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SUMMARY

Pressure injuries are serious complications that are difficult and expensive to treat. Preventative
strategies, such as alternating pressure mattress has been prescribed to patients with pressure
injury in the hospital setting to prevent recurrence. However, the underlying mechanism of
alternating pressure (AP) on tissue tolerance to ischemia is not explored to a full extent. The
main purpose of this study was to investigate the protective mechanism of alternating pressure
overlay on load-bearing tissue like sacrum in people with spinal cord injury (SCI). We
hypothesized that the low-profile AP overlay would redistribute the interface pressure and
subsequently increase the skin blood flow (SBF) to the sacral area when lying on top of an
operating room (OR) pad. A secondary aim was to investigate if AP overlay could be used as
a preconditioning strategy for weight-bearing skin at the sacrum. We hypothesize that after
preconditioning with AP overlay, the interface pressure would remain unchanged during supine
lying on OR, but SBF would increase. A repeated measures design was utilized on 15 adults
with SCI. All the individuals underwent three protocols: supine lying on (1) OR pad only for
40 minutes (control), (2) OR pad with AP overlay for 40 minutes, and (3) OR pad only (AP-
OR) for 40 minutes after AP (protocol 2). Outcome measures included interface pressure and
SBF at sacrum. For the primary aim, we found that the peak interface pressure during
APdeflation (51.47+30.18 AU) was significantly lower than that during AP-inflation
(89.27+53.92 AU) and OR (control protocol) (114.13+£60.97 AU). The averaged SBF during
AP-deflation

(15.54+15.33 AU) was significantly higher than that during inflation (12.65+12.45 AU) and
OR

(control) (11.96+10.26 AU). For secondary aim, we found that peak interface pressure during
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AP-OR (104.62+58.17 AU) was significantly lower than that during OR (control) protocol
(114.13+60.97 AU), and SBF during AP-OR (15.78+15.82 AU) was significantly higher than
that during OR (control) (11.96£10.26 AU). Findings of this study suggested that alternating
pressure overlay is an effective strategy to redistribute interface pressure and subsequently
improves tissue perfusion at the weight-bearing area in people prone to pressure injury.

Further study is warranted in other population at risk of pressure injuries



1. INTRODUCTION

A. Background

People with SCI are at risk of developing a pressure injury due to several risk factors such
as sensory deficit, limited mobility and incontinence (Groah et al. 2015). It is one of the most
common (41%) secondary complications occurring in SCI population next to urinary tract infection
(62%), and autonomic dysreflexia (43%) during the first year of injury (Mclnnes et al. 2012). It
was reported that 17.7% of individuals with SCI have been re- hospitalized due to occurrence of
pressure injury during the first year following injury and the incidence of re hospitalization has
increase to 34.4% by the 20™ year post spinal cord injury (Groah et al. 2015). The most common
sites for developing a pressure injury in patients with SCI is the sacrum (43%), and the second
most common site is the heels (19%) followed by ischial tuberosities (15%) (Kruger et al. 2013).
The treatment expenditure for a single full-thickness pressure injury ranges from $20,000-$70,000
and the annual cost for treating pressure injury goes up to approximately 11 million dollars
(Redelings, Lee, and Sorvillo 2005). The average monthly cost of treating one pressure injury in
community dwelling individuals with SCI is around $4,765 and among that the maximum
percentage of cost was attributed to the admission to hospital (Chan et al. 2013). Pressure injuries,
once developed, are very difficult to treat and the cost of management of a pressure injury is

expensive. Therefore, preventive strategies are crucial for high-risk population.



General recommendations for preventing a pressure injury include a thorough and frequent
risk assessment, repositioning of patient, assessment of skin especially on bony prominences
every, and avoidance of prolonged pressure exposure (Groah et al. 2015). Despite preventive
options like repositioning the body every 2 hours to relieve the pressure, routine skin care, assisted
active and passive movement of the limbs below the level of lesion, pressure injury remains a
challenging issue for the healthcare industry (Arias et al. 2015). Using suitable support surfaces is
recommended to help prevent pressure injury (Groah et al. 2015; Jan et al. 2011), and its
effectiveness is researched and utilized in healthcare settings as a measure of redistributing

prolonged pressure over bony prominences (Masterson and Younger 2014a).

Support surfaces are “specialized devices for pressure redistribution designed for
management of tissue loads, microclimate, and/or other therapeutic functions (i.e., any mattress,
integrated bed system, mattress replacement, overlay, or seat cushion, or seat cushion overlay”
(NPUAP, Support surfaces standard initiative, 2017). Alternating pressure is one of the active
characteristics of support surface often prescribed for patients with existing pressure injuries.
Previous studies showed that patients who used alternating pressure support surfaces had lower
incidence of pressure injury (Mclnnes et al. 2012). However, the underlying mechanism of such

effect is not fully explored, especially in the high risk population, such as SCI.



B. Objective

The purpose of our study is to investigate the efficacy of low-profile AP overlay on
interface pressure and skin blood flow in weight-bearing tissues (sacral area) in individuals with
chronic SCI. The primary aim of this study is to investigate the protective mechanisms of
alternating pressure overlay in comparison to the regular operating room (OR) pad in
redistributing the interface pressure and subsequently increasing the skin blood flow to avoid
tissue ischemia when the areas are loaded. The secondary aim of our study is to investigate if
AP could be used as a preventive strategy to precondition the tissue before it is exposed to long

term weight-bearing condition.

C. Hypothesis
For primary aim: AP effect on interface pressure and SBF, six hypotheses were tested.

1) Participants will demonstrate lower interface pressure at sacrum in supine lying during

deflation cycle as compared to inflation cycle of AP overlay protocol.

2) Participants will demonstrate higher skin blood flow at sacrum in supine lying during

deflation cycle as compared to inflation cycle of AP overlay protocol.

3) Participants will demonstrate lower interface pressure at sacrum in supine lying during

inflation cycle of AP overlay as compared to OR pad only (control).

4) Participants will demonstrate higher skin blood flow at sacrum during supine lying

during inflation cycle of AP overlay as compared to OR pad only (control).



5) Participants will demonstrate lower interface pressure at sacrum in supine lying during

deflation cycle of AP overlay as compared to OR pad only (control).

6) Participants will demonstrate higher skin blood flow at sacrum during supine lying
during deflation cycle of AP overlay as compared to OR pad only (control).
For secondary aim: lasting effect of AP (preconditioning) on interface pressure and SBF, two

hypotheses were tested.

7) Participants will NOT demonstrate difference in interface pressure between supine

lying on OR after AP (AP-OR) as compared to lying on OR pad only (control).

8) Participants will demonstrate higher skin blood flow during supine lying on OR after AP

(AP-OR) as compared to lying on OR pad only (control).

D. Significance

Although previous studies have tested the effect of alternating pressure surfaces as
wheelchair cushions in seating position to unload the ischial tuberosities or in lying position to
unload heel in the intensive care unit (ICU), they have not been widely tested in load-bearing
conditions in individuals with SCI in a laboratory setting. The potential effect of AP overlays on
pressure redistribution and tissue perfusion remains unclear (Jan et al. 2011; Rithalia 2004).
Findings from this study helped us understand the potential mechanisms of AP strategy in

preventing the occurrence of pressure injuries in individuals with chronic SCls.



2. REVIEW OF LITERATURE

A. Pressure Injury

Pressure injuries previously known as pressure ulcers, pressure sores, bed sores (The
National Pressure Ulcer Advisory Panel, 1989), decubitus ulcers (Kosiak 1961), have been
recently defined by The National Pressure Ulcer Advisory Panel in 2016 as “A pressure injury is
localized damage to the skin and/or underlying soft tissue usually over a bony prominence or
related to a medical or other device. The injury can present as intact skin or an open ulcer and may
be painful. The injury occurs as a result of intense and/or prolonged pressure or pressure in
combination with shear” (Edsberg et al. 2016b). The most common sites of developing a pressure
injury are bony prominences like the sacrum, the heels, and ischial tuberosities among others

(Bansal et al. 2005).

The incidence of pressure injury is high in populations that are immobilized or bedridden
for a long period of time, such as patients in ICU, mechanically-ventilate patients, post-surgery
long-term immobilized individuals, individuals with SCI and elderly individuals that are
bedridden for long period of time. The incidence of pressure injury in acute care patients ranges
between 0.4-38% , 3.3-39.3% in critically-ill patients admitted to ICU (Gonzélez-Méndez et al.
2018), 3-33.9% in skilled nursing facilities homes (Tran et al. 2016) up to 17% in home care
settings (Manzano, Colmenero, Pérez-Pérez, Roldan, Jiménez-Quintana, et al. 2014), and up to
29% in individuals that are mechanically-ventilated. The incidence of pressure injuries in surgical
care units varies between 5.5- 66% (Defloor 2000; Defloor and De Schuijmer 2000). For high-
risk populations such as people with SCI, the prevalence of pressure injury in acute rehabilitation
care is about 49% and about 30 % in chronic stage (Sunn 2014). It is also recognized as one of

the most prevalent secondary complication of SCI (National Spinal Cord Injury Statistical Center,
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2006).

A.1. Alternating pressure mattress

AP mattress used in the prevention of pressure injuries has a long history. A prospective
trial that tested the efficacy of AP mattress and water mattress showed that similar number of
patients developed pressure injuries in both groups; however, the number was significantly lower
than the control group subjected to standard mattress (Andersen et al. 1983). The potential benefit
of AP mattress was demonstrated in one study that AP mattress system significantly reduced
interface pressure at the trochanters in healthy subjects (mean deflation pressure: 30, mean
inflation pressure: 67, mean hospital mattress pressure: 95 mmHg) (Vanderwee, Grypdonck, and
Defloor 2008). The other study evaluating four types of AP mattresses in the lab setting also
supported that the AP mattresses were capable of momentarily reducing interface pressure and
that contact pressures were significantly reduced in individuals where the inflation pressure was
adjusted according to the body mass of the individual (Rithalia and Gonsalkorale 1998). To date,
there was no clear evidence of any specific alternating pressure mattress outperform the others on
the market (Rithalia and Gonsalkorale 2000), however a review study revealed that large-celled
AP mattress was more effective that small-celled mattress in preventing pressure injuries (Bliss

and Thomas 1993).

A.2. Alternating pressure overlay

Alternating pressure overlay has mechanism of alternating and redistributing pressure
similar to that of alternating pressure mattress (Bethell 1994). One study showed that there was
no significant difference between the AP and silicone overlays in individuals with chronic
neurological disease in case of healing time, incidence and duration of pressure injuries, however

both overlays were more effective than a foam overlay (Conine, Daechsel, and Lau 1990). One
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study found that, as compared to other cost-effective overlays on the market, AP overlays
demonstrated effectiveness in reducing the rates of occurrence of pressure injuries and also healed
the existing pressure injuries in individuals that failed to regularly be positioned (Bliss 1995).
Most recently, a low-profile AP overlay was tested to investigate its effect on hospital-acquired
pressure injuries during surgeries, and the results showed that AP was 100% successful in
preventing hospital-acquired pressure injuries during operations (Joseph et al. 2019). Despite the
positive features of AP overlay, there is no evidence thus far showing that AP overlays
demonstrate the same effectiveness in preventing pressure injuries as compared to AP mattresses.
There was only one study which compared pressure incidence on mechanical ventilated patients
in ICU. They found that alternating pressure mattress had lower pressure injury incidence as
compared to AP overlay (Manzano, Colmenero, Pérez-Pérez, Roldan, Jiménez-Quintana Mdel, et
al. 2014), this suggested that AP mattress is more effective in preventing pressure injuries than

AP overlay.

B. Pressure injury etiology

Previous studies suggested that pressure injuries are a multi-factorial medical condition
(Nixon, Cranny, and Bond 2005). The most critical factors leading to the development of a
pressure injury are prolonged or sustained pressure leading to tissue ischemia, tissue reperfusion
injury and cell deformation (Herrman et al. 1999b; Peirce, Skalak, and Rodeheaver 2000; Yarkony

1994).

Prolonged pressure is common in bed-ridden, immobilized and individuals undergoing long
surgeries (Kosiak 1961). Based on the inverse relationship between amount and duration of pressure

exposure (Reswick and Rogers 1976), the chances of tissue breakdown increase with exposure to



prolonged or sustained pressure (Nixon, Cranny, and Bond 2005). Prolonged exposure to pressure
leads to occlusion of blood (ischemia); this results in accumulation of waste products and lack of

oxygen supply, and subsequently tissue breakdown (Bader et al. 2005).

In addition to prolonged pressure, shear force is another factor contributing to tissue ischemia. Shear
force is “the force per unit area exerted parallel to the plane of interest”(Black et al. 2007). A previous
study showed that in the presence of shear force, magnitude of pressure required to cause lack of blood
flow to the tissue is significantly less compared to the magnitude of pressure alone (Goossens et al.

1994).

Reperfusion injury occurs when prolonged tissue ischemia is removed and leads to
liberation of free radicals. This results in inflammatory reactions, cellular infiltration, advance
cell damage and cell death (Nixon, Cranny, and Bond 2005). Pressure injury could also result
from mechanical deformation of cells. The pressure induced compression leads to changes in the
cell volume, cell diameter and structure (Bouten et al. 2001; Jan and Brienza 2006). These
changes trigger a cascade of tissue breakdown leading to tissue necrosis and cell death (Breuls et
al. 2003). These researches have also suggested that pressure injury formation could occur

directly by cell deformation (Breuls et al. 2003).

C. Pressure injury risk factors

There are multiple risk factors that lead to pressure injury. Immobility is the primary risk
factor of pressure injury. This is supported by the fact that high-risk population of pressure injury

are mostly immobile, for example people with SCI (Byrne and Salzberg 1996; Chen, DeVivo, and



Jackson 2005), critically-ill patients in an ICU (Masterson and Younger 2014b), intraoperative
units and surgical units (Xiong et al. 2019; Walton-Geer 2009) elderly people (Allman 1989;
Amlung, Miller, and Bosley 2001; Horn et al. 2004), and in individuals suffering from other critical

diseases (Bergstrom et al. 2005).

Other risk factors include aging, increased duration of mechanical ventilation, diabetes,
vasopressor administration, hypotension and presence of cardiovascular disease in ICU patients (Li
et al. 2016; Cox 2017). In the elderly population, other risk factors include underlying pathology
(cardiovascular, peripheral vascular, lung disease), primary illness (infection or hip fractures),
functional status of performing activities, poor nutrition or swallowing difficulties and co-

morbidities like diabetes or dementia (Jaul 2010).

For people with SCI, despite motor and sensory dysfunctions, spinal cord injury leads to
partial or complete disruption of the autonomic nervous system which provides sympathetic and
parasympathetic innervation from the brainstem and the hypothalamus to the spinal cord. As a
result, the hypothalamus and the brainstem fail to regulate the inter mediolateral cells of the spinal
cord. The inter mediolateral cell columns that are located in the spinal cord, in turn, fail to modulate
and respond to the various stimuli below the level of lesion. These stimuli usually include pressure,
temperature, moisture and shear among others (Brown et al. 2007a). Failure to regulate and respond
to various stimuli in addition to being immobile and bedridden for a prolonged period of time often
leads to pressure injuries (Brown et al. 2007a). Pressure injuries can occur in acute, subacute as well
as chronic stages of SCI (Groah et al. 2015). The risk of pressure injuries were less in the first 10

years of SCI and incidence increased 15-year post injury (Chen, DeVivo, and Jackson 2005).

Pressure injury risk factors in people with SCI include impaired sensation (Caliri 2005), lack of



mobility (Marin, Nixon, and Gorecki 2013), bladder and bowel incontinence (Chen, DeVivo, and
Jackson 2005), and impaired autonomic system (Brown et al. 2007b), cognitive status (Horn et al.
2002), poor nutrition (Krishnan et al. 2017; Brurok et al. 2012), functional status post-injury (Groah

et al. 2015), and associated medical condition like pneumonia (Krishnan et al. 2017).

C. Pressure injury management

The treatment expenditure for a single full-thickness pressure injury can go up to $ 70,000
and the annual cost for the treatment of pressure injuries comes up to approximately 11 million
dollars (Redelings, Lee, and Sorvillo 2005). Pressure injury management is difficult and very
expensive. Management of existing pressure injuries include multiple measures such as
repositioning the body and early mobilization to cause pressure relief in the areas where the
pressure injury developed. The individual must be repositioned continuously even though a
pressure redistributing surface is being used (Edsberg et al. 2016a). Inspecting the skin damage
regularly to avoid worsening of existing Pls and occurrence of new Pls is an important aspect in
the management of pressure injuries (WOCN 2016 Guideline for Prevention and Management of
Pressure Injuries (Ulcers): An Executive Summary' 2017). For existing stage I/11 pressure injuries
at the heel, it is necessary to “float the heels from off the support surface or the bed or by using
heel suspension devices” (Sunn 2014). For the treatment of Stage IlI/1V and unstageable it is
necessary to “place the leg in a device that elevates the heel from the surface of the bed, completely
offloading the pressure ulcer. Consider a device that also prevents foot drop”(Taradaj 2017).
Wound dressings play a vital role in the treatment of existing pressure injuries and the choice of
wound dressings must be based on how deep the wound is and the nature of the biofilm present in
the wound (Sunn 2014). Debridement of wound and negative pressure wound therapy is the

treatment of choice for the treatment of stage II/IV pressure injuries (Sunn 2014). Surgical
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intervention might be necessary for severe pressure injuries that need surgical debridement and
wound dressings (Groah et al. 2015). Although there are numerous treatment options for the
management of pressure injuries, the treatment of pressure injuries is expensive and also leads to
complicated morbidities and could prove fatal for an individual at high-risk of worsening and

recurrence of a pressure injury (Edsberg et al. 2016a).

D. Pressure injury prevention

Pressure injuries have always been a great challenge on the entire healthcare industry as
well as the health insurance industry (Tran et al. 2016). Due to this, prevention of pressure injuries
has become an essential part and the most cost-effective way in dealing with pressure injuries
(Reddy, Gill, and Rochon 2006). Management approaches for the prevention of pressure injuries
include regular repositioning of the subject, and early mobilization in the form of passive
movements or active-assisted movements are recommended (Tran et al. 2016). Minimizing
pressure on medical devices such as oxygen tubes, cervical collars, urinary catheters, and casts
during acute care settings is an important aspect of preventing medical device related pressure
injuries (WOCN 2016 Guideline for Prevention and Management of Pressure Injuries (Ulcers):
An Executive Summary' 2017). In addition, usage of heel suspension devices to offload the
pressure from the heels and using ointments such as creams, gels and pastes as incontinence skin
barriers in individuals who have bladder and bowel incontinence is recommended in patients at
risk of developing pressure injuries (‘(WOCN 2016 Guideline for Prevention and Management of
Pressure Injuries (Ulcers): An Executive Summary' 2017). Preventive strategies such as regular
skin assessment, risk-factor assessment, maintenance of proper nutrition, avoidance of risk habits
like smoking, alcohol consumption are some of the methods used to prevent the occurrence of a

pressure injury (Groah et al. 2015). In addition to the above interventions, prophylactic dressings
11



are widely used in the past decade for pressure injury prevention (Blenman and Marks-Maran
2017). Overall, a thorough risk assessment, along with regular skin assessment and repositioning
in addition to early mobilization, usage of prophylactic dressings on pressure prone areas,
administration of appropriate nutrition is mainstay in the prevention of pressure injuries (Taradaj

2017).

E. Emerging techniques for pressure injury prevention

Many new and innovative techniques have emerged in the past few years in an attempt to
decrease the incidence of pressure injuries in individuals at risk (Tran et al. 2016). Professional
organizations such as National Pressure Ulcer Advisory Panel and Wound, Ostomy and Continence
Nurses Society as well as European Pressure Ulcer Advisory Panel recommend the use of support
surfaces which help in pressure redistribution and reduction of shear in acute care and home-care
settings ("WOCN 2016 Guideline for Prevention and Management of Pressure Injuries (Ulcers): An
Executive Summary' 2017; Taradaj 2017). These pressure redistributing surfaces “increase the body
surface area that comes in contact with the support surface (to reduce interface pressure) to
sequentially alter the parts of the body that bear load, thus reducing the duration of loading at any

given anatomical site” (Taradaj 2017).

A support surface is “a specialized device for pressure redistribution designed for
management of tissue loads, micro-climate, and/or other therapeutic functions (i.e. any mattresses,
integrated bed system, mattress replacement, overlay, or seat cushion, or seat cushion overlay)”
(Edsberg et al. 2016a). Although the cost of these support surfaces varies widely, Medicare only
covers a small variety of support surfaces that are efficient in pressure redistribution at the bony

prominences (Harris et al. 2020). Previously, support surfaces were categorized on the basis of the
12



material they were made (Brienza, Geyer, and Jan 2005) and then as static surfaces and dynamic
surfaces on the basis of their mechanism of action (Liu et al. 2012). More recently, support surfaces
are categorized as reactive support surfaces, active support surfaces, integrated bed systems, non-
powered/ powered surfaces, overlays and mattresses (Shi, Dumville, and Cullum 2018). A
systematic review on the use of support surfaces for treatment and prevention of pressure injuries
suggested that a structured foam mattress is more effective than the hospital mattress in preventing
pressure injuries, and low air-loss mattress is more effective than the mixed-pulsating type to
avoid pressure injuries at the heel, and alternating pressure type to be superior than the visco-
elastic type for heel ulcers (Colin et al. 2012). An alternating pressure overlay is considered to be
an efficient measure to reduce pressure and prevent the occurrence of preoperative and
postoperative pressure related injuries (Colin et al. 2012). Another review suggested that though
the efficacy of AP mattresses over constant-low pressure mattresses were unclear, AP mattresses
“were associated with an 80% probability of reducing costs owing to a delay in pressure ulcer

formation and reduced length of hospital stay when they were used” (Stannard 2012).

F. Ischemic conditioning

Since tissue ischemia and reperfusion injury are the main etiological factors of pressure
injury, strategies that could potentially minimize either pathways are warranted for further
investigation (Epps and Smart 2016). Due to the feature of AP overlay, we suspect that AP may
be used to prevent pressure injuries by preconditioning the skin before long-term ischemia.
Ischemic preconditioning is a strategic phenomenon that is implemented for preventing tissue or
organ damage due to ischemia and reperfusion, done by subjecting the same tissue or organ with

a single or multiple non-lethal episode of ischemia (Benstoem, Nahrstedt, et al. 2017). It has been

13



proven to be effective in prevention of myocardial infarction and stroke in previous studies
(Hausenloy and Yellon 2008). Regional ischemic preconditioning demonstrated positive effects
on the prevention of subsequent coronary artery occlusion by providing brief periods of ischemia
in dogs (Przyklenk et al. 1993). It was suggested that brief periods of ischemia results in
endogenous activation of protective mechanistic pathways such as the neural, humoral and
systemic inflammatory pathway, which leads to the prevention of recurrence and reduction of
infarction (Hausenloy and Yellon 2008). This has led to recent advanced research in induction of
non-cardiac organ/ tissue ischemia, showing significant effects in preventing cerebral and renal

injuries in individuals undergoing renal transplantation (Pickard et al. 2015).

Other studies also showed the benefits of ischemic post-conditioning in preventing
complications post cardiac surgeries and recurrence of ischemic stroke (Nayak and Kerr 2013;
Benstoem, Stoppe, et al. 2017). One study showed that repetitive ischemia was induced during
early reperfusion period post-ischemia (post myocardial infarction) proved to be beneficial in
reducing the myocardial infarct size and also was found to be useful post cardiovascular surgery
by reducing the risk of recurrence or secondary complications. When post-conditioning (60 min
occlusion and 3 hours reperfusion) was compared to pre-conditioning (5 min occlusion and 10 min
reperfusion), both groups demonstrated similar effects in reducing the infarct size and preserving
endothelial function. Although post-conditioning has better and realistic clinical expectations in
terms of myocardial infarction (Délot et al. 2003), pre-conditioning could prove of better help in

preventing long-term damage and morbidities.

A recent study showed that repeated ischemic conditioning had beneficial effects on
diabetic ulcer healing in individuals with unhealed diabetic foot ulcer (Epps, Dieberg, and Smart
2016). The diabetic state is one of the conditions that is highly prone to ischemic-reperfusion

injuries (Shaked et al. 2015). Ischemic conditioning was applied repeatedly in the form of
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ischemia for 3-5min and reperfusion led to an improvement in endothelial function, improvement
in the skin microcirculation and also release of systemic modulatory inflammatory markers

(Epps, Dieberg, and Smart 2016) as per the proposed neural, humoral and systemic theories
(Hausenloy and Yellon 2008; Loukogeorgakis et al. 2005). Another study applied ischemic
conditioning on individuals with aseptic or infected diabetic foot ulcers for 3 times every 2 weeks
and followed- up over 6 weeks (Shaked et al. 2015). They found that repeated ischemic
conditioning caused significant healing of the foot ulcers (Study group: 41% healed ulcers,
Control group: 0%). These results suggested that ischemic condition is a simple, inexpensive,

and safe approach that helps with wound healing (Boghossian et al. 2017).
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3. METHODS

A. Study Design

We performed a repeated measures study design in which every participant acted as
his/her own control. Each participant underwent two protocols: lying on top of the OR pad with

and without the alternating pressure overlay. Figure 1 illustrates the research protocols.

Baseline AP overlay Washout Baseline OR pad only
EXP (10 min) (40 min) (30 min) 1% Session (40 min)
[(5 min inflation + 5 min (10 min)
deflation)x 4]
CRTL Baseline OR pad only
(10 min) (40 min)

Figure 1: Illustration of the full course of experimental protocols. The top panel is the
experimental protocol: alternating pressure (AP) followed by a lying on top of OR pad only
(APOR), and the bottom panel is control protocol: lying on top of OR pad only

The order of the two protocols was randomized to avoid crossover effect. A washout period of 30
minutes was provided in between the AP and OR (control) and a 15-minute washout period was
provided between the AP and AP-OR protocol. Seven participants underwent regular operating

room protocol (OR) first, and 8 underwent alternating pressure overlay (AP) first.
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During both protocols, the participants were in side-lying position for 10 minutes (baseline),

followed by 40 minutes of supine position to simulate the bed lying condition in the clinic.

Figure 2 demonstrates the subject positions and test setting.

Figure 2: Subject position. (Left) Subject in side-lying position for baseline measurements, (right)
subject in supine position for simulated bed-lying conditions during the AP, OR and APOR.

For the AP protocol, a 5-minute-inflation-deflation cycle was applied during the 40 minutes of
supine position, in other words there were four inflation/deflation cycles for each participant
during AP. A session of AP-OR protocol was implemented after the AP protocol to test the
potential immediate effect of AP overlay on SBF and interface pressure while lying on an OR pad
as an indicator of potential ischemic preconditioning. A washout period of 30 minutes was

provided between AP and AP-OR.

B. Study Participants

Fifteen adults between 18-64 years were recruited. All participants had SCI for more than
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one year at level T10 and above. They were not ambulatory and required wheelchair for mobility.
Individuals with a current pressure injury, history of cardiovascular or pulmonary diseases,
diabetes mellitus, and hypertension were excluded from the study. All procedures of this study
were approved by the institutional review board of the University of Illinois at Chicago. All

participants signed written consent for this study before any procedures were implemented.

C. Instrumentation

Low-profile AP overlay was designed to redistribute pressure across the skin by alternating
multiple rows of inflatable/de-flatable air cells in the overlay. The alternating pressure overlay
(Dabir Surface Inc.) used in our research study is thin, portable, flexible, and designed to be placed
over standard operating room pad. During peak inflation, the thickness of the alternating pressure
overlay does not exceed 1 inch. A single inflation-deflation cycle lasts 10 minutes with inflation
and deflation each being 5 minutes long. This time period is short enough to avoid ischemia-
reperfusion injury (Jan et al. 2011). Interface pressure was measured by using X-sensor pressure
mapping system (Xsensor X2, Xsensor Technology Corp., Alberta, Canada). It was sampled at
1Hz using the X3 Medical software (version 6). Pressure mapping system is a relatively new
technology as compared to load cell or other devices used to record and interpret the amount of
pressure applied by any object (Stinson, Porter-Armstrong, and Eakin 2003). The X-sensor
pressure mapping system is a thin, flexible pressure mapping mat with multiple pressure sensors
in the form of force sensing arrays. It consists of 1600 pressure sensors in a two-dimensional force
sensing array which are situated at a distance of 12mm apart (Bain 2011). It is placed directly in
contact with the object or subject to be tested. In this research study, participants lay down over

the pressure mapping system in addition to the AP overlay and OR pad depending on the protocol
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(see figure 1 and 2).

The data collected through a pressure mapping system was computed and represented on the
computer screen in three different forms: numerical data, three-dimensional contour grid and a
color-coded contour map of the body (Stinson, Crawford, and Porter-Armstrong 2008b). Figure 3
demonstrates an example of pressure map readings from one of our subjects lying supine on the
OR pad. As highlighted in the figure, when the cursor was moved on top of the highest-pressure
point at the sacrum area, a small box indicating 3x3 cells of interface pressure reading is presented

for actual readings of the nine cells at the selected location.

550 Wed:y

AvgPres. 71.4

Figure 3: Example of pressure map readings. This is the interface pressure reading during supine
on the OR pad on one of our subjects. The small box on the upper right is the 3x3 cells showing
actual pressure readings around the area of interest.

There are several advantages of using a pressure mapping system over other pressure sensing
devices, including visual clear representation of pressure, real-time feedback of the pressure
recordings, thin and flexible sensor allowing minimum interference between the system and the

body, and sensors being able to withstand high temperatures and humid climate conditions (Stinson,

19



Crawford, and Porter-Armstrong 2008a; Vanderwee, Grypdonck, and Defloor 2008). In order to
capture the interface pressure readings for this study, the pressure mapping system was calibrated at
50-200 mm Hg as per the manufacturer’s instructions. Figure 3 demonstrates the arrangement of

pressure mapping system; OP overlay and the OR pad in this study.

Figure 4: Arrangement of study equipment.

Skin blood flow was measured by using the Laser Doppler flowmetry (LDF) equipment
system (moor instrument, Wilmington, DE). It is a non-invasive tool used for measuring skin
microcirculation by “utilizing the Doppler shift of laser light as the information carrier” (Tagawa
2011). LDF has been proved as a reliable tool for measuring tissue perfusion and also investigating
the risk of occurrence of pressure injuries (Herrman et al. 1999a; Schubert and Fagrell 1991). The
SBF was collected at the highest pressure point around the sacrum area in this study with the flat
probe (VP11SC) head located at the center of the 3x3 indicated in the pressure map image. The
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SBF was sampled at 20Hz using Power Lab/Lab Chart (version 8). Synchronization of the SBF
and interface pressure data was done by recording time frames of data during baseline, change in

position and at the beginning of each inflation-deflation cycle during AP protocol.

D. Data Analysis

The two primary outcome measures of this study were SBF and interface pressure. Both
measures were recorded continuously throughout both procedures. The interface pressure number
used for statistical analyses includes peak and averaged interface pressure among the nine sensors
(area of interests demonstrated in figure 3. The peak interface pressure is the highest pressure
among the nine sensors, and the averaged interface pressure is the averaged value among the
nine sensors. Both values were used as parameters to quantify interface pressure across the highest-
pressure points around the sacrum in previous literatures (Higer and James 2016; Arias et al. 2015).
For the purpose of statistical analysis, mean values of SBF, peak interface pressure, and averaged
interface pressure were calculated for the following time periods: the middle 38 minutes out of
the 40 minutes supine lying for OR and AP-OR protocols, and the middle 3 minutes out of the 5
minutes of each inflation/deflation cycle for AP protocol. We did not include the first and last
minute of the 40 minutes supine lying on OR pad and the first and last minute of 5 minutes
inflation/deflation since we wanted to eliminate the artifact caused by transition between different
postures or inflation/deflation cycle. The secondary outcomes were demographic information (age,
gender, body mass index (BMI)), self-reported injury history and medical history, ASIA
impairment scale (AIS), and the International Standards to Document Remaining Autonomic
Function after Spinal Cord Injury (Cragg and Krassioukov 2012). Descriptive analysis was first

computed for primary outcomes, and it suggested that interface pressure and SBF were deviated
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from normal distribution. Therefore, non-parametric tests were used for analysis and comparison
of SBF and interface pressure recorded during alternating pressure (AP) protocol and regular
operating room (OR) protocol and AP-OR. Non-parametric tests are assumption-free tests used
when the population distribution fails to follow the normal distribution curve which could be due
to a smaller small size. Friedman’s test for K-related samples (equivalent to one-way ANOVA for
repeated measures) was used to compare means of peak interface pressure, average interface
pressure and skin blood flow during the inflation and deflation cycles of AP protocol, the OR
protocol and the AP-OR protocol. Bonferroni correction was made, and the P-value was set to
<0.0125 as being significant for post hoc pair-wise comparison. Wilcoxin-signed rank test was
used to compare peak as well as average interface pressure and skin blood flow recorded at sacrum
during inflation and deflation cycles of AP protocol, OR and AP-OR protocols. Pearson’s
correlation was used to find out any correlations between BMI, medical history, autonomic scale
with changes in interface pressure and SBF during various protocols. All the statistical analysis

was performed using IBM SPSS statistics version 24.
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4. RESULTS

A. Subject characteristics

Fifteen participants with chronic SCI were included in this study. The age of the participants
ranged between 21-63 years. (Mean + SD: 41.87+ 14.58 years). BMI of the participants ranged
between 22-37 kg/m? (Mean * SD: 26.81+4.12 kg/m?) with a weight of 79.6
+ 15.7 kilograms (kg) and height of 1.73£0.156 meters. The duration of injury of the participants
ranged from one year to 48 years. (17+ 14.62 years). Table 1 shows the subject characteristics of
15 participants recruited for the research study. Five participants had complete SCI (AIS A), and
10 participants had incomplete SCI (AIS B). Out of 15 participants, 13 participants had previous
history of pressure ulcers located either at sacrum or at heels. Eleven participants used power

wheelchair for mobility, and four participants used manual wheelchair for mobility.
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Table 1: Subject characteristics.

Subject | Age Gender BMI | Duration of |Level of| AIS Previous  |Wheelchair
injury pressure injury
ID | (years) | (M=male, | (kg/m?) injury history
F=female) (years)

1 55 M 25.1 13 T10 A Yes Manual
2 29 M 23.1 11 T4 B Yes Power
3 62 F 30.9 48 T10 B Yes Power
4 55 F 27.1 13 T10 B Yes Power
5 33 M 30.3 8 T6 B Yes Power
6 28 M 23.7 7 T7 B Yes Power
7 48 M 24.5 25 T1 B Yes Power
8 54 M 36.7 25 T10 A Yes Manual
9 48 M 314 20 T7 A No Manual
10 37 F 22.6 4 T10 A Yes Manual
11 51 M 29.2 27 T8 B Yes Power
12 21 M 21.7 4 T10 B Yes Power
13 60 F 241 45 T4 A Yes Manual
14 27 M 26 4 T5 B No Power
15 20 M 25.7 1 C3 B No Power
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B. Primary aim: AP vs Crtl protocols

Figures 5 and 6 demonstrate sample snapshots of pressure map readings from one subject during

AP protocol and OR protocol respectively.

RH AP i

101 26 127

ol s | 612

137 31 %9

AvgPres. 388

Figure 5: Pressure map reading snapshot during AP-protocol. The subject is in supine lying
position, where his head is located at the left side of the pressure map, and heels located at the
right side of the pressure map figure.
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Figure 6: Pressure map reading snapshot during OR-protocol. The subject is in supine lying
position, where his head is located at the left side of the pressure map, and heels located at the
right side of the pressure map figure.
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Figure 7 and 8 demonstrate sample SBF data from one subject during AP protocol and OR

protocol respectively.
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Figure 7: SBF during AP protocol for a subject.
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Figure 8: SBF during OR protocol for the same subject as figure 7.
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Table 2 shows the mean and one standard deviation of the peak, averaged interface
pressure and SBF during AP inflation, deflation and OR. Figures 9, 10 and 11 are boxplots of the
peak, averaged interface pressure and SBF of all subjects during the three conditions respectively.
Wilcoxon signed rank tests showed that the peak and averaged interface pressure during deflation
were significantly lower those during inflation. (p<0.001 for both peak and average interface
pressure, r=0.87 and r=0.87 for peak and averaged interface pressure respectively. We also found
that the peak and averaged interface pressure during deflation were significantly lower than that
during OR protocol (p=0.004, r=0.76 for peak pressure, and p=0.003, r=0.76 for averaged
pressure). When comparing peak and averaged interface pressure between AP-inflation and OR,
there was no statistical significance (p=0.173, r=0.35 for peak pressure, and p=0.1, r=0.42 for

averaged pressure).

For the SBF, we found that it was significantly greater during deflation as compared to inflation
(p=0.002, r=0.79), and as compared to OR protocol (p=0.023, r=0.56). When comparing SBF

during inflation and OR protocol, there was no significant difference (p=0.023, r=0.38).

Table 2: Mean + one standard deviation of peak, averaged interface pressure, and SBF during AP
and OR

Outcome Measures ALTERNATING PRESSURE OR (Control)

(Experimental)

Inflation Deflation
Peak interface pressure (mmHQ) 89.27+53.92 51.47+£30.18 114.13+60.97
Average interface pressure (mmHg) | 57.21+28.54 36.16+18.47 81.50+46.39
Skin Blood flow (AU) 12.65+12.45 15.54+15.33 11.96+10.26
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Figure 9: Peak Interface pressure at sacrum during AP inflation, AP deflation and OR (Control)
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Figure 10: Average interface pressure at sacrum during AP inflation, AP deflation and OR

(Control)
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Figure 11: Mean skin blood flow at sacrum during AP inflation, deflation and OR (Control).
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C. Secondary aim:AP vs Crtl protocols

Results shown in this section contains the interface pressure and SBF data from AP-OR protocol
and the OR protocol presented in previous section. Figure 12 is a sample snapshot of pressure
map reading from the same subject as figure 5 and 6 during AP-OR protocol. Figure 13 is a

sample SBF data from one subject during AP-OR protocol.

Avg Pres.: 71.4

Figure 12: Pressure map reading snapshot during AP-OR-protocol. The subject is in supine lying
position, where his head is located at the left side of the pressure map, and heels located at the
right side of the pressure map figure
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Figure 13: SBF during AP-OR protocol for the same subject as figure 7

Table 3 shows the mean and one standard deviation of the peak, averaged interface

pressure and SBF during AP-OR and OR. Wilcoxon signed rank tests results are also included.
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Figures 14, 15 and 16 are boxplots of the peak, averaged interface pressure, and SBF of all

subjects during the two conditions respectively. We found that the peak interface pressure during

AP-OR was significantly lower than that of OR (p<0.005, r=0.70). There was no statistical

significance in averaged interface pressure between AP-OR and OR. We also found that the SBF

during AP-OR was significantly higher than that of OR (p<0.01, r = 0.64).

Table 3: Mean + one standard deviation of peak, averaged interface pressure, and SBF between

OR and AP-OR.
Outcome Measures OR AP-OR P
Peak interface pressure (mmHg) 114.13+60.97 104.62+58.17 0.005
Average interface pressure 81.50+46.39 81.07+48.62 0.955
(mmHg)
Skin Blood flow (AU) 11.96+10.26 15.78+15.82 0.01

34




PEAK INTERFACE PRESSURE AT SACRUM

2007

150

1009

INTERFACE PRESSURE (mmHg)
T

0-

OR AP-IOR
PROTOCOL

Figure 14:Peak interface pressure during OR and AP-OR.
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Figure 15: Average interface pressure during OR and AP-OR.
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Figure 16: Mean skin blood flow during OR and AP-OR.
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5.DISCUSSION

Majority of the previous studies on effects of AP mattresses or overlays used pressure
injury risk or incidence as outcome measures. A literature review done by Kottner and colleagues
(Kottner 2011) included RCTS comparing AP mattresses with constant-low pressure mattresses
showed no clear proof of excellence of one type of mattress over the other. Anderson et al. (1982)
showed that the incidence of pressure injuries decreased with the usage of AP mattresses as
compared to regular OR mattress. Another study evaluated the effectiveness an AP mattress in
critically ill ICU patients and found that the mattress successfully reduced the risk of developing
pressure injuries by redistributing pressure and offloading the heels (Masterson and Younger
2014a). Despite the favorable results demonstrated in previous studies, when AP mattress was
compared to other pressure redistribution mattresses or overlays (e.g. air mattress or water
overlays), there was no clear evidence if AP mattresses outperform other special support surfaces
(Vanderwee, Grypdonck, and Defloor 2008). A meta-analysis study also suggested that there is a
deficiency of evidence of the effects of constant alternating pressure overlays on preventing
pressure injuries (Mclnnes et al. 2012). In addition, the potential protective mechanisms of AP

on pressure injury is not fully understood.

There were only a handful of studies that investigated the potential underlying mechanism
of AP strategy. Previous studies suggested that AP mattresses or overlays prevent pressure injuries
by reducing the interface pressure. Another study done (Hickerson et al. 2004) showed that AP
mattresses are most effective in reducing interface pressure at hips, torso and feet as compared to
with other mattresses on healthy adults. The other study done by Goetz et.al (2002) conducted on

veterans with SCI compared the interface pressures between AP overlay and the dynamic floatation
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system. They found that the interface pressure the interface pressure using AP overlay was lower
than that using dynamic floatation system. Our findings that interface pressure reduced with
deflation cycle of AP protocol was consistent with previous studies. In addition, even though we
demonstrated that interface pressure increases during inflation cycle of AP, this value was not
greater than that during OR. This suggested that the low-profile AP overlay used in this study
could successfully redistribute pressure at the sacrum area on people with chronic SCI in an OR

setting.

Other potential protective mechanisms of AP strategies were investigated previously. One
study (Jakobsen and Christensen 1987) compared the transcutaneous oxygen tension (tcPOz2) at
sacrum with healthy adults using AP overlay, hollow fiber mattress, standard hospital mattress,
water mattress and AP mattress. They found that tcPO2 was higher with AP overlay, mattress as
compared to that with standard hospital mattress. Another study conducted (Rithalia, Heath, and

Gonsalkorale 2000) also demonstrated that APAMs with multiple-air cell showed great tcPCO;

as compared to double layered as well as single air-cell. Rithalia and colleagues also conducted a
study on APAMs in a laboratory setting where Low APAM was compared to the Nimbus 3

mattress (Rithalia 2004). Results showed both decrease in IP with an increase in tcPCOz over both

sacrum and heel as well as an increase in the laser Doppler perfusion recorded at the heel. Findings
in previous study measuring transcutaneous oxygen tension was backed up by studies investigated
SBF non-invasively. One study by Jan and colleagues (Jan et al. 2011) tested the effect of AP
strategy versus constant low pressure on sacrum in healthy and SCI individuals. In this study,
localized pressure was applied by a computer-controlled indenter at sacrum (indenter head
diameter 36mm) and the results demonstrated that alternating pressure caused a significant

increase in the SBF as compared to constant low pressure in both individuals with SCI and healthy
39



controls. The main difference between our study and that of Jan et al. was how alternating
pressure was induced. We used an alternating pressure overlay which modulates the whole-body
interface pressure to simulate a hospital or a clinical setting, whereas Jan et al. used the application
of predetermined localized amount of alternating high (60 mmHg) and low pressure (0 mmHg)
and compared SBF with that during constant low pressure (30 mmHg). In addition, the AP
induced in Jan’s study was at a single spot which its surrounding area is pressure free; whereas
the AP induced in our study covered the whole body in contact with the AP overlay. Despite the
difference in study design and the amount of interface pressure presented at the site of
measurement, our results were consistent with that of Jan’s, which SBF increases during the phase
of deflation of AP protocol as compared to inflation and constant pressure in people with SCI.
Our results also showed the SBF could increase during deflation even if it’s not pressure free, this

Is encouraging for implementing AP in the clinical setting.

One unique finding from our study was the preconditioning effect of AP on weight bearing
sacral tissue. Our findings suggested that 40 minutes of preconditioning reduced the peak interface
pressure and increase the SBF during the subsequent weight-bearing condition at the sacrum. This
is the first study that investigated the effect of preconditioning on weight bearing tissue protection.
The reason for decrease in peak interface pressure during the AP-OR session is still unclear as
both the OR pad used for control protocol and AP-OR was the same. The closest research study
we could find using ischemia conditioning on skin was a recent research done (Shaked et al. 2015).
They tested effectiveness of ischemic conditioning on diabetic foot ulcer healing. Ischemic
conditioning in this study was provided in the form of a pressure cuff to the lower extremity
repeatedly for three sessions every 2 weeks for a period of six weeks. Each session consisted of

three 5-minute cycles of providing ischemia by inflating the cuff to 200 mmHg. They found that
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the wound heals faster with ischemic conditioning as compared to the control group with standard
treatment. Our study implemented similar protocol by providing three bouts of ischemic-like
procedure (inflation cycle of AP protocol). Our findings complement previous studies that
ischemic conditioning is beneficial to the skin by increasing perfusion, which is crucial to wound
healing. Other explanation of the protective mechanism of ischemic conditioning include the
neural hypothesis, the humoral and the systemic hypothesis mentioned in chapter. A research
previously done (Loukogeorgakis et al. 2005) mentioned the importance of an intact autonomic
system for the effect of the neural hypothesis of ischemic conditioning. Although an intact
autonomic system is necessary for preconditioning the remove tissues, the study also suggested
that in the absence of an intact autonomic system, the humoral system acts by releasing endogenous
opioids for the improvement in microcirculation and endothelial function. Hence, though our study
population showed disruption in the autonomic system, AP overlay was still successful in inducing

preconditioning by increasing the tissue perfusion at sacrum in individuals with chronic SCI.

We did not find any significant injury factor in our study that contributes to the changes
in interface pressure or skin blood flow. Our research study did not have a specific inclusion
criterion for BMI of participants with SCI. Hence, range of BMI of the participants that were
recruited for the study was 21.70 -31.40 (normal to obese). We found a weak negative correlation
between BMI and change in SBF during AP-Inflation and AP-deflation, Deflation and OR at
sacrum. This means that individuals with higher BMI were associated with smaller change in skin
blood flow between AP-inflation- deflation and OR- AP-OR. These findings were consistent to
the findings in previous studies where individuals with a lower BMI demonstrated greater
improvements in pressure distribution and skin blood flow as compared to individuals with a

higher BMI (Vanderwee, Grypdonck, and Defloor 2008). In another study done (Chai and Bader
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2013) found that at the time of assessment, the maximum internal pressures at the sacrum were
dependent on the BMI of the subjects. However, in this study, the alternating pressure mattress
has a special feature called SAALP (Self-adjusting low-pressure sensor) which was used to adjust
pressures according to the BMI of the able-bodied subjects. In such research studies,
recommendations were made to change the alternating pressure settings according to the BMI of
the individuals to avoid “bottoming out” phenomenon (Hampton 2016). The weak correlation
found in our study indicates the necessity of adjusting the settings of the alternating pressure

overlay to adjust optimal effect of AP overlay on individuals with higher BMI.

A. Clinical applications

The results of our experimental study could be extrapolated into not only clinical and home
health-care settings but also in surgical settings. Alternating pressure overlays can be utilized in
long-term care or home care settings in addition to repositioning to prevent the incidence of
pressure injuries in high-risk populations like spinal cord injuries. Alternating pressure overlays
could also be utilized during prolonged surgeries during which the incidence of developing a
pressure injury is high due to immobilization for several hours. In such situations, AP overlays
can be useful in redistributing pressure from pressure injury prone bony prominences like the
sacrum. Although the cost of AP overlays is higher than the cost of regular OR pad or standard
hospital mattress, by reducing the risk of pressure injuries; AP overlays may help save medical

costs and human resources that are required to manage of pressure injuries.
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B. Limitations

There are several limitations to this study. This study included 15 individuals with chronic spinal
cord injury with very strict inclusion criteria, therefore the findings could not be generalized to the
spinal cord injury population that has other comorbidities or during the acute phase of spinal cord
injury. Our study also included individuals with both AIS A, B i.e individuals with complete and
incomplete spinal cord injury. Further research is needed to study the influence of completeness
of injury on the efficacy of alternating pressure overlay. An OR pad was utilized as control
protocol in comparison with the alternating pressure overlay in individuals with chronic SCI.

Therefore, our findings could not be generalized to home care or long-term care settings.
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6. CONCLUSION

This study investigated the potential protective mechanism of AP overlay on weight
bearing sacral tissue simulating an OR setting. We found that AP overlay is low profile yet
effective in redistributing the interface pressure on bony prominence during supine lying, and
subsequently increase skin blood flow during deflation cycle of AP. In addition, AP has a short-
term lasting effect on interface pressure and blood flow, which could potentially be a strategy to
precondition tissue before long term ischemia. Further studies in OR, and hospital setting is
warranted to investigate the protective effect of AP overlay on other high-risk population of

pressure injuries.
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