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1 | INTRODUCTION

Amit Gefen

Abstract

The majority of pressure ulcers (PUs) including deep tissue injuries (DTIs) are pre-
ventable, and even reversible if detected in their early phase. One of the greatest
barriers in PU prevention is that clinicians traditionally depended on subjective and
qualitative techniques, particularly routine visual skin assessments that would only
document existing, macroscopic PUs/DTIs, rather than preventing them or
detecting them at their microscopic phase. At the early phase of cell damage, when
a forming PU is still microscopic, there is a local increase in extracellular fluid con-
tents within affected tissues, which is called sub-epidermal moisture (SEM). This
new understanding has led to an emerging technology, a SEM Scanner (BBI LLC,
Bruin Biometrics) that has been designed to effectively examine the health status
of tissues, by measuring local changes in the biophysical SEM marker. In the pre-
sent work, the SEM Scanner was tested under controlled laboratory conditions to
experimentally determine its sensitivity and precision in identifying small (I mL)
water content changes in phantoms of the human heel and skull/face, which simu-
lated common PU development scenarios. In both phantom configurations, the
locally increased water contents resulted in consistent, statistically significant ele-
vated SEM readings, which confirms that the SEM Scanner is able to detect fluid
content changes that are as small as 1 mL. In agreement with a simplified theoreti-
cal (mathematical) SEM model, which was also developed here, changes in water
contents had a consistent trend of effect on SEM delta values, which increased with

each 1 mL increment in intra-tissue-substitute water contents.
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average treatment costs exceeding 26.8-billion dollars annu-
ally in the United States alone.” ' Considering the above, the

Any form of serious pressure ulcers (PUs, also known as pres-
sure injuries), including a deep tissue injury (DTI), can
strongly impact the health status and quality of life of the
affected individual." Approximately 60 000 patients die each
year because of infections and complications from PUs.*™
These wounds also impose a heavy financial burden with
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current global consensus is that PU prevention (PUP) is where
most health care resources need to be invested in, particularly
because the majority of PUs are preventable and even revers-
ible if detected in their early phase of development.'''?

One of the greatest barriers in PUP is that clinicians tradi-

tionally depended on routine visual skin assessments (VSAs),
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which are an integral part of nearly all risk assessment and at-
risk patient management protocols."'*'* The subjective, qual-
itative, and intra-rater-variable VSAs'® are subject to failure
when used to detect category-1 PUs and suspected DTIs, espe-
cially in patients with dark skin colour or if the care provider
is relatively inexperienced.'>™'® Moreover, even at a best-case
scenario, VSAs will only successfully document the present
condition of an existing PU or tissue damage (as observed at
the skin surface), rather than preventing these. In addition to
VSAs, ultrasound (US) technology is gaining popularity in
PUP work, although mostly as a research technique at this
time. The application of US to PUP has focused mainly on
identifying structural changes in tissues, which are visible to
the radiologist as hypoechoic lesions or discontinuities in tis-
sue layers, and may point to macroscopic subdermal tissue
dalmage.ls’zo_25 However, US (much like VSAs) is unable to
detect damage while it is still microscopic and limited to small
groups of cells, at which time the damage could still be
completely reversible and repairable by the body systems.'>%°
Moreover, US has other disadvantages that are remarkably
similar to those of VSAs, namely, US requires expertise and
substantial experience in order to make a meaningful diagno-
sis, it is subjective (eg, two US experts may interpret the same
US scan differently), and is qualitative in nature.

Over the two recent decades, PU research has made
immense progress in understanding the aetiology of PUs and
the deep tissue damage spiral in particular.'*” There is a
new understanding that at the early phase of damage, when
the forming PU is still microscopic and limited to a small
number of cells (and is most likely reversible), there is a
mild, local increase in extracellular fluid contents within the
affected tissues because of the inflammatory process, which
is triggered by the death of the first cells.'>**>° This local
rise in tissue fluid contents is caused by the increased perme-
ability of the vascular walls near the cell death site, which
allows immune system cells to migrate from the blood circu-
lation to the forming damage site. The biophysical measure
of the aforementioned localised oedema is called sub-
epidermal moisture (SEM), which has been investigated in
many clinical studies that altogether established the associa-
tion of SEM changes with the early-stage, not necessarily
visible PUs,'%193173

This scientific progress has led to an emerging technol-
ogy that has been designed to effectively examine the health
status of tissues under the skin surface in at-risk individuals
by monitoring and detecting local SEM changes. The medi-
cal device, called the SEM Scanner (BBI LLC, Bruin Bio-
metrics, Los Angeles, California), is a hand-held device that
has been approved by the US Food & Drug Administration
(FDA) for examination of the sacral and heel areas as an
adjunct to clinical assessment. The SEM Scanner has been
evaluated and proved to be clinically effective in both

Key Messages

e we describe laboratory tests for experimentally
determining the sensitivity and precision of a sub-
epidermal moisture (SEM) Scanner in identifying
small (1 mL) water content changes in human
phantoms of the heel and skull/face, which simu-
lated common pressure ulcer development
scenarios

e in both phantom configurations, the locally
increased water contents resulted in consistent,
statistically significant elevated device readings,
which confirm that the SEM Scanner is able to
detect fluid content changes of 1 mL

e accordingly, this work demonstrates that the SEM
Scanner is a sensitive and robust device for exam-
ination of invisible damage signs caused by
sustained tissue deformations

prevention and early-detection of PUs and DTIs through
measurements of spatial and temporal variations of SEM
readings at an anatomical site,'>!8720-2932:33:35-39 Nytiple
studies have specifically demonstrated that the SEM Scanner
is able to detect DTIs before they are visible to the unaided
eye, and that abnormal SEM measurements precede abnor-
mal VSA outcomes by up to 10 days.'>***3%7 The SEM
Scanner has also been compared with US in a clinical study,
where SEM readings were abnormal 3 days before the
appearance of a hypoechoic lesion indicating a forming DTI
in the US examination.'”

In the present work, the SEM Scanner was used for the
first time in a laboratory study to experimentally detect water
content changes in two artificial substitutes (phantoms) of a
human anatomy: (a) The posterior heel as an example for a
PU forming because of the sustained bodyweight forces
(weight of the foot) and associated heel tissue deformations,
and (b) The left cheek and the chin as examples for a PU for-
ming because of sustained tissue deformations caused by a
medical device, that is, a continuous positive airway pres-
sure (CPAP) mask in this case. It is noteworthy that in the
context of the heel phantom studies, the posterior aspect of
the heel is the second most common anatomical site for PU
development associated with chronic supine bedrest.**™*’
Likewise, in the context of medical device-related PUs,
facial tissues are commonly injured by CPAP masks.**¢

Using the above laboratory phantoms, our goal was to
experimentally determine whether there is a statistically sig-
nificant difference between SEM readings associated with
certain water contents at the affected tissue site (also termed
the “target site”), vs different water contents at another, adja-
cent “reference site.” Hence, by means of the phantoms
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described above, we evaluated the sensitivity and precision
of the SEM Scanner and have characterised its mode of
operation in a well-controlled laboratory setting.

1.1 | Theoretical background of
biocapacitance measurements

The SEM Scanner is a hand-held device that measures the
biocapacitance of tissues at a depth of several millimetres
under the skin. Unlike the various medical devices, which
measure the bioimpedance of tissues by applying a fixed fre-
quency signal and then measuring the voltage difference at
the receiving electrode, the SEM Scanner does not excite the
alternating current signal through the tissue itself. Accord-
ingly, SEM Scanner measurements do not depend on the
resistivity and conductivity of the examined tissues. Briefly,
when pressed against an area on the skin with adequate pres-
sure, the SEM Scanner measures the sub-epidermal bio-
capacitance by applying a low-frequency signal through the
external capacitor; the signal response is affected only by the
dielectric characteristics and the amount of fluids in the
examined tissue, which is then compared with the charge of
the internal reference capacitor. The measure of bio-
capacitance is then translated into a calibrated SEM (dimen-
sionless) value. The penetration depth of measurements
depends on the size of the probe of the device.

The simplified SEM biocapacitance model is shown in
Figure 1A. It consists of two parallel conducting plates
that are separated by a distance d. In this simplified
model, the SEM electrodes measure the biocapacitance of
soft tissues with a total thickness d that contain a mass
of fluid ¢
examined tissues. The biocapacitance C (in Farads) is
defined by:

representing the SEM contained in the

Q

C= W (1)
where Q is the electrical charge and AV is the potential dif-
ference between the plates of the electrode. To find the bio-
capacitance of the tissues C, we first calculate the potential
difference between the conductive plates AV. The electric
field E; between the plates in this simplified configuration
(in Volts/m) is given by:

Ed=@=i (2)

. . Ke . E0KA . .
where E, is the electric field without a dielectric material, &,
is the absolute permittivity in a vacuum and «, is a dielectric
constant of water.
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FIGURE 1
biocapacitance model consisting of two parallel conducting plates that

A, The simplified sub-epidermal moisture (SEM)

are separated by a distance d. The SEM electrodes measure the
biocapacitance of soft tissues with simplified total thickness d that
contain a fraction of fluid; the fluid mass is represented as a dielectric
material with thickness ¢ that is contained between the plates. B, The
biocapacitance values were calculated for increasing fluid contents

t within the tissue. The area of the conductive plates was taken as

7 cm? and the examined total soft tissue thickness d was 0.7 cm.

Q = the electrical charge on the plates, A = area of the conducting
plates, d = the distance between the plates (total examined soft tissue
thickness), t = the fluid contents within the tissue (the fluid fraction is
t/d), and k, = the dielectric constant of water

0 __Ql, (-1
_eokgAt_ eoA{d t<1 K)] (3)

The potential difference AV can now be formulated by
integrating the local electric field E along a straight line from
the top to the bottom plate:

Substituting the above result for AV (Equation 3) in
Equation (1) results:

C= A (4)
d—1(1-¢

The formulation in Equation (4) demonstrates that the
biocapacitance C depends only on the geometry of the plates
(electrodes) and fluid contents ¢ The biocapacitance
increases linearly with the area of the plates because for a
given potential difference, a larger plate can hold more elec-
trical charge. Furthermore, the biocapacitance is inversely
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proportional to the thickness of the examined soft tissue.
Hence, this theoretical modelling (which is a first-order
approximation of the physical principles of operation of the
SEM Scanner) predicts that SEM measurements would
result in lower biocapacitance readings at thicker soft tissue
regions (where d is larger) for the same mass of contained
fluids represented by z. In order to visualise the predictions
of this simplified model, biocapacitance values were calcu-
lated for an increasing fluid contents in tissues that are
0.7 cm thick, which are examined by conductive plates
(electrodes) with a size of 7 cm? (Figure 1B). It is shown
that the biocapacitance measure C is highly non-linear, rises
rapidly after exceeding the critical fluid content level (the
inflection point or “knee” in the curve) and approaches the
biocapacitance of water as fluids  fill the space d:

EoK 6A
d

C— =x,Co (5)

where the constant C, represents the capacitance for vacuum
between the plates.

2 | METHODS

In the clinical practice of SEM Scanner-aided PUP, the SEM
delta (A) is a biophysical marker associated with localised
oedema (ie, elevated tissue fluid contents), which forms
early in the damage spiral, with the onset of the inflamma-
tory phase. The delta is the difference between two SEM
readings, one taken at the anatomical site that is at the
highest risk or where there is a suspected evolving injury
and the other is from a presumably unaffected site in the
vicinity. The greater the SEM delta is, the higher is the risk
of developing a visible PU at the examined anatomical
location.

2.1 | Experimental protocol for studying the
posterior heel

First, we have three-dimensionally (3D) printed a phantom
of the skeleton of the left heel, which was created from seg-
mentation of the calcaneus, talus, and navicular bones based
on the Visible Human (male) database (National Library of
Medicine, United States, https://www.nlm.nih.gov/research/
visible/visible_human.html) (Figure 2A, left frame). For a
soft tissue substitute, we used 0.7 cm-thick baby diaper cuts
(Life Babies, Superpharm Co., Israel), which we have
attached to the posterior aspect of the calcaneus. For this
purpose, the diapers were cut to square-shape, 4.5 cm-wide
samples. The aforementioned thickness of these diaper sam-
ples is representative of soft tissue thickness at the posterior

heel of healthy subjects, as documented in our previous
magnetic resonance imaging work.>’

Next, two diaper samples were attached to the calcaneus
bone of the heel model: A “reference” sample was placed at
the lateral left aspect of the calcaneus, and a “test” sample
was attached at the posterior calcaneal aspect, which is the
most common site for heel ulcer (HU) development
(Figure 2A, right frame). Next, we injected known water
contents to the samples. The reference sample was repeat-
edly loaded with 1 mL of water, whereas the test sample
was loaded with increasingly varying water contents of 2, 3,
and 4 mL to simulate a potential development of localised
oedema at the posterior heel aspect as in early HU forma-
tion. We then used a SEM Scanner to determine the delta of
SEM readings between the test and reference locations, and
readings were always taken from the reference location first
(Figure 2B). The delta of SEM readings was calculated per
each experimental condition, that is, for water contents of
2, 3, and 4 mL at the test location.

2.2 | Experimental protocol for studying the
skull/face phantom

Similar to the above heel phantom work, the left cheek and
the chin have been studied using a skull phantom made of
rigid plastic (Figure 3A, left frame), onto which test and ref-
erence diaper specimens have been attached to represent soft
tissues. For this purpose, 0.7 cm thick baby diapers were cut
to 5.5 cm wide square-shape samples, which were then
attached together in pairs (to make the soft tissue substitutes
1.4 cm thick) (Figure 3A, right frame) and mounted at the
left cheek and the chin locations of the skull model. The
aforementioned total thickness of the diaper sample pairs is
representative of facial soft tissue thickness at the cheeks
and chin of healthy subjects, as measured in an anatomically
realistic 3D adult head model built using the visible human
(male) project image database®® in a previous research study
in our group.>® Next, two sample pairs were attached to the
left cheek of the skull/face phantom model. A test sample
pair was mounted at the anterior aspect of the maxilla bone
at the left cheek, which is a common facial site for CPAP-
use-related PUs. The respective reference sample pair was
placed at the lateral left aspect of the zygomatic bone
(Figure 3B). Similarly, two sample pairs were attached at the
chin. A test sample pair was attached to the anterior jawbone
and the corresponding reference sample pair was placed at
the lateral left aspect of the mandible (Figure 3C). In each
sample pair, only the top layer was wetted with known water
contents. The reference sample has been repeatedly loaded
with 1 mL of water, whereas the test sample was loaded with
increasingly varying water contents of 2-4 mL (at 1 mL
intervals). The SEM measurement protocol for determining
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FIGURE 2  The heel phantom

model: A, A three-dimensionally

(3D) printed heel skeleton model (left
frame). For the heel sub-epidermal moisture
(SEM) measurements, a reference diaper
sample was placed at the lateral left aspect
of the calcaneus and a test sample was
attached at the posterior calcaneal aspect
(right frame). B, Acquisition of SEM
readings at the reference (left frame) and test
(right frame) locations. T = test and

R = reference samples

the delta of SEM readings between the test and reference
locations in this skull/face phantom was the same as for the
heel phantom model.

2.3 | Data collection and statistical analysis

The following data collection procedure has been conducted
separately for each phantom configuration (heel, skull). We
have repeated each delta measurement 10 times, per water
content level at the test location (2, 3, and 4 mL) and each
SEM reading was taken 5 times 1 minute and then 2 minutes
after wetting the samples. The delta values were calculated
separately for the 1 and 2 minutes time points. Because mea-
surements were indistinguishable between these two time
points, they were pooled for each water content level. We
calculated descriptive statistics (means and SDs) for the
SEM deltas, per each water content at the test location.

calcaneus

Finally, for each phantom configuration, we conducted a
one-way analysis of variance for the factor of water contents
in the test sample, to determine whether the delta differed
significantly across the different water content conditions at
the test site. We considered P values of less than .05 statisti-
cally significant.

3 | RESULTS

Mean delta values and respective SDs for the two phantom
configurations, the heel and skull/face, are provided in
Table 1. For both phantom configurations, the SEM Scanner
was shown to be able to be sensitive enough to detect the
variation in water contents, and the increase in volume of
water has demonstrated a corresponding consistent trend of
increasing deltas with each increase in the water content
(Table 1). For the heel phantom, increasing the test—
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reference difference in water contents by 2 and 3 mL
resulted in a statistically significant increase in SEM read-
ings by 100% and 167% with respect to the 1 mL difference
case (Table 1 and Figure 4A, P < .00001 for both condi-
tions). Likewise, for the skull phantom, increasing the test—

reference difference in water contents by 2 and 3 mL resulted
in a statistically significant increase in SEM readings, by 50%
and 100% with respect to the 1 mL difference case (Table 1

TABLE 1
water content differences between a test and reference site for the heel

Sub-epidermal moisture delta readings for increasing

and skull/face phantoms

Water content

difference between test A for the A for

and reference site (mL.) A for heel left cheek  the chin
2-1=1 03+0.07 02+0.06 0.2=+0.09
3-1=2 06+0.11 03x0.06 0.3=x0.05
4-1=3 08+0.18 04+0.09 04+0.07

FIGURE 3  The skull/face
phantom model: A, A front view of the
skull (left frame) with a diaper sample
pair as a soft tissue substitute (right
frame). B, For the left cheek sub-
epidermal moisture (SEM)
measurements, a test diaper sample pair
was attached at the anterior aspect of the
maxilla bone and a reference diaper
sample pair was placed at the lateral left
aspect of the zygomatic bone. C, For the
chin SEM measurements, a test sample
pair was attached to the anterior
jawbone and a reference sample pair
was placed at the lateral left aspect of
the mandible. T = test and

R = reference samples

and Figure 4B and C, P <.0003 for both conditions).
Accordingly, we demonstrated that as the theory of the sim-
plified SEM biocapacitance model (Figure 1A) predicts, the
biocapacitance measure C and the associated SEM values rise
for increasing fluid contents within the affected (simulated)
tissue sites. Furthermore, our present empirical findings also
confirmed the first-order approximation of the physical prin-
ciples of the SEM model, which predicts lower SEM values
at thicker soft tissues regions (where d is greater) for the same
mass of contained fluids () (Equation (4)).

4 | DISCUSSION

In the present work, we aimed to evaluate the sensitivity and
precision of the SEM Scanner in detecting different water
contents in target tissue sites vs nearby reference sites (SEM
delta) at simulated anatomical locations susceptible to PUs.
For this purpose, we developed and used two laboratory
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FIGURE 4 Means and SDs of sub-epidermal moisture (SEM)
delta values, calculated as a difference between SEM readings at the
reference sample (loaded with 1 mL water) and test sample (loaded
with 2, 3 or 4 mL water) for the heel phantom (A) and for the
skull/face phantom at the left cheek (B) and the chin (C). The
statistically significant differences marked on the bar graphs were

*P < .003 and **P < .00001 for the heel phantom (A), and *P < .02
and **P < .0003 for the skull/face phantom (B, C)
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phantom models of a human anatomy: (a) the posterior heel
as an example for PUs forming because of sustained
bodyweight forces, and (b) the left cheek and the chin as
examples for facial anatomical sites at risk for PU develop-
ment because of sustained tissue deformations caused by a
CPAP ventilation mask. Our goal was to test whether the
SEM Scanner is sensitive and able to detect small variations
in water contents at the affected vs reference tissue sites in
our simulated micro-oedema cases.

In both phantom configurations, we demonstrated
experimentally that locally increased water contents at the
aforementioned simulated body sites resulted in elevated
SEM delta readings, which confirms that the SEM Scanner
is able to detect fluid content changes that are as small as
1 mL. This establishes validity and sensitivity of the SEM
Scanner under well-controlled laboratory conditions, which
is reported here for the first time in the literature. Specifi-
cally, we found statistically significant differences in SEM
delta readings acquired for water content differences of
1, 2, or 3 mL between the affected and (adjacent) refer-
ence sites across all anatomical locations in both types of
phantoms (Figure 4). Accordingly, we demonstrate here
that the biocapacitance measure C and the associated SEM
readings rise for increasing fluid contents within the
affected (simulated) tissue sites, as theory (Equation 4) has
predicted. Bearing in mind that a forming PU involves
build-up of oedema because of immune system response
to cell death, our present findings are consistent with pre-
viously published clinical research that repeatedly identi-
fied strong correlations between elevated SEM delta
readings and the risk of developing visible PUs (eg, at the
heels or sacrum),!3:20:26:29.3233.35-39

Furthermore, our present empirical findings also con-
firmed the
(Figure 1A), demonstrating lower SEM readings at thicker
soft tissues regions (where d is greater) for the same mass of

theoretical SEM  biocapacitance model

contained fluids () (Equation (4)). In the current study, we
used 0.7 cm-thick diaper cuts as a soft tissue substitute in
the heel phantom (d),) and 1.4 cm-thick soft tissue substitute
in the skull/face model (dy). Considering that the thickness
of the soft tissue substitute in the heel phantom was half that
of the skull phantom (d), = d/2), and that the reference and
test samples have been repeatedly loaded with the same
mass of fluid (f) in both phantom types, it can be expected
from theory that the SEM measurements would result in
greater SEM readings in the heel configuration
(Equation (4)). Indeed, our data show that the SEM readings
collected from the heel phantom were 1.5-fold to 2-fold
greater than for the skull phantom (for corresponding fluid
masses). This further confirms our theoretical predictions
that the biocapacitance readings should be approximately
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inversely proportional to the thickness of soft tissues at the
examined site (Equation (4)).

Overall, we found that the SEM Scanner is sensitive
enough to detect slight (1 mL) changes in sub-epidermal
water contents, which confirms its role in the early detection
of PUs and explains its clinical efficacy that has been dem-
onstrated in multiple different clinical trials,'>20-29-32:33.35-39
The SEM Scanner is already an established clinical technol-
ogy for early detection of PUs, and as stated above, it has
recently been approved by FDA for clinical use in the
United States. Nevertheless, it is still necessary to under-
stand its underlying physical principles and sensitivity
parameters for achieving additional progress in technology
development and protocols of implementation. Unlike US
and VSA, which focus on macroscopic pathoanatomical
changes, the SEM Scanner is able to detect the micro-
changes in fluid contents, which are associated with the ear-
liest onset of cell damage, by monitoring the tissue bio-
capacitance.”®**%%°! The slight changes in water contents
that are shown here to be detectable by the SEM Scanner
may precede the appearance of a hypoechoic lesion in an
US examination'” and the visible VSA findings at the skin
surface several days afterward.'>>>%3*3% At the earliest
phase of PU formation, when there is only microscopic cell
and tissue damage, typically under intact skin, there is a
small increase in extracellular fluid contents because of the
increased capillary permeability, which enables infiltration
of the immune system cells to the damaged area,'>20-29:30
By monitoring these aforementioned microscopic water con-
tent changes that cannot be detected visually or timely
by other modalities, the SEM Scanner provides caregivers
the ability to determine a risk or early-detect a forming PU
and then intervene timely to stop and reverse the micro-
damage.

The present work clearly shows that the SEM Scanner is
a sensitive tool for examination of invisible signs of physio-
logical damage caused by sustained tissue deformations.
Nevertheless, as always, there are inherent limitations related
to the experimental work. For example, we did not use heat-
generating phantoms to mimic body or tissue temperature,
or simulated sweating, muscle contractions, and episodes of
skin wetness or any other physiological tissue behaviour not
directly related to the sub-epidermal water contents (but with
a potential influence on water contents in tissues). With that
being said, perhaps the most important advantage of physi-
cal phantoms is their ability to isolate a specific phenomenon
of interest and eliminate any other interference or biasing
factors that contribute to inter-subjects and intra-subject bio-
logical variability.

Despite the evident clinical benefit of the SEM Scanner,
modes of action of the device needed explanation through
laboratory bioengineering work, and the present study

served that purpose. In conclusion, the SEM Scanner was
shown to be sensitive enough to detect as small as 1 mL var-
iations in water contents within simulated tissues in physical
phantoms representing human anatomy and clinical scenar-
ios. In agreement with the theory of biocapacitance, which
has been formulated here, changes in water contents had a
consistent trend of effect on SEM delta measurements,
which increased with each 1 mL increment in intra-tissue-
substitute water contents. Accordingly, this work demon-
strates for the first time that the SEM Scanner is sensitive
and robust under controlled laboratory conditions simulating
clinical use, which complements and supports the body of
published clinical evidence,'320-26:29-32:33.35-39 e SEM
Scanner is a technological breakthrough in PUP, which is
able to detect physiologically and clinically relevant infor-
mation concerning tissue health status in at-risk individuals.
As an adjunct to standard care, the SEM Scanner has a piv-
otal and pioneering role in PUP.
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