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Abstract

Electrical impedance spectroscopy (EILS) allows for the study and
characterization of tissue alterations and properties associated with
the skin. Here, the potential application of EIS to estimate the
thickness of the stratum corneum is explored in the form of a
mathematical model for EIS, which is analyzed in the limit of 1
kHz and closed-form analytical solutions derived. These analytical
expressions are verified with the numerical solution of the full set of
equations and validated with an EIS study comprising 120 subjects:
overall, good agreement is found in the frequency range 1-100
kHz, where the impedance is governed by the stratum corneum.
Combining the closed-form expression for the thickness of the
stratum corneum predicted by the model with the experimental EIS
measurements, a distribution for the stratum corneum thickness
of the subjects is found with a mean and standard deviation that
agree well with reported stratum corneum thicknesses from other
experimental techniques. This, in turn, suggests that EIS could be
employed to measure the thickness of the stratum corneum with
reasonable accuracy. In addition, the electrical properties relevant
to EIS — conductivity and relative permittivity — of the stratum
corneum can be estimated with the closed form expressions if the
stratum corneum thickness is known.

Keywords: Dermis, electrical impedance, epidermis, mathematical
model, stratum corneum

Introduction

The human skin is essentially composed of three layers —
stratum corneum, living epidermis and dermis — that fulfill a
range of important functions, such as acting as a mechanical
and chemical barrier against the environment and upholding
homeostasis by regulating water loss. The thickness of each
layer varies naturally between and within individuals due to
a number of biological and environmental factors: e.g., age,
body site, season, race, humidity, diurnal cycle, and health
condition.

It is not straightforward to measure the skin thickness and
its properties in vivo due to the diverse functions of the
skin and the factors affecting the skin condition. To date,
a range of different techniques — confocal Raman spectrome-
ter [1], optical coherence tomography [2], reflectance con-
focal microscopy [3], ultrasound imaging [4], biopsy [5]
and transepidermal water loss in combination with stratum
corneum stripping [6, 7] — have been employed to determine
the thickness of skin with findings that often vary from one
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method to another. The situation is exacerbated when at-
tempts are made to measure the thickness of the outermost
layer, the stratum corneum, because of its composition and
thickness in the order of 10 um (except for the palm of the
hand and foot where the stratum corneum is around ten times
thicker).

In light of the difficulties associated with measuring the
thickness of the stratum corneum, we aim to (i) explore
electrical impedance spectroscopy (EIS) as an alternative
technique for estimating the stratum corneum thickness,
(ii) derive closed-form analytical solutions for our earlier
mathematical model of EIS [8] that can provide a deeper
understanding of the underlying phenomena and coupling
of parameters than numerical simulations alone and aid in
estimating the thickness of the stratum corneum, (iii) verify
the analytical solutions with the full model and validate both
with further experimental measurements, and (iv) estimate
the stratum corneum thickness and its associated electrical
properties that are key for EIS. In this context, our earlier
model provides a good starting point due to its relative
simplicity; it could be extended to encompass a higher
resolution of the tissue with information of cellular structures
from, e.g., [9-14].

In short, EIS measurements carried out with a SciBase
I impedance spectrometer and a non-invasive probe [15]
on skin are combined with an earlier derived mathematical
model [8], for which closed-form analytical solutions are
found in the limit of low frequencies around 1 kHz. We ex-
pect, based on the “forgiving” nature of approximations and
leading-order solutions, that the solutions will be valid in a
significant region around 1 kHz. The analytical solutions are
then employed in conjunction with impedance measurements
to determine the stratum corneum thickness and electrical
material properties. Furthermore, in order to ensure the fi-
delity of the analytical expressions and establish their region
of validity in the frequency spectra, verification with the nu-
merical solution of the full set of equations is carried out;
further validation with impedance measurements at different
depth settings demonstrates the accuracy of the underlying
mathematical model in the entire frequency spectra, 1 — 10
kHz, for the SciBase Il impedance spectrometer and non-
invasive probe.
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Materials and methods Model object Acronym  Dimensions
Current detection wi I mm
The experimental EIS measurements are taken from a study Ceramic wa,wa,wg  0.15,0.15, 1.9 mm
that was carried out after ethics approval and informed Guard ring w3 0.3 mm
consent had been obtained. Secondary inject Ws 0.5 mm
Primary inject Wy 0.5 mm
Subjects Total width for domain w 20 mm
) Electrode thickness hg 0.1 mm
A total of 129 young volunteérs - non.-s.mokers \.Jv1thout any Stratum corneum thickness  /igc 14 um
k?OVYH skm diseases or allergies — participated with an equal Viable skin thickness hvs 1.2 mm
distribution of men and women at 24 &+ 3 years of age; on Adipose tissue thickness I 1.2 mm

the day of the measurements they were asked to abstain from

moisturizers. Tab. 1: Dimensions for the electrode and skin layers [8].

the electrode and the skin layers depicted in Fig. 1 can be
Measurements found in Table 1.

The SciBase II impedance spectrometer measures the
impedance of the skin at 35 frequencies logarithmically
distributed between 1.0 kHz and 2.5 MHz at five different
depth settings; these are obtained by varying the applied
(@ voltage at the second injection electrode (boundary III in Fig.

1b) from 5 to 50 mV [16].
v Before measurements, the skin of the subjects was inun-

Electrical impedance measurements were performed on the
volar forearm of the volunteers in 2007 with a SciBase II
impedance spectrometer and a non-invasive probe [15].

dated with a physiological saline solution of 0.9% sodium

z chloride mass concentration for 1 min. The relative air hu-
midity was 36 =7 %, and the ambient temperature was main-
tained at 21.74+0.3 C.

Mathematical model

Wit w% A mathematical model based on conservation of charge in

g W | both the time- and frequency-domain for an alternating, si-
I 1 glily LV I—7, . . : .

H—] The nusoidal current in the rotation-symmetric gold-plated elec-

trodes (EL) of the probe and the skin — stratum corneum

V<

[
[
| hys (SC), viable skin (VS) and adipose tissue (AT) — in the vicin-
} ity of the probe was derived in our earlier work [8]. In short,

. the model can be expressed as follows in the frequency do-

pesesdeny e eene o N P .
(c)
V.J=0, (1a)
J= (6" + joee!)V 1b
=—(0" + jweoe, )V, (1b)
9(1,11) = 0, (10)
'hSL'
S(II1) = aby, (1d)
¢(V) =Vo, (Ie)
n-J(V,V[):O. (1f)
W Current detector Guard W Injection electrode  Ceramic

Stratum Corneum Viable skin 'z Adipose tissue 1 Boundary condition: - i

oundary ¢ . : (i) (@)
V1 (insulation) Here, J is the total current density, c'”and &, are
Fig. 1: Schematic overview of the non-invasive electrode applied the conductivity and relative permittivity of layer i
on (a-b) stratum corneum, viable skin and adipose tissue and (c) (: SC, VS, AT7EL)’ ¢ is the potential, o is a coefficient

details of the mathematical Ansatz. The boundary conditions are

X o T for a given depth setting of the second injection electrode,
denoted with roman numerals. Dimensions are given in Table 1.

7y is the excitation voltage, j is the imaginary number, and
o is the angular frequency of the alternating current; the
roman numerals denote the respective boundaries, which are
highlighted in Fig. 1b.

The non-invasive, circular probe comprises four electrodes
as illustrated in Fig. 1: two voltage injection electrodes,
one current detector and one guard electrode to decrease the
impact of surface leakage currents. With this design, two-
point measurements can be carried out. The dimensions of
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The material properties are given by [17]:

() — 10 el landl) (g
e(Q) = 1O(a(si)QS+a£i)94+a§i)93+a§i)92+a§i)§z+a(()i))’ (1h)
Q =logo(v), (11)

where i denotes either viable skin, stratum corneum soaked
with a saline solution with 0.9% NaCl for 1 min, and adipose
tissue (relative permittivity); p is the resistivity; v is the
frequencys; cy) and Dy) are the material coefficients, given in
table 2. These constitutive relations for the electrical material
properties are valid between 1 kHz and 1 MHz. (N.B.: the
dependent variable, ¢, is a phasor; for more information, see

our earlier work [8].)

Scaling analysis

In our search for closed-form analytical solutions that could
allow for estimates of the stratum corneum thickness and
its electrical properties, we start by noting the well-known
fact that the impedance is dominated by the stratum corneum
at low frequencies around 1 kHz [18, 19], which suggests
that the potential drop in the viable skin and electrodes are
negligible vis-a-vis the corresponding drop in the stratum
corneum around this frequency. This is indeed the case, as
can be shown with the following scaling analysis for the
potential drops in the various skin layers and electrodes: the
potential drops can be secured from an order-of-magnitude
equivalent of the total current density, Eq. 1b, in each layer
as

(SC) | - )
~ oY + joegey , 2a
[Asc] / ‘ Isc (22)
U V) 4 joe 8£VS>’ [Ays] (2b)
[Avs] Ivs
U o) 4 joe ££EL)‘ [A(PEL], 2¢)
[4EL] [EL

where [[] is a scale for the absolute value of the total current
passing through the skin, which has been estimated from
the experimentally measured impedance, Zyeqs, as [I] ~
Y0/ | Zmeas|> [Asc] is a scale for the area of the stratum
corneum underneath the electrode, [4vys] is a scale for the
area that the current has to pass through in the radial direction
in the viable skin, [4gy | is a scale for the area of an electrode
in contact with the skin; [Adyg], [A¢g; ] and [Adgc] are the
scales of the absolute values of the potential drop in the
viable skin, electrodes and stratum corneum, respectively;
and lys, /gL and Igc are length scales in the radial direction
in the viable skin and in the z-direction in the electrodes
and stratum corneum. Typical values for these at 1 kHz are
as follows: Iyg ~ 1073 m, IgL ~ 107* m, lsc ~ 107> m,
[Avs] ~ 27tlyshys ~ 107> m?, Agp, ~ tw? ~ 10-6 m?, Asc ~
Ap, oV ~1Sm™!, oY ~ 107 Sm™!, 69 ~ 1070 S
m !, @=27v~10*Hz, g ~ 10°" Fm~ !, &S ~ 109,

e ~ 1,659 ~ 102 and [1] ~ 1077 A for ¥ = 0.05
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V. Here, we have approximated the scale for the areas of
the electrodes with the area of the innermost electrode; the
scale for the viable skin has been approximated as the area
of the cylinder that the current has to pass through on its
way through the viable skin from the injects to the sense
electrode. In addition, we have used that the conductivity
of layer i can be defined as follows: ¢ =1/ p)(Q).
With these values, we find

[Apge] ~0.05V ~ T,
[Adys] ~ 1077V,
[Agg ] ~ 1077 V.

Clearly, [A@vs], [A@g; ] < [Adgc]. This, in turn, implies that
we only need to consider the current passing through the
stratum corneum underneath each electrode at frequencies
around | kHz.

At this stage, it is also instructive to see how the potential
drops distribute themselves at the other end of the frequency
spectrum of the SciBase II probe: 1 MHz. Returning to the
order-of-magnitude equivalents, Eqs. 2a-2c, and employing
the typical magnitudes for the electrical parameters at 1
MHz, we obtain

Adec] ~ 0.0V,
[A¢ys] ~0.02V,
[Agg ]~ 10710 V.

We have here used that [7] ~ 10~ A from the numerical
solution of the full model (see Numerics) since a significant
portion of the total current will pass through the guard,
whence Z,,.,s at this high frequency does not capture the
scale of the total current; (V) ~ 1 Sm™!, 659 ~ 1073 S
m—l7££VS) ~ 10, S 102 (the other parameters remain
the same). In this limit, the viable skin is thus contributing
significantly to the measured impedance.

Analytical solutions

In view of the findings at the lower limit of 1 kHz, for which
the impedance of the skin is governed at leading order by the
stratum corneum, we should be able to reduce the considered
domain comprising three skin layers, the electrodes and the
alternating current passing through them to a simple case
of currents orthogonal to the electrodes passing in and out
through the stratum corneum. Those currents would in
turn give rise to the leading-order potential drop. From
the mathematical point of view, it should thus be possible
to reduce the partial differential equation to either ordinary
differential or algebraic equations. We aim for the latter and
proceed with the following Ansatz:

4

Y = o, (3a)
k=1

B o (0894 joeeSN 5 3
Aj hsc

Apy = 0—(Vo—Ad,), (0)
AP, = 0—(Vo—Ady), (3d)
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j c§_SC) CEVS) c;AT) Dﬁ_sc) 2 ;VS) Dﬁ_AT)

0 -1.1803x10'  2.3688x10' 1.7402x10°  1.7570x10'  6.7610x10!  7.5844x10°
1 2.1404x10!  -2.7471x10! 0 -1.7961x10'  -7.0466x10'  8.3142x102
2 -9.9955%x10°  1.2952x10! 0  8.5278x10°  3.2847x10' -7.7214x107!
3 2.2537x10°  -3.0088x10° 0 -2.0255x10° -7.7649x10°  1.1797x107!
4 -2.5509x101  3.4167x107! 0 2.3953x100  9.2429%x10'  -4.0926x10*
5 1.1516x102  -1.5178x102 0 -1.1319x102 -4.4465%x10% -52423x10*

Tab. 2: Cofficients for the material properties.

A¢3 ZOCV()—(V()—A(P4). (36)

Here, A@, and /j are the potential drop and current through
the stratum corneum underneath electrode k respectively, as
illustrated in Fig. 1c; and &gc is the height of the stratum
corneum. The current passing through each electrode, I, is
positive when coming out (positive z-direction in Fig. 1) and
going into (negative z-direction) the skin respectively.

The area for each electrode, 4, is given by

£ — W%, k=1, 3
T W (52 2w) k=234, e

In essence, Eq. 3a ensures that the total current is
preserved, which can thus be seen as a representation of the
conservation of charge, Eq. la; Eq. 3b is derived from
the definition of the current density, J, in Eq. 1b, in which
the gradient has been replaced with the potential drop and
height of stratum corneum; and the potential drop for the
three innermost electrodes — current detection (k = 1), guard
(k=2), and second injection electrode (k= 3)—in Egs. 3c-3e
over the stratum corneum underneath the electrodes originate
from the boundary conditions, Eqs. 1c-1f.

We have thus reduced the complex-valued partial differ-
ential equation in the rotation-symmetric domain compris-
ing stratum corneum, viable skin and adipose tissue together
with constitutive relations and boundary conditions to a sys-
tem of 8 linear algebraic equations with 8 unknowns: /; and
A¢, for k =1,..,4. Note that the Ansatz can be adjusted to
other probe designs, such as rectangular probes, or probes
with more or less electrodes.

After some algebra, we arrive at the following closed-form
expression for the electrode currents:

I = —A (a0 +jw£0£,(.sc>)%, (4a)
hsc
where
APy =Tp(RA—1), (4b)
AP, =Tp(RA—-1), (40)
AP, =hER-1+a), (4d)
Ad, = Vo, (4e)

with the constant, 2, given by

A +Ar,+A3(1 — o
9 — [ 1+A42+ 3( )]’ (4f)
A1 +Ar + A3+ Ay
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which is the ratio of the areas of the three inner electrodes
modified with the depth of the second injection electrode
(k= 3) and the sum of the total electrode areas.

The impedance, Z, can then be evaluated from

)
where /; is the current passing through the sense electrode,
resulting in

B hsc

A (1—2) (660 4 jwegelS))
We will later analyze the findings from the impedance in the

form of the magnitude, 91, and the phase, 3, which can be
expressed as

VA

(6)

hsc

M= = (7a)
Ai(1— Q()\/(cy(SC))2 + (wsosﬁsc))
(SC) 0
B WEYE, 180
P = arctan ( 560 ) e (7b)

Finally, it is interesting to note that in the limit of 1 kHz
the magnitude depends on the thickness of the stratum
corneum, depth setting, frequency, material properties of
stratum corneum, and the areas of the electrodes; whereas
the phase is only a function of the frequency and material
properties of the stratum corneum. Furthermore, both the
magnitude and the phase are not functions of the applied
voltage. This independence of the applied voltage has been
confirmed by tests with the probe in the range from 50 mV to
250 mV, for which the measured impedance did not change
at leading order (not shown here).

Electrical properties of the stratum corneum

So far, we have derived closed-form expressions for the
currents, impedance, magnitude and phase at frequencies
around 1 kHz. Now, if we have access to an experimentally
measured impedance, Z,,..s, We can inverse the expressions
to estimate electrical properties — conductivity and relative
permittivity — of the stratum corneum provided that the
latter’s thickness, Asc, is known:

ahsc

(sC) _
° A4 (1—A) (a2 +52)° (82)
50 _ bhsc (8b)

h _A1(1 *Q()(az +b2)a)80;
here, @ = Re(Zyeqs) and b = Im(Zyyeq5). (N.B.: b < 0.)
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Stratum corneum thickness

If either the relative permittivity and/or the conductivity
is known, then we are able to estimate the thickness of
the stratum corneum, after some algebra, from either the
imaginary part of the measured impedance

(SC) 2, 12
&g egwA (1 —=20)(a”+b
s =~ LML) gy
or the real part
(sC) _ 2,12
hse = o®Y4 (1 =) (a"+b )7 (9b)

a

or as an average of the two

_ 2,72 (SC) (SC)
hsc=A1(1 A)(a +b)<0 & £0w>. %)

2 a b
Numerics

For verification of the analytical solution in the limit of
low frequencies (v ~ 1 kHz) and the region of validity, the
mathematical model, Eqgs. la-1i, was also implemented and
solved in the commercial finite-element solver, COMSOL
MULTIPHYSICS 3.5a [20]. In this context, verification refers
to ensuring that we have not unwittingly discarded any
leading-order terms (read: significant terms) when reducing
the full set of equations to a simple algebraic counterpart.

In essence, the computational domain shown in Fig. 1 was
resolved with a mesh of around 10° triangular elements after
a mesh-independence study to ensure mesh-independent re-
sults; the direct solver PARDISO was selected as the linear
solver with a relative convergence tolerance of 1079,

A typical run required around 2 seconds (wall-clock time)
with 5 x 10* degrees of freedom (quadratic Lagrange ele-
ments) on a 2.5 GHz workstation for a given frequency.

Results and discussion

We have thus far outlined the methods and materials that we
intend to employ in order to estimate the thickness and elec-
trical properties of the stratum corneum from EIS measure-
ments. Before attempting those estimates, we need to verify
the analytical solutions in the limit of 1 kHz and explore their
region of validity; i.e., for which range of frequencies the so-
lutions are reasonably valid. After verification, we proceed
with the experimental measurements at various depth settings
for further validation of the underlying mathematical formu-
lation. Finally, we attempt to determine the material prop-
erties — resistivity and relative permittivity — as well as the
stratum corneum thickness from the experimental impedance
measurements.
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Verification

In order to verify the analytical solutions and establish their
region of validity, we compare the predicted magnitude and
phase with their counterparts from the full set of equations,
Egs. la-1i, through the frequency range 1-10° kHz. As can
be inferred from Fig. 2, the analytical solutions are able to
predict the magnitude and phase of the EIS in the low to mid-
frequency range up to around 10? kHz with an error less than
10%; after 10? kHz, the error increases rapidly up to around
25% and 40% for the magnitude and phase respectively.

The main causes for the increasing error with increasing
frequency can be found in the underlying assumptions of the
Ansatz: first, the assumption that the electrical impedance is
dominated by the stratum corneum whilst the viable skin and
subcutaneous fat are negligible becomes less accurate with
increasing frequency, because it is well known that the im-
pedance of the skin is governed by the stratum corneum only
at lower frequencies whilst its influence decreases when the
frequency increases [18, 19]; this was also demonstrated in
the earlier scaling analysis. Second, the assumption that the
currents pass straight through the stratum corneum is reason-
able in the low- to mid-frequency range; at higher frequen-
cies, however, the current density distributions underneath
the electrodes becomes increasingly more non-uniform and
thereby alter the active area of the electrodes (41—_4). Third,
the assumption that the voltage drop will not occur solely
over the stratum corneum becomes less accurate with in-
creasing frequency, as was shown earlier with the scales for
the potential drops in the scaling analysis around 103 kHz.

Proceeding with verifying the individual currents for each
electrode, as depicted in Fig. 3, we find that the real part
agrees well throughout the frequency range, whereas the
imaginary part starts to deviate above the earlier observed
10? kHz.

One of the reasons for the good agreement of the real part,
Re(ly) = —Ar6AP,/hsc, as opposed to imaginary part of the
current, Im(f;) = —A;,0€0€AP;/hsc, could be that the latter
has an explicit dependence on v (@ = 27V ), which increases
by three orders of magnitude from 1 to 10° kHz; this, in
turn, affects the error propagation as the frequency increases.
Nonetheless, the region of validity of the analytical solutions
extends by two orders of magnitude beyond 1 kHz to around
102 kHz compared to the numerical solution of the full set of
equations, which is in line with our earlier intuition regarding
the extent of the region of validity.

Validation

So far, we have verified and determined the region of
validity of our Ansatz and resulting analytical closed-form
expressions for the impedance measured during EIS of skin.
We will now seek to further validate the mathematical model
— solved numerically and analytically — by exploiting the
different depth settings of the probe.

The measurements were carried out at five different depth
settings, o, = (0.1, 0.27, 0.58, 0.81, 1) as shown in Fig. 4
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for the magnitude and the phase from the experimental mea-
surements and predictions from the full model and analytical
expressions. Here, several features are apparent: first and
foremost is the good agreement between the predicted mag-
nitude and phase for the depth setting, & = 0.1, which is due
to the calibration of the conductivity and relative permittivity
at this depth (see [17]); second is that the numerical solution
of the full set of equations is not fully able to capture the shift
in the phase as the frequency approaches 10° kHz, although
its magnitude adheres closely to the measured counterpart;
third, and as expected, is that the closed-form expressions
are limited to a region between 1 and 10 kHz in their valid-
ity; and fourth, is that the measured phase at different depth
settings converges towards a single value for v — 1 kHz,
supporting the closed-form expression for the phase, Eq. 7b,
which does not contain the depth, as opposed to the closed-
form solution for the magnitude, Eq. 7a.

Returning to the analytical solution for the impedance, Eq.
6, and extending it for different depth settings as

hsc
Z, = ., (10)
A1(1-2,)(089) + joeoes™)
2, — [A1 + 4> +45(1 —Oln)], (10b)

Ay +Ar+ A3+ Ay

we find that the depth settings and their impact reduce to a
constant by taking the ratio of impedances at different depth
settings:

Zy 11— Az

z; 1-%,
which agrees well with the corresponding experimentally
measured impedance ratios at 1 kHz and numerical and
analytical counterpart, as can be inferred from Fig. 5. The
maximum relative error between the measured and predicted
ratios varies between 0 and 8 %. In addition, it is likely
that the experimental measurements are imprecise around 1
kHz, since there is no physical justification for the ratios to
suddenly change abruptly when v — 1 kHz.

A closer look at the individual currents (not shown here)
reveals that the current changes direction at the second
injection electrode (k = 3) for o4 5 since the applied voltage
there is now 58% and 100% of the voltage at the primary
injection electrode (k =4). This demonstrates that the Ansatz
is able to capture the dual role of the second injection
electrode to act akin to a guard at low depths and as an inject
at higher depth settings. In fact, a closer inspection of Eq. 4d
reveals that A¢; changes sign when o0 =1 —%2L.

= constant,

Electrical properties

From Eqgs. 8a and 8b as well as by assuming the stratum
corneum thickness to be 14 um, we are able to estimate the
resistivity and the relative permittivity for each individual
subject separately. As can be inferred from Fig. 6, the closed-
form analytical expressions follow the numerical counter-
parts up to around 10%> kHz, after which the relative permit-
tivity starts to deviate whilst the resistivity agrees throughout
the frequency range.
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We recall that the resistivity captures more information
of the real part of the impedance, a, whilst the relative
permittivity, as previously noted, has an explicit dependence
on ® and includes more information of the imaginary part,
b. Clearly, the same phenomenon observed for the real and
imaginary part of the current in the analytical solution carries
through for the estimates of the electrical properties. We
therefore once more find that the region of validity extends
beyond 1 kHz to around 10? kHz.

Stratum corneum thickness

Finally, we estimate the thickness of the stratum corneum
with Egs. 9a-9c by assuming that the material properties are
known. As illustrated in Fig. 7, the stratum corneum thick-
ness estimate based on the real part of the impedance overes-
timates the skin thickness slightly, whilst the imaginary part
underestimates the skin thickness somewhat; their combina-
tion, however, gives rise to an accurate distribution with 92%
of the individuals between 6 and 20 pum, which corresponds
well with literature values [8]. These findings suggest that
one should thus employ both the real and imaginary parts of
the measured impedance to ensure as accurate estimates as
possible — this makes sense since we are tapping into more
information from the EIS by including both contributions.

At this stage, it would have been useful to have access
to other types of measurements of the stratum corneum
thickness of the 120 subjects to further provide evidence of
the fidelity of the predictions. This is especially the case
since we have taken material properties that were calibrated
for a median skin thickness of 14 um.

Conclusions

A mathematical model for EIS of skin has been analyzed
and closed-form analytical expressions have been derived in
the limit of low frequencies around 1 kHz. Their accuracy
and region of validity were found to be 1 kHz to around
10> kHz from the verification of the full set of equations
solved numerically as well as validation with experimentally
measured impedances at different depth settings from a total
of 120 subjects.

In summary, the analytical expressions were found from
scaling analysis and a subsequent Ansatz that reduced the
full set of equations — one complex partial differential equa-
tion with constitutive relations and boundary conditions in
the stratum corneum, viable skin and adipose tissue — to a
set of algebraic equations. The latter were solved, resulting
in closed-form analytical expressions for the electrical im-
pedance, magnitude, phase, electrical properties as well as
the thickness of stratum corneum.

By combining experimental impedance measurements
with the analytical expressions, we were able to not only es-
timate the electrical properties of the stratum corneum (pro-
vided the stratum corneum thickness is known) but also its
thickness. The latter was carried out for all 120 subjects in
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the study, resulting in a stratum corneum thickness distrib-
ution with a mean of 14 yum with standard deviation +3.6
um, which is in line with reported literature values for the
stratum corneum thickness distribution. This suggests that
EIS could be employed as a method to estimate the stratum
corneum thickness at 1 kHz; its suitability could be further
validated by carrying out EIS measurements in tandem with
one or several of the aforementioned techniques to measure
the stratum corneum thickness (see Introduction) to establish
that one is indeed measuring a reasonably “true” thickness of
the stratum corneum for each subject and not just the distrib-
ution.
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