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ABSTRACT 

Oxygenation Responses to Pressure Relief Techniques in People with Spinal Cord 
Injuries 

Alison Lichy, Ph.D. 

George Mason University, 2019 

Dissertation Director: Dr. Randall Keyser 

 

Purpose: This study measured the oxygenation responses of ischial skin during loaded 

and unloaded sitting in spinal cord injured subjects that use a manual wheelchair. 

Methods 10 subjects completed the pressure relief data collection, 9 males and 1 female, 

37.1±10 years of age, and 7.1± 8.25 years post injury. The levels of injury were: 1 (C5-

C6), 8 (T3-T9), and 1 (L1). A low-profile optic probe with a spectrophotometer allowed 

for real-time measurement of tissue oxygenation over the ischial tuberosity. Data was 

collected as the subject performed their usual sitting pressure relief program without 

cueing from the research team. After 1-hour (following a 30-minute lying in prone break 

to allow for revascularization of the ischial tuberosity) the subjects were cued to perform 

a push up pressure reliefs every 15 minutes and to hold for 2 minutes. The number, 

duration, and technique and direction of movements performed during the one-hour of 

wheelchair seated pressure relief data collection. Results: During the usual pressure relief 
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data collection, subjects performed 22.5 ± 19.8 (range 4-72) self-initiated pressure reliefs 

in one hour. 9 of the 10 subjects demonstrated a higher tissue oxygenation during the 

scheduled PR hour (p=<.001). Conclusion: There is large variability in the duration, 

frequency, and technique of pressure reliefs performed by spinal cord injured manual 

wheelchair users. Current practice for measuring pressure reliefs through interface 

pressure may not be providing the information needed to reduce the high occurrence of 

pressure injury in the manual wheelchair population. Tissue oxygenation is a more direct 

measurement of internal pressure. Understanding the relationship of tissue oxygenation 

during loaded and unloaded sitting conditions may lead to optimal seating assessments 

and pressure relief maneuvers in the prevention of pressure injuries. 
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CHAPTER ONE 

Skin Oxygenation 

Pressure ulcer/injuries (PI) are a breakdown in skin and/or underlying tissues 

resulting from pressure or pressure in combination with shear force and/or friction.1,2 PIs 

are categorized in six stages according to degree of tissue damage observed. The staging 

system, developed by the National Pressure Ulcer Advisory Panel, describes the stages of 

severity. Stage 1: Intact skin with non-blanchable redness; Stage 2: Partial thickness loss 

of dermis presented as a shallow open ulcer with a red/pink wound bed; Stage 3: Full 

thickness tissue loss; Stage 4: Full thickness tissue loss with exposed bone, tendon or 

muscle; Unstageable: Obscured full-thickness skin and tissue loss; and Deep Tissue: 

Persistent non-blanchable deep red, maroon or purple discoloration.1,2,3 Though the 

staging system does not relate to the origin of the PI, a pressure injury can start at the 

dermis or in the deeper tissue level.  

The prevention of PI through the reduction of loading remains difficult and PIs 

continue to persist and burden our healthcare system.1,4–8 The healthcare costs of PIs are 

estimated to be between 9.1- 11.6 billion dollars annually,9 with 1.3 billion related to SCI 

PIs.10 The etiology of tissue breakdown from mechanical loading continues to be poorly 

understood. It is not clear how global, external loading conditions are transferred to local 
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stresses and strains inside the tissues and how these internal conditions may ultimately 

lead to tissue breakdown.11  

Pathophysiological responses to mechanical loading have been focused on 

sustained deformation of cells, localized ischemia, impaired interstitial fluid flow and 

lymphatic drainage, and reperfusion injury. Moreover, much of the PI research has been 

focused on mechanical loading.12–18 Despite large variations in absolute measures, these 

studies all show an inverse relationship between the magnitude and duration of loading. 

Studies indicating that the higher loads require less time to initiate tissue breakdown and 

lower loads can be tolerated for extended periods of time.11,19,20  

Accepted capillary closure is 32mmHG and depends on local pressure gradients 

across the vessel wall. when the capillaries are externally loaded, the interface pressures 

well above capillary pressures can be supported by the surrounding soft tissues before 

blood flow is seriously impaired.21 Cell death occurs in deformation when pressure levels 

exceed the threshold tolerance of the tissue.22 23 The mechanical properties of the 

surrounding tissues are believed to determine the amount of deformation that is tolerated. 

Most studies have been focused on the tissue properties in isolation. The body does not 

function in isolation, and there is a paucity in the research on the effects of the 

surrounding geometry such a bony prominences on microvascular tissue performance.23–

26  

In ischemia, when a mechanical load is applied to the tissue, blood vessels in the 

tissue can collapse, thus resulting in decreased or stopped blood flow depriving the tissue 

of oxygenation or nutrients. The vessel collapsing under pressure results in a state of 
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hypoxia. In induced ischemia, as oxygen and glucose levels drop, metabolism will slow 

and shift towards an anaerobic process. This anaerobic process results in increased lactate 

production, which responds to a decrease in intracellular pH and anaerobes, ultimately 

resulting in cell death.27  

Impaired lymphatic drainage by occlusion of lymphatic vessels follow an inverse 

relationship of magnitude and duration.28 When the lymph vessel is externally loaded, 

there is an accumulation of waste products and an increase in interstitial fluid 

contributing to pressure injury development.28 External loading can also potentially 

damage the lymphatic smooth muscle resulting in impaired contractility of the lymph 

vessel.29 

Ischemia- reperfusion injury is a phenotype, resulting from the reperfusion of the 

previously ischemic tissue, thought to occur due to the constant loading and unloading 

during pressure reliefs (PR).30,31 32 When the blood supply to the tissue is depleted for a 

significant period, the tissue will have a reduction in metabolism and shift to anaerobic 

process to preserve function.27 The reperfusion of the blood supply to the nutrient and 

oxygen deprived tissue can result in a cascade of harmful events such as inflammatory 

and oxidative damage.32 However, once damage is extensive, reperfusion results in the 

spread of toxic metabolites and oxygen free radicals which can further destroy 

surrounding tissue.32 Tsuji et al. found that the cyclic compression release procedures 

significantly decreased functional capillary density in comparison to continuous 

compression. This demonstrated that the repetition of ischemia-reperfusion cycle more 

severely damaged the microcirculation than the single prolonged ischemic insult.32 
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Pressure Injury in SCI 

Despite a large amount of resources and recommendations in PI prevention, PIs 

continue to be a significant secondary complication following SCI. Pressure injuries have 

been reported to diminish Quality of Life (QoL)7, and place significant financial burden 

on the individual/family7 and healthcare system.4,33 Pressure injuries can affect one’s 

participation through limitations in work, school, and community activities due to 

complications, medical treatment, and hospitalizations related to PI.1 Serious PIs can 

cause a decline in health and fatal infections, with increases in mortality rates for grade 3 

and 4 PIs.34 The SCI population is living longer and the model system is showing 

significant increase in PI after 10-years post injury. Various models and risk factors for 

the SCI population have been discussed including physical, psychological, social and 

environmental. Contradictory results have been obtained, and there is no overall model to 

explain how the variables combine to affect PI development.5,33,35 Although risk 

assessment scales predict the occurrence of pressure injuries to some extent, routine use 

of these scales leads to inefficient use of preventative measure.36  

The SCI population has a significantly higher maximum sitting pressure 

distribution than the non-disabled population.37 Gefen et al. found non-SCI subjects 

sitting on a rigid surface to reach 300mmHG compared to SCIs reaching 877mmHG.25 

To assess pressure in an SCI wheelchair user, current seating clinical practice and 

research has been focused on alignment and pressure mapping. The focus was to reduce 

peak pressure over the IT’s and sacrum through seating technology, the wheelchair, and 

the cushion.12–16,18 Despite the focus of reducing peak pressure, studies found various 
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results. Between using an air cushion vs. and gel cushion, patients sat differently and 

would weight shift differently.12 Taule et al. reported they did not find a relationship 

between satisfactory seating pressure, cushion type, anatomical level, or completeness of 

injury.15 Potentially the problem of PIs still remains because interface and internal 

pressure are not linear, meaning points with the same interface pressure can have the 

different internal pressures.38 

Bruels et al. suggests that external loads are inadequate predictor for PIs, pressure 

injury prevention should be based on local tissue tolerance.39 When tissue is compressed 

against a body prominence, local mechanical condition within the muscle tissue may 

exceed the measured loading condition.39 Uniquely in SCI, it is believed that larger 

deformation due to atrophy and flaccidity of the muscles results in reduced perfusion.16 

With flaccidity, the muscles are less able to resist deformation. Gefen et al. found 

patients with SCI sitting on a rigid surface had 3x the peak pressure of non-SCI.40 Spinal-

transected animal models have shown damage at lower pressure levels, attributed to 

tissue atrophy.41 Also, the lack of neuromuscular activity can lead to microvascular 

changes, reducing the oxidative capacity, leading to increase in deformation induced 

ischemia.16 11 Previous PI models have focused on tissue properties and blood flow and 

have not taken into consideration local geometry.38,39 

Clinical Relevance 

Guidelines for SCI PI prevention from the PVA and RESNA were based on 

retrospective nursing home PI incidence,42 not oxygenation or SCI data. Current practice 

and research for SCI PR and PI prevention has been focused on interface pressure. 
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Despite the continued education and research focused on reducing interface pressure, 

manual wheelchair users experience a uniquely high incidence rate of PI’s. Current 

practice for measuring PR through interface pressure may not be providing the 

information needed to reduce the high occurrence of PR in the manual wheelchair 

population. Tissue oxygenation and perfusion are more direct measurement of internal 

pressure.18 This study will provide knowledge on microvascular responses during loading 

and unloading conditions to increase our knowledge and understanding of factors 

affecting PI’s in the SCI manual wheelchair user. This will provide useful clinical 

knowledge leading to an optimal PR technique, duration, and frequency to reduce the 

incidence of PI’s. 

As previously noted, most SCI sitting pressure characteristics have been interface 

pressure measurements. Also, many SCI manual wheelchair users believe 

wiggling/weight shifting are good pressure reliefs. In this study, I will characterize 

responses in ischial tissue oxygenation during the participant’s self-selected preferred PR 

and the researcher directed push-up PR in the SCI population. Using a low-profile probe 

developed through the original study, I will be able to calculate tissue oxygenation from 

diffuse reflectance data to compare changes in tissue oxygenation during self-selected 

and researcher cued pressure reliefs.  

Few studies have measured tissue oxygenation during sitting in the SCI 

population. A retrospective study by Coggrave et al. found 15-30 second PR’s to be 

ineffective in raising tissue oxygenation to the unloaded level.43 Another study by 

Makhsous et al. looked at tissue perfusion in mechanically automated dynamic pressure 
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reliefs, using a flat plastic robotic seat that removed pressure off the buttocks at timed 

intervals.31 These studies provided support for the importance of oxygenation information 

for proper PR recommendations. These studies support the idea that with complete 

interface pressure reduction, there is not complete oxygenation reperfusion. Though these 

studies did not capture what type of PR SCI manual wheelchairs are self-selecting to 

perform (duration, frequency, or technique). These studies also did not capture changes in 

oxygenation during self-selected PR, nor oxygenation levels while seated in their 

customized chairs. 

The current study is unique in that we are capturing the self-selected PR while the 

participant is sitting on their cushion (this cushion is the cushion they would have been 

prescribed as the most pressure reducing cushion based on interface pressure 

measurements). We will also look at oxygenation levels with increased time of PR 

greater than the PVA and RESNA guidelines of 15-30 seconds2 during the researcher 

directed PR session. The researcher cued PR of increased time to 2 minutes will allow us 

to look at oxygenation response rates of a population that is suspected to have a slower 

rate of tissue perfusion due to microvascular dysfunction.  
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CHAPTER TWO 

Diffuse Reflectance Spectroscopy 

The use of diffuse reflectance spectroscopy (DRS) to measure tissue 

compensation is a growing technique for medical diagnostic and guided interventions.44 

The model based data analysis of DRS data diffuse reflectance spectroscopy data enables 

the estimation of optical and structural tissue parameters.45 Diffuse reflectance probes the 

scattering and absorption properties of skin. Using white light in the visible to NIR 

wavelength range and small source-detector separations will, due to high tissue 

scattering, allow for superficial sampling of tissue, which is perfused mainly by the 

vessels in the micro-circulation.46,47 In this wavelength range, the absorption spectra of 

oxygenized and reduced hemoglobin show distinct features, which enable the 

determination of hemoglobin oxygenation. Hemoglobin is found in the microvascular 

network of the dermis, typically 50±500 µm below the skin surface.46 Light is absorbed 

by the various skin chromophores and scattering arises because of the refractive index 

fluctuations on a microscopic level.46 In the visible range of 600-800 nm, the main 

chromophores of human skin are hemoglobin and melanin.46  

In relationship to PI, deoxygenated and oxygenated hemoglobin (Hb and HbO2) 

will be assessed in this study. DRS information can be used to define the total 

hemoglobin concentration (THb = HbO2 + Hb) and the oxygenation level of blood 
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(HbO2/[THb]).44 DRS utilizes visible and near-infrared (NIR) light to determine the 

hemoglobin concentration and oxygenation of blood in superficial capillaries.46 

Broadband light is used to illuminate the skin though optical fiber probes in which the 

light interacts with the scattering particles.48 The diffuse reflection is transported to a 

spectrometer and converted into an electrical signal.48  

Instrumentation  

For measuring skin perfusion and oxygenation, a customized soft optical probe 

was used that combined reflectance spectroscopy and Laser Doppler. (Figure 1) The 

Laser Doppler was a low-profile probe (Moor Instrumnets, UK).  

 

 

Figure 1. The reflectance spectroscopy optical probe encased in a flexible silicone material. 

 

A four-channel spectrophotometer (Ocean OpticsÒ) was connected to a Xenon 

light source and a backscattered spectrum of light in the wavelength range 400 to 900nm 
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was used. The spectrometer measured the reflection of oxygenated vs. deoxygenated 

hemoglobin.  

Prior to each data collection, the system was calibrated with a standardized 

technique of a reflectance standard and reference phantom with known optical 

properties.49 The Bio-photonics technique uses hemoglobin absorbance for assessment of 

skin oxygenation saturation and scattering from red blood cells in the superficial 

vasculature for LDF perfusion measurements.50 Previous work shows this as a valid and 

reliable measurement using this method during sitting and PR.31 For optical absorption of 

hemoglobin, oxygenated and deoxygenated hemoglobin spectra will be expressed in 

terms of molar extinction coefficient. To convert from the molar extinction coefficient e 

to absorbance A, multiply by the molar concentration and the path length (Appendix I).51  

Prior to SCI testing with the custom probe, a compression box was tested to 

quantify the concentrations of skin absorption and scatters under different loading 

conditions such as the one experienced by SCI patients conducting pressure relief 

maneuvers.52 In conclusion, the readings from an optical probe embedded in 

polydimethylsiloxane (PDMS) is not influenced by different levels of pressure, making it 

suitable to a study where patients sit on the probe.52  

A second series of experiments were run prior to SCI PR testing, to characterize 

the skin response under diverse ischemic scenarios, produced by quantifiable loading 

conditions. First, a pressure cuff was used to cut off circulation to a volunteer forearm. 

The pressure cuff was inflated up to 140 mmHg and kept inflated for one minute while 

oxygen saturation (SO2), flux, and concentration were measured with the custom probe. 
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Repetitive inflation and deflation of the cuff are reflected in the measured flux and 

concentration. Oxygen saturation decreased during inflation and increased during the 

release of the cuff as expected.53 As pressure on the skin of the test subject is increased 

SO2 decrease slightly. Concentration decreases dramatically indicating ischemia, while 

flux did not show a trend.53 

The next test was conducted on a healthy volunteer undergoing typical chair 

adjustments of SCI individuals; leaning backward and forward on the chair to release 

pressure, as well as doing complete pressure relief maneuvers.53. Changes in the flux and 

the SO2 correlated with the increased and decreased pressure over the buttocks. 53 

Unfortunately motion artifacts are also clearly noticeable, and a potential limitation with 

increased movements.53  

A function code was written in MATLabâ to process the data. Using Beer’s law, 

the absorbance of a sample depends on two assumptions. One, that the absorbance is 

directly proportional to the path length of the sample. Secondly, that the absorbance is 

directly proportional to the concentration of the sample.49 The code process first 

normalized the data by taking the dark and subtracting the reflectance spectrum. Next the 

absorbance is calculated with the estimated absorbance due to melanin and melanin-

corrected absorbance to fit the melanin-corrected absorbance to Hb, HbO2 absorbance 

and finally determine the concentration of Hb, HbO2, and SO2. 
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CHAPTER THREE: THE RESEARCH 

Background 

Pressure injuries (PI) are the breakdown of the skin and/or underlying tissues that 

result from pressure or pressure in combination with shear force and/or fiction.1,2 Even 

with widespread education, there is a high prevalence of PIs in the spinal cord injury 

(SCI) population, which results in one of the leading causes of SCI re-hospitalization.3 

PIs have been reported to diminish Quality of Life (QoL)3, and place significant financial 

burden on the individual/family3 and the healthcare system.4,5 PIs in the SCI population 

cost an estimated 1.3 billion dollars annually in the United Sates.6 Thus, pressure 

reduction has been identified as a problem of critical importance in the SCI population.3, 7 

Current practice and research for SCI pressure injury prevention has been focused 

on education and peak pressure reduction through sitting alignment and cushion use. 

Seating assessments provide information regarding pressure reduction, and pressure relief 

maneuvers through pressure mapping, 8–14 a technique that measures the interface 

pressure with the seating surface. Conversely, variable results between air and gel 

cushion interface pressure and shear forces have been reported.10,11,15,16 in addition, Taule 

et al. examined factors that predict unsatisfactory seating pressure on 75 manual 

wheelchair users, finding no relationships between sitting pressure, cushion type, 

anatomical level, or completeness of injury.12  
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Education and risk factor identification continues to be addressed in the literature 

but no overall model has emerged to explain how these variables combine to affect PI 

development in the SCI population.4,17,18 The Consortium for Spinal Cord Medicine 

Clinical Practice Guidelines on pressure ulcer prevention and treatment following an SCI, 

recommends a pressure relief maneuver for 1-2 minutes every 30 minutes,7 but the 

technique of pressure relief (PR) is unspecified. Specific techniques of PR maneuvers 

such as wiggling, directional leaning, or performing a push-up have not been addressed in 

the literature. There is also a paucity in the actual time, frequency, and technique that SCI 

manual wheelchair users are performing throughout their day and it has been reported 

that the clinically accepted pressure relief interval of 15-30 seconds was ineffective in 

raising tissue oxygenation to the unloaded level.19  

The aim of this study is to measure what SCI manual wheelchair users are 

“usually” performing for their PRs; and to measure their oxygenation responses in ischial 

skin during loaded and unloaded sitting. Two methods of PR were examined: subjects’ 

usual PR method (usual PR) versus a scheduled 2-minute push-up method (scheduled 

PR) every 15 minutes. I hypothesized that ischial skin oxygenation will increase more 

when performing the scheduled PR than when performing their usual PR.  

Methods  

Subjects: 

This study was a subset analysis of a larger randomized control trial on SCI 

pressure relief PI in SCI. This study is an analysis of the baseline assessment measure of 

ischial skin oxygenation using a spectrophotometer during wheelchair sitting and PR 
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maneuvers. Subjects for this study were enrolled in the National Rehabilitation Hospital 

Rehabilitation Research and Training Center on Secondary Conditions in the 

Rehabilitation of Individuals with Spinal Cord Injury (Funding: NIDRR H133B090002). 

Subjects were recruited throughout the Washington D.C. metropolitan area. All subjects 

provided written consent to participate in this study in compliance with the protocol 

approved by the Institutional Review Board. Only the subjects that were primary manual 

wheelchair users for mobility, greater than six-months post SCI, able to perform 

wheelchair push-ups for pressure relief, and 18 years of age or older, were included. 

Those with an existing PI at the ischial tuberosity or sacrum, or were unable to perform a 

push-up PR, were excluded. Off-study criteria included meeting any of the study 

exclusion criteria or participant’s desire to withdraw from the study. 

Procedure:  

Following consent and inclusion, each subject was asked to rest in the prone 

position for 30-minutes to establish a microvascular baseline.20 A soft optical probe was 

placed over the left ischial tuberosity using OpsiteÒ (Smith and Nephew, Fort Worth, 

TX). After 30-minutes of prone positioning, the participant transferred back into their 

manual wheelchair with their cushion. First, data was collected while subjects performed 

their “usual” self-initiated sitting PR program, sitting without any cues for 1-hour. The 

subjects then transferred back to prone for 30-minutes to reestablish their microvascular 

baseline. During the second hour of sitting, the subjects were directed to perform a 

“scheduled” 2-minute PR every 15-minutes. Skin oxygenation and perfusion data were 
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collected every 2 seconds. The time, length, and direction of movements and pressure 

reliefs performed were recorded to account for the high artifact of the probe. 

Measurements:  

To measure skin oxygenation, a customized, soft optical reflectance spectroscopy 

probe was used. A four-channel spectrophotometer (Ocean OpticsÒ) was connected to a 

Xenon light source and a backscattered spectrum of light in the wavelength range 400 to 

900nm was used.21 An aluminum rod machined as a prism and a mirrored prism was 

positioned in front of the fiber bundle to achieve 90° photon launch and collection, this 

geometry was used to maintain a low-profile probe. The spectrometer measured the 

reflection of oxygenated vs deoxygenated hemoglobin. The Bio-photonics technique uses 

hemoglobin absorbance for assessment of skin oxygenation saturation and scattering 

from red blood cells in the superficial vasculature for perfusion measurements.22 Previous 

work at the National Rehabilitation Hospital shows this to be a valid and reliable method 

of measurement during sitting and PR.21 Optical absorption of hemoglobin, oxygenated 

and deoxygenated hemoglobin spectra is expressed in terms of molar extinction 

coefficient.23 

A function code was created in MATLABÒ version R2018b to filter the 

spectroscopy data and to calculate oxygenation saturation of the ischial skin. To ensure 

reporting of subject movement, not artifact of the optic probe, directions of movements 

and frequencies were timed stamped for data comparison. 
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Statistical analysis:  

Each subject was their own control. A Welch’s t-test was performed to compare 

the 1st, 2nd, and 3rd PR of the usual vs scheduled PR. Each time interval consisted of 8 

minutes of data for every 15 minutes of sitting time. To assess an accumulative effect of 

PR technique on tissue oxygenation; the total first and second hour tissue oxygenation 

were compared. Prior to analysis, outliers based on movement notes were removed and 

data was smoothed through MATLABÒ with a 10-point filter. An alpha-level of 0.05 

was considered statistically significant for all tests. All data was analyzed using 

STATAÒ version 15.  

Results 

	
10 subjects participated in the study, 9 males and 1 female, (37.1 ± 10 years of 

age, and 7.1 ± 8.25 years after injury). The levels of injury were: 1 (C5-C6), 8 (T3-T9), 

and 1 (L1).  

Frequency, time, and duration of PR during one hour of usual PR data collection: 

During the usual PR data collection, subjects performed 22.5 ± 19.8 (range 4-72) self-

initiated PRs in one hour. Table 1 demonstrates the number and direction of PR 

techniques performed during the usual PR data collection. The total PR times during the 

usual PR session and the scheduled PR session were 276.4 ± 453.1 vs 504.6 ± 487.7 

seconds (p=.29).  

During the usual PR data collection, oxygenation levels ranged from 0.09 ± (0.15) 

– 0.49 ± (0.26). During the scheduled PR data collection, oxygenation levels ranged from 

0.09 ± (0.13) – 0.84 ± (0.14). The comparison of ischial tissue oxygenation between the 
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usual PR hour and the scheduled pushup PR hour is represented in Table 2. The three 

time points represent 8 minutes of PR data at every 15 minutes of sitting time each hour. 

Total time compares the change in tissue oxygenation during the first hour of usual PRs 

to the second hour of scheduled PR. 9 of the 10 subjects demonstrated a higher tissue 

oxygenation during the scheduled PR hour (p=<.001).  

Discussion 

This study compared ischial skin oxygenation responses associated with PR 

techniques typically used by SCI manual wheelchair users and a scheduled 2-minute PR 

interval. During the usual PR interval, subjects demonstrated a large variability in 

duration, frequency, and technique. The current study investigated the changes in ischial 

oxygenation during the subjects’ usual PRs compared to the scheduled push-up PRs. 

Ischial tissue oxygenation increased during the scheduled PRs and tissue oxygenation 

levels were higher than the subjects’ usual PR throughout the hour in 9 subjects 

(p=<.001). Although the 2 minute PRs achieved a higher oxygenation level, the amount 

of time, perfusion rate, to reach baseline oxygenation levels is unknown because we did 

not originally collect unweighted baseline data.  

Traditional theories of PI formation have focused on localized ischemia models 

for tissue compression and mechanical properties for deformation and ischemia.17,20,24–28 

In deformation, when compression levels exceed the tissue threshold cell death occurs. 

26,29 The mechanical properties of the compressed tissues determine the amount of 

deformation tolerated. In SCI, it is believed that there is larger deformation due to 

atrophy and flaccidity of the muscles which results in reduced tissue oxygen perfusion.30 
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With flaccidity, the muscles are less able to resist deformation, resulting in microvascular 

changes, reducing the oxidative capacity, and lead to an increase in deformation induced 

ischemia.41 Spinal-transected animal models have shown damage at lower pressure 

levels, attributed to tissue atrophy.31 Previous PI models have focused on tissue properties 

and blood flow, but have not taken into consideration local geometry, 25,28 such as body 

prominences.12,26,32,33  

The Consortium for Spinal Cord Medicine Clinical Practice Guidelines on 

pressure ulcer prevention and treatment following an SCI, recommends using a pressure 

map during seating assessments to provide visual feedback and education to the clinician 

and user on pressure reduction.7 However, even complete interface pressure reduction 

(seen with leaning, weight shifting, or push-ups) may not achieve complete oxygenation 

reperfusion of the tissue.19,36 It is not possible to accurately estimate internal pressure 

using pressure mapping, because internal and external pressure associations are not 

linear. 27,28,41 The measurement of tissue oxygenation may provide greater insight to 

microvascular changes and consideration of local geometry during loaded and unloaded 

sitting. Measuring tissue oxygenation will also provide more insightful feedback on the 

potential slower tissue perfusion rate in SCI.30,38 Tissue oxygenation could be used as a 

visual education tool that provides feedback to the clinician and patient during loaded and 

unloaded sitting. Using tissue oxygenation measurements during a seating assessment as 

a visual education tool, would be addressing a focused education goal of the Consortium 

for Spinal Cord Medicine.7 
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The time needed to return to reperfusion and oxygenate the ischial tissue in 

subjects with SCI appears to be individually based and many internal and external 

variables can affect tissue reperfusion.7 Microvascular responses to occlusion vary in the 

SCI population compared to healthy controls.34–37 Remodeling of the arterial walls due to 

the reduction of the systemic blood volumes occurs acutely following an SCI.38 Along 

with chronic stiffening of the arteriole system.39 These microvascular changes may 

influence the slower tissue reperfusion response seen in SCI.30,40  

An external variable associated with reperfusion is seating surface. All our 

subjects sat on a pressure reducing cushion; 4 air filled, 4 gel, 1 custom molded, and 1 

honeycomb. This differs from a previous study that found the average tissue perfusion 

time to be 200-250 secs.36 Makhsous et al., measured tissue perfusion in SCI while sitting 

on a flat plastic robotic seat, not a pressure reducing cushion.36 Levels of pressure on a 

flat surface can be as high as 877mmHg12 vs a pressure reducing cushion levels would be 

under 300mmHg.11 While tissue oxygenation is a more direct index of internal pressure,25 

the present study neither measured tissue oxygenation during functional mobility, such as 

pushing the wheelchair, transfers, or activities of daily living nor considered local tissue 

geometry and slower perfusion.  

Limitations 

This study involved only manual wheelchair users that could perform a push-up 

pressure release technique. The ability to perform a pushup PR could have biased the 

recruitment towards a greater number of paraplegic as opposed to tetraplegic subjects. 
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The PR performance during the usual PR data (collection could have been influenced by 

the higher number of paraplegias in this study.  

The low-profile probe was sensitive to movement. This increased the time for 

analyzation of the oxygenation data and required a more robust code. The probe broke 

during the data collection. Difficulties with this low-profile probe have led to changes 

that are currently being addressed and analyzed in our lab.  

The original design of the study did not capture the baseline oxygenation levels in 

a resting unloaded position. It may have been beneficial to have had the baseline tissue 

oxygenation levels to determine the PR time required to return to baseline oxygenation 

levels.  

Conclusion  

A wide variability in the duration, frequency, and technique of PRs performed by 

SCI manual wheelchair users was observed. Even so, the scheduled PR sessions 

improved tissue oxygenation over the subjects’ PR methods. Despite the education and 

research focused on reducing interface pressure, manual wheelchair users experience a 

uniquely high incidence rate of PIs. Current practice for measuring PR through interface 

pressure may not be providing the information needed to reduce the high occurrence of PI 

in the manual wheelchair population. Tissue oxygenation is a more direct measurement 

of internal pressure. Understanding the relationship of tissue oxygenation during loaded 

and unloaded sitting conditions may lead to optimal seating assessments and PR 

maneuver in the prevention of PIs.  
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 Table 1. Number, duration, and technique and direction of movements performed during the one hour of wheelchair seated  

 usual PR data collection. 

Subject	
	

Total	
Number	
of	PR	

Total	
Duration	
of	PR	

(seconds)	

Direction	of	movements	
Wiggle	

	
Left	
Shift	

Right	
Shift	

Forward	
Lean	

Backward	
Lean	

Pushu
p	

1	 42	 354	 1	 29	 0	 6	 6	 0	
2	 15	 104	 6	 3	 3	 0	 0	 9	
3	 16	 100	 9	 0	 0	 2	 0	 4	
4	 29	 208	 10	 2	 3	 7	 7	 0	
5	 12	 291	 0	 0	 0	 0	 0	 12	
6	 5	 19	 3	 0	 0	 1	 0	 1	
7	 9	 74	 5	 2	 0	 0	 0	 2	
8	 21	 75	 0	 0	 0	 5	 0	 8	
9	 72	 1525	 8	 18	 15	 7	 22	 2	
10	 4	 14	 3	 1	 0	 0	 0	 0	
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Table 2. Comparison of changes in tissue oxygenation between the usual PR hour (U) and the scheduled PR hour (S) data collection. 

 

Time Point 1 
15-minute (U) vs  

1st pushup (S) 

Time Point 2 
30-minute (U) vs  
2nd pushup (S) 

Time Point 3 
45-minute (U) vs  
3rd pushup (S) 

Total Hour 
Usual (UPR) vs Scheduled (SPR) 

# U S diff. p= U S diff. p= U S diff. p= UPR  SPR diff. p= 

1 0.248 0.398 0.14 <.001 0.466 0.427 -0.04 .033* 0.548 0.493 -0.05 <.001* 0.39 0.43 0.03 <.001 

2 0.585 0.855 0.27 <.001 0.586 0.758 0.172 <.001 0.551 0.602 0.05 0.03 0.59 0.74 0.15 <.001 

3 0.68 0.44 -0.24 <.001* 0.604 0.514 -0.09 <.001* 0.679 0.481 -0.19 <.001* 0.643 0.46 -0.18 <.001* 

4 0.309 0.353 0.04 0.01 0.265 0.367 0.104 <.001 0.302 0.409 0.1 <.001 0.268 0.318 0.05 <.001 

5 0.093 0.489 0.39 <.001 0.132 0.338 0.206 <.001 0.065 0.295 0.23 <.001 0.104 0.334 0.23 <.001 

6 0.12 0.215 0.09 <.001 0.125 0.256 0.131 <.001 0.085 0.374 0.28 <.001 0.11 0.239 0.13 <.001 

7 0.13 0.15 0.01 0.01 0.14 0.5 0.36 <.001 0.13 0.54 0.41 <.001 0.139 0.232 0.09 <.001 

8 0.097 0.318 0.22 <.001 0.065 0.256 0.19 <.001 0.08 0.39 0.31 <.001 0.08 0.276 0.19 <.001 

9 0.458 0.645 0.18 <.001 0.578 0.624 0.045 <.001 0.692 0.616 -0.07 <.001* 0.562 0.621 0.06 <.001 

10 0.401 0.83 0.42 <.001 0.413 0.511 0.097 <.001 - - - - 0.401 0.628 0.22 <.001 
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APPENDIX 1 

Supplemental Equations 

To convert from the molar extinction coefficient e to absorbance A, multiply by the molar 
concentration and the path length. For example, if x is the number of grams per liter and a 
1 cm cuvette is being used, then the absorbance is given by using 64,500 as the gram 
molecular weight of hemoglobin.  
 
        (e) [(1/cm)/(moles/liter)] (x) [g/liter] (1) [cm] 
  A =  --------------------------------------------------- 
        64,500 [g/mole] 
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APPENDIX 2 

Proposal  
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APPENDIX 3 

Literature Review 

Title Authors Objectives Methods: 
Type of study 
Participants 

Methods: 
Intervention 
Outcome 
measures 

Results: 
Effects of 
Intervention 

Conclusion
: 
 Implication 
for practice 

Conclusion: 
 Implication for 
research 

Section 

A	specialist	seating	
assessment	clinic:	
changing	pressure	
relief	practice.	Spinal	
Cord	 

Coggrave 
et al. 20031 

Describe a 
specialist seating 
assessment clinic 
measuring 
transcutaneous 
oxygen tension 
TcPO2 
 
 

Retrospective 
review  
50 acute SCI,  

Tissue 
oxygenation 
was measured 
in the sitting 
position and 
during pressure 
relief 
 

15–30s PRs are 
ineffective in 
raising 
transcutaneous 
oxygen to the 
unloaded level, 
average time was 
1 min 51 sec. 
leaning fw was 
recommended 
 

New methods 
for PR 
techniques  

 Background, 
clinical 
relevance 

Interface	shear	and	
pressure	
characteristics	of	
wheelchair	seat	

cushions.	 

Akins	et	al.	
20112 

Quantify interface 
shear stress, 
interface pressure, 
and horizontal 
stiffness 

21 commercial 
w/c cushions 

rigid cushion 
loading 
indenter 
(RCLD) with a 
pressure and 
shear force 
sensor, pressed 
into the 
cushions at 
(0,10,15, and 
20mm) of 
displacement 
for 60 sec.  

No relationship 
between interface 
shear stress and 
horizontal 
stiffness  

Pressure and 
shear force 
sensor with 
horizontal 
stiffness 
needed to fully 
quantify the 
cushion’s 
ability to 
reduce 
interface shear 
stress over 
bony 
prominences. 
Viscous fluid 

Investigate 
variations in the 
coefficient of 
friction due to 
changes in 
humidity and 
microclimate.  

Clinical 
relevance 
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had the least 
amount of 
interface shear 
stress. 

Thirty-minute	

continuous	sitting	
force	measurements	
with	different	support	
surfaces	in	the	spinal	
cord	injured	and	able-
bodied.	 
 

Gilsdorf	P	
et	al.	19913 

Compare shear 
forces, COM, and 
armrest force on 
ROHO vs Jay 
cushions.  

Health, tetra and 
para 

Normal and 
shear seat 
forces, the 
location of the 
center of mass, 
and armrest 
force collected 
through force 
plates.  

Larger, normal, 
and forward shear 
forces and a more 
anterior position 
of the center of 
mass were 
observed with the 
ROHO cushion. 
More frequent 
and larger lateral 
weight shifts 
occurred with the 
Jay cushion. The 
armrests tended to 
support from 5 
percent of the 
body weight for 
quadriplegics to 9 
percent for 
paraplegics.  

Armrests 
reduce seat 
forces by 
carrying some 
of the body 
weight.  
Cushions 
reduce 
pressure by 
different 
mechanisms  

Force plates take 
the average of the 
force, not 
localized so the 
localized could be 
the same or less 
than the average 
making 
comparisons 
difficult.  

Clinical 
relevance  

The study of pressure 
distribution in sitting 
position on cushions 
for patient with SCI 

Tanimoto 
et al.4 

Measure buttock 
pressure 
distribution on five 
kinds of wheelchair 
cushions  

6 SCI Tekscan 
pressure 
measurement 
system. We 
calculated total 
weight, high-
pressure area, 
and maximum 
and average 
pressure 

the air cushion is 
the best for 
pressure 
distribution 

  Clinical 
relevance  

Analysis	of	ischemia-

reperfusion	injury	in	a	

microcirculatory	model	

of	pressure	ulcers		

	

 

 TSUJI et 
al. 20055 

Establish PU 
model that 
visualizes 
microcirculation 
and examine 
participation of 
ischemia- 
reperfusion injury 
in the 
pathophysiology of 
PU 

16 Rats: 
Compression- 
release: 4 cycles 
of 2 hrs 
compression and 
1 hr of pressure 
release 
Compression 
alone: 8hrs 
 

Skin fold 
chamber 
measuring 
capillary flow 

500 mmHg was 
necessary to 
maintain 
microvascular 
closure  

Severe 
damage to the 
skin and 
underlying 
muscle 
occurred w 
350mmHg, 
reactive 
hyperemia at 
100mmHg. 
CR more 
severely 

Supports the 
significant 
contribution of 
ischemia-
reperfusion injury 
to the pathology 
of PU 

Physiological 
Background 
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damaged 
microcirculati
on than single 
bout but could 
be 
related/effecte
d by # cycles, 
or pressure 
intensity etc 

Deep42 Tissue42 
Injury:42 How42 
Deep42 is42 Our42 
Understanding?  
 

Stekelenbur
g et al. 
20086 

Differentiate bw 
the individual roles 
of deformation and 
ischemia in the 
onset of muscle 
damage 

Review and 
model of tissue 
compression and 
mechanical 
properties 

 After vessel 
collapse, the 
tissue suffers 
from ischemia. 
The subsequent 
state of hypoxia, 
with associated 
oxygen 
deprivation, 
causes the cells of 
the vascularized 
tissues to change 
their metabolism 
to an anaerobic 
pathway. By 
eliminating the 
oxygen 
requirement for 
their energy 
production, the 
cells deplete their 
glucose deposits 
and produce an 
accumulation of 
lactic acid. A 
state of hypoxia 
will, in addition, 
down-regulate the 
metabolic 
demands by a 
phenomenon 
called oxygen 
conformance.32,3

3  
 

In SCI, larger 
deformation 
due to atrophy 
and flaccidity 
of muscles 
reduced 
perfusion. 
Greater 
immobilizatio
n the loading 
period is 
increased. 
Increased 
temperature 
can increase 
the metabolic 
process which 
accelerates 
oxygen 
depletion and 
lactate 
accumulation. 

Develop detection 
methods to 
estimate the risks 
associated w 
internal local 
deformations and 
time, in 
combination w 
intrinsic patient- 
specific factors. 

Physiological 
Background 
Theory 
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Clinical	Use	of	Interface	

Pressure	to	Predict	

Pressure	Ulcer	

Development:	A	

Systematic	Review		

 

Reenalda	

et	al.	2009	

 

Can interface 
pressure be used to 
predict the 
development of PU 
or to determine the 
prognosis of an 
ulcer once 
developed.  

Systematic review 7 studies 
identified 

Interface and 
Internal pressure 
are not linear so it 
is not possible to 
extrapolate 
interface 
pressures to 
internal pressures. 
(So pts w same 
interface can have 
different internal.) 

Internal 
pressure is a 
key factor, but 
not the only 
sufficient risk 
indication. 
Tissue 
oxygenation 
and perfusion 
or more direct 
of internal 
pressure.  

Limited to skin 
perfusion vs deep 
tissue 

Physiological 
Background 
Justification  

The	Etiology	of	Pressure	

Ulcers:	Skin	Deep	or	

Muscle	Bound?		

	

Bouten	et	
al.	20037		
	

To	investigate	the	

relationships	

between	(1)	global	

mechanical	loading	

at	skin	level,	(2)	

the	resulting	local	

internal	

mechanical	

conditions	within	

the	soft	tissue	

layers	extending	

from	skin	to	

muscle	tissue,	and	

(3)	the	

pathophysiologic	

response	to	

loading		

 

Review and 
model proposal  

Tissue level 
differences  

individual	and	

combined	role	in	

tissue	break-	

down	will	

undoubtedly	vary	

depending	on	the	

nature	of	the	

mechanical	insult	

and	patient	

characteristics	

such	as	illness	or	

age,	which	affect	

soft	tissue	

properties	and	

hence	the	liability	

to	tissue	

breakdown.		

(Bliss 1993) 
 
the specific role 
of reperfusion 
injury in the 
causation of 
pressure ulcers 
remains to be 
defined. 
However, if 
reperfusion injury 
is indeed an 
important factor  
 

The	hierarchy	

of	model	

systems	can	

be	used	to	

establish	well-

defined	

thresholds	for	

tissue	

damage,	

which	can	

provide	new	

guidelines	for	

pressure	ulcer	

prevention	

and	to	

redirect	

available	

pressure-relief	

strategies.	In	

addition,	the	

established	

thresholds	can	

be	related	to	

biochemical	

markers	for	

the	

identification	

of	early,	

reversible	

tissue	

damage.		

 

Theories	focusing	

on	ischemia	and	

impaired	

lymphatic	

drainage	have	

been	studied	in	

vivo	and	generally	

confirm	that	

sustained	tissue	

loading	will	

influence	tissue	

perfusion	and/or	

lymph	flow,	

thereby	affecting	

the	transport	of	

nutrients	to	and	

metabolic	waste	

products	away	

from	cells	within	

the	tissue.	

Although	this	is	

appropriate	for	

muscle	tissue,	

which	is	

metabolically	

more	active	than	

skin,	these	

theories	can	only	

partly	explain	the	

onset	of	pressure	

ulcers	and	have	to	

Theory:  
Proposed 
hierarchic model 
to look at skin 
level and 
responses at 
each level and 
contributing 
factors 
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date	not	been	

fully	verified.		

The effects of a 
dynamic tuberal support 
on ischial buttock load 
and pattern of blood 
supply	

Van	Geffen	
et	al.	8	

Investigate	the	

redistribution	of	

external	buttock	

load	in	relationship	

to	the	pattern	of	

subtuberal	blood	

supply	w	dynamic	

tuberal	support	

15 health males 
convenience 
sample 
 

computer aided 
simulator chair 
with IT cutouts, 
pressure map,  
Each probe 
incorporates 
Laser-Doppler 
and broadband 
light 
spectroscopy 
The probe 
under the left IT 
measured skin 
(2 mm) 
oxygenation 
and perfusion, 
and the probe 
under the right 
IT measured 
subcutaneous (8 
mm) 
oxygenation 
and perfusion.  
 

.05 was ob- 
served that the 
average level of 
skin oxygenation 
and subcutaneous 
tissue perfusion 
increased when 
the frequency of 
adjustment 
increased. This 
could indicate 
that the metabolic 
process of blood 
outflow due to 
tissue loading was 
slower than the 
mechanical 
process of blood 
inflow due to 
tissue unloading. 
However, we 
only compared 
the average blood 
supply between 
support 
conditions, and 
the dynamics of 
blood supply has 
therefore not yet 
been analyzed.  
	

Large	

variability	bw	

subjects.		

	

Strong 
hyperaemia 
effects were 
observed in 
the first  
stage. 
Unloading the 
ITs induced 
significant 
increase in 
skin and 
subcutaneous 
tissue 
oxygenation 
and perfusion. 
A moderate 
overshoot in 
blood flow 
occurs due to 
temporary 
ischemia and 
build-up blood 
pressure from 
preceding 
tissue 
deformation. 
The second 
stage showed 
that from a 
certain point, 
downward 
tuberal 
adjustments 
were no longer 
accompanied 
with an 
increase in 
blood supply. 
We even 
observed a 

Subtuberal blood 
supply was 
inversely related 
to the contact load 
under the ITs. A 
rapid inflow of 
blood in the initial 
stage of tuberal 
unloading, 
followed by a 
gradual outflow in 
the rest of the 
movement cycle 
indicates that the 
average blood 
supply increases 
when the 
adjustment 
frequency 
increases.  
	

	

Hammocking	of	

the	seat	created	

inaccurate	peak	

pressures	

	

peak pressures 
under the ITs 
could be 30% 
higher in thin 
BMI  
	

Methods 
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gradual 
outflow of 
blood which 
we ascribe to 
the overshoot 
in the 
beginning of 
the second 
stage. The last 
(third) stage 
represents a 
strong 
decrease in 
oxygenation 
and perfusion 
when 
reloading the 
ITs.  
	

The Relative 
Contributions of 
Compression and 
Hypoxia to 
Development of Muscle 
Tissue Damage: An In 
Vitro Study  
 

GAWLITT
A et al.9 
	

assessment of cell 
viability during 
compression and 
ischemia in an in 
vitro muscle model 
to determine their 
relative 
contributions to 
damage 
development.  
	

engineered 
skeletal muscle 
produced from the 
culture of murine 
muscle cells in a 
collagen gel.  

tissue was 
subjected to 0, 
20, or 40%	
compression 
under hypoxic 
or normoxic 
conditions. 
microscope and 
cell viability 
was monitored 
using 
fluorescent 
markers for 
apoptotic and 
necrotic cell 
death.  
 

Hypoxia did not 
lead to significant 
cell death over a 
22 h period. By 
contrast, 
compression led 
to immediate cell 
death that 
increased with 
time.  
 

A 2-h loading 
protocol 
resulted in 
irreversible 
damage, 
whereas 
ischemia 
invoked 
reversible 
tissue 
alterations.  
	

In future, other 
factors associated 
with ischemia, 
such as acidosis 
need to be 
examined.  
 

Background 
Non-SCI 
engineered 
skeletal muscle  

Deformations,	

mechanical	strains	and	

stresses	across	the	

different	hierarchical	

scales	in	weight-	

bearing	soft	tissues		

 

Shoham	et	

al.10 
 

Review of 
different	
hierarchical	
scales:	tissue-
scale	[cm],	meso-
scale	[mm]	and	
cell-scale	[mm].	 
 

Review of 
computerized 
models and 
experiments 
 

70%-atrophy	

resulted	in	8.9-
,	2.7-	and	1.6-
times	greater	
injury	rates	
compared	with	
a	normal	
muscle	
thickness	case,	
after	60	min,	

interactions	

between	
macroscopically-
sustained	loads	
during	weight-	
bearing,	the	
patho-
microanatomy	
and	the	
temperature	

  Methods 
background 
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90	min,	and	
110	min	of	
immobilized	
sitting,	 
 

drops	associated	
with	ischemia	in	
SCI	muscles	
cause	lower	
supply/availabili
ty	of	glucose	to	

muscle	fibers,	
which	could	then	
compromise	
tissue	viability.	 
 

A Theoretical 
Analysis of Damage 
Evolution in Skeletal 
Muscle Tissue With 
Reference to 
Pressure Ulcer 
Development  
	

Breuls	et	

al.11	

The objective of 
the present study is 
to illustrate that 
prediction of 
pressure ulcer 
initiation on the 
basis of external 
load measure- 
ments is 
inadequate.  
 

By considering 
local load-time 
threshold curves, 
it is illustrated 
which variables 
quantitatively 
influence the 
threshold curves 
and, therefore, 
should be 
considered for the 
pre- diction of 
damage initiation.  

Deep	tissue	

focused.		

not feasible to 
relate external 
loads to local 
tissue damage and 
that a minimum 
requirement for a 
numerical model 
is to incorporate 
the local load-
history and the 
local tissue 
tolerance.  

microstructure 
can be thought 
of as 
surrounded by 
copies of 
itself. Stress 
and strain 
averaging 
means that 
macroscopic 
stresses and 
strains equal 
the averaged 
microstructura
l stresses and 
strains.  

Model does not 
account for if the 
tissue damage is 
irreversible  

Theory 

Factors influencing 
optimal seating 
pressure after SCI 

Taule	et	

al.12	

Identify factors that 
predict 
unsatisfactory 
seating pressure in 
SCI (> 100mmHg) 

Retrospective, 
cross-sectional 
design.  
75 manual and 
power users 
 

Pressure	

mapping	in	
prefer	sitting	
position	10	
min.		

52%	

unsatisfactory	
seating	pressure.	
Hx	of	PU,	6x	
more	likely	and	

use	of	a	manual	
chair,	5x	more	
likely	to	have	
unsatisfactory	
seating	pressure.		

Did not find 
relationship 
b/w 
satisfactory 
seating 
pressure and 
cushion type, 
anatomical 
level, 
completeness, 
spasticity or 
diabetes.  

Question posed if 
seating in power 
chairs designed 
better for pressure 
relief… 

Background 
Support for IC of 
manual 
wheelchairs: 
significant 
association of 
unsatisfactory 
seating pressure  

Peripheral	vascular	

function	in	spinal	cord	
injury:	a	systematic	
review	 
 

West	et	al.,	

2013	

present	a	

comprehensive	
overview	of	
changes	in	arterial	
structure	and	
function,	which	
occur	after	SCI. 

Canada Lit review systematic	lit	

review	was	
conducted	to	
extract	studies	
that	
incorporated	
measures	of	

SCI	exhibit	

vascular	
dysfunction	
below	the	lesion	
that	is	
characterized	by	
a	reduction	in	

physical	

deconditionin
g	is	the	
primary	
responsible	
for	the	
maladaptive	

recent	alarming	

evidence	for	
central	arterial	
stiffening	in	
individuals	with	
SCI 

Background 
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 arterial	
structure	or	
function	after	
SCI	in	animals	
or	humans. 
	

conduit	artery	
diameter	and	
blood	flow,	
increased	shear	
rate	and	leg	
vascular	

resistance,	and	
adrenoceptor	
hyper-
responsiveness.	
There	is	also	
recent	alarming	
evidence	for	
central	arterial	
stiffening	in	
individuals	with	
SCI. 
	

remodeling	of	
the	
peripheral	
vasculature	
after	SCI,	
emerging	

evidence	that	
BPoscillation
s,	also	
exacerbates	
vascular	
dysfunction	
in	SCI 
 

The effect of clinically 
relevant pressure 
duration on sacral skin 
blood flow and 
temperature in patients 
after acute spinal cord 
injury	

Sae-Sia et 
al.

13
	

test the effect of 
clinically relevant 
duration of 
pressure loading 
(2h) on sacral skin 
blood flow (SBF) 
and skin 
temperature in 
subjects with spinal 
cord injury (SCI) 
within 24 to 96 
hours after injury 
compared with 
subjects with acute 
orthopedic trauma 
and healthy 
subjects  

Three-group, 
repeated-
measures, 
inception cohort  
Convenience 
sample of 102 
subjects  
Sacral SBF was 
measured using a 
low-profile laser 
Doppler 
flowmetry (LDF) 
sensor  
Sacral skin 
temperature was 
measured using a 
T-type 
thermocouple 
skin sensor SST-
1b attached to a 
dual-channel 
thermocouple 

thermometer.c 
Data were 
recorded every 20 
seconds.  
 

Sacral SBF and 
skin 
temperature 
were measured 
simultaneously 
by using a laser 
Doppler sensor 
and 
thermocouple 
sensor, 
respectively, 
with subjects 
lying in the 
lateral 
(baseline, no 
pressure, 
30min), supine 
(pressure 
loading, 2h), 
and lateral 
position 
(recovery, no 
pres- sure, 
90min).  
	

acute SCI had (1) 
a higher baseline 
sacral skin 
temperature, (2) a 
relative decrease 
in sacral SBF 
during exposure 
to interface 
pressure, (3) a 
greater initial 
negative slope in 
skin temperature 
after pressure 
release, (4) a 
shorter time to 
initial increase in 
SBF and skin 
temperature after 
removal of 
pressure loading 
(reactive 
hyperemia 
response), and (5) 
a higher initial 
positive slope of 
the SBF-reactive 
hyperemia 
response. 	

data indicate 
that 
diminished 
sacral SBF in 
subjects with 
acute SCI did 
at 24mmHG. 
Therefore, 
32mmHg 
(considered 
safe zone) 
pressure at the 
interface 
between the 
patient and 
mattress may 
not be 
appropriate for 
subjects with 
acute SCI.  
 
Collectively, 
these data 
suggest that 
within days of 
injury subjects 
with SCI have 
impaired skin 

Collectively, a 
negative change in 
SBF during 
pressure loading 
plus a shorter time 
to increase and 
greater slope for 
SBF after pressure 
release reveal 
microvascular 
dysfunction in 
acute SCI 
subjects.  
 

Background SCI 
specific 
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microvascular 
function with 
altered 
responses to a 
clinically 
relevant 
duration of 
interface 
pressure (2h) 
compared with 
control 
subjects.  

Measuring tissue 
perfusion during 
pressure relief 
maneuvers: insights into 
preventing pressure 
ulcers 

Makhsous 
et al.14 

effect	on	tissue	
perfusion	of	
relieving	interface	
pressure	using	
standard	
wheelchair	
pushups	

compared	with	a	
mechanical	
automated	
dynamic	pressure	
relief	system	 

20 motor-
complete, 20 
healthy  
Two	1-hour	
sitting	protocols:	
dynamic	
protocol,	sitting	
configuration	
alternated	every	
10	minutes	
between	a	
normal	sitting	

configuration	
and	an	off-
loading	
configuration(ba
ck	of	seat	
electrically	
unloaded)	;	
wheelchair	
pushup	protocol,	
normal	sitting	
configuration	
with	standard	

wheelchair	
pushup	once	
every	20	
minutes.	 
 

Transcutaneou
s	partial	
pressures	of	
oxygen	and	
carbon	dioxide	
measured	
from	buttock	

overlying	the	
ischial	
tuberosity	and	
interface	
pressure	
measured	at	
the	seat	back	
and	buttocks.	
Perfusion	
deterioration	
and	recovery	
times	were	
calculated	

during	changes	
in	interface	
pressures	 
 

the	off-loading	
configuration,	
concentrated	
interface	
pressure	during	
the	normal	
sitting	

configuration	
was	significantly	
diminished,	and	
tissue	perfusion	
was	significantly	
improved.	
Wheelchair	
pushups	showed	
complete	relief	
of	interface	
pressure	but	
incomplete	
recovery	of	

tissue	perfusion.	 
 

IP	does	not	
provide	
complete	
information	
about	the	
effectiveness	
of	PR.	

Measures	of	
tissue	
perfusion	
may	help	
establish	
more	
effective	
strategies.	
Relief	
achieved	by	
standard	w/c	
PU	may	not	
be	sufficient	

to	recover	
tissue	
perfusion	
compromised	
during	
sitting;	
alternate	
maneuvers	
may	be	
necessary.	
dynamic	
seating	
system	

provided	

About 200 sec for 
recovery in 
control and 250 
sec SCI 

Background 
SCI 
Methods 
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effective	PR	
w	sustained	
reduction	in	
IP	adequate	
for	complete	
recovery	of	

tissue	
perfusion.	
Differences	in	
recovery	
times	b/w	
subjects	with	
SCI	and	
controls. 

Pressure	ulcer	risk	
factors	in	persons	with	
spinal	cord	injury	Part	
2:	the	chronic	stage	 
 

Gelis et 
al.15 

PU	risk	factors	
correlated	to	the	
chronic	stage	of	
SCI 
	

Systematic review 	 Contrary	to	the	
risk	factors	
found	in	the	
acute	stage	the	
risk	factors	for	
chronic	

numerous	and	
depend	mostly	
on	the	
sociodemograph
ic,	medical,	
neurological,	
cutaneous	or	
behavioral	
characteristics	

Behavioral	
risk	factors	
(relieving	the	
pressure,	
careful	skin	
monitoring,	

smoking)	are	
probably	the	
ones	for	
which	a	
preventive	
strategy	can	
be	
established	 
	

BUT……level	of	
evidence	varies:	
it	is	quite	high	
for	the	
sociodemographi
cs	and	

neurological	
factors	and	low	
for	behavioral	
factors 
 

Background 
SCI 
 
 

Skin	perfusion	

responses	to	surface	
pressure-induced	
ischemia:	Implication	
for	the	developing	
pressure	ulcer	

Herman et 
al.16 

Describe	

alteration	is	skin	
perfusion	to	step	
increases	in	
pressure	before	
and	after	log-term	
exposure	to	
pressure	induced	
ischemia	

Rats greater troch 
Increases in 
pressure to 
58mmHG for 0 
perfusion 

Surface	

pressure	
increased	by	
3.7mmHG	until	
perfusion	
reached	
minimum	:	LD	
for	perfusion	
and	thermisotr	
for	temp	

Pressure	release	

–	3x	normal	
reactive	
hyperemia.	
Normal	level	
within	15-30	
min	with	short-
term	pressure.		

Long-term	
pressure	(5	hrs):	
control	
perfusion	was	
63%	greater,	
perfusion	
dropped	to	0	
without	an	initial	

Multifactorial	

process	
including	the	
amount	of	
subcutaneous	
tissue	volume	
under	
pressure	and	
viscoelastic	
response	to	
tissue,	
stressed	skin	

dehydration	
after	
stressed.		

Integrity	of	the	

skin	could	
influence	surface	
to	internal	
pressure	

Background/ 
theory 

Non-SCI 



50 
 

increase,	
reactive	
hyperemia	45%	
lower	

Noninvasive monitoring 
of peripheral perfusion	

Lima et 
al.17 

	  	 	 	 	  

Use of Behavioral 
Contingencies to 
Promote Prevention of  
Recurrent Pressure 
Ulcers  

Jones et al. 
2003 

intervention of 
monetary rewards 
for preventing or 
reducing severity 
of PU in (SCI) 
patients with a hx 
of chronic, 
recurrent ulcers. 	

9 SCI w hx of 
hospitalization for 
PU RX 
6 completed 

PUSH	

Direct	costs	of	
Rx	and	

preventative	
care	

severity of 
pressure ulcers 
and treatment 
costs decreased 
for the 6 
participants. 
Maintenance of 
effects 
postintervention 
was highly 
variable. 
Consequences of 
PU did not 
matter, money 
did.  

Ind w 
recurrent 
ulcers do not 
consistently 
engage in 
effective skin 
care and 
pressure ulcer 
prevention 
behaviors 
because there 
are 
insufficient 
positive 
consequences 
to support 
these 
behaviors	

When 
contingencies are 
arranged so that 
skin care and 
pressure ulcer 
prevention 
behaviors are 
consistently 
reinforced, 
positive behaviors 
are maintained, 
resulting in a 
reduction in PU 
recurrence 

clinical 
relevance 

good 
background 
severity and 
costs in intro 

 
 
 
 
 

 

Simulations	of	skin	

and	subcutaneous	
tissue	loading	in	the	
buttocks	while	
regaining	weight-
bearing	after	a	push-
up	in	wheelchair	users	 

Levy et al. 
2013 

determined	the	

shear	loads	in	skin	
and	subcutaneous	
fat	tissues	under	the	

ischial	tuberosities	
single	SCI	
using	a	foam	
cushion 

12	variants	of	our	

finite	element	(FE)	
model,	when	sitting	
down	on	foam	

cushions	with	
different	stiffness	
properties,	in	
healthy	skin	and	
scarred	skin	
conditions,	

focusing	on	the	
time	course	of	the	
build-up	of	tissue	
loads.	 

	 fat	was	loaded	at	a	

nearly	constant	
rate,	skin	loads	
increased	

nonlinearly	-	with	a	
greater	load/time	
slope	at	early	skin-
support	contact.		

edges	of	a	pre-
existing	scar	are	
more	susceptible	to	
injury,	and	the	
greater	risk	for	that	

is	when	a	
hypertrophic	scar	
is	present.	 

Shear loads on 
skin affected 
by cushion 
stiffness. 

Potential	for	

shearing	after	
completing	a	PU	
PR-	need	to	

consider	tech	with	
repositioning-	
shear	strain.	
Weaker	order	pts	
had	more	difficulty	
controlling	decent 

Backgroun 
d SCI 

The	average	cost	of	
pressure	ulcer	
management	in	a	
community	dwelling	

spinal	cord	injury	
population	 
	

Chan et al. 
2012 

The population 
cohort of SCI 
individuals was 
obtained from a 
pilot randomised 
controlled trial 
(RCT) comparing 
an interdisciplinary 

resource 
utilisation from 
both study groups 
have been com- 
bined for the 
purpose of this 
cost analysis.  
 

Costs were 
examined from 
the societal 
perspective 
(including costs 
to the health 
care system, 
social 

$117 500 per 
individual ($4700 
×	25 months). To 
manage the entire 
study cohort of 12 
individuals, the 
total cost would 
be close to $1·4 

After 
completion of 
the RCT, it 
was clear that 
there were no 
significant 
differences 
between the 

many logistical 
issues were 
encountered that 
interfered with 
imple- mentation 
of the community-
based IPM 
program.  

Cost SCI 
Canada 
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pressure 
management and 
mobility program 
(IPM) (consisting 
of occupational 
therapists and 
physiotherapist 
trained in wound 
care) to bed rest for 
the treatment of PU  
	

individuals in 
this study had 
their ulcers 
present for an 
average of 25 
(±41) months b  
	

assistance and 
labour sector), 
incorporating 
the economic 
impact to the 
Ontario 
Ministry of 
Health and 
Long-term 
Care, patients 
and informal 
caregivers.  
	

million ($117 500 
×	12 individuals). 
Only one 
individual in the 
study  
sample 
experienced 
complete ulcer 
healing during the 
study period. 
Thus, the costs 
continue to 
accumulate post 
study period.  
	

amount of 
activity, 
equip- ment 
allocation, 
number of 
hours spent in 
bed, and 
wound healing 
outcomes 
between the 
two groups. 

 
Allen et al. (8) 
study included 
costs that were not 
collected in our 
study (lost wages 
($4660), wound 
care supplies 
($700) and 
equipment rental 
costs ($1550).  
	

The effect of a 
specialist seating 
assessment clinic on 
the skin management 
of 
individuals with spinal 
cord injury  
	

Kennedy et 
al. 2003 

To evaluate the 
specialist seating 
clinic's 
effectiveness in 
improving skin 
management 
knowledge and 
independence, 
represented by 
the Needs 
Assessment 
Checklist (NAC).  
50 SCI patients (37 
male and 13 
female)  
 
 

Group 1 
consisted of 
individuals who 
had attended a 
specialist 
seating 
assessment 
(SSA) clinic 
before their first 
needs 
assessment, 
group 2 had 
attended SSA 
between their 
first and second 
needs 
assessment, 
and group 3 
(control) had not 
attended at all.  
 

Patient skin 
management 
ability was 
assessed 
using the skin 
management 
subscale of 
the NAC, a 
measure of 
rehabilitation 
outcome, at 
two time 
points.  

Skin 
management 
achievement 
scores were 
significantly 
higher for 
patients who 
had attended a 
SSA clinic 
before their first 
NAC (group 1) 
at both time 
points, 
supporting the 
use of SSA as a 
proactive 
intervention to 
improve patient 
independence, 
knowledge and 
awareness, and 
potentially 
reduce pressure 
ulcer incidence.  

 SCI in the UK  
 

Comparative	study	of	

pressure	distribution	
at	the	user-cushion	
interface	with	
different	cushions	in	a	

A.	Gil-

Agudo	et	
al,	2009 
 

compare	the	

benefits	of	the	
wheelchair	seat	
cushions	most	
frequently	used	in	
a	population	of	

48	patients	with	

spinal	cord	
injury	was	
seated	in	his	or	
her	own	
wheelchair	on	

pressure	

distribution	
readings	and	
support	
surface	area	of	
the	user-

dual-

compartment	air	
cushion	was	the	
cushion	with	the	
best	pressure	
distribution	and	

 Different results 
in different 
studies- could be 
individual 
differencres and 

Spain: 
Cushion 
 type 
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population	with	spinal	
cord	injury	 
 

patients	with	
spinal	cord	injury	
in	terms	of	
pressure	
distribution	and	
contact	surface	at	

the	user-cushion	
interface.	 
 
 

the	four	models	
of	cushions	
analyzed	(low-
profile	air,	high-
profile	air,	dual-
compartment	

air,	and	gel	and	
firm	foam),	 
 

cushion	
interface	were	
obtained	with	
a	matrix	of	
piezocapacitiv
e	sensors.	 
 

largest	contact	
surface	of	the	
user-cushion	
interface	
compared	to	the	
other	three	

cushions	
studied.	 
 

chair setups, 
methodology  

The 
biomechanics 
of sitting-
acquired 
pressure ulcers 
in patients with 
spinal cord 
injury or lesions 

Gefen	

2007	

biomechanical	

aspects	of	deep	
SAPU	and	
describes	the	
relevant	bio-	
engineering	
methodologies	
and	research	
evidence.	 

	 On	a	rigid	

sitting	surface,	
the	ischial	
tuberosities	of	
a	normal	
subject	
concentrate	a	
peak	pressure	
of	around	40	
kPa	(300	
mmHg)	com-	
pared	to	an	
average	of	less	

than	10	kPa	
(75	mmHg)	at	
other	contact	
regions	(31).	
In	patients	
with	SCI	sitting	
on	a	(rigid)	
glass	plate,	
substantially	
higher	mean	
peak	pressures	
of	117	kPa	
(877	mmHg)	

were	
documented	(	 
	

Tong	and	Fung	

(25)	stated	that	
mechanical	
properties	of	a	
tissue,	for	
example	
stiffness,	follow	
material	
composition	and	
structure,	and	
thus,	the	tissue’s	
mechanical	
properties	are	

expected	to	
change	when	
composition	and	
structure	
pathologically	
change.	
Accordingly,	
onset	of	necrosis	
or	partial	
localised	
necrosis	in	deep	
muscular	tissue	
is	likely	to	affect	

the	local	
stiffness	of	the	
tissue.	 
 
	

 The	animal	
and	human	
studies	
reviewed	
above	show	
that	
compression	
stresses	in	
muscle	tissue	
that	exceed	a	
critical	level	
and	duration	
not	only	

induce	cell	
death	
[evident	in	
histology	
(24)]	but	also	
cause	
abnormal	
stiffening	of	
tissues	
(16,17,26).	It	
has	been	sug-	
gested	that	
this	rise	in	

tissue	
stiffness	is	
caused	by	
cellular	
decompositio
n	resulting	in	
the	rise	in	the	
swelling	
pressure	of	

avoiding	
interface	
pressures	
above	32	
mmHg	in	such	
patients	is	not	
necessarily	a	
‘pressure	

relief.’	 
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the	tissue,	by	
intracellular	
proteolysis	or	
by	local	‘rigor	
mortis’	in	
muscle	tissue	

(17).	 

Tissue Changes 
in Patients 
Following 
Spinal Cord 
Injury and 
Implications for 
Wheelchair 
Cushions and 
Tissue Loading: 
A Literature 
Review 
 

Gefen,	

2014	

factors that affect 
the biomechanical 
interactions of the 
seated buttocks 
with the cushion 
and how these 
factors may change 
over time	

	 The Park et al50 
study also 
reported the 
duration of the 
SCI had a 
substantial 
impact on the 
changes in 
distensibility, 
elasticity, and 
viscoelasticity 
— ie, 
biomechanical 
skin properties. 	

weight and fat 
mass gain, 
skeletal muscle 
atrophy and fat 
infiltration into 
muscles, bone 
loss and bone 
shape adaptation 
at the pelvis, 
vascular 
perfusion 
changes, and 
microstructural 
changes in skin 
and muscle that 
are associated 
with disuse and 
affect the 
biomechanical 
behavior of these 
tissues. 	

patients adopt 
different 
postures when 
using different 
cushions (and 
backrests), 
posture needs 
to be assessed 
along with the 
functional 
reach 
capacities on 
the selected 
cushion 

Mean muscle 
compressive 
deformation in 
their study, from 
highest to lowest, 
was 20˚ lateral-tilt 
(extent of 
deformation = 
87%); lateral 10˚ 
(85%), anterior 
20˚ (79%), 
anterior 40˚ 
(74%), and neutral 
(72%). Fat 
compressive 
deformation was 
highest (and 
statistically 
similar) with 
anterior tilts of 
20˚ and 40˚ 
(42%), followed 
by lateral 20˚ tilt 
(41%), lateral 10˚ 
(39%), and neutral 
(35%). 	
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Pressure	Ulcer	
Prevention	and	
Management	in	Spinal	
Cord–Injured	Adults:	
Analysis	of	
Educational	Needs 
 

Schubart	
et	al.,	2008	

Assess	the	
educational	needs	
of	adults	with	
spinal	cord	injury	
(SCI)	in	the	
prevention	and	

early	detection	of	
pressure	ulcers	
(PrUs).	 
 

needs	
assessment	
methodology	
using	a	
purposeful,	
maximum	

variation	
sampling	
strategy	that	was	
based	on	age,	
injury	level	and	
completeness,	
time	since	injury,	
and	PrU	history	
to	select	cases	
that	would	
identify	the	
diverse	

influences	on	
PrU	education. 
 
16	adults	with	
SCI	concerning	
perception	of	
PrU	risk,	
education,	
environmental	
considerations,	
and	access	to	
care.	Also	

interviewed	
were	8	SCI	
professionals,	
including	a	
physician	
specializing	in	
rehabilitation	
medicine,	
physical	and	
occupational	
therapists,	a	
nurse	case	
manager,	and	a	

wound	care	

participants	
who	had	never	
experienced	
PrUs	perceived	
their	risks	of	
developing	one	

to	be	
decreasing	
over	time.	
Perception	of	
PrU	risk	and	
preventive	
behaviors	
were	
correlated.	 
 

Delays in rehab, 
effects at home, 
emotional, 
physical and 
financially  
Awareness	of	
lifelong	risk	for	
developing	PrUs,	
including	the	
ability	to	assess	

own	risk	factors	
and	how	risk	
changes	over	
time.	
&	Ability	to	take	
charge	of	own	
skin	care	

regimen	and	to	
partner	with	
health	care	
providers.	
&Perform	
prevention	
strategies	
consistently	that	

fit	level	of	
functioning	and	
activity,	and	
update	practices	
as	risk	changes.	
&	Ability	to	
coordinate	social	

supports. 
 
 

Barriers: 
Financial, MD 
unaware of 
SCI providing 
incorrect info.  
inability	to	
find	a	
surgeon	with	
the	expertise	
needed	to	

treat	his	PrU.	
T	 
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nurse	
practitioner. 
 
	

Prevention	of	Pressure	
Ulcers	Among	People	

With	Spinal	Cord	
Injury:	A	Systematic	
Review	 
	

Groah	et	
al.,	2015	

evaluate	the	
literature	on	the	

effectiveness	of	
bed	and	
wheelchair	
positioning	and	
repositioning	in	
the	prevention	of	
pressure	ulcers	
(PUs)	in	both	the	
spinal	cord	injury	
(SCI)	and	non-SCI	
populations. 
	

Systematic	
review	

Among	studies	
examining	

pressure	
related	to	
position	or	
repositioning	
in	bed	or	
sitting,	
procedures	for	
measuring	
skin	pressure	
and	
metabolism	
were	highly	

variable	by	
anatomic	
location,	
measurement	
technique,	
outcome	
measure,	study	
site,	
participant	
characteristics,	
and	
description	of	
position/turni

ng	for	bed	and	
seated	
interventions.	
Numerous	
factors	can	
influence	
tissue	
interface	
pressures,	and	
no	prospective	
studies	had	
been	
performed	to	

determine	a	

 Several	
studies	

suggest	that	
skin	response	
to	pressure	
differs	
between	
subjects	with	
and	without	
SCI.	
Conflicting	
results	and	
insufficient	
evidence	for	

optimal	bed	
and	seated	
positioning	
and	turning	
and	pressure	
relief	
maneuvers	to	
prevent	PUs	
in	both	SCI	
and	non-SCI	
populations	
were	limiting	
factors.	 
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causal	
relationship	
between	
interface	
pressure	and	
skin	

breakdown	 
	

Skin Microvascular 
and Metabolic 
Response to Pressure 
Relief Maneuvers in 
People with Spinal 
Cord Injury 
	

Groah,	et	
al.	

2011	

Project	plan	

Goal	to	develop	an	
algorithm	to	assist	
clinicians	in	
providing	ind	
recommendations	
for	optimal	PR	
technique	

Plan	for	
perfusion,	
oxygenation,	and	
interface	
pressure	during	
PR	

Bio-photonic	
tech	that	rely	
on	hemoglobin	
absorbance	for	
assessment	of	
skin	

oxygenation	
saturation	
(spectroscopic	
measurements	
of	tissue	
absorption	
include	
arterial	and	
venous	and	
will	be	
combined	LD)	
w		

LD	perfusion	-
scattering	
from	red	blood	
cell	in	the	
superficial	
vasculature	

Skin Tissue 
scattering lengths 
50-100µm 
micrometer 

Motivational	
and	
educational	
component		

Measurement for 
prevention  
 
Tissue optical 
properties at 
different depths.  

Methods 

Local skin pressure and 
its effects on skin 
microcirculation as 
evaluated by laser-
Doppler fluxmetry 

Schubert,	
et	al.	

1989	

prolonged local 
pressure on the 
skin 
microcirculation in 
the regions of the 
sacrum and gluteus 
maximus muscle to 
determine the 
aetiology of 
pressure sores. 	

30 N subjects (15 
female, 15 male) 	

SBF was 
maximal over 
the sacrum at 
12-50 mmHg 
(1.6-6.7 kPa) 
With increases, 
the SBF signal 
decreased 
successively, 
reaching 
minimum level 
at 110 mmHg 
(14.6 kPa), 
approx 43% 

both locations, an 
increased SBF at 
zero pressure was 
seen when the 
pressure was 
decreased from 
110 to 0 mmHg. 
increase was 
more rapid over 
the gluteus 
region. 

	 a cause for the 
greater frequency 
of pressure sores 
over the sacrum 
than over the 
gluteus region is 
the comparatively 
poorer regulation 
of microvascular 
flow in this area. 

Non-SCI 
background 
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below the initial 
value. SBF 
gluteus region 
showed more 
stable pattern, 
with maxSBF at 
13-60 mmHg 
(1.7-8.0 kPa). 	

Noninvasive monitoring 
of peripheral perfusion 

Lima	et	al.	

2005	

review	discusses	

noninvasive	meth-	
ods	for	
monitoring	
perfusion	in	pe-	
ripheral	tissues	
based	on	clinical	
signs,	body	
temperature	
gradient,	optical	
monitoring,	

transcutaneous	
oximetry,	and	
sublingual	
capnometry	 
 

The	principle	of	

this	method	is	to	
measure	the	
Doppler	shift—
the	frequency	
change	that	light	
undergoes	when	
reflected	by	
moving	objects,	
such	as	red	
blood	cells.	LDF	

produces	an	
output	signal	
that	is	
proportional	to	
the	
microvascular	
perfusion	 
 

LDF	is	useful	

in	evaluating	
endothelium-
dependent	
vascular	
responses	in	
the	skin	
microcirculati
on	during	
either	reactive	
hyperemia	[61,	

62]	or	the	
noninvasive	
lo-	cal	
application	of	
acetylcholine	
or	sodium	
nitroprusside	 
 

A	major	

limitation	of	this	
technique	is	that	
it	does	not	take	
into	account	the	
het-	erogeneity	
of	blood	flow	as	
the	velocity	
measurements	
represent	the	
average	of	

velocities	in	all	
vessels	of	the	
window	studied.	
In	addition,	skin	
blood	flow	signal	
varies	markedly	
depending	on	
probe	position.	 

No	current	

laser	Doppler	
instrument	
can	present	
absolute	
perfusion	
values	(e.g.,	
ml/min	per	
100	g	tissue)	
and	
measurement

s	are	
expressed	as	
perfusion	
units,	which	
are	arbitrary.		

assessment	of	

global	
hemodynamic	
parameters	fails	
to	reflect	
increased	blood	
lactate	levels,	the	
imbalance	be-	
tween	oxygen	
demand	and	
oxygen	supply,	

or	the	status	of	 
the	
microcirculation	 
 

Methods 
LDF 

Perfusion	of	the	skin	
of	the	buttocks	in	
paraplegic	and	
tetraplegic	patients,	
and	in	healthy	subjects	
after	a	short	and	long	

load	 

Thorfinn,	
et	al.	

2006	

hypothesise	that	
the	intensity	of	
the	reactive	
hyperaemia	in	the	
skin	of	the	
buttocks	in	

patients	with	
injuries	to	the	
spinal	cord	is	
dependent	on	the	
degree	and	the	
duration	of	
pressure-induced	
ischaemia	of	the	
tissues,	and	that	it	
should	be	less	
than	in	healthy	
subjects	 

spinal	cord	
injuries	(n ︎/8)	
and	healthy	
controls	(n ︎/8)	
the	hyperaemic	
response	in	the	
buttock	skin	
after	sitting	on	a	

hard	surface	was	
studied	using	a	
laser	Doppler	
perfusion	
imager.	 
hypothesise	that	
the	intensity	of	

the	reactive	
hyperaemia	in	
the	skin	of	the	

The	
hyperaemia	in	
the	buttocks	
after	the	short	
load	is	of	less	
intensity	than	

that	from	the	
long	load	in	
both	groups,	
which	suggests	
that	the	
pressure	
provocation	is	
not	as	
powerful	as	
after	the	long	
load.	 
	

A	possible	cause	
for	the	higher	
peak	perfusion	
in	patients	with	
spinal	cord	
injuries	

compared	with	
healthy	subjects,	
is	the	higher	
sitting	pressure	
in	the	injured	
group	that	was	
evident	from	our	
previous	study	
[3].	The	higher	
peak	perfusion	
found	could	also	
be	attributed	to	

The	absence	
of	increased	
vasomotor	
tone	of	
reservoir	
venous	

vessels	in	the	
lower	
extremities	as	
a	result	of	
lower	
sympathetic	
activity	with	
pooling	of	the	
blood	when	
sitting	(and	
emptying	on	
change	in	the	

the	intensity	and	
duration	of	
reactive	
hyperaemia	
corresponds	to	
the	amount	of	

stress	to	which	
the	tissues	were	
exposed	during	
previous	
ischaemia.	 
higher	sitting	
pressure	in	the	
injured	group	

leads	to	a	more	
complete	
vascular	
occlusion	and	
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	 buttocks	in	
patients	with	
injuries	to	the	
spinal	cord	is	
dependent	on	
the	degree	and	

the	duration	of	
pressure-
induced	
ischaemia	of	the	
tissues,	and	that	
it	should	be	less	
than	in	healthy	
subjects	 
	

reduced	
sympathetic	
activity	as	a	
result	of	
traumatic	
lesions	of	the	

sympathetic	
pathways	in	
patients	with	
damaged	spinal	
cords.	 
	

body	position	
to	lying	
prone),	could	
explain	the	
difference	in	
hyperaemic	

response	
from	our	
previous	
study.	In	
addition,	the	
loss	of	the	
contractions	
of	skeletal	
muscles	in	
the	patients,	
which	
normally	

causes	
emptying	of	
the	valves	of	
the	adjacent	
peripheral	
veins,	leads	to	
pooling	of	
blood	and	
diminished	
venous	
return	below	
the	level	of	
injury.	 
	

stronger	local	
provocation.	In	
contrast	to	our	
initial	
hypothesis,	the	
reactive	

hyperaemia	and	
unloaded	
perfusion	in	
patients	with	
spinal	cord	
injuries	seems	to	
be	higher	than	
those	in	healthy	
controls	
recorded	when	
prone.	 
higher	sitting	
pressure	in	the	
injured	group	
leads	to	a	more	
complete	
vascular	
occlusion	and	
stronger	local	
provocation.	In	

contrast	to	our	
initial	
hypothesis,	the	
reactive	
hyperaemia	and	
unloaded	
perfusion	in	
patients	with	
spinal	cord	
injuries	seems	to	
be	higher	than	
those	in	healthy	
controls	

recorded	when	
prone.	 

Early Detection of 
Pressure Ulcer 
Development Following 
Traumatic Spinal Cord 

Krishnan,	

Boninger,	
et	al.		

identify changes in 
concentrations of 
inflammatory 
mediators in plasma and 
urine immediately 

17 individuals with a 
PU and plasma 
samples and 15 
individuals with a PU 
and urine samples 

An increase in 
plasma 
concentration of 
interferon gamma- 
induced protein  

Altered levels of 
inflammatory 
mediators in plasma 
and/or 
urine may be 
associated with PU 

	 These inflammatory 
mediators should be 
explored in future 
studies as 
possible diagnostic 
markers for 

Inflammatory 
mediators- 
future 
considerations 
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Injury Using 
Inflammatory Mediators	

before the occurrence of 
a first 
pressure ulcer (PU) and 
immediately after 
traumatic SCI 
	

were matched by age 
and plasma/ 
urine sample days to 
individuals with SCI 
and no PU 
	

, and a decrease in 
urine concentration 
of 
interferon-alpha 
was observed 
before occurrence 
of first PU 
compared to 
matched controls 

development 
following traumatic 
SCI. 
	

identifying individuals 
at risk for PU 
formation 
	

Autonomic Dysreflexia 
in Spinal Cord Injury: 
Its Role in Altering 
Skin Perfusion and 
Oxygenation 

Ramella-
Roman,	et	
al.,	2010	

7 SCI w Hx of AD Potential issues 
following AD: 
complications 
following 
vasoconstriction such 
as tissue ischemia. 

Decreased blood 
flow below LOI 
including skin 
oxygenation and 
perfusion 

 	  AD effects on 
tissue  

Deformation	and	

reperfusion	damages	
and	their	
accumulation	in	
subcutaneous	tissues	
during	loading	and	
unloading:	

A	theoretical	modeling	
of	deep	tissue	injuries	 
 

Mak	et	al.,	

2011	

The	model	covers	

the	loading	damages	
implicitly	inclusive	
of	both	the	direct	
mechanical	and	

ischemic	injuries,	
and	the	additional	
reperfusion	damages	
and	the	competing	
healing	processes	

during	the	unloading	
phase.	 

damage	

accumulated	at	the	
end	of	the	loading	
period,	the	relative	
strength	of	the	

reperfusion	and	the	
healing	capacity	of	
the	involved	tissues	
system,	the	model	
provides	a	

description	of	the	
subsequent	
damage	evolution	
during	unloading.	 
 

model	is	used	to	

study	
parametrically	
the	scenario	
when	

reperfusion	
damage	
dominates	over	
healing	upon	
unloading	and	

the	opposite	
scenario	when	
the	loading	and	
subsequent	
reperfusion	

damages	remain	
small	relative	to	
the	healing	
capacity	of	the	
tissues	system.	 

 	 The	theoretical	

model	provides	an	
integrated	
understanding	of	
how	tissue	damage	

may	further	build-
up	paradoxically	
even	with	
unloading,	how	
long	it	would	take	

for	the	loading	and	
reperfusion	
damages	in	the	
tissues	to	become	
fully	recovered,	and	

how	such	loading	
and	reperfusion	
damages,	if	not	
given	sufficient	
time	for	recovery,	

may	accumulate	
over	multiple	
loading	and	
unloading	cycles,	
leading	to	clinical	
deep	tissues	

ulceration.	 
 

epidermal	

pressure	
and/or	shear	
loading	could	
cause	tissue	
damages	by	
their	effects	on	
blood	flow	and	
thus	via	the	
ischemic/hypox
ia	pathways,	as	
well	as	by	their	

direct	
disruptive	
effects	on	the	
underlying	
cells.	It	is	
important	to	
understand	
how	the	forces	
externally	
applied	on	the	
skin	affect	the	
tissues	

internally.	 
 

Fibroblast	Response	to	
Hypoxia:	The	
Relationship	between	
Angiogenesis	and	
Matrix	Regulation	 
	

Steinbrech
,	et	al.,	
1999	

	 Fibroblasts invade 
the wound in the 
first few days of 
healing, have 
multiple functions 
important to 
wound repair, 

support the 
theory that 
hypoxia- driven 
angiogenesis is 
critical for 
ECM formation 
and remodeling 

may represent the 
role of hypoxia as 
an important 
regulator to 
efficiently 
balance these 
com- plex 

	 	 Model	for	
successful	
wound	healing	
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such as collagen 
synthesis, 
extracellular 
matrix 
reorganization, 
and wound 
contraction 
resulting in 
mature scar 
formation  

in successful 
soft tissue 
repair. 	

processes in the 
healing wound.  
 

Factors 
associated with 
the 
development of 
pressure ulcers 
after spinal cord 
injury 
	

Eslami,	et	
al.,	2012	

	 Cross-sectional	
observational	
study	

Iran	-	PU	was	
present	in	34.6%	
of	the	patients.	 
 

The	variables	
associated	
with	PU	in	

patients	aged	
<10	years	
were	female	
gender	and	the	
time	passed	
since	SCI.	In	
patients	aged	
>11	years,	
male	gender,	
the	time	
passed	since	
SCI,	lower	
level	of	

education,	lack	
of	an	intimate	
partner,	
quadriplegia	
and	older	age	
presented	a	
significant	
association	
with	PU.	 

Patients	for	
whom	<1	year	
has	passed	since	

SCI,	male	gender,	
quadriplegia	and	
older	age	were	
associated	with	
PU.	And	patients	
for	whom	>1	
year	had	passed	
since	SCI,	male	
gender,	
quadriplegia,	
older	age,	lower	
level	of	
education	and	

lack	of	an	
intimate	partner	
were	associated	
with	PU. 
 

SCI	patients	
are	a	
heterogeneou

s	group	and	
the	risk	
factors	
associated	
with	PU	may	
vary	in	
specific	
subgroups.		

Different	models	
are	needed	to	
describe	PU	in	

SCI	patients	
depending	on	the	
patient’s	age	and	
the	time	passed	
since	SCI 
	

SCI	background	

Strains and stresses in 
sub-dermal tissues of 
the buttocks are greater 
in paraplegics than in 
healthy during sitting  

Eran 
Linder-
Ganz , et 
al., 2013 
	

hypothesize that 
the pathoanatomy 
of the buttocks in 
paraplegia 
increases the 
internal soft tissue 
loads under the IT, 
making these 
patients inherently 
susceptible to DTI  

compared the 
strain and stress 
peaks in the 
gluteus muscle 
and fat tissues 
under the IT of 
six healthy and 
six paraplegic 
patients, using the 
coupled MRI-FE 
method  

significantly 
higher strains 
and stresses in 
both muscle 
and fat buttock 
tissues of 
paraplegics  
	

baseline 
mechanical states 
are already 
different in para, 
mostly because of 
the anatomical 
differences bw 
gluteal muscle 
thickness and 
ischial radii of 

	 Animal models 
indicated that the 
onset of a DTI 
involves changes 
in muscle stiffness 
which become 
more substantial 
with the 
progressive death 
of muscle cells  
	

Background	
pressure		
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	 curvature of 
healthy and para  

Pressure	Ulcers	and	

Endothelial	
Dysfunction	 

Struck, et 
al. 2008 

build an argument 
that research into 
the role of 
endothelial 
function is a 
plausible line of 
translational 
investigation that 
would contribute 
greatly to the 
knowledge  

Endothelial 
dysfunction can 
be defined as 
impaired 
vasodilation to 
specific stimuli 
(such as 
acetylcholine or 
bradykinin) that 
results in reduced 
vasodilation, 
proinflamatory 
state and 
prothrombotic 
state  

Impaired tissue 
perfusion in 
aging due to 
blunting of the 
vasodilatory 
response to 
acetylcholine 
and diminished 
capacity for 
cutaneous vaso- 
dilatation, 
regardless of 
stimulus.  

reperfusion 
results in the 
spread of toxic 
metabolites and 
oxygen free 
radicals which 
can further 
destroy 
surrounding 
tissue.  

damage 
increases 
during I/R 
injury, 
endothelial 
cells are 
significantly 
damaged, that 
leads to the 
loss of 
increased NO 
production, 
which was 
initially seen 
during 
reperfusion.	

Use meds … 
statins and 
angiotensin 
receptor blockers, 
when prescribed, 
improve 
endothelial 
function.  
 

Background	

Non-SCI	

Reperfusion	
effects	of	
endothelial		

Psychometric	

Properties	of	the	
Spinal	Cord	Injury	
Pressure	Ulcer	Scale	
(SCIPUS)	for	Pressure	
Ulcer	Risk	Assessment	
During	Inpatient	
Rehabilitation	 

Delparte, et 
al., 2015 

psychometric	

properties	of	the	
Spinal	Cord	Injury	
Pressure	Ulcer	
Scale	(SCIPUS)	for	
pressure	ulcer	
(PU)	risk	
assessment	
during	inpatient	

rehabilitation. 
 

Prospective 
N=759	
participating	in	
inpatient	 
 

The	SCIPUS	is	

a	15-item	SCI-
specific	PU	risk	
assessment	
scale	originally	
developed	
using	a	cohort	
of	community-
dwelling	in-	

dividuals	with	
SCI	 
 

Mean	SCIPUS	

scores	were	
higher	for	
individuals	who	
developed	PUs	
than	for	those	
who	did	not	 
 

psychometric	

properties	of	
the	SCIPUS	do	
not	currently	
support	its	
routine	use	as	
a	measure	of	
PU	risk	in	
individuals	

with	spinal	
cord	injury	
undergoing	
inpatient	
rehabilitation
.	 

LRs	of	<2	

indicate	that	
stratification	as	
high	risk	or	very	
high	risk	does	
not	substantially	
increase	the	
likelihood	of	
identifying	

individuals	who	
develop	PUs	
beyond	chance	
alone.	 
 

Risk		

Numerical Analysis of 
Ischemia- and 
Compression-Induced 
Injury in Tissue-
Engineered Skeletal 
Muscle Constructs  
	

Ceelen, et 
al., 2010 

theoretical model 
developed in the 
present study 
describes 
metabolism, 
diffusion, and cell 
death in the 
experiments, and 
accounts for 
reduced diffusion 
due to compression  
	

 Pure lactic 
acidification 
decreased 
glucose con- 
sumption 
through lactate 
accumulation. 
This, in turn, 
led to increases 
in LDH 
concentrations 
with decreasing 
pH.  

	 In conclusion, 
the most 
important 
finding of the 
present study 
was that 
deformation 
did cause 
LDH leakage 
although no 
effect was 
observed on 
LDH 

To be able to find 
a more local 
relationship 
between 
deformation and 
damage, a 
mechanical 
analysis should be 
included.  
	

Background	
non-SCI,	follow-
up	on	Gawlitta	
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concentrations 
in the 
medium.  

Problematic 
secondary 
health 
conditions 
among adults 
with spinal cord 
injury and its 
impact on social 
participation 
and daily life 

Piatt et al., 
2016 

exploratory study 
describes the 
problematic 
secondary health 
conditions among 
adults with a spinal 
cord injury (SCI) 
and the impact 
these health 
concerns have on 
social participation 
and daily life 

Cross-sectioanl 
study 56 
community based 

identified the 
top five 
problematic 
secondary 
health 
conditions 
related to 
his/her SCI, 
belief about the 
impact these 
conditions have 
on social 
participation 
and daily life, 
and if they 
believed the 
secondary 
health 
condition(s) 
were avoidable. 

bladder control, 
pain, bowel 
control, and 
pressure ulcers, 
and 73% felt 
these problems 
were unavoidable. 
In addition, more 
than 66% had 
each of these 
problems 
continuously 
during the last 12 
months. 	

75% identified 
that the 
primary 
problem had a 
significant 
impact on 
social 
participation 
and 64% 
identified it 
significantly 
impacted daily 
life. 

 SCI-	QoL	

Risk	Factors	for	

Development	of	New	
or	Worsened	Pressure	
Ulcers	Among	Patients	
in	Inpatient	
Rehabilitation	
Facilities	in	the	United	
States:	Data	From	the	
Uniform	Data	System	
for	Medical	
Rehabilitation	 

DiVita, et 
al. 2015 

examine	the	risk	

factors	for	
development	of	a	
new	or	worsened	
pressure	ulcer	
among	patients	
seen	in	IRFs	 
 

Retrospective 
cohort study 

utilizing	data	

captured	in	the	
Centers	for	
Medicare	and	
Medicaid	
Services	(CMS)	
payment	
document.	
Examined	
were	
demographic	
variables,	
including	age	

and	gender,	
medical	
variables,	
including	
impairment	
type	and	
presence	of	
comorbidities,	
and	functional	
status,	

FIM	total	was	

strongly	
associated	with	
development	of	
a	new	or	
worsened	
pressure	ulcer,	P	
<.001	in	analyses	
of	all	patients	
and	for	each	of	
the	3	
impairment-
specific	groups	

with	the	highest	
rate	of	ulcer	
development	
among	spinal	
cord	injury,	
orthopedic,	and	
amputation	
cases.	 

CMS	

comorbidity	
tier	was	also	
significantly	
associated	
with	ulcers	in	
all	models.	 
 

 	
Risk factors 
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measured	by	
(FIM)	 

Computer 
simulations of 
efficacy of air-
cell-based 
cushions in 
protecting 
against 
reoccurrence of 
pressure ulcers 
	

Levy et al. 
,2014 

evaluated 
the 
biomechanic
al efficacies 
of an air-
cell-based 
cushion for 
SCI who 
have 
previously 
experienced 
PUs that 
healed but 
left scars in 
their soft 
tissues  

 	 lower peak stress 
values  
in the soft tissues 
of the but 
tocks when 
scarring was 
present  
with respect to 
the stress levels 
in the 
(nonscarred) 
reference  
case. 
	

ACB cushion  
is generally 
better at 
protecting  
patients with 
a history of 
severe  
PUs 
manifested by 
large, 
possibly 
deep tissue 
scarring 
	

 Cushion	
comparison	

Using	Reactive	
Hyperemia	to	Assess	
the	Efficacy	of	

Local	Cooling	on	
Reducing	Sacral	Skin	
Ischemia	Under	
Surface	Pressure	in	
People	With	Spinal	
Cord	Injury:	A	
Preliminary	Report	 

Yih-Kuen	
Jan	 
 Et al., 
2013 

efficacy	of	local	
cooling	on	
reducing	sacral	
skin	ischemia	in	a	
weight-bearing	
position,	and	to	
identify	the	

underlying	
physiological	
mechanisms	using	
wavelet-based	
spectrum	analysis	
of	reactive	
hyperemia	in	
people	with	spinal	
cord	injury	(SCI).	 
 

Repeated 
measures 
10 SCI, 10 non-
SCI 
 

Three	
protocols	
consisting	of	
pressure	
without	
temperature	
changes,	

pressure	with	
local	cooling	
(DtZ!10C),	and	
pressure	with	
local	heating	
(DtZþ10C)	
were	tested.	
Each	protocol	
consisted	of	a	
10-minute	
baseline	
period,	a	20-
minute	loading	

Pressure	with	
local	cooling	
resulted	in	a	
smaller	reactive	
hyperemic	
response	in	both	
people	with	SCI	

and	able-bodied	
controls	as	
compared	with	
pressure	with	
local	heating	
(P<.017)	and	
pressure	without	
temperature	
changes	
(P<.017),	and	
the	smaller	
hyperemia	was	
attributed	to	

People	with	
SCI	showed	
an	attenuated	
response	in	
reactive	
hyperemia	
(P<.017).	 
 

 Future-	cooling	
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period	at	
60mmHg,	and	
a	20-minute	
recovery	
period	
(reactive	

hyperemia).	A	
30-minute	
washout	
period	was	
allowed	
between	
protocols. 

reduced	
metabolic	and	
neurogenic	
activities.	 

SITTING 
PRESSURE 
AND 
PERFUSION 
OF BUTTOCK 
SKIN IN 
PARAPLEGIC 
AND 
TETRAPLEGI
C PATIENTS, 
AND IN 
HEALTHY 
SUBJECTS: A 
COMPARATI
VE STUDY  

Thorfinn	
et	al.,	2002	

8	SCI	and	10	non-
SCI	

pressure	
sensitive	plate	
and	laser	
Doppler	
perfusion	
imager.	 
 

The	
hyperaemia	
was	not	
uniformly	
distributed,	
but	occurred	
where	the	

pressure	was	
greater	than	2	

N/cm
2
.		

There	was	no	
correlation	
between	the	
amount	of	
reactive	
hyperaemia	
and	absolute	
values	of	sitting	
pressures.	 
	

	 SCI	have	
signiécantly	
higher	sitting	
pressures	than	
controls,	and	that	
the	hyperaemic	
response	in	the	

buttock	region	in	
the	upright	
position	after	
pressure	load	is	
slightly	weaker	
in	the	patients,	
which	could	be	of	
importance	for	
the	development	
of	decubitus	
ulcers.	 

Background	
pressure	

Pressure ulcer 
risk factors in 
persons with 
SCI: Part I: 
Acute and 
rehabilitation 
stages 

Gelis	et	al.	

2009	

risk factors during 
the acute and 
rehabilitation 
stages.	

Systematic	

review	

essentially 
linked to care 
management 
and treatment 
modalities. 	

There is 
insufficient 
evidence to make 
a 
recommendation 
on medical risk 
factors, except for 
low blood 
pressure on 
admission to the 

	 Regarding the 
rehabilitation 
stage, no study 
was deemed 
relevant	

prevention	
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	 Emergency 
Room, with a 
moderate level of 
evidence. 	
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