point of the semimembranosus muscle in the left hind-limb in all pigs. The return 

electrode was placed rostrally between the iliac crest and the spinal column. 

Electrical stimulation was applied using a BioStim NMS+ stimulator (Biomedical 

Life Systems, California, USA), and stimulation was delivered in 50 Hz trains of 

biphasic, charge-balanced, 200 µs wide pulses. Stimulation amplitude was set to 

the level required to generate maximal contractions, and stimulation was applied 

for 12 seconds. To document the changes in muscle thickness between the ischial 

tuberosities and indenter due to muscle contractions produced by IES, spin-echo 

(a) (b)

Figure 5. Quantification of strain by comparing the position of intersecting points in tag lines 

between baseline and deformed images. (a) Tagging image in which there was no deformation 

of tissue. (b) Tagging image in which deformation occurred (arrow). Original position of 

image tag lines represented by red lines. Nodes forming the deformed grid (blue lines) were 

manually repositioned to overlap with the deformed image tag lines. The change in the 

coordinates of each node moved between the original and deformed image was recorded and 

used in strain calculations.  
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images (44 slices, echo time: 1.09ms, relaxation time: 2.45ms, slice thickness: 

3.55mm, field of view: 333 x 400mm
2
, acquisition matrix: 320 x 384 pixels; in-

plane resolution: 1.04 x 1.04mm
2
) were acquired before and during IES.  

 

Loading of the semimembranosus muscles was accomplished through a 

very slow and continuous motion, moving the indenter at a speed of 0.2 cm/sec 

until the desired load was reached. Upon reaching the target loading level, the 

indenter automatically stopped, and 2 seconds later the stimulus bout was initiated 

and lasted for 12 seconds. MRI scanning was automatically initiated 1 sec after 

the initiation of stimulation. The total acquisition time for each scan was 11 

seconds. Tissue thickness between the apex of the curvature of the ischial 

tuberosity and the edge of the skin with the semimembranosus muscles unloaded, 

loaded, and with and without IES was measured (e.g., Figure 11). The 

proportional change in tissue thickness for all levels of external loading relative to 

the unloaded muscle was then determined to assess the effectiveness of IES in 

counteracting tissue compression due to external loading.  

 

3.3.9 Statistical Analysis 

The two null hypotheses that this study tried to reject were the following. 

1) There would be no statistical difference in the muscle strain levels between the 

different external loading levels utilized, and 2) there would be no statistical 

difference in the muscle strain levels between the use and non-use of IES in the 

loaded muscles. 
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Changes in strain magnitudes due to the different levels of external 

loading in each imaging slice in intact animals were compared using two-way 

ANOVA (loading level and slice location used as the two main factors) and 

Fisher’s Least Significant Difference (LSD) post-hoc analyses with α = 0.05. The 

conservative, Bonferroni correction test, was used in conjunction with Fisher’s 

LSD test to reduce false positives in the slice location factor due to multiple 

comparisons (6 comparisons: dorsal slice vs. central slice, dorsal slice vs. 1 cm 

ventral slice, dorsal slice vs. 2 cm ventral slice, central slice vs. 1 cm ventral slice, 

central slice vs. 2 cm ventral slice, and 1 cm ventral slice vs. 2 cm ventral slice). 

Under Bonferroni’s test, an α level of 0.008 was used for each individual 

comparison. A two-way ANOVA and Fisher’s LSD post-hoc analyses were also 

used to assess if the changes in tissue thickness due to the different loading levels, 

and due to contractions produced by IES were statistically significant in the intact 

animals. Because single comparisons were used, a Bonferroni correction was not 

needed. A p value of 0.05 was selected to indicate significance for all tests. All 

statistical tests were done in SPSS. 

 

3.4 Results 

3.4.1 Tissue loading 

For all animals, a total of 7 steps of indentation were used to reach the 

target loading level. In a few trials some displacement of the hip occurred for 

loading steps 6 and/or 7. When this occurred, the displacement was noticeable by 

a shift in the position of the ischial tuberosities from image to image. In these 
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instances, the steps from the start of bone displacement and onwards were 

discarded and not included in further analyses. In all animals and all locations, the 

magnitude of the strains measured as a result of the 75% BW external loading 

level did not differ from those obtained from the 50% BW level (p = 0.675). 

Strain measurements from the 75% BW loading level are therefore not shown and 

were not considered for further statistical comparisons of strain magnitudes.  

 

3.4.2 Distribution of strain in pigs with intact spinal cords 

The pattern of muscle deformation was the same in all animals with intact 

spinal cord for both the 25% and 50% BW loading levels. An example of the 

deformation vectors in one animal is shown in Figure 6. In the slice centered on 

the ischial tuberosities (Figure 6, 2
nd

 row) the muscle tissue located directly 

between the apex of the ischial tuberosities and the edge of the skin moved 

towards the ischial tuberosity, indicating that it was compressed by the loading. 

Muscle tissue located laterally from the ischial tuberosity was displaced away 

from the bone, indicating that it had experienced tensile and shear deformations. 

The deformation vectors in the slice 1 cm dorsal to the ischial tuberosities (Figure 

6, 1
st
 row) were substantially smaller in amplitude due to the absence of bony 

prominences in that region. This, however, was not the case in the slices 1 cm and 

2 cm ventral to the ischial tuberosities (Figure 6, 3
rd

 and 4
th

 rows). In these slices, 

the magnitude of the deformation vectors appeared to be larger than that in the 

central slice. Moreover, the direction of the vectors changed, at times becoming 

dominated by compression.  
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Figure 6. Deformation vectors in an intact pig. Shown are the deformation vectors in each 

imaged slice for the 25% BW (left) and 50% BW (right) external loading levels from one pig 

with intact spinal cord.  

 



152 

 

Maps of the distribution of the maximal principal, minimal principal and 

maximal shear strains from one intact pig for the 25% and 50% BW loading 

levels are shown in Figures 7 and 8, respectively. Pronounced minimal principal 

(compressive) strains were seen around the ischial tuberosity and hip bones in the 

slices centered on the ischial tuberosities and 1-2cm ventral, respectively (left 

column, rows 2-4). Under the 25% BW loading (Figure 7), minimal principal 

strain was the most prominent strain. Under 50% BW loading (Figure 8), 

maximal principal (tensile) and maximal shear strains became pronounced in 

locations lateral to the bony prominences (middle and right columns), especially 

in the plane 1 cm ventral to the ischial tuberosities. In general, peak strain 

magnitudes were seen within a 2 cm region ventral to the ischial tuberosities, and 

up to 5 cm laterally.  
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Figure 7. Distribution of principal and shear strains under 25% BW loading. Shown are the 

strain distributions in all imaging slices in an animal with an intact spinal cord.  
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Figure 8. Distribution of principal and shear strains under 50% BW loading. Shown are the strain 

distributions in all imaging slices in an animal with an intact spinal cord.  
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The peak maximal and minimal principal strains and maximal shear strain 

were calculated for the 25% and 50% BW loading. These values are summarized 

for intact animals in Table 1. Under 25% BW loading, the average peak maximal 

principal strain magnitude was 0.68 ± 0.2 (mean ± SD), minimal principal strain 

magnitude was 0.30 ± 0.030, and maximal shear strain magnitude was 0.40 ± 0.11 

in the slice centred on the ischial tuberosities. Increasing external loading to 50% 

BW increased strain magnitude by 91.2%, 16.7%, and 68.8%, respectively, 

suggesting that most of the compression in the tissue occurred as a result of the 

initial 25% BW load. The slice 1 cm dorsal from the center of the ischial 

tuberosities experienced strain magnitudes of 0.36 ± 0.033, 0.085 ± 0.035, and 

0.21 ± 0.010 for peak maximal principal strain, minimal principal strain, and 

maximal shear strain, respectively. Increasing the external load to 50% BW 

increased these strain magnitudes by 261%, 288%, and 214%, respectively. In the 

slice 1 cm ventral from the ischial tuberosities, increasing the loading from 25% 

to 50% BW increased the peak maximal principal, minimal principal and maximal 

shear strain magnitudes by 75.3%, 6.3% and 77.1%, respectively. In the slice 2 

cm ventral to the ischial tuberosities, the increase in loading increased the peak 

strain magnitudes by 74.7%, 19.4% and 78.0%, respectively. The increase in 

loading from 25% to 50% BW resulted in significant increases in the peak values 

of all strain levels across all imaging planes. 

 

The anatomical slice relative to the ischial tuberosities (1 cm dorsal, 

central, 1 cm ventral, or 2 cm ventral) also had an effect on the peak strain 
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magnitudes. Table 1 summarizes the percent differences in peak maximal 

principal, minimal principal and maximal shear strains between slices. Relative to 

the central slice, the 1 cm dorsal plane had the smallest overall strain under the 

25% BW loading. However, with 50% BW loading, the strain magnitudes in the 

dorsal slice were similar to those experienced by the slice centered on the ischial 

tuberosities. The slice 1 cm ventral to the ischial tuberosities experienced an 

average increase of 20% and 37% in peak maximal principal and maximal shear 

strain magnitudes, respectively, relative to the central slice under both 25% and 

50% BW loading, while the slice 2 cm ventral to the ischial tuberosities 

experienced an average of 25% and 46% increase, respectively.  Interestingly, the 

peak minimal principal strain in the ventral slices remained roughly the same as 

that in the central slice. The slice 2 cm ventral to the ischial tuberosities 

experienced moderate increases in peak strain magnitudes relative to the slice 1 

cm ventral, especially under the 50% BW loading. 

 

Statistically, the peak minimal principal strain in the 1 cm dorsal location 

was significantly different from the 2 cm ventral location (p = 0.013, 2-way 

ANOVA, Fisher’s LSD post-hoc analysis with Bonforreni correction) under the 

25% BW loading level. The difference in the peak minimal principal strain 

between the 1 cm dorsal location and the central location approached significance 

(p = 0.072). It also approached significance between the 1 cm dorsal and the 1 cm 

ventral locations (p = 0.092). All peak strain magnitudes under the 25% BW 

loading level were significantly smaller than their corresponding magnitudes 
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under the 50% BW loading level for all imaging locations (p < 0.05). 

 

3.4.3 Degree of atrophy due to SCI 

The spinal hemisection surgery resulted in paralysis of one hind-limb. As 

a result, noticeable atrophy occurred in the affected leg. In the intact animals 

(n=5), muscle volume in the hind limb was 249.83 ± 48.89 cm
3
, in comparison, in 

the pigs with SCI (n=3, one not used in this study) muscle volume in the 

paralyzed limb was 127.26 ± 41.61 cm
3
, indicating a reduction of 50.94% in 

muscle volume due to atrophy
64

. During the month that elapsed between surgery 

and the terminal experiment none of the pigs with SCI recuperated voluntary 

control of the ipsilateral hind-limb.     

 

3.4.4 Distribution of strain magnitudes in pigs with SCI 

In the pig with SCI and no DTI (Figure 9, middle and right columns), the 

peak strain magnitudes under the 25% BW loading level were 0.74, 0.34, and 

0.40, for the maximal principal, minimal principal and maximal shear strain, 

respectively, in the slice centered on the ischial tuberosity. Under the 50% BW 

loading level, the strain magnitude levels increased by 91.9%, 17.6%, and 87.5%, 

respectively. The changes in the magnitude of strains between the 25% and 50% 

BW load levels were comparable to those observed in the intact pigs; however, 

the absolute strain magnitudes were higher in the pig with SCI, and the area 

experiencing the strain was smaller (1 cm ventral to the ischial tuberosities and up 

to 5 cm laterally). Under 25% BW loading, the peak strain magnitudes were 
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higher by 8.8%, 13.3%, and 0.75%, for the maximal principal, minimal principal 

and maximal shear strains, respectively, than that seen in the intact animals. 

Under the 50% BW loading, the peak strain magnitudes were higher by 9.2%, 

14.3%, and 11.9%.  

 

 

 

Unlike the intact animals, the peak strain magnitudes in the pig with SCI 

and no DTI in the slice 1 cm dorsal to the center of the ischial tuberosities were 

approximately the same as those measured at the center of the ischial tuberosities. 

Similar to the intact pigs, the highest magnitudes of strain were observed away 

from the centre of the ischial tuberosity, in the slice 1 cm ventral from the center 

of the bone.   

 

25% BW loading 50% BW loading

1cm 
Dorsal 

vs
Central

1cm 
Ventral 

vs
Central

2cm 
Ventral 

vs
Central

1cm 
Ventral vs

2cm 
Ventral

1cm 
Dorsal 

vs
Central

1cm 
Ventral 

vs
Central

2cm 
Ventral 

vs
Central

1cm 
Ventral vs

2cm 
Ventral

Maximal 

principal strain -47.1% 36.8% 45.6% 6.5% 0.0% 25.4% 33.1% 6.1%
Minimal 

principal strain -73.3% 6.7% 3.3% -3.1% -2.9% -2.9% 8.8% 12.1%
Maximal shear 

strain -47.5% 20.0% 25.0% 4.2% 0.0% 28.8% 34.8% 4.7%

Table 1:  Percent changes in peak strain levels as a function of imaged plane relative to the 

center of the ischial tuberosities in intact animals. 
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Figure 9. Deformation vectors in pigs with SCI. (a) Shown are the deformation vectors for an 

animal with SCI loaded under 25% BW (middle) and 50% BW (right) loading for all imaged 

slices around the ischial tuberosities. The deformation vectors under 25% BW loading in an 

animal with SCI and DTI are shown in the left column. (b) MR image centered on the ischial 

tuberosities showing regional morphology in an animal with SCI (right) and an animal with SCI 

and DTI (left). The red star marks the side affected by the SCI, and severe muscle atrophy can 

be observed (right, arrow). Image contrast was enhanced to better show the DTI in the animal 

with SCI and DTI (left). The region, marked with a yellow oval, has a brighter signal indicative 

of edema (water accumulation).  

 



160 

 

The presence of DTI in the second pig with SCI was confirmed using a T2-

weighted MRI sequence[47], which is sensitive to the presence of freely moving 

water (edema) within the tissue (Figure 9b, left). Interestingly, in this animal 

(Figure 9a, left column), most strain magnitudes were smaller than even those 

observed in intact animals for both the 25% and 50% BW loading and the strain 

distribution pattern was altered. In the slice centered on the ischial tuberosity, the 

magnitudes of the peak maximal principal, minimal principal and maximal shear 

strain for the 25% BW loading were smaller by 33.8%, 13.3%, and 44.6%, 

respectively, than those measured in the intact pigs.  Under the 50% BW loading 

level, the magnitudes of the peak maximal principal strain and maximal shear 

strain were also smaller by 43.1% and 41.8%, respectively, and only the minimal 

principal strain was higher by 2.9%. Therefore, in addition to the general 

reduction in magnitude, the pattern of strain distribution in the pig with SCI and 

DTI was different from that in intact pigs and the pig with SCI and no DTI. 

Relatively higher maximal principal and maximal shear strain magnitudes were 

observed than minimal principal strain.  A summary of the peak maximal 

principal, minimal principal and maximal shear strains under the 25% and 50% 

BW loading for all animal groups and in all slices relative to the ischial 

tuberosities is provided in Figure 10. 
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Figure 10. Summary of principal and shear strains. Shown are the peak maximal principal, 

minimal principal and maximal shear strains in intact pigs (mean 6 standard deviation), pig with 

SCI, and pig with SCI and DTI, for the 25% and 50% BW loading levels. Highest strain levels 

were generally located 2 cm ventral from the center of ischial tuberosities in intact animals, and 1 

cm ventral in pigs with SCI. Averages in the group of intact pigs are based on measurements in 2 

pigs for the 25% BW loading level and 5 pigs in the 50% BW loading level. For each imaging 

location (slice), all peak strain levels under 25% BW loading were significantly smaller than those 

under 50% BW loading. *denotes an additional significant difference between the 1 cm dorsal 

and 2 cm ventral slices in peak minimal principle strain.  
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3.4.5 Effects of IES 

An example of the thickness of tissue between the apex of the ischial 

tuberosity and the outer edge of the skin under loading and IES in one animal is 

shown in Figure 11. When unloaded, average muscle thickness between the 

center of the ischial tuberosity and the edge of the skin was 34.93 ± 8.27 mm in 

the intact pigs. In comparison, average muscle thickness was 35.6mm and 

26.5mm in the pigs with SCI. When externally loaded to 25%, and 50% of BW, 

average muscle thickness in the intact pigs was reduced by 49% ± 11% and 42% 

± 9%, respectively. In the pigs with SCI, loaded muscle thickness were 54% and 

44%, and 40% and 33% of the original measurements for the 25% and 50% of 

BW levels, respectively. Incidentally, when loaded to 75% BW there were no 

further reductions in tissue thickness relative to the that produced by 50% BW in 

any animal, with our without SCI. In all pigs and for all load levels, the use of IES 

increased the muscle thickness between the ischial tuberosity and the indenter 

surface during each IES-elicited contraction. In the intact pigs, the muscle 

contraction restored muscle thickness to 61% ± 14%, 55% ± 14%, and 53% ± 

14% of its original thickness for the 25%, 50%, and 75% BW loading levels, 

respectively. Comparable changes were seen in the pigs with SCI, here the 

contraction restored muscle thickness to 77% and 62% at the 25% BW loading 

level, to 70% and 49% at the 50% BW loading level, and to 55% and 45% at the 

75% BW loading levels, respectively. 
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(a) Rest

(b) 50% BW

(c) 50% BW + IES

45mm

17mm

25mm

Figure 11. Tissue thickness between apex of ischial tuberosity and edge of skin utilized to assess 

the effectiveness of IES. (a) Thickness of the unloaded tissue in an intact pig. (b) Thickness of 

tissue externally loaded to 50% BW. (c) Thickness of the tissue externally loaded to 50% BW 

during IES-elicited contraction.  
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The loading level (25%, 50%, 75% BW) did not have a significant effect 

on tissue thickness. This further demonstrated that the tissue compression caused 

by the 25% BW loading level was already near its maximal limit. Contractions 

produced by IES did produce significant increases in tissue thickness (p = 0.026). 

This indicated that each IES-elicited contraction significantly reduced the extent 

of tissue compression, regardless of the level of external loading (25%, 50% or 

75% BW).    

 

3.5 Discussion 

3.5.1 Overview 

The main goal of this pre-clinical study was to quantify the levels of strain 

in pig muscles externally loaded to levels comparable to those experienced by 

individuals at risk of developing DTI. Secondary to this goal, we were interested 

in assessing the effectiveness of IES in counteracting muscle compression 

observed in loaded muscles. Strain measurements were conducted not only at the 

center of the ischial tuberosities, but also in regions dorsal and ventral to the 

ischial tuberosity. A general trend towards an increase in peak strain magnitudes 

was seen at locations up to 2 cm ventrally from the center of the ischial 

tuberosities (furthest measured). The use of IES was capable of partially 

counteracting muscle compression during the IES-elicited contractions.  
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3.5.2 Strain measurements 

In the study of DTI etiology, it has been recognized that high strain and 

stress magnitudes within loaded tissue can lead to the onset of DTI. High 

deformation levels in particular have been associated with faster or more severe 

onset of injury[46, 55]. Previous studies have attempted to quantify strains in 

loaded muscles through the use of either MRI or numerical models that for the 

most part, focused on a single 2 dimensional plane centered on the ischial 

tuberosities[21, 46, 56]. For this study, we included measurements from slices 1 

cm dorsally and up to 2 cm ventrally from the center of the bony prominence.  

 

Peak magnitudes of strain in the slice centered on the ischial tuberosities 

obtained in this study were in agreement with those previously measured in rat 

muscles by Stekelenburg et al [35]. In their study, external loading of the muscles 

equivalent to ~50% of body weight (150 kPa using a 3 mm indenter) caused peak 

minimal principal strain values of 0.37. In the present study this value was 0.34 ± 

0.04. However, maximal principal strain magnitudes in Stekelenburg et al [35] 

were lower (between 1 and 1.17 vs. 1.30 ± 0.16) and peak maximal shear strains 

were higher (1.0 vs. 0.66 ± 0.06). Interestingly, a different study by the same 

group above (van Nierop et al [57]) reported maximal shear strains of 0.67 ± 0.03 

in rats. These differences may be due to inconsistencies in tissue loading in the 

very small muscles of the rat model (Stekelenburg et al vs. van Nierop et al) or 

differences in the animal models used (rat vs. pig as is the case in this study).  
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More importantly, the results of the present study highlighted the 

importance of investigating the magnitudes of strain induced by different levels of 

loading and in regions away from the ischial tuberosities. The results showed that 

tissue compression (minimal principal strain) at the center and ventrally to the 

ischial tuberosity is already near its maximal level when the muscle is loaded to 

only 25% of BW. This was also evidenced in the measurements of tissue 

thickness, where most of the compression occurred at the 25% BW level. These 

results were observed in both intact pigs and the pig with SCI and no DTI. 

Nonetheless, the magnitude of the strain levels was higher in the pig with SCI 

likely as a result of atrophy in the muscles, which emphasizes the higher risk of 

DTI in people with reduced mobility. Moreover, the 25% BW loading level is 

lower than the level of loading experienced by wheelchair users while sitting[48-

49]. In studies conducted in rats comparable external loading levels (28% BW) 

induced extensive DTI[58]. That such a relatively low level of loading is capable 

of nearly maximally compressing muscle between a bony prominence and an 

external surface, and induce severe muscle injury is indicative of the susceptibility 

of immobilized individuals to the development of DTI.  

 

Peak levels of tensile, and shear strain (maximal principal strain and 

maximal shear strain, respectively) were found in the region encompassing the 

centre of the ischial tuberosity and up to 2 cm ventrally. Surprisingly, there was 

an upward trend in these values as the distance from the centre of the tuberosity 

increased ventrally, suggesting that higher strain magnitudes may be found further 
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away from the bone than previously thought. This result could have important 

implications in the understanding of DTI etiology; namely, strain (especially, 

tensile and shear) in the tissue may not be the main cause of mechanical damage 

in muscle leading to DTI. In a companion study in pigs[50], we demonstrated that 

the highest levels of internal pressure were indeed located in the slice centered on 

the bony prominence, coinciding with the location where DTI is expected to 

develop. Collectively, the results from these two studies suggest that high internal 

pressure and compressive strain play a large role in the development of DTI.  

 

In one of the pigs that underwent a hemisection surgery of the spinal cord, 

a DTI developed unbeknownst to the researchers. In this pig, no visible skin signs 

or behavioural changes suggested the presence of the DTI, and the DTI was 

revealed only in MR images acquired on the day of the terminal experiment 

which took place 4 weeks after spinalization surgery. This case shares some 

similarities with the difficulties that clinicians undergo in the daily care of people 

at risk of developing pressure ulcers, where in some situations, even where utmost 

care is given, DTI can still develop. The exact mechanism that triggered the onset 

of this particular DTI is hard to determine. One possibility is that the level of 

pressure relief provided by the padded floor was not adequate for the degree of 

mobility of this particular pig. Work by Shabshin et al[59] evaluating wheelchair 

cushions showed that the reduction in soft tissue deformation provided by 

different cushions only acts as a time buffer, delaying the onset of cell death by 

some degree. It is possible that this time threshold for cell death was exceeded 
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with this particular pig at one point during the period of paralysis. Cases like this 

are commonly found clinically, where it has been shown that the use of 

specialized mattresses or cushions does not guarantee that a pressure ulcer will 

not form[60-61].  

 

In this pig with SCI and DTI, the overall distribution of strain within the 

various slices analyzed was altered, with less compression and more tensile and 

shear relative to intact pigs and the pig with SCI and no DTI. Nonetheless, the 

magnitude of all strain levels was lower. From a mechanical standpoint, exposure 

to prolonged deformation can cause changes in the mechanical properties of 

skeletal muscle cells, which could explain the difference in the strain magnitudes 

measured in the pig with DTI. Single cell studies[62-64] have shown that under 

excessive compressive strains, cell membranes initially form blebs followed by 

complete failure and rupture of the membrane. In-vivo testing in rats[65] showed 

that after prolonged loading loss of muscle fiber cross-striation is encountered as 

well as infiltration of inflammatory cells as necrosis ensues. Necrosis in turn 

affects the overall composition of the muscle, modifying its stiffness[66]. 

Similarly, as DTI develops, tissue stiffness increases[67]. This increase in 

stiffness could reduce the degree of deformation a muscle undergoes, thus 

reducing the magnitudes of the principal strains measured. The case study of the 

pig with SCI and DTI supports this notion.  
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3.5.3 Effects of IES 

 Given the substantial physical, psychological and economical costs associated 

with DTIs, we believe that interventions for prophylactically preventing their 

formation are needed. Electrical stimulation for the prevention of pressure ulcers 

was first proposed by Levine et al in 1989[68]. Since then, studies by Levine et 

al[69-70], Bogie et al[71], Liu et al[72-73], van Londen et al[74], and Rischbieth 

et al[16], have shown its benefits in reducing superficial pressure levels, 

reshaping the muscle, increasing skin oxygenation levels, as well as causing an 

increase in muscle mass due to long-term application of electrical stimulation. All 

of these studies suggest electrical stimulation could be an effective preventative 

intervention against DTI formation. Our approach to the use electrical stimulation 

to prevent DTI differs from these previous studies in the manner in which 

electrical stimulation is applied. Intermittent electrical stimulation is intended to 

mimic the subconscious postural adjustments (“fidgeting”) performed by able-

bodied individuals in response to discomfort while sitting or lying down. 

Therefore, IES only needs to be applied for short durations of time (~10 - 15 sec) 

every several minutes (~10 – 15 min). This ON-OFF pattern allows its use 

throughout the hours of sitting or lying down without appreciably fatiguing the 

target muscle. In addition, the effectiveness of IES is independent of muscle mass 

and does not require muscle conditioning prior to its use as an intervention for 

preventing the formation of pressure ulcers.  
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 In previous studies, we demonstrated that IES-induced contractions reduce 

superficial pressure, increase tissue oxygenation[48-49], as well as reduce the 

levels of pressure in deep tissue[50]. More importantly, in animal studies we have 

demonstrated that the use of IES can significantly reduce the extent of DTI in 

loaded muscles[47, 58]. Moreover, we demonstrated that IES is more effective 

than current interventions (e.g., wheelchair push-ups) in preventing DTI
11

. To the 

best of our knowledge, these studies are the only ones where the effectiveness of 

any type of electrical stimulation has been tested directly for preventing the 

formation of DTI. In the present study we assessed the effect of muscle 

contractions produced by IES on compressive strain in loaded muscles, by 

comparing the thickness of the muscle before and during each IES-elicited 

contraction. IES-elicited contractions increased tissue thickness for all levels of 

loading, effectively reducing the level of compression in the muscle. Importantly, 

our results indicate that IES can generate strong contractions even in pigs with 

SCI and muscles externally loaded by up to 75% BW. This suggests that even 

under extreme circumstances of external loading and atrophied muscles, IES may 

still be effective in generating contractions, and in turn alleviating the levels of 

internal strain. In a companion study, we also demonstrated that IES-produced 

contractions can redistribute internal pressure[50], moving it away from high risk 

areas around the bone, even in severely atrophied muscles. Moreover, we 

previously demonstrated that IES can increase tissue oxygenation[48-49]. These 

beneficial outcomes, combined with the results from animal studies in which IES 

effectively prevented DTI formation, suggest that that IES could become a viable 
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intervention for preventing the formation of DTI in immobilized individuals.  

 

3.5.4 Study Limitations 

In this study we utilized an MRI tagging technique that allowed the 

measurement of strain in two dimensional slices throughout the muscle. This 

provided detailed quantification of compressive, tensile and shear strains in the 

soft tissue surrounding the ischial tuberosities. To the best of our knowledge, this 

is the first use of multi-direction tagging for assessing strain in skeletal muscles.  

Nonetheless, this technique presents three limitations: 1) the degree of 

deformation experienced by the tissue between MRI image acquisitions has to be 

of a certain level. If the deformation is too large the tag lines become too distorted 

and cannot be reconstructed, as shown in Figure 4a. If the deformation is too 

small compared to the spacing between the tag lines, it becomes unquantifiable 

since the tag lines do not deform even if the tissue located between the tag lines 

does. 2) Deformations are assumed to occur in the imaged x and y plane. This 

means that deformations in the z direction cannot be measured. If during loading 

some of the tissue is pushed either dorsally or ventrally from the imaging slice, 

the degree of deformation obtained will have some degree of error. 

 

3) Another limitation relates to changes in tissue visco-elastic properties 

due to repeated loading during the course of the experiment.  To assess these 

changes, measurements of strain in the slice centered on the ischial tuberosities 

were periodically repeated and compared.  No detectable changes were observed, 
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suggesting that minimal to no changes in the visco-elastic properties occurred 

throughout the course of the experiment.  

 

Despite these limitations, we believe that this approach is the best 

available option for studies investigating large deformations in skeletal muscles. 

To the best of our knowledge, this is the first study that used a stepped tagging 

approach to quantify such large deformations and could open the field for a wider 

range of studies in the future.  

 

3.5.5 Conclusions 

In this study, we demonstrated that relatively low levels of external loads 

are capable of generating near maximal magnitudes of strain in the loaded 

muscles, particularly in atrophied muscles. We also provided evidence, for the 

first time, that the highest magnitudes of strain do not occur in the muscle around 

the bony prominence, but at locations ventral to the bone. This information could 

help re-evaluate the notion that high magnitudes of strain in the muscle are the 

main contributors to the onset of DTI. Finally, we demonstrated that the IES-

elicited contractions are strong enough to alleviate the compression experienced 

by the muscles during external loading as high as 75% of BW. This finding 

explains one mechanism by which contractions due to electrical stimulation are 

able to prevent the formation for DTI as demonstrated in Solis et al[47] and Curtis 

et al[58], which suggests that IES could be an effective intervention for 

preventing the formation of DTI in immobilized individuals.           
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CHAPTER 4 

Prevention of Deep Tissue Injury by inducing muscle contractions 

using Intermittent Electrical Stimulation after Spinal Cord Injury 

in Pigs 

 

4.2 INTRODUCTION 

Pressure-related deep tissue injury (DTI) is a type of pressure ulcer that is 

commonly prevalent in people with reduced mobility and sensation such as 

individuals with spinal cord injury [1-3]. It develops in muscles entrapped for 

prolonged durations between a bony prominence and a surface [4-7]. The 

entrapment causes muscle breakdown due to sustained mechanical deformation 

[8-13], ischemia [9, 14-17], and reperfusion injury [9, 18-19]. Because DTI 

develops deep in the tissue and without exhibiting early skin signs, it cannot be 

detected using routine skin inspections. Once skin signs become evident extensive 

damage in the soft tissue underlying the skin would have already occurred. The 

resulting lesions often require surgical intervention and several months to heal. In 

the United States more than $11 billion dollars are spent annually on treating 

pressure ulcers [20-21]. 

 

Current interventions for the prevention of DTI consist of performing 

frequent repositioning movements to alleviate pressure from regions at risk [22-

23], the use of specialized wheelchair cushions and mattresses to reduce 

interfacial (skin-surface) pressures [24-26], and a general improvement in nursing 

A version of this chapter has been submitted for publication. Solis et al. “Prevention of Deep 

Tissue Injury by inducing muscle contractions using Intermittent Electrical Stimulation after 

Spinal Cord Injury in Pigs”. Journal of Applied Physiology. 2012  
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care, including better nutrition [27]. Nonetheless, despite the advancements in 

clinical care and support surface technology, the incidence rates of pressure ulcers 

have not significantly changed since the 1940s [28].  

 

Electrical stimulation for the prevention of pressure ulcers was previously 

suggested by Levine et al [29-31]. In their work, they found that muscle 

contractions produced by electrical stimulation reduce superficial pressure and 

increase blood flow. Bogie et al [32-34], Liu et al [35-36] and Van Londen et al 

[37] also reported similar results. Nonetheless, these studies had two limitations: 

1) testing the effectiveness of electrical stimulation in preventing the formation of 

pressure ulcers was not conducted, and 2) all advocated the use of continuous or 

near continuous generation of muscle contractions to be effective, which limits 

the duration of deployment of electrical stimulation due to muscle fatigue. 

 

Intermittent electrical stimulation (IES) is a novel electrical stimulation 

approach for the prevention of pressure ulcers. Electrical stimulation is applied for 

short durations (~10 sec) every few minutes (~10 min) to loaded muscles (e.g., 

gluteus maximus muscles of the buttocks) to induce periodical contractions. 

These contractions produce postural shifts that mimic the subconscious shifts 

(fidgeting movements) performed by able-bodied individuals in response to 

discomfort while sitting or lying down. The brief contractions every few minutes 

greatly reduce the rate of muscle fatigue, allowing the use of the intervention 

throughout the day or night. We demonstrated in previous studies that each IES-
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elicited contraction significantly increases the level of oxygenation in a loaded 

muscle [38], reduces and redistributes the levels of internal stress around bony 

prominences, and counteracts compression in the muscle [39-40]. In studies with 

human volunteers with and without spinal cord injury, we also showed that each 

IES-elicited contraction reduces superficial (skin-surface) pressure around bony 

prominences and increases oxygenation in the muscle for up to 15 minutes after 

each brief contraction [38, 41]. Most importantly, in studies in rats, IES 

significantly reduced the extent of deep tissue damage caused by externally 

loading a muscle for 2 hours [42-43]. IES was more effective in reducing the 

extent of DTI than periodical muscle unloading which emulated the wheelchair 

push-up exercises prescribed to wheelchair users for preventing pressure ulcer 

formation [43].  

 

The goal of this study was to test the effectiveness of IES in preventing 

DTI formation in an animal model of spinal cord injury subjected to realistic 

levels of prolonged muscle loading. The hypothesis was that the use of IES in the 

loaded muscle would effectively prevent the formation of DTI in said muscle. 

Studies were conducted in adult pigs with partial spinal cord injury leading to 

paralysis of one hind leg. Atrophied muscles in the paralyzed limb were loaded 

for 4 hours every day for 1 month, and the effect of IES in preventing the 

formation of DTI in the loaded muscles was assessed.  
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4.3 METHODS 

Overview 

Experiments were conducted in six adult Yucatan miniature pigs (weight 

58.5 ± 7.4 kg, mean ± standard deviation) with approval from the University of 

Alberta Animal Care and Use Committee. The miniature pig was selected as the 

animal model given that its muscle size and weight are similar to those of 

humans. In addition, pigs have skin that closely resembles that of humans, and 

historically, pigs have been a widely used animal model for studies involving 

pressure ulcers and wounds in general. All animals underwent a surgical 

procedure that hemisected the spinal cord at the second lumbar level (L-2), 

leading to paralysis of the left hind leg. The animals recovered from surgery for a 

period of two weeks after which an external load was applied over the superficial 

and middle gluteal muscles and biceps femoris muscle for 4 hours every day, 4 

days a week, for one month. The animals were divided in two groups (N 

=3/group), one received IES to the loaded muscles during the loading hours, 

while the other did not receive IES. The effectiveness of IES in preventing the 

formation of DTI was assessed weekly through the use of magnetic resonance 

imaging (MRI). 

 

4.3.1 Spinalization surgery 

Sedation was induced through intramuscular administration of a mix of 

Ketamine (22mg/kg), Glycopyrrolate (0.01mg/kg), and Xylazine (2.2mg/kg). 

Anaesthesia was induced and maintained through the use of isoflurane (2% - 3%). 
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A 15 – 20 cm incision was made in the skin of the back, and the muscles covering 

the spinal column at the level of the L-2 vertebra were carefully separated to 

expose the spinal column. A laminectomy was then performed to expose the 

dorsal surface of the spinal cord. The dura mater was carefully opened using 

iridectomy scissors and a medio-lateral hemisection of the spinal cord was 

performed. The cord was then covered with a thin plastic film and the muscles 

and skin were sutured shut in layers.  

 

4.3.2 Post-surgical recovery and palliative care 

The animals recovered individually in cages with padded flooring to 

prevent the formation of uncontrolled DTI or superficial pressure ulcers. 

Analgesia was maintained for the first 4-5 days post-surgery using 

Hydromorphone (0.075mg/kg) administered intravenously three times per day for 

the first 4-5 days. Hydromorphone was subsequently replaced by the oral 

analgesic Tramadol (2mg/kg), which was administered twice daily for another 

week. Antibiotics (Cefazolin, 15mg/kg) were also administered intravenously 

twice a day for the first week post-surgery. The oral antibiotic, Cephalexin 

(20mg/kg), was subsequently administered for an additional week. The change 

from intravenous to oral medications in the post-operative care was due to the 

difficulty in maintaining a viable intravenous catheter in place beyond one week 

post surgery. The pigs were fed a slurry of dry pellets mixed in water through a 

syringe for the first 3-4 days post-surgery, and fluids (Plasma-Lyte, 180ml/hr) 

were administered intravenously as needed (2 – 3 L/day). The intravenous fluids 
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were stopped as soon as the pigs resumed eating on their own, typically by the 4
th

 

or 5
th

 day post-surgery.  

 

As part of the recovery protocol, all pigs were placed in a suspension sling 

every day starting the first day after the surgery. The sling allowed the pigs to 

stand in place by supporting most of the animal’s body weight, particularly the 

weight from the distal half of the body. The rostral part of the sling, which 

supported the weight from the shoulders and head, was set slightly lower than the 

distal part. This allowed each pig to support itself with its front limbs. The time 

the pigs spent in the sling each day was gradually increased, starting with 1 hour 

on the first day, and up to 4 hours by the end of the first week. All pigs tolerated 

this procedure very well, remaining in place calmly and with minimal movement 

for the required time. Occasionally, the pigs would fall asleep, relaxing their front 

limbs and allowing the sling to support their weight fully.  

 

4.3.3 Daily loading procedure 

Two weeks after the spinalization surgery, the behaviour (appetite and 

mood) of each animal returned to pre-surgery norms. During these two weeks, 

most pigs learned how to move around their kennel by utilizing their three intact 

limbs. The daily loading protocol entailed placing the pigs in the suspension sling 

for 4 hours. To minimize the chance of random movements while in the sling, 

straps were used to attach the sling to the frame holding the sling, fixing the 

sling’s position in place (Figure 1A). This constrained the pig’s body movement 
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except for the head.  

 

Loading was applied to the paralyzed limb through a 12in x 10in acrylic 

indenter (Figure 1A, 1B) over the superficial and middle gluteal muscles, as well 

as part of the biceps femoris muscle of the paralyzed limb, pushing the muscles 

against the iliac crest. To monitor discomfort or pain during the loading periods, 

close attention was given to each animal’s behaviour, particularly loud 

vocalizations, which are very common when pigs are in pain or stressful 

situations. The level of loading corresponded to 25% of each animal’s body 

weight (Figure 2A and 2C). With 61% and 70% of body weight carried by the 

ischial tuberosities and thighs while sitting in people with intact and injured spinal 

cords, respectively [38-39, 41], the applied loading on the paralyzed limb 

represented the average level of loading experienced by the tissue around each 

ischial tuberosity. The indenter was attached to a computer controlled servo-

motor (Danaher AKM23D, Danaher Motion, Washington, DC, USA) mounted on 

the post of a drill press (Figure 1A). The loading level was monitored through a 

force transducer (Interface SMT2-225, Interface, Arizona, USA) placed in-line 

with the servo-motor and indenter, and through a thin pressure sensing pad 

(PX200:36:36, XSensor Technology Corporation, Calgary, Alberta, Canada) 

placed between the indenter and the skin of the pig. Loading was applied for 4 

hrs/day, 4 consecutive days/week, for 4 weeks. A piece of 4 inch-thick Tempur-

Pedic mattress was placed between the contralateral limb and the wall of the 

metal frame supporting the sling during the loading to prevent DTI formation in 
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that limb.  

 

 

 

 

A)

B)

Indenter

Force 
transducer

SlingStrapping Frame

Servo-
motor

Force 
transducer

Indenter

Figure 1: Daily loading setup. A) Diagram of suspension sling used to

support the pigs and to apply the external load to the superficial gluteus,

middle gluteus, and biceps femoris muscles. B) A photograph of the

indenter during daily external loading of the pig muscles.
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4.3.4 Application of IES 

Three of the six pigs were randomly assigned to receive IES throughout 

the duration of daily loading. Stimulation was delivered through a pair of 

electrodes placed on the skin (5cm x 10cm, Pure Care, Sherwood Park, Alberta, 

Canada) and a hand-held stimulator (BioStim NMS+ stimulator, Biomedical Life 

Systems, California, USA). The active electrode was placed over the motor point 

of the superficial gluteus muscle, while the return electrode was placed over the 

middle gluteus muscle. Stimulation consisted of trains of biphasic, square pulses. 

Pulse width was 250µs and pulse frequency 35 Hz.  Pulse amplitude was adjusted 

individually for each pig in order to generate a visible fused contraction in the 

targeted muscle. The IES cycle consisted of 10 sec of stimulation (ON period) 

followed by a 10 min period of no stimulation (OFF period). Force recordings 

were used to monitor the quality of the contraction and assess muscle fatigue 

resulting from the use of IES over the 4 hours of loading (Figure 2B, 2D, and 

2E). 
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4.3.5 Assessment of DTI through MRI 

The effectiveness of IES was evaluated weekly through MRI assessments 

of the hip region. Two assessments were acquired prior to the application of 
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Figure 2: Force measurements during external loading. A) One hour of external loading

from 1 pig in the No IES group. B) One hour of external loading from 1 pig in the IES

group. C) Segments of 20 second time windows from 1 pig in the No IES group. D)

Segments of 20 second time windows centered on IES bouts from 1 pig in the IES

group. E) Comparison of force generated between 1st IES bout and last 6 IES bouts for

all three pigs in the IES group.
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external loading, the first one week prior to the spinalization surgery and the 

second two weeks post-surgery. The two assessments allowed for comparisons of 

muscle mass before and after spinal cord injury, and were compared to ensure that 

no muscle injury developed unbeknownst to the researchers during the two weeks 

of surgical recovery. The assessment acquired two weeks post-surgery also served 

as a baseline measure for subsequent assessments. Once the loading protocol was 

initiated, MRI assessments were obtained weekly (after 4 days of consecutive 

loading each week).    

 

On the day of the MRI assessment, the animals were sedated using the 

same cocktail described in the surgical methods. A tracheal tube was then inserted 

to allow proper air flow, and intravenous catheters were inserted in both ears. 

Anaesthesia was maintained through bolus intravenous injections of Propofol 

(2.5mg/kg), which were administered at a rate of 10ml every 10 minutes. The 

animals were transported to the Peter S Allen MR Research Centre at the 

University of Alberta. Three different MRI sequences were utilized. Muscle 

morphology was assessed with a high resolution 3D-gradient echo sequence with 

the following parameters: number of slices = 104; slice thickness = 2.5mm; echo 

time (TE) = 2.33ms; repetition time (TR) = 4.92ms; field of view (FOV) = 

400*400mm; acquisition matrix = 640*640 pixels; in-plane resolution = 

0.625*0.625mm; and flip angle = 12°. T2-weighted imaging was used to 

determine the presence of indicators of DTI in the muscle, such as edema and cell 

death, and provide a measurement of the extent of tissue injury [42-44]. A T2-
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weighted spin echo sequence with fat suppression was used with the following 

parameters: number of slices = 10; slice thickness = 8mm; TE = 70ms; TR = 

3000ms; FOV = 283*400mm; acquisition matrix 272*384 pixels; and in-plane 

resolution = 1.04*1.04mm. Additionally, a multi-echo T2-weighted sequence was 

utilized to quantify the short and long transverse relaxation (T2) times of the 

middle gluteus muscle, as well as their respective weightings contributing to the 

overall T2 signal. These short and long components have been associated with 

cellular and extracellular compartments, respectively [45-46]. The short T2 

components are associated with the reduced mobility of water within the cells, 

while the long components are associated with relatively larger mobility of water 

in the vascular and interstitial spaces. The short and long T2-time components, 

and their relative weightings, which reflect the different water pool volumes, were 

measured throughout the experimental protocol in all animals, including baseline 

(post-surgical assessment), prior to the initiation of the loading regime.  The 

parameters for this sequence were as follows: number of slices = 20; slice 

thickness = 8mm; 12 echo times with TE’s ranging from 23ms to 353ms in 30ms 

increments; TR = 1000; FOV = 266*400mm; acquisition matrix = 256*384 

pixels; and in-plane resolution = 1.04*1.04mm.  

 

4.3.6 Analysis of MR images 

1) Quantification of muscle atrophy 

Muscle atrophy was determined by comparing the volume of the middle 

gluteus and biceps femoris muscles in the paralyzed leg before and 6 weeks after 
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spinalization. These 6 weeks include the 4 weeks of IES application and the 2 

weeks prior allowed for the pig to recover from surgery. The muscles of interest 

were manually delineated in each of the slices obtained from the 3D-gradient echo 

MRI sequence and the volume was calculated by summing the volume within the 

delineated region in each slice.   

 

2) Detection of Injury 

MRI and histological injury detection analyses were performed by a 

researcher blinded to the treatment groups. Quantification of the extent of tissue 

injury in the middle gluteus muscle was performed through the analysis of the T2-

weighted MR images using custom written Matlab (Mathworks, Cambridge, 

USA) scripts. The T2-weighted MR sequence is sensitive to the increase of more 

freely moving water in the tissue, serving as a good indicator of the formation of 

edema or scar resulting from cell death. For each MRI slice two regions of 

interest were selected (Figure 3): one delineated the middle gluteus muscle on the 

intact side of the pig (contralateral control limb), and the other delineated the 

muscle that received the daily loading on the paralyzed side (loaded limb).  The 

signal intensity of each pixel in the region of interest of the loaded limb was 

compared to the average signal intensity of the region of interest in the 

contralateral control side. If the pixel had a signal intensity greater than the mean 

+ 2*standard deviation of the signal intensity on the contralateral control side, the 

pixel was considered to be injured tissue. The number of pixels with increased 

signal intensity from the loaded side was then calculated for each slice and a 



192 

 

measure of total muscle volume exhibiting signs of DTI was obtained. 

 

 

3) Bi-exponential fitting of multi-echo MR images 

Using custom written scripts in Matlab, a region of interest was selected 

around the middle gluteus muscles on both the loaded and contralateral control 

limbs.  A bi-exponential function was fitted to the MR signal from each pixel 

within these regions to quantify both the short and long T2-time components of 

the signal, as well as their respective contributions (weightings) to the T2 times.  

The decaying MRI signal sampled over the 12 echoes, S(TE), can be represented 

as: 

S(TEi) = c1 e
(-T2(1)/TEi)

 + c2 e
(-T2(2)/TEi)

, 

where, TEi are the echo times, c1 and c2 are the weightings of the short and long 

T2 components, T2(1) and T2(2).  Data were fitted with this equation using a non-
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Figure 3: T2-weighted MR image from one pig. To assess the amount of 

DTI two regions of interest were selected around the middle gluteus 

muscle in both the loaded and contralateral control limbs. Blue indenter 

rectangle represents the angle at which the external loading would 

occur daily. 
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negative least squares method, using custom written code in Matlab. Regions of 

interest were adjusted to avoid the inclusion of confounding tissues such as fat or 

fascia. The short and long T2-time components within the adjusted regions, as 

well as their respective weightings, were calculated for all individual pixels, and 

the results were averaged over the region of interest.   

 

4.3.7 Histological assessment of tissue 

Following the final MRI assessment, and under continued anaesthesia 

(isoflurane 2 – 3%), muscle samples from the gluteus and biceps femoris muscles 

from both the loaded and contralateral control limbs were extracted. In addition, a 

muscle sample from the shoulder region was also extracted to serve as a naive, 

unaffected control sample (naive control). This additional sample was collected to 

ensure that the results from the contralateral control limb, used as the reference 

for MR analyses, were indeed indicative of healthy, undamaged muscle. All 

muscle samples were stored in 10% buffered paraformaldehyde fixative for 

processing at a later time. The animals were then euthanized with an intra-cardiac 

injection of Euthanyl (Sodium Pentobarbital 107mg/kg). Muscle samples were 

histologically processed for hematoxylin and eosin staining. The stained slides 

were analyzed under a light microscope at 10x and 20x magnification and given a 

score from 0 to 4 based on the degree of cellular damage present in each slide, 

with 0 representing no sings of damage and 4 the most severely damaged. The 

histological assessment was done by a person blinded to all treatments of the 

study. The slides were assessed according to cell shape, number of neutrophils, 
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and amount of necrosis. Each slide was assessed three times to ensure an accurate 

rating. The assessment scale was not validated against other scales utilized in 

different studies. 

     

4.3.8 Statistical analyses 

The main hypothesis of this study was that the use of IES would reduce 

the amount of DTI formed in the loaded muscles in comparison to the no IES 

group. Deep tissue injury was assessed with three different techniques, which 

were T2-weighted MR imaging, MRI multi-exponential T2 analysis, and a 

histological assessment of muscle samples. The specific null hypothesis for each 

technique was that there would he no statistical difference between the IES and no 

IES groups. 

       

Reductions in muscle volume due to atrophy were assessed by comparing 

the muscle volume (middle gluteus and biceps femoris muscles) from each pig 

prior to spinalization surgery with the volumes from the same muscles 2 and 6 

weeks post surgery. A repeated measures ANOVA was utilized to assess 

statistical significance. Time (pre surgery, 2wks post surgery, 6wks post surgery) 

was defined as the within subjects factor, and the use or no use of IES was 

designated as the between subjects factor. Post mortem, muscle fiber cross- 

sectional area measurements were assessed from histological samples. A one-way 

ANOVA was used to compare reductions in cross-sectional area in the paralyzed 

limb compared to the control limb within each group (IES and no IES).    
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Statistical comparisons of the muscle volume demonstrating increased 

signal, indicating injury, in T2-weighted images in the loaded legs of all pigs were 

conducted using repeated measures ANOVA. Time was used as the within-

subjects factor, and IES/no IES as the between subjects factor.  

 

For the multi-exponential T2 analysis, the relative weighting of the T2 

components, c1 and c2, were assessed using a one-way ANOVA with three levels 

(contralateral limb, loaded limb with IES, and loaded limb without IES). The test 

was repeated for each time point and Tukey’s Honest Significant Difference 

(HSD) post-hoc test was used to identify which level(s) experienced significant 

differences.  Only c2, the weighting of the long T2 component (i.e., the relative 

size of the extracellular volume), was considered in the analysis because the 

weighting of the short component, c1, is determined by the long component, c1 = 1 

– c2. Contralateral limb data from the IES and No IES groups were grouped 

because the conditions experienced by the contralateral limb in both groups were 

the same at all times.  

 

Statistical comparisons between the different histological samples were 

conducted using a one-factor, four levels Kruskall-Wallis non-parametric test. 

The levels were considered to be the following four muscle groups: 1) naive 

control (samples from the shoulder), contralateral control (samples from 

contralateral leg), loaded No-IES (samples from loaded muscles that did not 

receive IES), and loaded IES (samples from loaded muscles that received IES). A 
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standard α of 0.05 was utilized for all statistical tests. A multiple comparison test 

(Wilcoxon’s Signed Rank Test with a Bonferroni Correction) was then performed 

to identify the specific group(s) with significant differences. A standard α of 0.05 

was utilized for all statistical tests. 

 

4.4 RESULTS  

At the study end point for all pigs, none of them had regained any motor 

function in the paralyzed hind-limb. All pigs underwent noticeable atrophy in the 

middle gluteus and biceps femoris muscles from the paralyzed limb as a function 

of time post-spinalization surgery. Two weeks after surgery and prior to the 

initiation of the external loading regime, the volume of these muscles was 7 % ± 

3% (mean ± SD, n =6) smaller than that prior to surgery; however, the reduction 

was not statistically significant. By the time of the terminal MRI assessment (6 

wks post-surgery), the loss of muscle volume had increased in all pigs to 19 ± 6% 

(mean ± SD, n = 6) of the pre-surgery volume. This reduction was statistically 

significant (p = 0.006). There was no significant difference in the degree of 

atrophy between the pigs that received IES and those that did not (p = 0.33), 

although this was not unexpected, as the treatment time was only one month. A 

comparison between the cross sectional area of the muscle fibers from each group 

showed that in the pigs from the IES group, muscle fiber size was 14% smaller in 

the paralyzed limb in comparison to the muscle fiber size in the control limb. 

Although this reduction approached significance, it was not statistically 

significant (p = 0.081). In the No IES group, muscle fiber size had been reduced 
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by 15% in the paralyzed limb in comparison to the control limb. Similar to the 

IES group, this reduction in size approached statistical significance (p = 0.078) 

but did not reach it.      

 

External loading was equivalent to 25% of each pig’s body weight. 

Averaged over the entire contact area, this load was equivalent to 11.97 ± 2.57 

kPa for all pigs.  

 

After the 4 hours of loading, in the pigs that received the application of 

IES there was a decrease of ~10% in the force generated by each stimulation bout 

compared to the force generated during the initial stimulation bout (Figure 2E) 

 

4.4.1 Assessment of muscle injury 

Examples of regions showing increased T2 signal intensity in the loaded 

muscles of the paralyzed limb in a pig that received IES during the period of 

loading and a pig that did not receive IES are shown in Figure 4 for 2 and 4 

weeks of loading. The use of IES significantly reduced the amount of injured 

tissue measured in the loaded muscles at all time points (p=0.019; Figure 6A). In 

the pigs that received IES, the extent of T2-hyperintensity was ~5 times less than 

the amount measured in the pigs that did not receive IES at all assessment points. 

In the pigs that did not receive IES, 23 ± 5% of the middle gluteus muscle volume 

in the loaded limb had measureable injury by the 2
nd

 week of loading. By the 4
th

 

week of loading, this amount had increased to 49 ± 11% (Figure 6A); although 
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there were no statistical differences between the volumes of T2-hyperintensity 

measured between weeks 2-4, the result was approaching significance (p = 0.07). 

In comparison, the extent of injury measured in the pigs receiving IES was 5 ± 

4% after 2 weeks of loading and 8 ± 9%, after 4 weeks of loading (Figure 6A). 

There were no statistical differences between measurements at any time point of 

loading (baseline, 2 and 4 weeks) in this group (p = 0.63). 
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Figure 4: Comparison of the amount of DTI estimated in one pig from each group

after 2 and 4 weeks of daily loading. Yellow arrows indicate the location of

muscle regions considered to contain DTI (red regions).
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4.4.2 Changes to intracellular and extracellular muscle components by DTI 

Figure 5 shows examples of the distribution of the long T2 component 

weighting at baseline (post-surgical, pre-loading assessment) and 4 weeks post-

loading in a animal that received IES (left) and one that did not receive IES (right) 

during the period of loading. At baseline, there were no significant differences (p 

= 0.527) in the weighting of the long T2 component between the middle gluteus 

muscles of both hind limbs in the IES (0.08 ± 0.02, mean ± standard error) and no 

IES groups (0.1 ± 0.02). Moreover, the baseline weighting values of the long T2 

component were similar (no statistical difference) in both groups (Figure 6B).  
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Figure 5: Comparison of the weighting of the long T2 component in one pig from

each group for both the loaded and contra-lateral control limbs. Color maps

indicate the weighting for each pixel in the selected muscle regions. Long T2

component = 1-T2 short component weighting.
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Two weeks after the onset of the loading regime, the weighting of the long 

T2 component doubled to 0.22 ± 0.07 in the loaded middle gluteus muscle of the 

group that did not receive IES, while only a small increase was seen in the 

contralateral control limb (0.13 ± 0.02). In comparison, in the group that received 

IES, both legs maintained similar weighting values for the long T2 component, 

increasing only slightly to 0.11 ± 0.02 and 0.12 ± 0.03, in the loaded and 

contralateral control limbs, respectively (Figure 6B).  The weighting of the long 

T2 component at this time point significantly increased in the loaded muscle of the 

group that did not receive IES compared to the same muscle in the contralateral 

limb (p = 0.05). This increase also neared significance relative to the loaded 

muscle in the pigs that received IES (p = 0.059). In the pigs receiving IES, there 

was no statistical difference between the long T2 component in the loaded and 

contralateral muscles (p = 0.946).  
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After 4 weeks of loading, the weighting of the long T2 component in the 

middle gluteus muscle of the pigs that did not receive IES remained elevated 

(0.22 ± 0.04). This elevation was again statistically significant (p = 0.01) 
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compared to measurement in the middle gluteus muscle of the contralateral limb 

(0.14 ±0.01).  It was also statistically significant (p = 0.009) relative to the loaded 

middle gluteus muscle in the pigs that received IES (0.10 ± 0.01). In contrast, 

there was no statistical difference between the weightings of the long T2 

component in the loaded and contralateral muscles of the pigs that received IES (p 

= 0.761). 

  

4.4.3 Assessment of cellular necrosis 

Samples collected from the contralateral control limb in the groups with or 

without IES exhibited minimal signs of cellular damage (Figure 7, top row). In a 

majority of these samples (10 out of 12) no damage was seen and normal cellular 

features were maintained, with no inflammatory cell infiltration into the 

interstitial space or within the cells. The same result was observed in the samples 

collected from the shoulder (naive control, not shown).  

 

In the group that received IES, the majority of histological slides were 

very similar to those from the contralateral control limb (Figure 7, bottom left). 

The highest score given to any of the samples in this group was 3, given to a 

single slide in the group. In these slides, the affected areas demonstrated some 

infiltration of inflammatory cells into the interstitial space. There were also a few 

gaps in the cellular structure, with inflammatory cells in the space that used to be 

occupied by a muscle cell. Nonetheless, the median score for this group was zero 

(Figure 8). In the group that did not receive IES, some degree of damage was 
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seen across a majority of samples (10 out of 12) from the entire group, with 

damage more pronounced in these samples compared to the other groups. These 

samples exhibited a larger number of neutrophil infiltration into the extra and 

intra cellular space, and larger gaps in the interstitial space between the cells 

(Figure 7, bottom right). The highest score for samples in this group was the 

maximum of 4, indicating severe cellular damage, with a median score of 3 for 

the entire group (Figure 8). The scores from the No IES group were statistically 

higher than those from the control group (p = 0.005), as well as those from the 

IES group (p = 0.001). In contrast, there was no statistical difference between the 

IES and control groups (p = 0.13).  
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Figure 7: Muscle samples from the contralateral control and loaded muscles from

one pig in the IES and no IES groups stained with hematoxylin and eosin. Arrows

indicate location of high infiltration of inflammatory cells into the muscle tissue.
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Throughout the study the skin of all pigs was closely inspected on a daily 

basis. Within 2 to 3 days after the spinal hemi-sectioning surgery, 5 out of the 6 

pigs developed small (1 – 2 cm diameter) circular surface ulcers directly under the 

ischial tuberosities. These ulcers were caused by the dragging against the support 

surface as the pigs moved in their kennel. Once the pigs adapted to moving by 

using their 3 intact limbs (7 – 10 days post surgery) the ulcers began to heal and 

were completely healed by the third week post-surgery. 
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Figure 8: Group results from tissue histological assessment. Results
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out of 12 in the group).
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The skin overlying the middle gluteus muscle in the paralyzed limb, which 

was the area loaded for 4 hrs every day, 4 successive days a week, remained intact 

for the duration of the study in all pigs. By the experimental endpoint (6 wks post-

surgery), this region of skin continued to exhibit no signs of damage, even in 

those animals with extensive muscle injury caused by the external loading.  

 

4.4.4 Summary of results 

The use of IES significantly reduced the extent of DTI. By the 4
th

 week of 

loading, T2-weighted MR imaging showed that the volumetric extent of injury in 

the loaded legs of the pigs that did not receive IES was 7 times larger than in the 

pigs that received IES. The multi-echo T2-weighted MR analysis showed an 

increase in the weighting of the long T2 component in the loaded muscle of the 

pigs that did not receive IES, while in the pigs that received IES, the weighting 

between the short and long T2 components did not show significant changes over 

time compared to the measurements in the contralateral control muscles.  This test 

provided a more direct measure of the microscopic origin of the increase in the 

signal in the T2-weighted images, indicating that the extracellular volume fraction 

was increased in the injured tissue, which is consistent with edema or cell death.  

The loaded middle gluteus muscle of the pigs that did not receive IES showed a 

doubling of the extracellular volume fraction, from 10% to 22%, which agreed 

with the trends shown in the histological assessment of the muscle samples.  

Histology showed that the degree of cellular damage, with visible large increases 

in extracellular volume fraction, was high in the pigs that did not receive IES. In 
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the pigs that received IES, cellular damage was comparable to that from muscle 

samples from the contralateral control limbs. 

 

4.5 DISCUSSION 

The goal of this study was to test the effectiveness of the novel IES 

approach in preventing the formation of DTI due to daily external loading of 

paralyzed muscles in animals with SCI. DTI was assessed using MRI techniques 

as well as through post-mortem histological assessments. 

  

4.5.1 Skin is a poor indicator of DTI 

In the present study none of the pigs from either group exhibited visual 

signs of damage in the skin nor signs of tenderness upon palpation in the area 

surrounding the iliac crest, the bony prominence against which the external load 

was applied for the duration of the study. Despite the absence of damage at the 

skin level, significant muscle injury developed during the 4 weeks of external 

loading in the pigs that did not receive IES. Currently, the primary method for 

detecting pressure ulcers is periodical skin inspections. Nonetheless, as 

demonstrated in this and other studies [7, 39, 42, 47], skin is a poor indicator of 

deep tissue health.  

 

The difficulty in detecting DTI soon after its onset and during its stages of 

development compromises the effective deployment of early interventions and 

allows extensive tissue damage to develop untreated. Alternative techniques to 
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skin inspection have been suggested to better detect and/or quantify the extent of 

a suspected DTI. These include the use of biomarkers measured from blood tests 

[48-49] or sweat [50-52], or the use of imaging techniques such as MRI [17, 42, 

44, 47] and ultrasound [53-54]. Results to date have been promising in controlled 

research laboratory environments; nonetheless, limitations including accuracy, 

specificity, availability, or cost have prevented their clinical implementation for 

this purpose. In the present study, two different MRI sequences were successfully 

used to assess the development of DTI in the pigs. While the current cost and 

availability of MRI scans may be prohibitive as an early detection and assessment 

technique of DTI in the immediate future, its high spatial resolution and ability to 

differentiate between different types of soft tissue make it an ideal tool for 

assessing DTI progression in small studies.  

    

4.5.2 MRI techniques are sensitive measures of edema formation and associated 

DTI 

The development of a DTI in the muscle is associated with cellular death 

and the accumulation of fluid (edema). This leads to changes in the volume of 

freely moving water in the tissue, the extent of which we assessed using a T2-

weighted MRI sequence. An increase in the signal intensity of T2-weighted MR 

images has been associated with the formation of acute edema in skeletal muscle, 

one of the earliest signs of an inflammatory response due to cellular damage in the 

tissue [42-44].  Increased intensity in these images has also been associated with 

the amount of tissue injury (i.e., cell death) measured through post-mortem 
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histological assessments [42, 44].  We further explored the tissue injury with bi-

exponential T2 quantification to estimate the extracellular volume fraction, which 

can provide an indication of edema accumulation as the muscle’s cellular matrix 

breaks down due to injury.  Such multi-echo imaging has been used to identify 

short and long components in the signal from skeletal muscle, with the short 

component thought to be associated with cellular structures in the tissue, and the 

long component associated with the extracellular space [45-46, 55-56].  We 

showed a baseline weighting of ~0.1 for the longer T2 component, suggesting an 

extracellular volume fraction of 10% in uninjured muscle.  Previous bi-

exponential studies have shown similar weighting of the long T2 component in 

skeletal muscle [56-59], which is also in general agreement with extracellular 

volumes measured with other methods, such as using extra-vascular contrast 

agents [60].  The increase in the weighting of the long T2 component to over 20% 

with DTI in the limbs with no IES is consistent with the histological results, 

where much larger extracellular volumes are directly visualized.                  

 

4.5.3 IES may be effective in preventing the formation of DTI 

The use of IES significantly reduced the formation of DTI in the muscles 

entrapped against the iliac crest due to repeated external loading in all pigs that 

received IES compared to the pigs that did not receive IES. In all animals 

receiving IES, the amount of DTI measured through the T2-weighted images was 

significantly smaller than that measured in the animals that did not received IES, 

and was not different from measurements obtained at baseline. The multi-echo 
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imaging yielded similar results. In the pigs that received IES, there were no 

changes in the ratios between the weighting of the short and long T2 components 

of the muscle in the treated leg throughout the study, indicating that no changes 

occurred between the volumes of cellular and extracellular water content. 

Significant cellular death leads to the formation of edema, characterized by a 

more homogenous cellular environment (less differentiation in the water content 

and mobility between the two cellular spaces), and an increase in the weighting of 

the long T2-component. Therefore, the consistency in the ratio of 

cellular/extracellular water content suggests that in the IES group, no detectable 

changes cellular compartmentalization developed in the tissue during the study. 

Moreover, the ratio of the cellular/extracellular water content was similar to that 

obtained from the contralateral limb used for control. In comparison, in the pigs 

that did not receive IES, there was a significant increase in the weighting of the 

long T2 component as early as the second week of loading. 

  

The mechanisms underlying the effectiveness of IES in preventing the 

formation of DTI rely on the manner in which the stimulation is applied, 

generating muscle contractions that last a few seconds (~10 sec) every few 

minutes (~10 minutes). This pattern mimics the effects of natural repositioning 

that able bodied individuals perform subconsciously when exposed to periods of 

prolonged sitting or lying down. In previous studies we have shown that IES 

works by effectively counteracting both mechanical [38-41] and vascular [38, 41] 

factors which can lead to DTI development.  
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The degree of muscle atrophy experienced by the pigs during this study as 

a result of the spinal cord injury was less than the degree observed in our previous 

studies involving pigs with one paralyzed limb [39-40]. This difference could be 

due to the difference in the original mass of the pigs before the spinal surgery, as 

the pigs used in this study were on average 10kg smaller than those utilized in our 

previous studies. A higher degree of atrophy (of approximately 50%) similar to 

the one encountered in humans with spinal cord injury and in our previous pig 

studies would be conducive to increased levels of strain and stress affecting the 

loaded muscle if similar magnitudes of external load are used in both scenarios 

(more atrophy vs less atrophy), as shown in Solis et al [40] and Solis et al [39]. 

Increased levels of strain and stress could in turn have lead to greater extents of 

DTI in this study at each respective time point in the pigs in the control group (No 

IES). As for the pigs that received IES, in our previous studies [39-40] we showed 

that the effects of IES induced contractions can still effectively counteract the 

negative effects of external loading levels of up to 50 and 75% of BW, which are 

2 and 3 times higher than the loading levels used in this study. These results 

would make us expect that the extent of DTI in the IES group could have 

remained similar to the extent observed in this study.                        

 

Interestingly, the effects of IES are not dependent on muscle bulk [38-39]; 

thus are not limited to those individuals who have undergone muscle build-up 

training after prolonged atrophy. Moreover, muscle fatigue was minimal 

throughout the duration of IES application in any loading session as shown by the 



211 

 

force recordings of muscle contractions throughout the IES sessions. This 

suggests that IES could be used throughout the hours of sitting or lying down 

without diminished effectiveness. 

 

One potential problem that could affect the application of IES is the 

skinfold thickness. If a thicker layer of fat is covering the target muscles as seen 

in people who have obesity problems, this increase in the thickness of the adipose 

layer would require the use of higher amplitudes of electrical stimulation to 

induce a muscle contraction, which may become uncomfortable or even 

unbearable for some individuals if they maintain sensation in the region. If a 

problem like this were to arise in practice, surface electrodes may not be the best 

way to apply IES, and alternatives like the use of implantable electrodes may need 

to be explored.  

 

4.5.4 Comparison of IES to other interventions for preventing pressure ulcers 

In a previous study, we demonstrated that the active IES-induced muscle 

contractions in loaded muscles may in fact be more effective in reducing the 

extent of DTI than traditional prevention techniques involving complete 

unloading of the muscle (e.g., wheelchair push-ups) [43]. Loading encountered by 

a muscle while sitting or lying down deforms the muscles. Because atrophied 

muscles have reduced stiffness [61], the same level of loading induces larger 

deformations [8, 39-40, 62]. This increases the susceptibility of atrophied muscles 

to breakdown due to sustained loading and increases the chances of DTI 
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formation. Even low levels of strain have been shown to increase the permeability 

of cell membranes, causing cell swelling which could potentially lead to cell 

death if not reversed [63]. During the ON-phase of IES, active contractions are 

produced in the loaded muscle. This in turn periodically increases muscle stiffness 

which reduce the extent of deformation. In addition to increasing muscle stiffness, 

the active contractions also periodically change the shape of the muscle; thus 

redistributing the levels of stress deep into the muscle and reducing their 

magnitudes in high risk regions close to the bone [39].  Therefore, each IES-

contraction is likely capable of “resetting” the mechanical properties in the 

muscle more effectively than passive unloading alone. The intermittent nature of 

the IES ON-OFF cycle, repeats these processes throughout the hours of IES use; 

thus potentially allowing the muscle to remain loaded for long periods of time 

without triggering the onset of DTI. 

 

4.6 CONCLUSION 

This study demonstrated that IES may be an effective prevention 

technique of DTI when applied daily to muscles that are subjected to prolonged 

external loads due to immobility. This paradigm-shifting approach may fill a 

critical gap in the interventions currently deployed for preventing pressure ulcers. 

Future studies will focus on identifying the best IES parameters (e.g., durations of 

ON and OFF periods, stimulation amplitude and frequency during the ON period) 

for preventing DTI in preparation for clinical trials in human volunteers.   
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CHAPTER 5  

CONCLUSIONS AND FUTURE DIRECTIONS 

Summary 

In spite of advances in the understanding of pressure ulcer etiology, 

prevention, and treatment over the past 30 years, they still remain a prevalent 

medical concern for individuals with reduced mobility and/or sensation. The 

findings of this thesis have helped to improve the understanding of DTI etiology, 

by providing direct measurements of changes in internal levels of stress and strain 

in loaded muscles. This information can prove valuable in the design of new 

detection, assessment, and prevention interventions. Some of the findings have 

already been utilized in finite element models to better understand changes in 

muscle stiffness under loaded conditions. In addition, this work has also provided 

evidence that the daily use of IES can significantly reduce the development of 

DTI in pigs. Furthermore, this work provided an insight into the mechanisms 

through which IES works to reduce DTI formation. These findings set the stage 

for future human testing in individuals at risk with the goal of developing a 

commercially available system.  

 

Intermittent Electrical Stimulation parameters 

At its core, IES consists of relatively short bouts (~10sec) of electrical 

stimulation applied intermittently between longer periods of inactivity (~10min). 

This thesis compared four different IES paradigms to assess which one provided 

the best surface pressure redistribution and reduction in sitting discomfort 
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perception, and two different IES paradigms to assess changes in deep tissue 

oxygenation. In addition, these IES paradigms were compared against the 

traditional pressure ulcer prevention technique of voluntary repositioning, as well 

as against voluntary muscle contractions. The results demonstrated that IES 

applied bilaterally to both gluteus maximus muscles in bouts of 10 seconds 

provided the best benefits. This paradigm proved to be more effective at 

redistributing superficial pressure, increasing tissue oxygenation, and reducing 

sitting discomfort, than the alternative IES paradigms that were tested. It also 

proved to be similarly effective to or better than the current standard interventions 

with regards to tissue oxygenation and sitting discomfort. 

 

Although these findings guide the possible ways in which to apply IES, 

the number of variables tested was relatively small. It is yet to be determined if 

maximal contractions as used in this thesis are truly required or if contractions of 

less strength could be adequate. In addition, the time windows for both the ON 

and OFF periods of IES could also be expanded or reduced in varying magnitudes 

to identify an optimal ON-OFF duty cycle. Moving forward, more exhaustive 

testing will be required to identify the variables that could be modified in the 

application of IES and potentially improve its effectiveness. 

 

Internal stress and strain distributions 

It has been shown in the past that in the etiology of DTI both internal 

stress and strain levels play a crucial role in the onset and extent of DTI 
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development. The work presented in this thesis is the first to show empirical 

measurements of internal stress around the ischial tuberosities of pigs under 

external loading. These measurements were correlated not only to levels of 

superficial pressure, but also to deep muscle strain levels. This provided a unique 

perspective into the different mechanical forces taking effect within the muscle 

during external muscle loading. The measurements of internal stress indicated an 

approximate two-fold difference between levels of internal stress and the peak 

superficial pressure. Although the difference was substantial and in agreement 

with previous data estimated from computer models, it was less than what had 

been previously estimated using only finite element computer modeling, 

suggesting an overestimation of peak internal stress by computer simulations. The 

location of peak stress matched the expected location of DTI onset, corresponding 

to the region immediately surrounding the bony prominence. In contrast, peak 

strain levels were not found in this location, but rather up to 2 cm ventrally from 

the ischial tuberosity, suggesting that perhaps internal stress levels play a bigger 

role than strain levels in the onset of deep tissue injury. In addition, compressive 

strain levels were found to be already at their maximal level with external loading 

levels as low as 25% BW, with nearly no increases in compressive strain beyond 

that level external loading level. In comparison, both tensile and shear strain 

significantly increased as the external level increased.  

 

These findings could provide a better understanding of how DTI develops 

in immobilized individuals and if incorporated into already available or future 
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finite element models, could improve their accuracy to assess those individuals at 

risk of developing DTI. The pig MRI data and strain results of this thesis have 

already helped to further scientific knowledge, having been shared with a research 

team in Eindhoven in the Netherlands to evaluate their most recent finite element 

model of a loaded muscle to assess changes in muscle stiffness due to loading. 

 

Effectiveness of Intermittent Electrical Stimulation 

The main goal of my PhD work was to develop the intervention of IES to 

prevent the formation of DTI caused by daily loading. The final step to 

accomplish this goal was to test the efficacy of IES in paralyzed pig muscles 

subjected to daily loading. The results from this study indicate that the daily use 

of IES can effectively reduce the extent of DTI caused by up to four hours of 

continuous external loading applied daily over a one-month period. This finding is 

crucial because it demonstrates the efficacy of a prophylactic intervention for DTI 

against a control model for the first time. In addition, the results elucidate that the 

use of IES does not cause any significant fatigue in paralyzed muscles for the 

durations tested in this thesis. This last point is especially important because 

previous attempts at using electrical stimulation applied continuous or near 

continuous trains of stimulation but found that muscle fatigue appeared rapidly in 

the muscle, especially if the muscle had not undergone a training regime prior to 

the use of electrical stimulation. 
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The overall findings of this PhD work have lead to a patent application 

and commercial interest in IES technology from a private company. Currently, 

working prototypes of garments designed to deliver IES to immobilized 

individuals have already been tested at three clinical settings in Edmonton and 

Calgary, Canada, with the goal of testing its clinical feasibility; results so far have 

been very promising. These findings, combined with the efficacy demonstrated in 

the animal work presented in this thesis, have set the stage for the next phase of 

testing for IES in preventing the development of DTI; clinical efficacy. Although 

there are still several steps that need to be taken, the results so far suggest that a 

working product that can benefit those at risk of developing DTI is not far into the 

future.             

  

 

 

 


