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Abstract

Current detection of pressure ulcers relies on visual and tactile changes at the skin
surface, but physiological changes below the skin precede surface changes and have a

Suite 950 significant impact on tissue health. Inflammatory and apoptotic/necrotic changes in the
Los Angeles epidermal and dermal layers of the skin, such as changes in interstitial fluid (also known
8’250024 as subepidermal moisture (SEM)), may precede surface changes by 3—10 days. Those

same epidermal and subepidermal changes result in changes in the electrical properties
(bioimpedance) of the tissue, thereby presenting an objective, non-invasive method for
assessing tissue damage. Clinical studies of bioimpedance for the detection of pressure
ulcers have demonstrated that changes in bioimpedance correlate with increasing
severity of pressure ulcer stages. Studies have also demonstrated that at anatomical
locations with pressure ulcers, bioimpedance varies with distance from the centre of
the pressure ulcers. The SEM Scanner, a handheld medical device, offers an objective
and reliable method for the assessment of local bioimpedance, and therefore, assessment
of tissue damage before signs become visible to the unaided eye. This literature review
summarises pressure ulcer pathophysiology, principles of bioimpedance and clinical
research using bioimpedance technology to assess pressure ulcers.
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doi: 10.1111/iwj.12604

Introduction

In spite of efforts to prevent pressure ulcers [e.g. Ref. (1)], Key Messages

the incidence rate remains high worldwide, especially in hos-
pitals and nursing homes (2—4), with a mean incidence in the
acute-care setting of 17-6% (range 1-4—49%) and in the long
stay setting of 6-:63% (range 3-1-8-4%) (4). The cost of treating

e this literature review summarises pressure ulcer patho-
physiology, principles of bioimpedance and clinical
research using bioimpedance technology to assess
pressure ulcers

pressure ulcers increases dramatically once the skin is broken, e pressure ulcer pathophysiology is a complicated process

with the average cost of hospital for a Stage I'V pressure ulcer* that involves inflammation and cell death

acquired either in the hospital or community setting exceed- e local bioimpedance measurements can be used to distin-

ing $120000 (5). Prevention provides significant cost savings guish healthy tissue from tissue with pressure-induced

compared to treatment (6,7), for example, prevention is esti- damage

mated to cost up to 87-57 € per patient per day, but treatment can o the SEM Scanner is a reliable, handheld device for the

cost up to 470-49 € per patient per day (6). Therefore, detection detection of pressure-induced tissue damage of intact
skin

*Unless otherwise stated, the terms Stage I, Stage II, etc. refer to the 2014

NPUAP/EPUAP/PPPIA classification system (8).
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of a pressure ulcer at its earliest stage is imperative to afford
intervention. In 2008, the World Union of Wound Healing
Societies presented a call to action for the development of
objective tests to support treatment decisions and aid in the
cost-effective use of limited resources.

Bioimpedance techniques constitute painless and harmless
methods for acquiring data from human subjects and have been
extensively reviewed (9,10). Measures of bioimpedance such as
total impedance, capacitance, resistive or reactive components
and change in impedance can be correlated to physiological
events related to changes in volume, orientation and distribu-
tion of dermal fluids and tissues (10). Bioimpedance techniques
have been used to monitor the respiratory and cardiovascular
systems, the brain and the distribution of fluids in the body
because of events (e.g. surgery, dialysis) or conditions (e.g. lym-
phedema, malnutrition) (9). Changes in bioimpedance because
of the pathophysiological processes of early pressure-induced
tissue damage may prove to be useful clinical information in
the prevention of more advanced stages of pressure ulcers.

The SEM Scanner (Bruin Biometrics, LLC, Los Angeles,
CA) is a handheld medical device that offers an objective and
reliable method for the assessment of local bioimpedance,
and therefore, detection of early tissue damage and pre-stage
I pressure ulcers before the damage becomes visible to the
unaided eye. The SEM Scanner was designed for use by health
care providers as part of pressure ulcer prevention programmes
with the hope of leading to targeted interventional efforts prior
to rupture or breakage of the skin. This review of the literature
suggest that while the pathophysiology of pressure ulcers is
complex at the molecular and cellular level, the consequence
of these effects is a change in the bioelectrical properties that
can be detected readily in the area of a developing ulcer.

Pathophysiology of pressure ulcer development

Tissue ischaemia, with or without reperfusion injury, and
cellular deformation caused by mechanical loading are the
commonly accepted aetiological factors for pressure ulcer
development (11-13). Furthermore, lymphatic dysfunction
caused by compression or ischaemia (14) likely contributes
towards pressure ulcer development. Figure 1 presents a con-
ceptual framework for the physiological events that occur in
pressure ulcer aetiology.

Studies have suggested that tissue ischaemia (i.e. local
obstruction of blood vessels) is a primary concern (15) as it
reduces the supply of nutrients to cells and increases the accu-
mulation of toxic metabolites, leading to hypoxia, apoptotic
or necrotic events and tissue damage (16). Further research
has suggested that reperfusion injury following ischaemia may
be a significant contributor to the early stages of pressure
ulcer development (17). Reperfusion triggers inflammatory pro-
cesses, increases indicators of oxidative stress and decreases
indicators of antioxidant activity, leading to necrosis (18).
Inflammatory mediators and oxygen-free radicals have both
been shown to modify microvascular permeability (19), result-
ing in fluid accumulation in the extracellular spaces (20).

Recent research has demonstrated that cellular deformation
likely contributes significantly to the development of pressure
ulcers, particularly when muscle tissue is involved (21,22),
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Figure 1 Conceptual framework for physiological processes leading to
pressure ulcer development. The manifestation threshold marks the
point at which damage is apparent at the skin and is the point of pressure
ulcer detection and intervention under today's standard of care. The
damage threshold (8) marks the point at which an objective test of
physiological changes below the skin could reveal early damage that,
with intervention, could prevent a pressure ulcer.

and that ischaemia and deformation may be related at greater
tissue depths (23). Cellular deformation leads to cell death
(24) and may occur more rapidly than cell death caused
by ischaemia and its downstream events (e.g. reperfusion
injury, oxidative stress, nutrient depletion. See Figure 1) (25).
Impaired lymphatic draining, a consequence of both ischaemia
and deformation, has been associated with metabolic waste
product accumulation and interstitial fluid increases (26), and
the inflammatory response itself can lead to cell death [e.g.
Ref. (27)]. These physiological processes lead to apoptosis,
necrosis and an inflammatory response with characteristic heat
(calor), redness (rubor), swelling (tumour) and pain.

The extracellular matrix (ECM) contributes to the unique
properties of the skin, including its strength, elasticity and
compressibility (28). The ECM is composed of proteins and
polysaccharides in water occupying the extracellular space and
provides a medium through which nutrients and wastes can be
transported to and from the cell (29) as well as being a key com-
ponent in the wound healing process (28). Fluid accumulation
in the extracellular space can result from change in hydrostatic
or oncotic pressure acting on microvascular walls, alterations
to the endothelial walls of cells or changes in the lymphatic
outflow; accumulation of interstitial fluid can also be the result
of inflammatory mediators (20). Inflammation as a response to
tissue injury includes the release of these inflammatory media-
tors responsible for microvessel permeability, vasodilation and
leukocyte recruitment that results in the release of reactive oxy-
gen and nitrogen species that degrade the ECM in an attempt to
relieve pressure from the additional fluid (20).
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Figure 2 Schematic illustrating the use of a device to determine the
bioimpedance of a biological tissue. Application of a current of known
frequency, transmission of that current through the extracellular and
intracellular spaces and measurement of the resulting voltage.

Ultimately, apoptosis, necrosis and the inflammatory process
lead to leakage from vascular vessels and other changes that
modify the underlying structure of the damaged tissue, includ-
ing variation in interstitial fluid, which can also be described
as subepidermal moisture (SEM). While the biochemical and
physiological processes involved with the aetiology of pressure
ulcers is complex, an increase in interstitial fluid is an integral
part of the process. Correspondingly, changes in SEM become
a logical choice for a physiological marker of pressure ulcer
development.

Electrical bioimpedance measurements in the
clinical setting

Bioimpedance, electrical properties that can be used to study
biological tissues (30), is determined by applying a voltage to
an object and measuring the current passing through the object,
or vice-versa, by applying a fixed current and measuring the
voltage difference at the receiving electrode (Figure 2). Electri-
cal bioimpedance monitoring is considered a diagnostic method
based on passive electrical properties of biological tissues (31).

In a simplified model [Figure 3, adapted from Ref. (32)], the
extracellular fluid’ and the intracellular fluid are modelled as
resistors (R, and R;, respectively) that transmit current, and the
lipid bilayer of the cell membrane is modelled as a capacitor
(C,)- With direct current, there is negligible conductance of
current through the cells; rather, the current travels around the
cells through the extracellular space. With alternating current,
the level of conductance through the cells increases with
increasing frequency of the current. Therefore, at sufficiently
high frequencies, above 10 MHz (33), the capacitance of the
cell membrane becomes insignificant (34), and the measured
bioimpedance represents both the intracellular and extracellular
spaces.

Bioimpedance values vary by cell type and tissue or organ
type (35,36) and, therefore, by anatomical site and almost cer-
tainly from person to person. A complete understanding of
the reasons for bioimpedance variations associated with phys-
iological activity is probably impossible (10), but changes in

TExtracellular fluid, found in the extracellular space, is composed of the
interstitial fluid (or tissue fluid), plasma and transcellular fluid.
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Figure 3 Simplified circuit diagram representing the bioimpedance of
a biological tissue. Lower frequencies, highlighted, predominantly inter
rogate the extracellular space, whereas higher frequencies interrogate
both the extra- and intracellular spaces because of reduced capacitance
of the cell membranes with increasing frequency.

bioimpedance measures over time have been used reliably
for evaluating numerous medical conditions [reviewed in Refs
(9,31)]. In approaching the task of designing a biomedical
device for patient monitoring, it becomes important to nar-
row the problem down to the specific parameters of interest
and to control as many of the variables as possible. In the
case of bioimpedance, some obvious variables include intra-
cellular versus extracellular fluid, tissue type or anatomical
site being assessed and user training or skill. For example,
Gonzalez-Correa et al. (37) demonstrated that bioimpedance
readings increased with increasing pressure in both human
and rat tissues and hypothesised that the pressure-related
changes were caused by a loss of tissue fluid and extracellu-
lar space available to the current flow. This observation that
bioimpedance readings change with increasing pressure high-
lights the need to control for probe application pressure when
collecting readings.

The measurement of bioimpedance in tissue reduces to a
few principles that have been modelled as an electrical circuit.
Tissue bioimpedance had been established as a method for the
detection of local oedema in patients with chronic lymphatic
obstruction resulting from uterine cancer surgery and has
been validated by computed-tomography (CT) analysis (38).
Both methods concur with the model of SEM as a change in
the ratio of tissue fluid to subcutaneous tissue area. Further-
more, Swisher (39) recently published an animal model of
pressure-induced injury that clearly shows changes in tissue
bioimpedance corresponding with spatial distribution and
severity of the induced injury. Their results demonstrated in
vivo that an electronic device can be used to non-invasively
detect an ensuing pressure ulcer before it could be visually
observed.

Use of a handheld device for the detection
of pressure ulcers

The detection of pressure ulcers has been performed through
visual and tactile examinations of the skin. Localised erythema
that results from pressure can be transient (resolves within
20-30min) or persistent (does not resolve); it can also be
blanchable (visible transition from rubor to pallor to rubor
upon application and release of pressure) or non-blanchable
(no transition with pressure) (40—41). Transient erythema
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is considered a characteristic of reactive hyperaemia (40),
a restorative increase in blood flow following ischaemia.
Persistent erythema is considered a pathological response
to ischaemia and is distinct from reactive hyperaemia
(40). Non-blanchable erythema is a key component of the
NPUAP/EPUAP definition of a Stage I pressure ulcer (8).
Clinical studies have demonstrated that not all persistent ery-
thema is non-blanchable and that not all transient erythema
is blanching (40,41), suggesting that what is observed at the
surface is not sufficient to understand the underlying damage.
Furthermore, visual identification of tissue colour changes
can be difficult in dark skin tone patients, as suggested by
the discrepancy in Stage I and II pressure ulcers detected
in Caucasians (38% Stage I and 37% Stage II) and African
Americans (13% Stage I and 41% Stage II) in a prevalence
survey (42). The clinical utility of a reliable, objective medical
device to assist in the identification of early stage pressure
ulcers is clear.

In an effort to identify objective measures associated with
early development of pressure ulcers, bioelectrical impedance
readings were collected from three progressively larger zones
over the trochanter and coccyx from 10 patients at high risk
for pressure ulcers (hospitalised patients) and 10 volunteers
from the community in a control group by way of a portable,
single-frequency bioelectrical impedance analyser (43). Local
bioelectric impedance was lower in a group at high risk for
pressure ulcers as compared with age-matched controls for each
individual site and zone (P <0-01). Bioelectrical impedance
was subsequently investigated as a surrogate measure of SEM in
nursing homes (44,45) and in subjects with spinal cord injuries
(46,47). Measures of SEM from handheld devices were useful
for detecting pressure ulcer development in these populations,
including in those subjects with dark skin in whom visual
assessments can be problematic (48). Ching (49) described an
exploratory study in which electrodes were used to investigate
the electrical properties of tissue close to and more distant
from the pressure ulcer site in patients with Stage I or Stage
II sacral pressure ulcers. Similarly, Harrow and colleagues
found that tissue impedance varies with distance from the
centre of Stage III and IV pressure ulcers in spinal cord injury
patients (47).

The spatial distribution of damage in pressure
ulcers

Both Ching (49) and Harrow (47) observed differences in
bioimpedance measures at and around the wounds as com-
pared with the surrounding, unaffected tissues. These findings
are consistent with imaging and biochemical research. Using
scanning electron microscopy, Arao et al. (50) observed mor-
phological changes to the dermal papillae and collagen fibres
suggestive of impaired micro-circulation at the border of a
Stage II pressure ulcer as compared with healthy and undam-
aged areas. In healthy tissue, the papillary layer is the site of
oxygen and nutrient transfer to the epidermis and is critical for
maintaining skin integrity. This suggests that while the visible
and tactile signs of pressure-induced tissue damage suggest a
particular region of damage, underneath the observable tissue,
cellular damage has occurred across a larger region. This spatial
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distribution of damage has also been observed histologically in
model systems of pressure ulcers (51).

A recent study of Stage III and IV pressure ulcers assessed
inflammatory cytokines and growth factors at the centre of
the wound and at the margin (52). This study demonstrated
that interleukin-1 beta (IL-1f), tumour necrosis factor alpha
(TNF-a) and vascular endothelial growth factor (VEGF)
mRNA levels were elevated at the centre of the wound com-
pared with normal skin and were even more elevated at the
margin of the wound than at the centre or in normal skin.
Caspase-3, an executive mediator of apoptosis, is highest at
the centre of these wounds, elevated but slightly lower at the
wound margin and lowest in normal skin. This finding suggests
that inflammatory and apoptotic processes are underway both
within the wound and around the edges of the wound site but
to a different extent, depending upon spatial orientation.

Assessment of tissue damage with the SEM
Scanner

The SEM Scanner (Bruin Biometrics, LLC, Los Angeles,
CA), a low-frequency, handheld bioimpedance device, uses
measures of capacitance to assess changes in the tissue of
patients with and without pressure ulcers. The SEM Scanner,
a CE-marked medical device, has demonstrated inter-device
and inter-operator reliability in healthy volunteers in the sacral
region and heel (53), anatomical areas that are at risk for pres-
sure ulcer development.

The SEM Scanner was used to assess pressure-induced tissue
damage in a multi-site investigational device study in the United
States, and results were presented at the 17th Annual European
Pressure Ulcer Meeting in Stockholm, Sweden (54). Partici-
pants included those from nursing homes and assisted-living
facilities with Stage I pressure ulcers or suspected deep tissue
injury (affected subjects, n =121, representing 63 sacral pres-
sure ulcers and 66 heel pressure ulcers) and a control group of
individuals without pressure-induced tissue damage recruited
from an outpatient medical office (unaffected subjects, n =50).
Spatially distributed SEM Scanner readings were collected
from the tissue around pressure ulcers for affected subjects and
around the sacrum and heel for unaffected subjects.

SEM Scanner readings were lowest at the centre of the
sacral pressure ulcers and highest farther away from the cen-
tre (Table 1), a pattern also seen in heels with pressure ulcers
(Table 2). This V-shaped pattern (Figure 4) was not as appar-
ent at sacrum or heels of subjects unaffected by pressure ulcers
(54). This pattern of increasing SEM Scanner readings with
increasing distance from the centre of a pressure ulcer are simi-
lar to results observed by others (43,47,49) and demonstrate that
the SEM Scanner is useful for assessment of tissue viability and
wound status, providing data that is considered to be consis-
tent with a model of inflammation and tissue damage follow-
ing pressure-induced ischaemia, reperfusion, hypoxia and/or
deformation

Together, this research on the spatial distribution of tis-
sue damage and inflammatory activities suggest that (i) local
bioimpedance measurement is a useful tool in the detection of
pressure-induced tissue damage, and (ii) a single bioimpedance

334 © 2016 The Authors. International Wound Journal published by Medicalhelplines.com Inc and John Wiley & Sons Ltd.
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Table 1 Summary of SEM Scanner readings for sacrum with pressure-induced tissue damage

SEM Scanner placement

Centre Ring 1 Ring 2 Ring 3 Ring 4

Estimates

Mean (SE) 2-18 (0-09) 2-35 (0-07) 2-59 (0-07) 2-79 (0-07) 2-84 (0-07)

95% Cl (2-00, 2-35) (2-20, 2-49) (2-44,2-74) (2-64, 2-93) (2-69, 2-99)
Comparisons to centre*

Difference (SE) 0-17 (0-07) 0-41 (0-08) 0-61 (0-09) 0-66 (0-10)

95% ClI (0-03, 0-30) (0-24, 0-57) (0-42, 0-79) (0-46, 0-87)

Two-sided P-value 0-0133 <0-0001 <0-0001 <0-0001

Cl, confidence interval; SE, standard error; SEM, subepidermal moisture.

*Comparisons to centre, 95% Cls and multiplicity-adjusted P-values estimated using a linear repeated measures model with ring as fixed effect

and subject as random effect (SAS 9.2, SAS Institute, Cary, NC).

Table 2 Summary of SEM Scanner readings for heels with pressure-induced tissue damage

SEM Scanner placement

Centre Ring 1 Ring 2 Ring 3 Ring 4

Estimates

Mean (SE) 1-89 (0-09) 1.97 (0-08) 2-07 (0-08) 2-14 (0-08) 2-19 (0-08)

95% Cl (1-71, 2-07) (1-82, 2-13) (1-92, 2-23) (1-98, 2-29) (2-04, 2-35)
Comparisons to centre*

Difference (SE) 0-08 (0-05) 0-18 (0-06) 0-25 (0-07) 0-31 (0-09)

95% Cl (=0-02, 0-19) (0-06, 0-31) (0-10, 0-39) (0-14, 0-48)

Two-sided P-value 0-1166 0-0043 0-0011 0-0005

Cl, confidence interval; SE, standard error; SEM, subepidermal moisture.

*Comparisons to centre, 95% Cls and multiplicity-adjusted P-values estimated using a linear repeated measures model with ring as fixed effect

and subject as random effect (SAS 9.2, SAS Institute, Cary, NC).
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Figure 4 Subepidermal moisture (SEM) Scanner readings from the
sacral area in subjects with Stage | pressure ulcers or suspected deep
tissue injuries (n=63) show a V-shape pattern.

reading may not provide sufficient information for the detec-
tion of pressure-induced tissue damage. Furthermore, the SEM
Scanner, in combination with the traditional standard of visual
skin assessment, has demonstrated clinical utility by decreasing
hospital-acquired pressure ulcers to zero over a 45-day period in
an acute-care hospital (55) and decreasing pressure ulcer inci-
dence by 95% over a 6-month period in a community hospital
[personal communication from Kirsty Thurlby, Virgin Care].
This review of the literature suggests that the problem of early

© 2016 The Authors. International Wound Journal published by Medicalhelplines.com Inc and John Wiley & Sons Ltd.

detection of pressure ulcer development may be reduced to col-
lecting a spatial map of bioimpedance measurements using the
SEM Scanner at the anatomical areas that are of high risk for
pressure ulcer development.

Summary discussion

The majority of the published literature demonstrates the fol-
lowing:

e The pathophysiology of pressure ulcers involves
ischaemia, reperfusion injury, lymphatic dysfunc-
tion and cellular deformation. Resultant inflammation,
vascular changes and cell death contribute to changes in
electrical properties of the damaged tissue.

e The conceptual framework described in this literature
review enumerates the complex physiologic processes
which may occur as a result of pressure, sheer or friction
applied to the skin over time. As described by the 2014
NPUAP/EPUAP/PPPIA guidelines, when these stresses
exceed the tissue’s ability to resist, the damage thresh-
old has been reached and early pressure damage has
occurred. This occurs prior to seeing any visible signs of
damage. This paper’s authors intend to investigate this
model further in the coming years.

e Devices that can detect these physiologic processes pro-
vide object tests to support treatment decisions prior to
skin ulceration. The SEM Scanner, one such device, has
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demonstrated high inter-device and inter-operator relia-
bility at the sacrum and heel in a study of healthy volun-
teers.

e Localised tissue bioimpedance varies spatially at and
around pressure ulcers and can be used to detect
pressure-induced tissue damage.

e SEM Scanner readings can distinguish tissue affected by
Stage I pressure ulcers and suspected deep issue injuries
from tissue unaffected by pressure-induced tissue
damage.
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