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Abstract—Pressure ulcers (PUs) in individuals with spinal
cord injury (SCI) present a persistent and costly problem. Con-
tinuing effort in developing new technologies that support self-
managed care is an important prevention strategy. Specifically,
the aims of this scoping review are to review the key concepts
and factors related to self-managed prevention of PUs in indi-
viduals with SCI and appraise the technologies available to
assist patients in self-management of PU prevention practices.
There is broad consensus that sustaining long-term adherence
to prevention regimens is a major concern. Recent literature
highlights the interactions between behavioral and physiologi-
cal risk factors. We identify four technology categories that
support self-management: computer-based educational tech-
nologies demonstrated improved short-term gains in knowl-
edge (2 studies), interface pressure mapping technologies
demonstrated improved adherence to pressure-relief schedules
up to 3 mo (5 studies), electrical stimulation confirmed
improvements in tissue tolerance after 8 wk of training (3 stud-
ies), and telemedicine programs demonstrated improvements
in independence and reduced hospital visits over 6 mo (2 stud-
ies). Overall, self-management technologies demonstrated
low-to-moderate effectiveness in addressing a subset of risk
factors. However, the effectiveness of technologies in prevent-
ing PUs is limited due to a lack of incidence reporting. In light
of the key findings, we recommend developing integrated tech-
nologies that address multiple risk factors.

Key words: assistive technology, integrated technologies, pres-
sure ulcer, pressure ulcer incidence, pressure ulcer prevention, risk
factors, SCI, self-managed care, spinal cord injury, wheelchairs.
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INTRODUCTION

Individuals who experience a spinal cord injury
(SCI) face numerous obstacles that require daily attention
to mitigate complications that may arise throughout their
lives [1]. One particularly devastating complication is
pressure ulcers (PUs), typically resulting from partial or
complete lack of control and sensation in the contact
areas during sitting. This lack of sensation and mobility
leads to extended periods of nonmovement that may
result in excessive tissue pressures and ultimately necro-
sis. The unfortunate reality is that up to 95 percent of
individuals with SCI may develop an advanced stage 3 or
4 PU that penetrates to adipose tissue and bone, respec-
tively, in their lifetime [2-4]. The physical implications
of PUs include infections, permanent disfigurement, and
risk of death [5]. In addition to the physical symptoms,
social and work activities are disrupted by prolonged

Abbreviations: CCM = chronic care model, CPG = clinical
practice guideline, ES = electrical stimulation, IPM = interface
pressure mapping, PU = pressure ulcer, RCT = randomized
control trial, SCI = spinal cord injury.
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hospitalization or bed rest in treatment and rehabilitation
of advanced PUs [6]. Furthermore, direct annual medical
costs associated with treating PUs in veterans with SCI in
the United States alone have been estimated at $89 mil-
lion (United States dollars) [7] and between $173 million
and $316 million (Canadian dollars) in community-
dwelling SCI individuals in Canada [8].

Considering the negative medical and economic con-
sequences of PUs, the impetus for effective prevention
strategies is clear. Clinical practice guidelines (CPGs)
addressing the assessment and prevention of PUs place a
high priority on a thorough skin and risk assessment and
individualized care plan, including pressure relief sched-
ules and devices, following initial injury and/or subse-
quent hospitalization [9]. To properly equip patients with
the knowledge and tools needed for care when they
return to the community, education programs are deliv-
ered to patients, family, and caregivers about key risk
factors, pressure-relief strategies, and how to inspect and
care for the skin [9]. Despite these practices, long-term
adherence to recommended measures to prevent PUs
remains suboptimal. A survey of wheelchair users with
SCI living at home in the Netherlands indicated that less
than 50 percent of respondents performed pressure-relief
maneuvers “regularly” or “often” [10] and adherence to
preventative practices tends to decay over time in com-
munity-dwelling individuals with SCI [11].

The need to support patients with complex chronic
conditions to make day-to-day decisions about, or self-
manage, their illnesses can be informed by the chronic
care model (CCM). Based on evidence that patient-
driven behaviors or activities can reduce the likelihood of
complications associated with chronic conditions, such as
PUs in SCI, the CCM posits a self-management frame-
work [12]. This framework focuses on developing a col-
laborative relationship between care professionals and
patients to support the best possible quality of life. A cen-
tral tenet of this framework is developing self-efficacy,
reflected by patient confidence to carry out a behavior to
achieve a goal, toward an informed patient engaged in
self-management decisions about his or her day-to-day
life [13]. The focus of this article is on examining the use
of technology to support self-management as part of an
overall PU prevention strategy.

Established technologies aimed at self-managed care
to reduce the risk of developing PUs focus on reducing
pressure magnitudes and/or durations, such as reminding
individuals to perform scheduled pressure relief [14-15]

or employing mechanisms to assist with repositioning
(e.g., tilt function for powered wheelchairs) [16]. With
the expanding accessibility and sophistication of comput-
ing technologies, new opportunities for technological
approaches to assist persons with SCI in self-managed
care are emerging. For instance, the use of mobile com-
puting and communication technologies in healthcare
(mHealth) has shown promise in supporting behavior
change and self-management in the community [17-18].
By taking advantage of continuous communication via
wireless networks and device portability, mobile text
messaging and email systems have demonstrated positive
adherence outcomes for tobacco cessation [19], weight
loss [20], and blood glucose monitoring in young adults
with diabetes [21]. Advances in mobile computing power
and wireless connectivity to peripheral devices invite
new possibilities for sensing, feedback, and control
toward facilitating and sustaining effective self-managed
prevention practices.

Our group of engineers and scientists has extensive
experience developing assistive technologies aimed at
improving participation in daily life for individuals who
have experienced SCI, including technologies for assess-
ment, rehabilitation, and self-managed care. Used to
rapidly map the key concepts underpinning a research
area and the main sources and types of evidence avail-
able, a scoping review to examine the available and rele-
vant literature was conducted to inform development of
new technologies aimed at supporting independent (or
self-) management of PU prevention practices following
SCI. Specifically, the aims of this scoping review are to
(1) review the key concepts and factors related to self-
managed prevention of PUs in individuals with SCI (sec-
tion 1) and (2) examine and appraise the supporting
evidence of technologies available to assist patients in
self-management of PU prevention practices (section 2).
Based on the findings from the review, recommendations
for developing and evaluating new technologies will be
discussed.

METHODS

With the aim of informing the development of new
technologies to develop and sustain self-managed skin
care in individuals with SCI, the scope of this article is to
review (1) the factors associated with PU development to
identify emerging themes related to self-management
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practices (section 1) and (2) studies examining the effec-
tiveness of technological approaches aimed at facilitating
self-managed prevention (section 2). A scoping review
was conducted to rapidly map the key concepts identified
in the former literature review to the technology evalua-
tion in the latter review. Because of the scope of this
review, we limit the key findings of the literature to sum-
maries of factors and technologies potentially amenable to
self-management interventions addressing SCI-specific
PU risk factors. For a full systematic review of patient risk
factors, see Coleman et al. [22], and for full reviews of all
PU prevention interventions, see Regan et al. [23] and
Reddy et al. [24].

Data Sources

Literature was searched using a query with the key
words and terms relating to {“pressure ulcer” AND “spi-
nal cord injury”} AND {“self-management” OR “tech-
nology”} from PubMed and Web of Science databases
published between 1975 and 2012. Table 1 shows the full
set of terms used in the search. Because the scope of the
article is to review primary prevention of incident PUs
and secondary prevention of recurrence, studies address-
ing treatment of PUs only (e.g., surgical vs conservative
treatment) were not included in the review.

Study Selection

After removing duplicates, the search yielded 1,178
titles (Figure 1). Titles and abstracts were screened by two
researchers independently (authors 1 and 2) using the fol-
lowing inclusion criteria: (1) includes adult (age >18 yr)
participants with SCI and (2) directly addresses PU pre-
vention or skin care as the primary objective.

Table 1.
Search strategy key words and related terms.

TUNG et al. Technology review for pressure ulcer prevention in SCI

Data Extraction

Following title and abstract screening, 94 full-text
articles were downloaded for abstraction (Figure 1).
Independent extraction of key findings was conducted by
authors 1 and 2 using predefined data fields, including
study characteristics (intervention type, design, partici-
pant characteristics, primary outcome measures, length
of follow-up), key findings, and limitations.

Data Synthesis

Reviewed articles were categorized based on whether
an assistive technology was evaluated. Studies examining
interventions or underlying factors related to self-
management of PU prevention without the use of an
assistive device or technology (n = 82) were included in
section 1. Studies evaluating an assistive technology to
facilitate self-managed PU prevention (n = 12) were
reviewed in section 2 (Figure 1).

In section 1, a qualitative thematic analysis was used
to summarize the key findings from the included studies.
We used the conceptual framework depicting the interac-
tions between pressure forces and tissue tolerances devised
by Defloor to summarize the key physiological factors
related to PU development [25]. To assist technology
developers in understanding the role of contextual factors
in self-management practices, we used behavioral models
described by Clark et al. to summarize the lifestyle and
contextual influences on PU management in daily life [26].
For section 2, focusing specifically on technologies for
self-management, included studies were organized into
four categories based on the technology applied: (1) educa-
tion and behavioral interventions (2 studies), (2) interface
pressure mapping (IPM) (5 studies), (3) electrical stimula-
tion (ES) (3 studies), and (4) telemedicine (2 studies). The
intervention type, study design, outcome measures used,
and key findings are reported for each study.

Key Word

Related Term

Pressure Ulcer
interface pressure.

Decubitus ulcer, pressure ulceration, pressure damage, skin ulcer, leg ulcer, foot ulcer, bedsore,

Spine or Spinal Cord Injury Paraplegia, tetraplegia, quadriplegia, spinal lesion, spinal cord compression, spinal cord damage.

Self-Management

Prevention, skin care, skin protection, pressure relief, exercise, physical activity, exercise therapy,

attitude, self-management, self-care, self-concept, self-efficacy, self-control, self-help, hygiene,

health education, health promotion.
Assistive technology, assistive devices, microcomputer, artificial intelligence, mobile telephone,

Technology

text message, electrode, man-machine interaction, telemetry, remote sensing, computer-assisted

therapy, feedback system.
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Figure 1.
Flow diagram of study selection.

To illustrate the emerging themes from the review,
we employed a radar diagram to provide an overall per-
spective of the correspondence between knowledge of
how PUs form and the technological approaches
reviewed. The illustrative map comprises an octagon
with each vertex representing a key risk factor. Bearing in
mind that the number of factors is large, we selected a
subset of the most persistent factors that relate to PU for-
mation to display the key themes. Colored polygons are
plotted to illustrate the efficacy of specific technological
approaches in addressing these key factors. Starting at the
center of the octagon, the vertex of each polygon was
plotted according to the strength of evidence supporting
the benefit of the technology. The first level (level 1) rep-
resents conceptual or theoretical benefits based on ratio-
nale or data from other sources of evidence (i.e., other
chronic disease populations). Level 2 indicates anecdotal
evidence (e.g., case studies) to support the technology’s
effectiveness in addressing the respective risk factor.
Points at the third (level 3) and fourth (level 4) levels
indicate evidence addressing the specific factors reported
from repeated measures (i.e., within subject) and ran-
domized control trials (RCTs), respectively. As a “bird’s
eye view” of the state of technological approaches, the
resulting plot visually indicates the strengths and weak-
nesses in the current technologies to address key factors.

The ideal technology addressing all factors at the highest
levels of evidence would be represented by a polygon
that covers the entire plot.

RESULTS

Section 1: Factors Associated with Self-Managed
Prevention of Pressure Ulcers in Individuals with
Spinal Cord Injury

By definition, PU formation is a result of damage aris-
ing from loading and frictional forces, or pressure, at the
interface of the individual’s skin over the bony promi-
nences and the surface with which it makes contact. How-
ever, it is recognized that the etiology of PUs is
complicated and excess pressure is not the only factor lead-
ing to PU formation; tissue health, medical history, life-
style, and psychosocial factors are identified as important
contributing factors to the development of PUs [26-27].

Pressure and Shear

The scope of the present study is to summarize key
factors and emerging themes associated with technology
to support self-managed prevention activities (Table 2).
While the etiology of PUs continues to be investigated, it
is universally recognized that tissue pressure and shear
are the primary causes. Laboratory, animal, and finite ele-
ment modeling studies have shed light on several mecha-
nisms by which pressure and internal strain lead to tissue
breakdown, including localized ischemia, reperfusion
injury, impaired lymphatic draining, and cell deformation
[27]. For more detailed discussion of etiological mecha-
nisms of PU development, refer to Bouten et al. [27] and
Coleman et al. [22].

Because interface pressures are greatest around bony
prominences, the highest risk of PU development is near
the sacrum, coccyx, and ischial tuberosities. Animal stud-
ies in canine and swine species have demonstrated that
the damaging effects of pressure are related to the local
pressure magnitude and duration of exposure, indicating
magnitude-duration thresholds critical to PU develop-
ment (for review, see Sprigle and Sonenblum [16]). How-
ever, developing critical thresholds in humans has been
difficult to establish due to wide variations in tissue toler-
ances [27]. Importantly, tissue necrosis can start from
deep tissues as well as the surface [27], indicating the
potential effect of high shear force conditions in addition
to pressures at the skin-surface interface [28-29]. As a
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Table 2.
Summary of pressure ulcer (PU) development factors in individuals with spinal cord injury (SCI).
Category Factor Description
Pressure Support surface interface loading, deep tissue Mechanical factors associated with tissue

strain, high shear conditions.
Tissue Tolerance

nutrition.
Physical Functioning

Lifestyle and Psychosocial

ders.

Hydration, blood markers (albumin, hemoglobin),
age, diabetes, vascular disease (hypertension),

Mobility, continence, sensation, comorbidities.

Nutrition, exercise, employment, motivation,
situational awareness, daily care, social support,
work and leisure activities, psychiatric disor-

damage.
Physiological factors indicative of tissue
tolerance to loading and recovery.

Effects of SCI on functional capabilities
related to sensing high risk of PUs (e.g., pain,
temperature) and conducting pressure-reliev-
ing strategies.

Daily life factors that influence physical,
mental, and environmental protection
mechanisms.

high priority area for research, developing more compre-
hensive biomechanical models that elucidate the roles of
pressure and shear force in the development of PU will
contribute toward better intervention design [30].

Tissue Tolerance

In addition to the risk associated with excessive mag-
nitude of and exposure to pressure, factors related to the
ability of tissues to tolerate and recover from loading are
recognized contributors [25]. Indicators of poor tissue
health, such as low hydration, blood protein (i.e., albu-
min), and hemoglobin levels have been associated with
low tissue tolerance for pressure and increased risk for
PU development [22]. Similarly, history of vascular dis-
ease (e.g., diabetes, hypertension), poor nutrition, and
advanced age predispose individuals to increased risk due
to a higher likelihood of low tissue tolerance [22]. Con-
versely, individuals who engage in healthy lifestyles, such
as eating well, exercising regularly, and abstaining from
heavy smoking, are likely to be at higher tissue tolerance
for pressure and lower risk of developing PUs [31].

Functional Capabilities

Individual capabilities, such as functional mobility,
incontinence, and sensation, are valuable indicators to assess
individual risk of exposure to lengthy, hig4-magnitude
pressures. Within the population with SCI, significant
variation exists in mobility capabilities that affect PU
risk. The ability to independently shift position to relieve
pressure is a significant advantage compared with depen-
dency of an individual with SCI who relies on attendants
or devices to change position [22]. For example, age-

related decline in strength and/or development of shoul-
der pain may contribute to reduced effectiveness of pres-
sure relief maneuvers [32]. Furthermore, a number of
other factors may contribute to the risk of developing
PUs by compromising the ability to identify high-risk sit-
uations (e.g., impaired sensation of pain, moisture, tem-
perature, and/or pressure) [22].

Lifestyle and Psychosocial Factors

In addition to maintaining a healthy lifestyle (i.e.,
eating well and regular exercise), emerging evidence
demonstrates the role of behavioral patterns in PU devel-
opment. Recent qualitative studies have examined how
risk of developing PUs unfolds from everyday life situa-
tions. These studies examining the sequence of events
leading to the development of PUs demonstrate that
unexpected events (e.g., lengthy flight delay, change in
care personnel) disrupt established prevention routines
[26]. Decisions in daily activities, decay in adherence to
prevention behaviors, lack of situational awareness,
motivation, and access to needed services and supports
are among the key principles pertaining to lifestyle that
could increase the risk of developing PUs [11]. For
example, skipping scheduled prevention activities to
attend to work is commonly reported [11].

Because consistent surveillance and preventative mea-
sures require constant attention and are time-consuming,
sustaining long-term adherence to prevention programs is a
critical issue. In a study conducted in the Netherlands (n =
410), 22.9 percent of wheelchair users with SCI reported
they “never” do pressure relief exercises, 29.7 percent indi-
cated *“sometimes,” and 26.5 percent indicated “often,”
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with only 20.9 percent stating that they always performed
exercises every 30 min [33]. Studies on monitoring seat
pressures have reported evidence that community-dwelling
patients with SCI in wheelchairs routinely go 60 min or
more without performing a pressure-relieving exercise
[28,34]. Furthermore, rigorous prevention regimens can
interfere with leisure and work activities, which can affect
an individual’s relationships and quality of life [5,11,35].

A common theme arising from qualitative studies is
the influence of sustained motivational commitment and
short-term situational awareness on adherence to preven-
tative measures. While generalized knowledge about pre-
vention techniques acquired during rehabilitation can
lead to lasting motivational commitment for some, others
may only become motivated following personal experi-
ence with a PU or in consideration of their life partners
(e.g., spouses) [35]. However, long-term motivation may
decay over time due to distractions, overconfidence, for-
getfulness, and/or comorbid conditions (e.g., depression,
fatigue) [12,33]. As an avenue to address nonadherence,
Jones et al. examined the effect of introducing monetary
incentives to motivate positive behavior to reduce the
risk of PUs in six participants [36]. While some partici-
pants responded to monetary rewards, leading to a reduc-
tion in PU severity, fewer hospital admissions, and lower
medical care costs associated with PU treatment, the
study was limited by small sample size and high dropouts
[36]. Importantly, the characteristics of behavioral inter-
ventions (e.g, type, frequency) to foster patient engage-
ment in self-management remains under-examined.

In addition to long-term motivation, simultaneous
awareness of situational context contributes to preventa-
tive behavior. An examination of 20 community-dwelling
adults with SCI paraplegia or tetraplegia describes the
development of PUs in the context of everyday situations
[26]. The interaction between background risk factors
(e.g., physical frailty, incontinence, lack of support) and
events from daily life situations contribute to specific time
windows of elevated risk [26]. Situations that divert atten-
tion from preventative measures, such as external exigen-
cies (e.g., travel delays, work pressures), forgetfulness,
activity choices, or attending to comorbidities, have also
been recognized as events that contribute to increased risk
of developing or exacerbating a PU [12,33,35-36].

Section 2: Technologies for Self-Managed Prevention
of Pressure Ulcers

In this section of the article, literature describing and
evaluating technologies aimed at advancing self-management
of PU prevention in community-dwelling individuals with
SCI is reviewed. Based on the studies extracted from
searching the literature, we identify four categories of
technology: (1) education and behavioral interventions (2
studies), (2) IPM (5 studies), (3) ES (3 studies), and
(4) telemedicine (2 studies). Table 3 describes the study
design, sample size and characteristics, outcome mea-
sures, and key findings of the studies reviewed. The tech-
nology intervention studies in this section of the review
(total: 12 studies) included four RCTs, seven studies with
repeated-measures design, and one case study. Sample
sizes were generally small, with only two (of 12 total
studies) trials with more than 40 subjects. Outcomes were
generally limited to measures of risk factors (e.g., regional
pressures), with only two studies reporting the incidence
of PUs as an outcome. Follow-up duration ranged from
short- (1-7 d, 7 studies) to medium- (1-12 wk, 2 studies)
to long-term (>3 mo, 3 studies).

Educational Technologies

Two studies of technologies focused on improving
the effectiveness of education programs for PU preven-
tion were reviewed. Typically offered during hospital and
rehabilitation stays, education programs offered have
shown some benefits in increasing frequency of pressure-
relieving behaviors [37-38] and prolonging the time to
PU recurrence, particularly in conjunction with frequent
follow-up [39]. Not only do best practice guidelines rec-
ommend educating individuals with SCI on basic knowl-
edge of risk factors and prevention practices, but also to
inform family and caregivers [9]. To reduce costs and
mitigate increasing demand for services, the current trend
in care is shifting toward shortening both the hospital
length of stay and duration of intensive rehabilitation
[38]. These trends may limit the delivery of education
programs within the time spent in hospital or intensive
rehabilitation.

Developed to improve accessibility, e-learning soft-
ware consisting of material in text, audio, images, and
video media has demonstrated the ability to improve
knowledge regarding PU prevention in a sample of 20
individuals with SCI [38]. Pellerito reported improved
performance and efficacy of pressure-relieving tech-
niques following a computer-based education program in
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Table 3.
Technologies to prevent pressure ulcers (PUs) in individuals with spinal cord injury (SCI).
Study Type of Device Study Design Outcomes Results

Educational

Brace and Schubart E-learning program. Repeated measures PU knowledge score. Median knowledge

(2010) [38] (baseline, intervention); increased from 65 to
20 patients with SCI 92.5 (out of 100)
(FU: <1d). postintervention.

Interface Pressure Mapping

Chawla et al. (1979) [14]  Low-density pressure Repeated measures No. of 10 min alarms; Increase in no. of alarms
map and visual/audio (baseline, intervention,  no. of missed alarms; in post compared with
alarm at 10 min post); 10 patients with  no. of push-ups per- baseline; no difference in
intervals to prompt SCI (FU: 3 mo). formed; no. of push-up mean no. of 10 min missed
push-up pressure errors (<20 s duration). alarms; no difference in
relief. no. of push-ups; mean no.

of cumulative push-up
errors decreased in post
compared with baseline.

Yang et al. (2010) [46] Low-density pressure Repeated measures Uninterrupted sitting Feedback resulted in
map and audio (baseline vs time; frequency of reduced uninterrupted
feedback. intervention); pressure-relieving sitting durations; feedback
20 patients with SCI behaviors. resulted in more frequent
(FU: 2 wk). pressure-relieving behaviors.

Chenu et al. (2009) [47] High-density pressure RCT (No intervention vs Ability of subject to Intervention group reached
map and lingual feedback); 24 healthy reach target posture; correct posture more
feedback. young adults reduction in over- frequently than controls;

(FU: <1.d). pressure; reduction intervention group decreased
in over-pressure in over-pressure more than
high-risk areas. controls; pressure in

high-risk areas was reduced
in intervention group.
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Table 3. (cont)

Technologies to prevent pressure ulcers (PUs) in individuals with spinal cord injury (SCI).

Study Type of Device Study Design Outcomes Results
Bogie and Triolo (2003) Neuromuscular Repeated measures Mean interface pressure;  No significant differences
[49] ES training. (baseline vs interven- high-risk regional in mean interface pressure

tion); 8 patients with
SCI (FU: 8 wk).

Bogie et al. (2006) [50] Neuromuscular

ES training.

(FU: 7 yr).
Telemedicine

Phillips et al. (1999) [52]  Telemedicine program.

Dallolio et al. (2008) [53] Telemedicine program.

Repeated measures
(baseline vs interven-
tion); single-case study
in patient with SCI

RCT; 37 patients with
SCI in 3 groups (video
[12], telephone [13],
standard care [10])
(FU: 6-8 mo).

RCT; 127 patients
with SCI in 2 groups
(telemedicine [62],

levels; mean ischial

pressure uniformly decreased
poststimulation; baseline
mean unloaded tissue oxygen
levels increased from 1% to
36% poststimulation.

pressure; TcPO2.

Gluteal muscle thick-
ness; regional interface
pressures; regional
blood flow; self-reported
sitting tolerance.

Increased muscle thickness;
reduced ischial pressure;
increased tissue blood flow;
sitting tolerance doubled.

No. of PUs; ER visits,
hospitalizations, and
doctor visits; return to
work rate.

Video group reported highest
number of PUs; standard care
group reported lowest num-
ber of ER visits, hospitaliza-
tions, and doctor visits; 44%
of video group returned to
work compared with 33% and
20% of telephone and stan-
dard care groups, respectively.

Increased mean total FIM
scores; no group differences
in PU incidence rate.

FIM; PU incidence rates.

standard care [65])

(FU: 6 mo).

ER = emergency room, ES = electrical stimulation, FIM = Functional Independence Measure, FU = follow-up time, no. = number, RCT = randomized control trial,

TcPO2 = transcutaneous oxygen tension.

three individuals with SCI [37]. Furthermore, computer-
aided programs may promote higher engagement in the
learning process from self-instruction at the learner’s
individual rate (i.e., when he or she is ready) and with
privacy in the learning environment [37]. Conversely,
remote education programs lack return demonstration of
skill, professional feedback on critical pressure-relief
techniques, and extrinsic motivation to learn, which may
limit the effectiveness of such programs. Due to small
sample sizes from the two included studies (total: 23 par-
ticipants) and short-term follow-up durations (1-5 d), the
supporting evidence for the long-term effects of these
interventions is limited.

Interface Pressure Mapping
Five studies focused on evaluating the effectiveness
of IPM technology on self-managed prevention of PUs

were reviewed. For the prevention of PUs in individuals
with SCI, CPGs recommend full-body inspection of the
skin, risk assessment using standardized instruments
(e.g., Braden Scale; for review, see Mortenson et al.
[40]), and inspection of support surfaces for their capac-
ity to reduce interface pressure, friction, and shear [9].
IPM that directly measures skin-surface pressures has
been widely studied and is recognized as one type of
technology to identify unacceptably high pressures for
support surface assessment [16]. In particular, IPM has
been demonstrated to provide valid measurements in
assessing the effectiveness of pressure relief strategies,
such as weight-shifts and repositioning, or to evaluate
pressure-redistribution cushioning [41]. While the use of
IPM technology to visualize pressure is increasing in
wheelchair and seating clinics [42], consensus regarding
quantitative real- or near real-time analysis of interface
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pressure measurement continues to be an active research
topic [43].

Based on institutionalized populations, recommended
pressure-relief interventions include weight-shifting or
repositioning at least every 60 min and avoiding prolonged
sitting durations (>2 h) [9]. While evidence to inform
schedule guidelines is lacking in the community-dwelling
population, CPGs recommend pressure relief to be per-
formed every 15 to 30 min for 30 to 120 s [44]. Targeting
wheelchair users with SCI who do not “always” perform
pressure relief, estimated to be 79.1 percent of patients in
the Netherlands [33], IPM has the potential to monitor
interface pressure and prompt users to adhere to pressure-
relief schedules or alert in high-risk situations. Further-
more, manufacturing improvements have significantly
reduced the cost of IPM technology. The short-term effects
of IPM technologies provide some evidence of increased
compliance with pressure-relief schedules [45-47],
whereas other studies had mixed or no effect [14,48]. How-
ever, it is also noted that decay in adherence with perform-
ing weight-relieving exercises may persist even when these
alerting devices are used [14,48]. To address nonadherence
to alerts, two included studies evaluated the relative bene-
fits of different feedback modalities (e.g., audio vs tactile
[45]). While both studies found no significant difference in
response rate or reaction time, these studies were limited to
healthy adults. Individual functional capabilities, such as
residual sensory impairment, are recognized factors to be
considered in the evaluation of the comparative effective-
ness of these specific modalities [47].

Electrical Stimulation

Three studies evaluating the application of neuro-
muscular ES of paralyzed gluteal muscles to produce
pressure relief and reduce the risk of PUs were reviewed.
In a repeated-measures study of eight individuals with
SCI, Bogie and Triolo found that an 8 wk conditioning
program using external stimulation can produce changes
in ischial pressures and promote blood flow to increase
tissue tolerance [49]. In a single-case study (n = 1), long-
term ES produced numerous positive effects, including
increased muscle mass and blood flow, reduced ischial
pressures, more effective weight-shifting, and longer sit-
ting tolerance durations [50]. However, a study examin-
ing the potential of lower threshold sensory stimulation
did not produce positive effects, suggesting that motor
stimulation affecting contractile muscle response is criti-
cal [51]. While these results are promising, they are lim-
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ited by small samples sizes (total n = 9) and are invasive
because ES requires surgical implantation of stimulation
electrodes.

Telemedicine

Two studies reporting the effects of telemedicine inter-
ventions, specifically the use of video conferencing tech-
nology, were reviewed. Telemedicine technology may
help address the gap in professional care and reduce com-
plications following discharge from the inpatient SCI unit
to the community. By improving the continuity of care,
telemedicine has the potential to assist in reducing isola-
tion of patients and caregivers, support those who live long
distances from SCI units, and promote self-management
through education and motivation. Phillips et al. examined
the effectiveness of weekly counseling sessions delivered
remotely through telemedicine on the number of PUs, hos-
pital and physician visits, and return to work rate [52].
Unexpectedly, the telemedicine group reported the highest
number of PUs compared with control groups receiving
telephone care or no extra care. This may be partially
attributed to superior identification of less serious stage 1
and 2 PUs by nurses using telemedicine (i.e., video)
inspection compared with self-reporting by the telephone
and control groups [52]. In a larger study comparing the
effects of telemedicine to usual care, Dallolio et al. found
no differences in PU outcomes at the 2 and 6 mo periods
[53]. However, both studies found substantial improve-
ments on independence measures (e.g., return to work
rates [52] and Functional Independence Measure [53]),
which are protective factors of PU risk.

Correspondence Between Risk Factors and
Technological Approaches

To graphically illustrate the findings from the review,
we employ a radar diagram (Figure 2) to provide an over-
all perspective of the correspondence between knowledge
of factors related to PU formation (section 1) and the
technological approaches to assist with self-management
(section 2). Based on the findings from the review of fac-
tors related to PU formation, we selected eight persistent
factors for the vertices of the radar diagram: pressure
monitoring, tissue blood flow, muscle mass, pressure-
relief (e.g., weight-shifts), access to support, knowledge,
situational awareness, and adherence to regimens. Col-
ored polygons were plotted to represent the coverage of
four technological approaches reviewed to address these
key factors in reducing the risk of developing PUs.
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Figure 2.
Radar plot visually indicating strengths and weaknesses in cur-

rent technological approaches. Axes of octagon represent key
identified factors influencing pressure ulcer risk: interface
pressure mapping (IPM), tissue blood flow, muscle mass, pres-
sure-relief (e.g., weight-shifts), access to support, knowledge, sit-
uational awareness, and adherence to regimens. Reviewed
technological approaches are represented by colored polygons:
IPM, electrical stimulation, educational technology, and telemedi-
cine. Vertex of each polygon is plotted according to strength of
evidence supporting benefit of technology (level 1: conceptual
or theoretical benefits, 2: anecdotal and/or case studies,
3: repeated-measures and/or time-series studies, 4: case-control
and/or randomized control trials).

Overall, no single technology demonstrated effec-
tiveness in addressing more than 50 percent of the factors
in the radar plot. Targeting five of eight identified factors,
telemedicine (Figure 2, yellow polygon) has the greatest
potential to cover the most area in a single technology.
Telemedicine demonstrated improved access to support
and improved functional capabilities, such as transfers
and execution of pressure-relief behaviors, in higher
quality studies (level 4). However, the evidence of tele-
medicine technology to address adherence, awareness,
knowledge, and consistent execution remains at the con-
ceptual or anecdotal level (level 1).

IPM (Figure 2, blue) demonstrated effectiveness in
addressing three factors: pressure monitoring (level 4),
adherence to regimens (level 3), and improved ability to
execute pressure-relief behaviors (level 2). Conceptually,
IPM monitoring can assist with raising awareness of

high-risk situations (level 1), but the evidence remains to
be demonstrated.

Educational technology (Figure 2, red) facilitates
adherence to regimens (level 3) and increases knowledge
of factors related to PU development (level 3). Similar to
IPM and telemedicine approaches, educational technol-
ogy has been suggested to increase situational awareness
capabilities with only limited anecdotal or theoretical
evidence (level 1).

ES (Figure 2, green) was the only technology that
addressed factors related to increasing tissue tolerance,
such as tissue blood flow (level 3) and muscle mass
(level 3). Moderate evidence supported the effectiveness
of ES approaches to improve the execution of pressure
relief (level 3).

DISCUSSION

PUs in community-dwelling individuals with SCI
present a persistent and costly problem in patient physi-
cal symptoms and the associated economic effect to man-
age treatment. This article reviewed the factors and
technological approaches related to self-managed pre-
vention of PUs to guide future development of assistive
devices. In reviewing the factors related to self-management
(section 1), a key finding was the growing understanding
of the interaction between physiological, lifestyle, and
psychosocial factors that contribute to the breakdown of
regimens and elevated risk for PUs. The review of tech-
nologies for self-management (section 2) indicated the
potential for IPM, telemedicine, and ES approaches to
address a subset of mediating risk factors. However, no
direct evidence supported their effectiveness in reducing
the incidence of PUs. When comparing the knowledge
regarding PU risks (section 1) and the evidence regarding
the effectiveness of the reviewed technologies to assist in
self-management (section 2), we illustrate the potential
for integrated approaches to address multiple risk factors
in a radar diagram.

While the evidence linking physiological factors
related to the risk of developing PUs continues to grow
[22], emerging knowledge regarding behavioral and con-
textual factors may be more relevant in guiding the
development of technological interventions for self-
management. As indicated in the CCM, the need for
persistent surveillance and preventative measures
requires constant attention, consumes time, and reflects



141

the critical role that sustaining motivation and awareness
of high-risk situations can play in daily care. With the
potential to reach beyond the clinic and to the commu-
nity, we recommend that future research should examine
developing or integrating monitoring technologies to pro-
mote situational awareness and adherence. Recent obser-
vational studies highlight the influence of time events on
PU formation, particularly in situations that shift atten-
tion away from usual prevention routines and/or pose
unique threats (e.g., change in attendant care, unexpected
travel delays, and folds in clothing) [26]. By intelligently
providing information of the contextual factors that con-
tribute to risk, similar to mobile computing and commu-
nication technologies in healthcare approaches to support
self-management for other chronic conditions [17-18],
assistive technologies may help alleviate the burden of
constant surveillance.

IPM technology is a promising approach to monitor
and provide real-time feedback to individuals with SCI
regarding high-risk situations. The review of IPM studies
demonstrated moderate effectiveness in adhering to
schedules resulting in reduced uninterrupted sitting dura-
tions and increased frequency of pressure-relief behavior
[14,46,48]. However, these studies based on maintaining
time-based schedules also noted decay in adherence over
time [14,48]. Future IPM approaches may consider the
utility of providing more detailed feedback regarding high-
risk situations, such as abnormally high local pressure due
to a fold in clothing or long accumulation of uninterrupted
pressures due to travel delays, to better inform users of the
situations that pose a high risk in real-time.

While the technological approaches reviewed have
demonstrated moderate success in addressing mitigating
factors (e.g., lack of knowledge), the effectiveness in pre-
venting PUs as a primary outcome is very limited. For
example, ES has demonstrated moderate evidence to
improve tissue tolerance to interface pressures [42,46]
and telemedicine improved functional independence [44-
45]. Despite these improvements, a lack of incidence data
exists to directly support the effectiveness of technologi-
cal approaches in preventing PUs. Only one study (of the
12 reviewed in section 2) provided PU incidence as an
outcome [53], likely due to pragmatic limitations in
recruiting sufficiently large samples (2 studies with n >
40) and long-term follow-up data (3 studies with follow-
up > 3 mo). Importantly, this lack of direct PU incidence
data seriously limits the ability to evaluate the effective-
ness of technologies to support evidence-based clinical
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use. Furthermore, the scope of reviewed technological
approaches is limited to a subset of the multiple factors
contributing to risk. To our best knowledge, no technol-
ogy-based studies meeting the inclusion criteria address
other pertinent factors contributing to PU risk (e.g., mois-
ture, nutrition).

Based on the emerging themes of our literature
review, illustrated through the radar plot, we recommend
that new technologies integrate current knowledge in a
multifactorial approach. Recognizing that the formation
of PUs often results from the interaction of multiple fac-
tors suggests that an ideal prevention strategy would be
to address all of the key identified risks. Pragmatically,
multifactorial approaches have been demonstrated to be
effective in managing other chronic conditions with com-
plex interactions, such as fall prevention [54], diabetes
[55], heart failure [56], and Parkinson disease [57]. How-
ever, the reviewed technological approaches are limited
to a subset of risk factors, as illustrated in the radar dia-
gram. We argue that new designs for assistive technology
to support PU prevention should incorporate multiple
approaches to reduce the burden associated with the per-
petual threat of PUs for individuals with SCI.

For instance, monitoring pressure may be a useful
means to enhance situational awareness by inferring con-
textual factors (e.g., activity type and duration) in addi-
tion to monitoring adherence to pressure-relief schedules.
Commercially available sensors may be used to capture
contextual information (e.g., physical location, ambient
temperature) to identify situations with higher risks. In
the current climate of pervasive mobile technology with
successful implementation to deliver behavior change
interventions (e.g., weight loss, smoking cessation, and
diabetes management [17]), strong opportunities exist to
integrate approaches using mobile device platforms.

This review highlights some methodological limita-
tions of the research literature. The vast majority of
published studies employ the repeated-measures, or time-
series, design to evaluate the effectiveness of interven-
tions, likely due to the limitations in recruiting sufficiently
large sample sizes for RCTs. While repeated-measures
studies are useful to infer statistical significance under
such limitations, the potential for bias exists due to order
effects. Experimental designs that counter-balance treat-
ment order are recommended in future studies to mitigate
these potential confounds. As the primary outcome, the
lack of epidemiological data on PU incidence over the
lifetime of individuals with SCI remains a limiting factor
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in the field [58]. In view of these difficulties, this review
highlights opportunities to develop the use of technology-
mediated behavioral outcome measures, such as monitor-
ing pressure relief behavior via IPM, estimating physical
activity using accelerometry, and location monitoring to
estimate participation, to facilitate longer-term evaluation
studies.

CONCLUSIONS

Given the persistent problem of PUs following SCI,
there exists a role for technology to complement current
programs in developing and promoting self-managed
prevention practices in the community. In reviewing the
current literature, this article recognizes an emerging
view that PU formation often results from the interaction
of behavioral and physiological factors. A particular con-
cern is the difficulty in sustaining long-term adherence to
prevention regimens, particularly under stressful or atten-
tion-demanding circumstances. While the technologies
reviewed here have demonstrated moderate effectiveness
in addressing a subset of mediating factors, we recom-
mend developing technologies to support multifactorial
approaches similar to strategies for the prevention and
management of other chronic conditions. In particular,
integrating monitoring, support, and feedback technolo-
gies are recommended to promote situational awareness,
adherence, and access to professional resources.
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