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Electrical Characterization of Basal Cell
Carcinoma Using a Handheld Electrical
Impedance Dermography Device

Xuesong Luo1, Ye Zhou1, Tristan Smart2, Douglas Grossman2,3 and Benjamin Sanchez1
Sensitive, objective, and easily applied methods for evaluating skin lesions are needed to improve diagnostic
accuracy. In this study, we evaluated whether a developed noninvasive electrical impedance dermography
device URSKIN could serve this purpose. In this pilot study, 17 subjects with subsequently confirmed basal cell
carcinoma underwent four-electrode electrical impedance dermography measurements to assess the electrical
properties of basal cell carcinoma and adjacent normal skin. A linear mixed-effects model with random
intercept and slope terms was used for the analysis of multifrequency values in longitudinal and transverse
directions. A significant difference in the intercept of frequency trajectories was observed for the longitudinal
conductivity of 0.13 siemens/m (P < 0.001, 95% confidence interval ¼ 0.10e0.16), transverse conductivity of 0.06
siemens/m (P < 0.001, 95% confidence interval ¼ 0.05e0.07), longitudinal relative permittivity (dimensionless) of
203,742 (P < 0.001, 95% confidence interval ¼ 180,292e227,191), and transverse relative permittivity (dimen-
sionless) of 86,894 (P < 0.001, 95% confidence interval ¼ 81,549 e 92,238). Thus, our device detected significant
electrical differences between basal cell carcinoma and adjacent normal skin. Given these preliminary per-
formance metrics and the ease of use, this technology merits further study to establish its value in facilitating
the clinical diagnosis of skin cancers.
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INTRODUCTION
Although many skin cancers are easily recognized by the
naked eye, they can be difficult to diagnose at early stages,
and therefore, there is a need and opportunity to develop
technologies that can facilitate clinical diagnosis (March
et al., 2015). Nonvisual electrical impedance dermography
(EID), a term coined by the authors to refer to the specific
application of impedance techniques for skin cancer assess-
ment, is a technology based on the detection of volume
conduction differences between benign and malignant skin
tissue (Braun et al., 2017; Rocha et al., 2017). These volume
conduction properties (VCPs) reflect (i) how strongly skin
resists or conducts alternating electrical current and (ii) its
capacity to store electrical (positive and negative) ions
charged inside and outside the cells. VCPs are uniquely
determined by two physical electrical quantities:
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conductivity in the International System of units of siemens/m
and relative permittivity (this is a dimensionless quantity
because it is defined with respect to the permittivity of vac-
uum) (Foster and Schwan, 1989). VCPs are characteristic
physical properties (in the same way as the density, color,
hardness, melting, or boiling points) and represent an
objective measure that describes the electrical status of the
skin on a universally standard and absolute scale (Sanchez
et al., 2021). Alterations in the internal composition and
structure of cancerous skin tissue will result in an imbalance
of the ionic content and cellular integrity, which will affect its
VCPs.

To detect pathological changes inducing alterations in
VCPs for skin diagnostic purposes, EID typically applies a
low-intensity electrical alternating current to the tissue in a
given area using two electrodes. As current flows through
tissue, it generates a voltage signal that is then measured
using the same (or different) electrodes. The voltage-to-
current relationship determines the apparent electrical
impedance of the skin (Stephens, 1963), a quantity measured
that arises from the interaction of the skin conductivity and
relative permittivity properties as well as their dependence
with the frequency of electrical current and direction of
application (Yamamoto and Yamamoto, 1976). Then, VCPs of
skin can be inferred from impedance values using a bio-
physical model that describes the measurement configuration
and the propagation of the electrical current within the skin.

Unlike the VCPs that are intrinsic characteristics of the
skin, electrical impedance does not provide standardized
values because they are also dependent on the electrode
configuration (Geddes, 1996). That is, simply by modifying
the distance between the current and/or the voltage
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Table 1. Subject Demographics and Clinicopathologic Features of Lesions

Subject # Age Sex (M, F) Body Site Lesion Size (mm) Diagnosis
BCC

Subtype

1 63 M Shoulder 5 BCC Superficial

2 73 M Shoulder 5 BCC Superficial

3 91 F Arm 10 BCC Superficial, focally Infiltrative

4 36 F Forearm 5 BCC Superficial, micronodular

5 74 M Clavicle 6 BCC Superficial, nodular

6 76 F Forearm 6 BCC Superficial

7 59 M Back 5 BCC Superficial, nodular

8 52 M Back 5 BCC Superficial

9 44 M Scalp 7 BCC Superficial, nodular

10 54 M Back 7 BCC Superficial

11 58 M Shoulder 7 BCC Superficial

12 (excluded) 49 F Hand 5 Telangiectasia NA

13 55 M Back 11 BCC Superficial

14 73 F Arm 6 BCC Superficial

15 60 M Neck 7 BCC Superficial

16 48 F Back 9 BCC Superficial

17 35 F Shoulder 6 BCC Micronodular, infiltrative

18 61 F Shin 6 BCC Superficial

Abbreviations: BCC, basal cell carcinoma; F, female; M, male; NA, not applicable.
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electrodes, the impedance values will be different even if the
skin is exactly the same. Furthermore, depending on the
number of electrodes used to measure the skin, the imped-
ance values will contain as well the contribution of the skin‒
electrode polarization impedance (McAdams et al., 1995;
Schwan, 1992) as it is the case for the Nevisense two- and
three-electrode device (SciBase, Stockholm, Sweden). The
skin‒electrode polarization impedance arises from the
interface between the electrode (a metallic conductor where
the current charge carriers are electrons) and the skin (where
the electrical current conduction consists of the transit of
ions, i.e., atoms of positive or negative charge). Importantly,
the skin‒electrode polarization impedance is a poorly
controllable experimental factor where small alterations in
skin‒electrode contact area, skin humidity, or temperature
can give large impedance variations between measurements,
especially at low frequency (Alonso et al., 2020). Although
research has confirmed the diagnostic value of this approach
(Glickman et al., 2003; Malvehy et al., 2014), it still remains
unknown to what extent impedance differences detected in
those studies were solely generated by changes in the un-
derlying VCPs in cancerous skin tissues and not a secondary
interface effect between skin and the electrodes.

In this study, we performed a pilot study testing a prototype
of a four-electrode EID device named URSKIN developed at
the University of Utah (Salt Lake City, UT) for measuring in
situ skin VCPs as well as their directionality. We determined
the intrasession reproducibility of the technique and assessed
skin electrical differences between basal cell carcinoma
(BCC) and adjacent normal skin.

RESULTS
Subject recruitment and lesion characteristics

A total of 18 subjects with skin lesions clinically suspicious
for BCC were recruited for the study. Subject demographics
and clinicopathologic characteristics of the lesions are
JID Innovations (2022), Volume 2
detailed in Table 1. Given the intended use of the device for
early detection of skin cancers, we targeted enrollment to
early-stage lesions that were primarily macular and avoided
larger palpable or ulcerated lesions. All lesions were assessed
by a dermatologist (DG). After EID measurements using
URSKIN (Figure 1), all lesions were biopsied, and 17 of 18
were confirmed to be BCC. A total of 11 lesions exclusively
revealed a superficial histologic pattern; 5 lesions revealed a
combination of superficial, nodular, micronodular, and
focally infiltrative patterns; and 1 lesion revealed a combi-
nation of micronodular and infiltrative patterns. One lesion
(subject 12) revealed only telangiectasia and was excluded
from the analyses.

Device usability and reproducibility

A minimum of three impedance measurements at six different
frequencies of electrical current ranging from 8 to 256 kHz
was taken from lesional and adjacent clinically normal skin.
The time required for data collection was <5 minutes per
subject. Test‒retest reproducibility data are summarized in
Table 2. For both the lesional and normal skin measurements,
intraclass correlation coefficient (ICC) conductivity values
were lower at 8 and 16 kHz with mean values that ranged
from 0.245 to 0.63. Comparatively, relative permittivity ICC
values showed better reproducibility at 16 kHz with mean
estimates from 0.673 to 0.822, where an ICC value of 1
represents a perfectly reproducible test. We found the most
reproducible frequency range with the highest ICC to be 128
kHz, with mean estimates ranging from 0.61 to 0.913 except
for longitudinal relative permittivity that was 32 kHz with
ICC values of 0.814 and 0.883 for lesional and normal skin,
respectively.

Electrical differences between BCC and normal skin

Multifrequency VCPs data, including subject-repeated mea-
surements, were analyzed and modeled with a mixed-effect
linear model with random intercept and slope for BCC and
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Figure 1. Handheld EID device tested in this study. (a) Use of example in the clinic. (b) The reduced dimensions and portability of URSKIN allow the operator to

hold the device with one hand, whereas the other hand controls the device with a smartphone (please see the Supplementary Materials and Methods for

additional details). (c) The electrode spacing used in this study constrains the minimum lesion size to 5 mm. EID, electrical impedance dermography.
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normal skin, and the data are shown in Figures 2 and 3.
Modeling a random slope gave lower Akaike scores than a
random intercept model only both for conductivity and
relative permittivity in longitudinal and transverse directions.
We intentionally did not model the interaction between
group and frequency because there is no physiological
rationale supporting this dependence. For this, we included
the slope in our linear-effect model, which models the
Maxwell‒Wagner frequency‒dependent relaxation due to
cellular membrane permeability in the frequency range
measured (Schwan, 1984). As expected from the Maxwell‒
Wagner interfacial polarization mechanism in biological tis-
sues, the slopes of both BCC and normal skin conductivity
curves increase with frequency, whereas the frequency
dependence of relative permittivity curves is opposite.
Modeling results, summarized in Table 3, reveal significant
intercept differences (P < 0.001) between BCC and normal
skin. These intercept differences are physiologically inter-
pretable because they represent the VCPs of skin extrapolated
at 0 Hz where the electric current flows only through the
extracellular medium owing to the capacitive behavior of
cellular membranes. These results suggest that the intercept is
Table 2. Summary of Test Versus Retest Reproducibility fo
Values

Longitudinal Conductivity Transverse C

Frequency (kHz) Estimates CI (95%) Estimates

8 BCC 0.334 0.034e0.65 0.445 0.14

Normal 0.245 e0.053 to 0.586 0.3 0.01

16 BCC 0.384 0.079e0.686 0.63 0.35

Normal 0.258 e0.059 to 0.611 0.478 0.17

32 BCC 0.545 0.234e0.801 0.0569

Normal 0.247 e0.038 to 0.589 0.709 0.46

64 BCC 0.775 0.562e0.909 0.776 0.56

Normal 0.58 0.272e0.821 0.62 0.32

128 BCC 0.715 0.122e0.715 0.832 0.66

Normal 0.843 0.683e0.936 0.61 0.32

256 BCC 0.535 0.238e0.787 0.822 0.63

Normal 0.29 e0.006 to 0.624 0.523 0.21

Abbreviations: BCC, basal cell carcinoma; CI, confidence interval.

Estimates of intraclass correlation coefficients and 95% Cis are shown.
a sensitive model parameter to detect extracellular compo-
sitional and structural differences in BCC and adjacent non-
lesional skin tissue.

DISCUSSION
The goal of this study was to evaluate the feasibility of our
technology to measure the VCPs of BCC, the most common
form of skin cancer. Thus, we focused our initial efforts on
determining the reproducibility of the technique in a clinical
setting and the modeling differences between BCC and
normal skin. The URSKIN device yielded highly reproducible
measurements that revealed significant electrical differences
between BCC and normal skin. In addition, we found our
device easy to use, and data collection was quick and
painless for the subjects.

To assess the reproducibility, we performed repeated
measurements with our electrode array placed over the skin
lesion on the basis of visual inspection. This somewhat
imprecise approach to electrode placement may be offset to
some extent by the fact that the array provides electrodes that
are entirely fixed in position relative to one another, thus
reducing intra-array differences in electrode spacing or
r Multifrequency Conductivity and Relative Permittivity

onductivity
Longitudinal Relative

Permittivity
Transverse Relative

Permittivity

CI (95%) Estimates CI (95%) Estimates CI (95%)

6e0.72 0.379 0.087e0.673 0.548 0.227e0.76

1e0.622 0.595 0.308e0.816 0.494 0.203e0.755

2e0.835 0.731 0.502e0.885 0.739 0.435e0.889

3e0.753 0.673 0.405e0.862 0.822 0.64e0.93

e0.23 to 0.457 0.814 0.615e0.9 0.645 0.257e0.858

2e0.878 0.883 0.745e0.955 0.869 0.726e0.949

3e0.91 0.713 0.467e0.88 0.481 0.107e0.742

3e0.841 0.275 e0.028 to 0.625 0.704 0.432e0.882

7e0.931 0.00571 e0.236 to 0.347 0.728 0.44e0.88

8e0.824 0.449 0.147e0.729 0.913 0.816e0.966

1e0.93 0.225 e0.072 to 0.579 0.656 0.264e0.861

3e0.782 0.111 e0.18 to 0.491 0.605 0.317e0.826
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orientation. Thus, the reproducibility of the electrode place-
ment could be further improved by marking the skin with a
marker or a pinpoint tattoo to assist in accurate placement
during repeated measurements. Other potential sources of
error affecting the reproducibility of the technique include
the variability in the amount of saline used to moisten the
skin before the measurements, the time to measurement after
applying saline, as well as the pressure applied to hold the
electrode in place over the skin. Despite these potential
confounding variables, the test‒retest reproducibility was
high at intermediate frequencies, suggesting that these fre-
quencies could be potentially used to obtain reliable BCC
measurements.

We used a mixed-effects linear model with random inter-
cept and slope to understand lesional and normal skin con-
ductivity and relative permittivity frequency‒response
trajectories. The use of multifrequency data in our modeling
approach is based on the bioimpedance principle that has
long recognized that single frequency data offer limited
insight into tissue conditions (Grimnes and Martinsen, 2014).
Our modeled results indicate the ability to detect skin elec-
trical changes associated with BCC versus with adjacent
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normal skin. Histological alterations within developing BCC,
including scaling, telangiectasia, fibroplasia, and other
remodeling changes at the dermaleepidermal junction and
in the dermis, will likely impact the flow of electrical current
through the lesion, supporting the observed differences in
electrical conductivity and relative permittivity intercept
values. Additional subject-specific factors that will likely
affect our data that were not modeled in this study include
age, sex, skin hydration status, the extent of previous sun
exposure and solar elastosis observed histologically, body
site, skin temperature, and Fitzpatrick skin type and ethnicity.
We suspect that improvements will likely be achieved by
accounting for these variables in our modeling approach,
which ultimately could impact the accuracy of diagnosis.

In previous impedance studies on BCC (Beetner et al.,
2003; Dua et al., 2004), electrical impedance readings
were arbitrarily normalized by the calculation of a ratio be-
tween different frequencies to minimize skin‒electrode
impedance polarization artifacts and the associated biolog-
ical variations, including body site, age, and gender (Aberg
et al., 2005, 2004). Although this approach has shown clin-
ical value for disease classification purposes, it has an
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important caveat: disentangling the underlying physiological
source(s) from ratiometric impedance values represents a
technical complexity yet to overcome. For example,
Birgersson et al. (2013) attempted to remove skin‒electrode
impedance polarization artifacts affecting SciBase II, but
limitations associated with the approach resulted in large (up
to 75%) skin VCP errors reported by the authors. As part of
our impedance research efforts, we built a four-electrode EID
device robust to skin‒electrode polarization errors and thus
capable of measuring accurately the VCPs of tissues and
tested it in measurements on the tongue (Luo et al., 2021).
The associated cost to obtain this information is an increase
in measurement complexity because it required at least 12
electrodes to measure in at least three different directions (3
directions � 4 electrodes/direction) (Luo and Sanchez, 2021).
In this study, we made changes to our system specifically for
skin measurements, including building a 16-electrode array,
in total, 16 electrodes to measure in four different directions
to have redundant data (4 directions � 4 electrodes/direc-
tion). Despite the increased complexity, the process of
obtaining the VCPs of the skin with URSKIN is fully auto-
mated, is transparent to the operator, and required <1 minute
to complete one skin measurement.

Although URSKIN shows promise to improve cancer
screening efficiency, further research is needed to assess its
sensitivity and specificity for BCC diagnosis. The device is
also limited in the number of frequencies and frequency
range that it can measure; it may be possible to improve the
sensitivity to detect alterations by increasing the number of
frequencies and the frequency range measured as well as
using an array of silicon nanoneedles or microneedles for
penetrating the stratum corneum layer. However, these
electrodes are not easy or cheap to manufacture and typically
require access to a specialized silicon manufacturing facility.
The design of the device must also balance minimizing
invasiveness and maximizing reliability with durability and
capability to completely penetrate the stratum corneum.
Comparatively, widely available printed circuit
manufacturing processes used in this study provide a cost-
efficient alternative, making it relatively easy to make
changes with a short lead time.

Additional computer simulations were performed to
quantify the depth of skin measured with URSKIN; this in-
formation cannot be obtained through any other method. The
simulation results indicate that the volume of tissue measured
underneath the electrodes has dimensions of length 13 mm �
width 17 mm � depth 7 mm (Figure 4). No differences in
depth were observed between simulations changing the
electrical current at the frequencies measured from 8 to 256
kHz. This depth sensitivity could be used to target the
epidermis, papillary dermis, or reticular dermis simply by
changing the spacing and arrangement of the electrodes. We
foresee a future clinical translation of selective or spatial
targeting to aid in distinguishing superficial BCC from
micronodular or infiltrative subtypes or in determining the
subclinical extension of disease to guide therapy.

There are several limitations of this study. First, we inten-
tionally did not address diagnostic differences between sub-
jects with BCC and healthy volunteers or compare skin VCPs
with histological data, although all patients had histology
www.jidinnovations.org 5
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performed as part of the study. Second, the technology
employed was a custom-built prototype. For example,
expanding the number of frequencies, the frequency range,
and the positioning of the current electrodes further from the
voltage-measuring electrodes would expect to allow us to
fully characterize the VCPs of BCC and improve the sensi-
tivity to detect even deeper skin lesions. Third, we modeled
the VCPs of the skin. Whereas previous work has shown that
various nonstandardized relative impedance-derived metrics
(e.g., arbitrarily defined ratios of impedance values at high
and low frequencies) allow for BCC classification (Emtestam
et al., 1998), values of electrical conductivity and relative
permittivity in BCC reported in this study are, by definition,
absolute (not relative) and standard. Clearly, the results will
require further validation in future studies to evaluate
different histologic subtypes of BCC, which we plan on pur-
suing as a logical next step to this work. Fourth, as a single-
site investigation, it will be important to replicate these
findings in a multicenter cohort. Fifth, we have only exam-
ined a mixed-effects linear model in our outcomes. We are
currently using machine-learning approaches to obtain a
more accurate representation of frequency trajectories,
including subject-specific information, and also to diagnose
skin lesions. However, we are restricted from doing so in this
study by the limited sample size in this pilot study.

Despite these limitations, we have shown that URSKIN
provides a quick, convenient, reproducible means for per-
forming EID of BCC and nonlesional adjacent skin in the clinic.
Our approach is noninvasive and provides objective, quanti-
tative, and standardized data reflecting the electrical status of
the skin; its ease of use requires minimal operator training; and
none of the subjects reported discomfort during the measure-
ments. These early results suggest that our URSKIN is a prom-
ising biomarker for performing rapid and reliable skin lesion
profiling in the clinical setting. Future studies generating
normative lesional data, assessing the differences in electrical
signature in other skin conditions, evaluating the utility in
diagnosing skin cancer using machine-learning approaches,
and comparing skin electrical data with clinically accepted
outcomes are planned.

MATERIALS AND METHODS
Study subjects

This study was approved by the Institutional Review Board at the

University of Utah, and all participants gave previous written

informed consent. Our technology received Institutional Review
JID Innovations (2022), Volume 2
Board approval for human testing as a nonsignificant risk investi-

gational device. A total of 18 patients were studied. The inclusion

criteria were age �18 years with a lesion clinically suspicious for

BCC of at least 5 mm in diameter that was to be biopsied. Subjects

with lesions on the face, haired scalp, or genital area were excluded.

Experimental protocol

Figure 1 shows the device used in this study as well as the di-

mensions and details on the electrodes’ disposition. The electrodes

were sterilized with 70% isopropyl alcohol before each measure-

ment. After informed written consent was obtained, any hairs around

the lesion were removed using small scissors, and the skin region

was cleaned using disposable gauze moistened with sterile saline.

After 10 seconds, the electrode array was positioned against the skin,

applying gentle pressure to ensure good electrical contact. The

operator then performed a measurement. The procedure was

repeated at least two more times by the same operator to provide a

minimum of three measurements. The device was taken off the skin

in between repeated measurements and then positioned again. At

the completion of the lesional measurements, a fresh piece of gauze

was used to clean nearby normal skin at 2 inches from the lesion,

and the sequence was repeated so that three or more control mea-

surements were obtained. All measurements were obtained in

approximately 5 minutes. As a part of standard of care, a shave bi-

opsy of the suspicious lesion was then performed and sent for

routine processing and histologic analysis. The results of the biopsy

but not of the EID measurements were made available to the

subjects.

Device

URSKIN is a portable handheld EID device to measure the skin at the

clinic. The device is powered by a battery and communicates with a

custom smartphone application through Bluetooth (please see

Supplementary Materials and Supplementary Figure S1 for further

details regarding the use of the application). The device automati-

cally applies a painless, safe, alternating electrical current starting at

8, 16, 32, 64, 128, and 256 kHz in four different directions

sequentially as determined by the angles 0, 45, 90, and 150 degrees.

To perform a measurement, the device automatically sweeps both

the frequency of electrical current and the measuring direction

sequentially. For each measuring direction (Figure 5), the device

applies an electrical current through outer ring current electrodes in

that direction only (shown in red) and then measures the generated

voltage through the inner voltage electrodes in that direction only

(shown in blue).

The red arrow in Figure 5 is the electrical symbol for a current

generator, and the direction of the arrow indicates the direction of
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Figure 5. Electrical connections to perform an EID measurement. (a) Schematic illustrating a plane view of the 16-electrode array. Electrical connection of the

current generator and voltmeter to the outer current (in red) and inner voltage (in blue) electrodes measuring in four directions: (b) 0, (c) 45, (d), 90, (e) 150 deg.

deg, degree; EID, electrical impedance dermography.
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the current flow through the skin. As shown in Figure 5, the current

generator applies alternating electrical current between the outer

current electrodes. One of the current electrodes injects current into

the skin, while at the same time, the opposite current electrode

drains from the skin the current needed to close the electrical circuit.

At the same time, the inner voltage electrodes in that particular di-

rection measure the generated electrical voltage. By measuring the

difference between voltage electrodes using a voltmeter circuit and

knowing the electrical current applied, the device calculates the skin

impedance using Ohm’s law: impedance equals voltage divided by

current. During a measurement, the current and voltage electrodes

in different directions from those colored in Figure 5b (i.e., elec-

trodes shown in Figure 5cee), Figure 5c (i.e., electrodes shown in

Figure 5b, d, and e), Figure 5d (i.e., electrodes shown in Figure 5b, c,

and e), and Figure 5e (i.e., electrodes shown in Figure 5bed) are not

connected to the current generator or the voltmeter and therefore

were not used.

Once the skin impedance data are measured in all the four

directions and frequencies, the device informs the operator

through the smartphone application. At this point, the operator

can remove the device from the skin because the measurement is

completed. At the same, the device automatically proceeds to

process the data; this takes a few seconds only. Skin impedance

data measured in all the four directions at one specific frequency

are processed by the device sequentially to calculate the skin

conductivity and relative permittivity in longitudinal and trans-

verse directions at that frequency in particular. Once the calcu-

lation is completed, the device proceeds to calculate the VCPs at

the next frequency measured until all the six measurement fre-

quencies are analyzed. The results of these calculations are 24

different datasets: 2 (conductivity and relative permittivity) � 2

(longitudinal and transverse directions) � 6 (8, 16, 32, 64, 128,

and 256 kHz). Next, the device transfers these data through

Bluetooth to the application. On completion, the application

notified the Operator and so that she/he can proceed to plot the

data in the smartphone application to verify the values and

perform a new measurement. Deidentified data are automatically

stored in the phone, and also they can be sent from the application

itself easily by e-mail just by tapping the Send data button.

Electrode array

The skin electrode array is a custom-designed printed circuit board

manufactured by JLCPCB (Guangdong, China) (Figure 1). The printed

circuit board contains a total of 16 noninvasive surface electrodes for

four-electrodesmeasurements definedby theangles 0, 45, 90, and150
degrees. The outer pair of electrodes spaced 4.2 mm apart apply

electrical current into the skin, whereas the inner pair electrodes at a

distance of 2.8 mm apart measure the generated voltage signal.

Finite element model simulations

Finite elementmodel simulationswere performed in the frequency

domain using AC/DCModule, Electric Currents Physics in Comsol

Multiphysics software, version 5.2 (Comsol, Burlington, MA). To

determine the depth of measurement using URSKIN, we created a

finite element model rectangular slab mimicking a large portion of

skin with dimensions 10 times larger than the electrodes’

maximum distance as shown in Figure 1. The spatial dependence

of the skin conductivity and relative permittivity properties were

averaged from our clinically normal measurements. The finite

element model was then broken down into small elements (a

process termeddiscretization ormeshing), fromwhich to calculate

individual element current and voltages shown in Figure 4. This

computational process is necessary to quantitatively evaluate the

depth of measurement through a numerical sensitivity analysis.

This sensitivity analysis consists of quantifying the percentage

contribution of each discretized element from the model to the

impedance measured by the surface electrodes. The sensitivity

region shown in Figure 4 reflects the overall expected skin volume

measured with URSKIN contributing 99% of a total of 100% to the

measured data. In other words, cancer-induced electrical changes

outside this colored sensitivity region are expected to contribute

<1% to the recordings, and they would probably be undetected

with the simulated electrode configuration.

Data analysis

Skin conductivity and relative permittivity data were analyzed using

R software (R Foundation for Statistical Computing, Vienna, Austria).

Standard ICCs were calculated to describe how strongly repeated

measurements resembled each other. ICCs are typically used to

determine the technique’s intrasession reproducibility as well as its

95% confidence intervals. Multifrequency-paired analysis was per-

formed using a linear mixed-effects model for each dataset with

random intercept and slope terms to account for within-subject

correlations and between-subject variability. For these analyses,

the main parameter of interest was the intercept difference because it

has the most direct relevance to skin physiology.

Data availability statement

Datasets related to this article can be found at the Sanchez Research

Lab website at the University of Utah (https://srl.ece.utah.edu/

publications/).
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SUPPLEMENTARY MATERIALS AND METHODS
Smartphone application

The device is controlled by Bluetooth through the application
(Supplementary Figure S1). First, the operator must enter the
operator and patient identifiers (Supplementary Figure S1a
and b). After turning on the device, the operator then needs to
pair it to the smartphone through Bluetooth (Supplementary
Figure S1c). Next, the operator is instructed to place the
electrodes above the skin region of interest (Supplementary
Figure S1d). Once the measurement is started, a percentage
is displayed to inform the operator of the approximate time
remaining to finish the measurement (Supplementary
Supplementary Figure S1. Application‒‒user interface. The application guides th

further analysis.
Figure S1e). Once the measurement is finished, the oper-

ator is informed to remove the electrodes, and the data are

immediately processed and transferred from the device to the

application (Supplementary Figure S1f). The operator can

then view the data in real-time in the application

(Supplementary Figure S1g and h) after completing a mea-

surement. The operator can then repeat the measurement

and/or send deidentified data by e-mail (Supplementary

Figure S1i). In the end, the operator must quit the applica-

tion before measuring the next participant and repeat the

same steps (Supplementary Figure S1j).
e operator from step a to j to complete measurement and e-mail the data for
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