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ABSTRACT
Purpose Electrochemical impedance spectroscopy is a conve-
nient method that has been used to characterize skin barrier
function, which affects drug delivery into and through the skin.
The objective of this study was to relate changes in skin barrier
function arising from mechanical damage to changes in the im-
pedance spectra. These observations are compared in a com-
panion paper to changes in chemically damaged skin.
Methods Electrical impedance and the permeation of a non-
polar compound were measured before and after human
cadaver skin was damaged by needle puncture.
Results The impedance responses of all skin samples were con-
sistent with an equivalent circuit model with a resistor and constant
phase element (CPE) in parallel. Pinhole-damaged skin exhibited a
lower resistance pathway acting in parallel with the skin resistance
without changing the CPE behavior. The characteristic frequency of
the impedance scans determined after needle puncture increased
by an amount that could be predicted. The flux of 4-cyanophenol
increased by a small but significant amount that did not correlate
with the hole resistance calculated under the assumption that the
resistance of the surrounding skin did not change.

Conclusions Skin impedance measurements are sensitive to irre-
versible damage caused by exposure to puncture with a needle.

KEY WORDS constant phase element . impedance
spectroscopy . pinhole . skin permeability . stratum corneum

ABBREVIATIONS
A exposed skin area
CP 4-cyanophenol
CPE constant phase element
Cs capacitance of a capacitor in the R-C equivalent

model circuit or an effective capacitance that is pro-
portional to the effective dielectric constant

Cs,HM effective capacitance for an R-CPE equivalent model
circuit with the same characteristic frequency as the
R-C circuit; described by Hsu and Manfeld (21)

Cs,OG effective capacitance calculated by Oh and Guy (43, 44)
Cs,Oh effective capacitance calculated by Oh et al.(10) and

Kim and Oh (9)
Cs,PL effective capacitance for an R-CPE equivalent model

circuit with power-law decay of skin resistivity as
proposed by Hirschorn et al. (38)

dhole diameter of pinhole
exp experimental value
f frequency of the potential (voltage) perturbation in

the measurement of impedance
fc,s characteristic frequency observed for undamaged skin
fc,t characteristic frequency observed for pinhole damaged skin
fk kth value of frequency measured
g parameter in the definition for Cs,PL
Hz Hertz, unit of frequency (cycles per sec)
j

ffiffiffiffiffiffiffi�1
p

, unity in the complex plane
k index of measurement frequency
L thickness of the stratum corneum
Lhole length of the pinhole in the skin
M Cumulative mass of chemical delivered into the re-

ceptor solution at sample time t
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Ndat total number of measurement frequencies in the
spectrum

nF nanofarad, units of capacitance
Nholes number of pinholes
Nscans number of impedance scans included in the analysis

of the stochastic error
P parameter vector that includes all of the model pa-

rameter being optimized in the regression analysis
PBS phosphate buffered saline
pKa negative of the base-10 logarithm of the acid disso-

ciation constant, Ka
Qs parameter characterizing the constant phase element

(CPE) in the equivalent circuit model of the stratum
corneum

R-C model circuit consisting of a resistor (R)
and capacitor (C) in parallel

R-CPE model circuit consisting of a resistor (R)
and CPE in parallel

Re frequency-independent (Ohmic) resistance in series
with the skin sample; consists of resistance of the
electrolyte solution surrounding the skin sample,
wires and possibly the dermis

Rhole resistance of one hole
Rholes resistance of Nholes

Rs resistance of a resistor in the equivalent circuit model
representing the stratum corneum

Rt total resistance of the skin and hole operating in parallel
t time
Z measured impedance; for an Ohmic material, the

ratio of the current and potential by Ohms law; Z is a
complex number

|Z| modulus of the impedance
Zexp experimental value of the impedance, a complex

number
ZMM measurement model value of the impedance, a

complex number
Z j imaginary component of the impedance
Z j,exp imaginary component of the experimental

impedance
Zr real component of the impedance
Zr,exp real component of the experimental impedance
as parameter characterizing the constant phase element

(CPE) in the equivalent circuit model of the stratum
corneum

δ Distance from the outer surface to the innermost
surface of the dominant resistive layer

" dielectric constant of the stratum corneum (unitless)
"0 permittivity of a vacuum, 8.8542×10−5 nF/cm
"res;m frequency-dependent residual error of scan m de-

fined as the difference between the measured and
modeled impedance

"res fkð Þ mean of the residual errors measured at frequency fk
for a number of scans (Nscans)

Ω ohms, units or resistance
θc,s phase angle at the characteristic frequency (fc,s)
ρ resistivity of solution surrounding the skin sample
ρδ resistivity of the innermost surface of the dominant

resistive layer
σ fkð Þ average of the stochastic error at frequency fk
σ standard deviation of the stochastic error at frequency fk
c2 objective function that is minimized in the data re-

gression to the equivalent circuit model

INTRODUCTION

The outer most layer of the skin, the stratum corneum, is a
matrix of dead keratinized cells suspended in lipid bilayers. The
stratum corneum is the primary barrier to chemical penetra-
tion and electric current through the skin. Therefore, unless
stated otherwise, in this paper the word skin refers to the
stratum corneum. Impedance spectroscopy, which is the mea-
surement of the impedance for a range of frequencies, provides
information about the electrical properties of skin. Impedance
measurements involve measuring the current or potential re-
sponse to small-amplitude modulation of an input current or
potential at a given frequency. The impedance is the ratio of
the change in potential to the change in current, which for skin
is a function of themodulation frequency. Dielectric material in
skin causes the resulting signal to shift in phase relative to the
applied signal, which can be expressed as a complex number
for impedance. Changes in the impedance spectra of skin
subsequent to chemical exposure or mechanical damage indi-
cate changes in the structure or composition of skin.

The electrical response of the skin is related to two
intrinsic properties: the resistivity and the dielectric con-
stant. The skin resistivity is proportional to the area-
normalized skin resistance measured using a direct current
method; i.e., Rs A where A is the skin area normal to current
flow and Rs is the skin resistance with units of Ohms. The
dielectric constant of skin is proportional to the capacitance
normalized by the inverse area (Cs/A). Because the stratum
corneum is heterogeneous, macroscopic electrical measure-
ments of the skin produce effective values for the skin resis-
tance and capacitance that combine effects from the various
structures within the stratum corneum. Hydrophilic and
lipophilic molecules diffuse through skin via polar or non-
polar pathways depending upon the octanol-water partition
coefficient (1). For skin submerged in electrolyte solution,
dissolved ions transport through the skin in response to an
electric field. Thus, skin resistivity quantitatively character-
izes the pathway for transport of ions through skin.
Consistent with this, the skin permeability of hydrophilic
and ionic chemicals, including water, has been shown to
be inversely proportional to Rs·A; e.g. (2–6).
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Though the source of skin capacitance is not well under-
stood, investigators have speculated that the skin capaci-
tance arises from reorientation of polar lipids and proteins
in the electric field (7) and the lipid matrix-keratin cell
complex elements (8–11) that might act as insulating layers
of highly ordered stratum corneum lipids separated by
conducting corneocytes. Since the stratum corneum lipids
are thought to be the major component of the lipophilic
pathway, the effective capacitance of skin may in some ways
characterize the lipophilic pathway.

The present work was one of two studies that had the
overall goal of using impedance spectroscopy to characterize
and understand changes in skin barrier function following
irreversible damage. The objective of the present study was
to examine changes in the impedance response and the per-
meation of a non-polar model compound, 4-cyanophenol
(CP), to a well-defined mechanical insult, specifically needle
puncture. Electrical impedance is one of the recommended
methods for insuring that skin samples have sufficient integrity
for meaningful in vitromeasurements of chemical permeability,
including non-polar compounds (12–14). Therefore, a sec-
ondary objective was to compare the effects of pinhole dam-
age on electrical impedance and CP permeation. This
understanding of mechanical damage informed the second
study, described in a companion paper, in which impedance
spectroscopy was determined before and after skin was dam-
aged chemically using dimethyl sulfoxide (15). The strategy in
both investigations was to derive insights into the intrinsic
electrical properties of skin before and after damage by
regressing circuit models that are consistent with the nature
of the skin damage to the measured impedance.

THEORY

Skin impedance is related to the structure and composition of
the stratum corneum. In the present study the skin barrier was
damaged mechanically by needle puncture. Circuit models
are proposed to describe the resulting skin impedance.

Skin Impedance Models

A common circuit model of in-vitro skin impedance is a
resistor that represents the frequency-independent (Ohmic)
resistance containing contributions from the electrolyte, the

wires, and possibly the dermis (Re) in series with a parallel
resistor (Rs) and a constant-phase element (CPE) (16, 17).
This R-CPE circuit model is depicted in Fig. 1a. The CPE is
often thought of as being a non-ideal capacitor, with a
complex impedance given by

Z ¼ 1
Q s j2pfð Þas ð1Þ

where Q s and αs are the CPE parameters, j is the
complex number

ffiffiffiffiffiffiffi�1
p

, and f is the frequency with units
of inverse seconds (Hz). Jorcin et al. (18) demonstrated
that, in general, CPE behavior can be the result of
surface and normal (or axial) distributions of resistance
and capacitance in the material. In skin, the CPE behav-
ior has been attributed to the stratum corneum hetero-
geneity normal to the skin surface, particularly an
exponential decrease in the resistivity (19, 20).

The impedance of the R-CPE model is represented by
the expression

Z ¼ Re þ Rs

1þ RsQ s j2pfð Þas
ð2Þ

which exhibits a single characteristic frequency, fc,s, defined
as

fc;s ¼ 1

2p RsQ sð Þ1 as=
ð3Þ

corresponding to the frequency at which the absolute
value of the imaginary part of the impedance is a max-
imum. Since the dielectric constant for a material is
linked to the capacitance, it is useful to relate the pa-
rameters in the R-CPE model to an effective capaci-
tance. In one approach, the R-CPE model is related to
the R-C circuit model, shown in Fig. 1b. In this circuit, a
resistor is in series with a parallel resistor (Rs) and ca-
pacitor (Cs), which is represented exactly by Eq. (2) for
Q s=Cs and αs=1. The effective capacitance is deter-
mined by requiring that the characteristic frequency for
the R-C circuit model

fc;s ¼ 1
2pRsCs

ð4Þ

Fig. 1 Diagrams of equivalent
circuit models: (a) R-CPE model,
(b) R-C model, and (c) R-CPE
pinhole model.
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is the same as the characteristic frequency for the R-CPE
model; i.e., Eq. (3). The resulting expression,

Cs;HM ¼ Q 1 as=
s R 1�asð Þ as=

s ð5Þ
is derived by equating Eqs. (3) and (4) and solving for Cs

in terms of Rs, Q s and αs. All effective capacitance values
derived from CPE parameters are model dependent and
as Eq. (5) has been described by Hsu and Mansfeld (21),
the effective capacitance calculated using Eq. (5) is des-
ignated as Cs,HM to distinguish it from values calculated
by other approaches.

The impedance of punctured skin, shown schematically
in Fig. 2, is hypothesized to vary with frequency as described
by the pinhole equivalent circuit depicted in Fig. 1c and
represented by

Z ¼ Re þ Rt

1þ RtQ s j2pfð Þas
ð6Þ

where Q s and αs are the CPE parameters of the skin after
the hole was punctured, and Rt is the total resistance of the
skin and hole operating in parallel, i.e.

Rt ¼ 1
Rs

þ 1
Rhole

� ��1

ð7Þ

Like undamaged stratum corneum, the pinhole equiva-
lent circuit model is characterized by a single characteristic
frequency, fc,t, given by

fc;t ¼ 1

2p RtQ sð Þ1 as=
ð8Þ

From the characteristic frequency of the corresponding R-C
circuit,

fc;t ¼ 1
2pRtCs

ð9Þ

the effective capacitance of the punctured skin, Cs,HM, is
derived to be:

Cs;HM ¼ Q 1 a= s
s R 1�asð Þ as=

t ð10Þ
using the procedure described above for R-CPE model. If
the cross-sectional area of the hole is small compared to the
skin area, then the skin resistance (Rs) and the dielectric
constant of the skin before and after the pinhole are

expected to be the same. If Cs,HM represents the effective
dielectric constant of the stratum corneum, it follows that
Cs,HM, measured before and after the skin is punctured
should also be the same.

Model Calculations

Log-log graphs of the real and imaginary components of
the impedance (i.e., Z r A and -Z j A), plotted as a function
of frequency, each reveal different features of the imped-
ance response or circuit model. For all circuit models
shown in Fig. 1, the real component of the impedance
approaches the total resistance of the sample at low
frequencies (i.e., (Re+Rs) A and (Re+Rt) A for undamaged
and damaged skin, respectively) and Re at high frequen-
cies. Also for these circuit models, the maximum value of
–Z j A occurs at the characteristic frequency. For the R-
CPE and pinhole models, the slope of –Z j A versus fre-
quency approaches αs and –αs, respectively at frequencies
that are smaller and larger than the characteristic fre-
quency (22). For the R-C model, the slope –Z j A versus
frequency approaches 1 and −1, respectively.

Occasionally, features that cannot be identified in the two
plots described above are evident in a graph of the first deriv-
ative of log(−Z j A) with respect to log( f ) plotted as a function of
frequency (23). The derivative is estimated numerically by the
following difference equation

d logð�Z jAÞ
d logð f Þ ¼ log ð�Z jAÞk � log ð�Z jAÞk�1

log ð f Þk � log ð f Þk�1
ð11Þ

where k and k-1 are the indices of measurements at adjacent
frequencies. Equation (11) represents a central difference for-
mula when log( f ) is given by

logð f Þ ¼ log fk�1ð Þ þ log fkð Þ
2

ð12Þ

For the R-CPE model given by Eq. (2), d log(−Z j A)/d log( f )
asymptotically approaches αs at low frequencies and −αs at
high frequencies, and equals zero at the characteristic frequen-
cy. Perturbations to this behavior in the form of inflection
points or local minimum and maximum occur if the spectrum
is inconsistent with a circuit model described by a single
characteristic frequency.

Fig. 2 Schematic representation
of the measurement of skin
impedance with four-electrode
measurement of: (a) intact piece
of skin; and (b) skin punctured by
a needle.
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The graphical features of these plots are illustrated in Fig. 3
for the pinhole model. Using Eq. (6), Zr A and −Z j A were
calculated as a function of frequency for input parameter
values that are reasonable for undamaged skin (Rs A=
167.0 kΩ cm2, αs=0.862, Q s/A=41.4 nF sαs-1/cm2, and
fc,s=51 Hz). Calculated results are shown for the number
of holes varying from 0 to 5 under the assumptions that
each hole did not influence the impedance of the other
holes, and that adding holes did not change the R-CPE
parameters of the skin (i.e., Rs, Qs and αs were assumed
to be constant). Each hole acted in parallel to the skin
resistance with an assumed resistance normalized by the
exposed skin area (Rhole A) equal to 19.3 kΩ cm2 in a
diffusion cell with A=1.65 cm2, which is similar to what
was seen in the experiments with one hole described
below (i.e., sample 3). Therefore, the total resistance
attributed to the holes (Rholes) is the resistance of one
hole (Rhole) divided by the number of all holes (Nholes) as
follows:

Rholes ¼ Rhole

Nholes
ð13Þ

The resistance for Nholes is equivalent to the resistance
of one hole with a cross-sectional area that is larger by
a factor of Nholes than the area of the hole with a
resistance Rhole.

As shown in Fig. 3, the total resistance, indicated by Z r A
at low frequency, decreased with an increasing number of

pinholes while the characteristic frequency, which is the
frequency at which the –Z j A curves are maximized or
where d log(−Z j A)/d log(f) equals zero, increased with the
number of holes. Increasing the number of pinholes reduced
the total resistance of the system causing the characteristic
frequency to increase. Consistent with a circuit char-
acterized by a single characteristic frequency, plots of
d log(−Z j A)/d log( f ) decrease monotonically with
frequency from αs to −αs, crossing zero at f= fc,t.

Impedance plane plots, sometimes called Nyquist plots, are
also used to present impedance data. In this plot (Fig. 3d), –Z j A
is graphed as a function of Zr A on linear axes. For the R-CPE
and pinhole circuit models, the plot looks like a single
depressed semi-circle in which the maximum value of –Z j A
is less than half the difference of the maximum and minimum
values of Zr A. The degree to which the plot deviates from a
perfect semi-circle, which occurs when αs is exactly equal to
one, depends on how much αs deviates from unity. The low-
frequency data appear on the right side of the Zr A axis and
the frequency increases towards the left. Thus, the low and
high-impedance intercepts of the Zr A axis, which correspond
to high and low frequency, are equal to Re A and the total
resistance of the system (i.e., (Re+Rs) A for undamaged skin
and (Rt+Rs) A for damaged skin). The impedance values
corresponding to the characteristic frequency appear at the
top of the semi-circle (i.e. where –Z j A is a maximum).
Deviations from the semi-circular behavior illustrated in
Fig. 3d would indicate a spectrum that is inconsistent with a
circuit model described by a single characteristic frequency.

Fig. 3 Impedance spectra
calculated using the pinhole model
for varying numbers of holes and
typical values of the model
parameters in this study: Re A=
0.15 kΩ cm2, Rs A=167.0 kΩ cm2,
Qs/A=41.4 nF sαs-1/cm2, αs=
0.862, fc,s=51 Hz and Rhole A=
19.3 kΩ cm2 in a diffusion cell with
A=1.65 cm2.
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MATERIALS AND METHODS

Chemical flux and impedance spectra were measured be-
fore and after skin was damaged by needle puncture. The
experimental procedures for these studies and the related
determination of solution resistivity are described below.

Chemicals and Materials

Phosphate buffered saline (0.01 M) with 0.138 M NaCl,
0.0027 M KCl (pH 7.4, Sigma P-3813) was prepared in de-
ionized (DI) water (Millipore Corporation, Bedford, MA).
The permeation of 4-cyanophenol (CAS 767-00-0, molecular
weight=119.1 Da, logarithm of the octanol-water partition
coefficient=1.6, and pKa=7.97) purchased from Sigma was
measured before and after skin was punctured with a needle
(26S gauge, Hamilton CO., Reno, NV). Split-thickness hu-
man cadaver skin (300–400 μm thick) identified as Q (from
the back of a 77-year old Caucasian female) and AS (from
either the back or abdomen of a 78-year old Caucasian male)
was purchased from the National Disease Research
Interchange (NDRI, Philadelphia, PA). The skin was collected
within 24 h post mortem, frozen immediately and stored at
temperatures lower than −60°C until used.

Diffusion Cell Apparatus

Skin impedance and chemical flux were both measured in
horizontally oriented glass diffusion cells from PermeGear
(13 mL, Side-Bi-SideTM diffusion cells, Hellertown, PA)
adapted to allow 4-electrode impedance measurements
and to support the skin sample during manipulations requir-
ing it to be removed from the cell. Each skin sample was
mounted into one of four custom-made frames (the diffusion
area was 1.84 cm2 for one 1.65 cm2 for the other three)
constructed PDM Services, Golden, CO. This frame fit
between the two diffusion cell chambers that each held
two Ag/AgCl electrodes (In Vivo Meteric, Healdsburg,
CA): one working electrode (WE) and one reference elec-
trode (REF) as shown in Fig. 2. The working electrodes were
12-mm diameter discs oriented with the face parallel to the
skin surface. The cylindrical reference electrodes (1.5 mm
diameter and 3 mm long) were oriented such that the long
axis was parallel to the skin surface. Experiments were
conducted in a temperature-controlled chamber (Electro-
Tech Systems, Inc., PA) that was large enough to hold all
four cells and maintained at 32°C.

Skin Impedance Measurements

Impedance was measured using a Gamry potentiostat (mod-
el PCI4/300, Warminster, PA). A 10 mV root-mean-
squared, sinusoidal alternating current perturbation signal

with a mean applied potential of zero (i.e., no direct current
bias) was applied at 10 frequencies per logarithmic decade
over the frequency range of 0.1 Hz to 20 kHz.

Pinhole Experiments

After the frame holding the skin was clamped into a diffu-
sion cell, both chambers were filled with PBS for an eight to
twelve hour equilibration period. During the equilibration
period, impedance spectra were measured hourly to estab-
lish a baseline for the electrical properties of the skin as well
as to verify that the skin was at equilibrium as indicated by
insignificant differences between subsequent spectra.

After equilibration, solutions from both chambers were
drained and 13 mL of PBS and PBS saturated with 4-
cyanophenol (CP) were placed into the receptor chamber
and donor chambers, respectively. To ensure saturation of
the donor solution throughout the experiment, excess crys-
tals of CP were added to the donor chamber solution. Either
1 or 2-mL samples were collected hourly from the receptor
solution with replacement starting 4 h after introducing the
saturated donor solution and continuing for 3 h. After this, the
frame holding the skin was removed from the diffusion cells, a
hole was poked with the needle (464 μmoutside diameter), the
diffusion cell was reassembled, and the donor and receptor
chambers refilled with fresh CP-saturated PBS and PBS,
respectively. Seven 2-mL samples were collected from the
receptor chamber with replacement every 0.75 h after intro-
ducing the CP donor solution. Impedance spectra were col-
lected hourly during the flux measurements and results
reported before and after needle puncture were derived from
the last spectrum collected during the CP flux measurements.
A control experiment was performed in which one skin sample
from subject Q was treated in the same way as the other
samples except that it was not punctured.

Concentrations of CP in the collected solutions were
measured using a high-performance liquid chromatograph
(HPLC, Hewlett Packard 1100, Palo Alto, CA) equipped
with auto-sampling and a diode array detector set to
254 nm. The stationary phase was a Zorbax Extend-C18
(4.6×250 mm, Agilent Technologies, Santa Clara, CA)
column. The mobile phase was acetonitrile and water
(70:30 v:v) flowing at 1 mL/min, which gave a retention
time of about 2.3 min. Calibration using 4 or 5 standards
was conducted prior to chemical analysis, with concentra-
tions that encompassed the range of sample concentrations.
The limit of reliable quantification was approximately
0.1 μg/mL.

Steady-State Flux Determination

The cumulative mass of chemical delivered into the receptor
solution (M) at a sample time (t) was calculated by summing
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the mass of chemical in the receptor chamber and the total
mass of chemical removed from the receptor solution in
previous samples. The mass of chemical in the receptor
chamber at t is the product of the receptor solution volume
and the measured chemical concentration in the sample
collected at time t. The mass removed from the receptor
chamber by sampling is the product of the concentration
and volume of the sample.

The steady-state flux which is the slope of the linear
portion of the area normalized cumulative mass (M/A) versus
t curve, was determined by linear regression. In determining
CP flux before pinhole damage, the skin had not been
exposed previously to CP and the intercept of the regressed
line to the time axis is the lag time. Experimental estimates
for steady-state flux that include M/A measurements at
times less than about 2.4 times the lag time are systemati-
cally lower than the actual value (24); thus, data points
collected before 2.4 times the lag time were removed and
the regression was repeated. Typically, steady-state is
reached within 2 to 4 h. Steady-state flux was established
sooner than this in the pinhole damaged skin, which
contained CP from the before damage measurement. In
most cases, the steady-state flux was determined using at
least four data points; in all cases, at least three data points
were used.

Solution Resistivity Measurements

The resistivity of the PBS solution at 32°C was determined
to be 54.855±0.003 Ω cm (mean ± one standard deviation,
n=6) by measuring the resistance of the PBS solution in one
of the diffusion cells containing no skin and filled with 26
mL of PBS. Six successive impedance spectra of frequencies
between 1 Hz and 100 kHz were measured in the four
electrode configuration. The resistance from each spectrum
was the average value of Z r measured at frequencies where
only the resistance of the PBS solution contributed to the
impedance response of the system as indicated by
–Z j=0 (typically between 10 and 300 Hz). The average
resistance of the six scans across the cross-section area of
the diffusion cell was 93.623±0.005 Ω cm2 (mean ± one
standard deviation). The resistivity was calculated from the
product of this resistance and the electrode cell constant,
which accounts for the effective area and length of the
solution between the electrodes in the diffusion cell relative
to the cross-sectional area of the diffusion cell. The cell
constant was determined by measuring the resistance of
standard solutions (0.01, 0.1 and 1 molal potassium chloride
in DI water) with known resistivity at 32°C (8.19, 68.68 and
623.91 Ω cm, respectively from Pratt et al. (25)) in the same
diffusion cell by the procedure described above. The cell
constants for the three solutions, calculated from the ratio of
the resistivity to the measured resistance, were independent

of the potassium chloride concentration and equal to 0.586
±0.005 cm (average ± standard deviation).

Regression Analysis

Equations representing the chosen equivalent circuit model
were regressed to the complex impedance data by minimi-
zation of the objective function ( χ2) defined as:

c2 Pð Þ ¼
XNdat

k¼1

Z r;exp fkð Þ � Z r f kjPð Þ� �2 þ Z j;exp fkð Þ � Z j fkjPð Þ� �2
σ fkð Þ2

" #

ð14Þ
In this expression k is an index for the observation at each
measurement frequency fk, Ndat is the total number of mea-
surement frequencies in the spectrum, Z r,exp( fk) and Z j,exp( fk)
are the real and imaginary experimental impedance data
measured at frequencies fk, Z r ( fk|P) and Z j ( fk|P) are the
real and imaginary parts of the equivalent circuit model equa-
tion evaluated at frequency fk for the parameter vector P
(which includes all of the model parameters being optimized),
and σ fkð Þ is the average of the stochastic error at frequency fk
determined as described below. The errors reported for tabu-
lated values of the regressed parameters are the asymptotic
standard parameter errors, which is the square root of the
covariance matrix (26). The objective function was minimized
using a Levenberg-Marquardt algorithm developed and
implemented in MatLabTM by Gavin (26). Orazem and
Tribollet (27) provide a description of the Levenberg-
Marquardt method for regression to complex numbers.

The stochastic error in the measurements at each fre-

quency σ fkð Þ2 was estimated from the average of the
stochastic error of the real (σr) and imaginary (σj) parts of
the measured impedance at frequency fk. The σr and σj were
estimated following the measurement model approach de-
scribed in the papers by Agarwal et al. (28–31) and Orazem
et al. (32). This involves fitting the impedance data to a
simple equivalent circuit model (also known as the measure-
ment model) consisting of an optimal number of R-C cir-
cuits in series to five successive impedance spectra by
modulus-weighted, complex non-linear least squares regres-
sion using the Measurement Model Toolbox developed by
Orazem (33). The residual error between the data and the
measurement model cannot be taken as the stochastic error
because the error due to lack of fit could be significant.
However, the standard deviation of the residuals, expressed
in terms of the mean of the residual errors at frequency
fk ("res fkð Þ) for all scans (Nscans) included in the analysis (i.e.,
Nscans=5 in this study) as

σ2 fkð Þ ¼ 1
Nscans � 1

XNscans

m¼1

"res;m fkð Þ � "res fkð Þ� �2 ð15Þ
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is an estimate of the standard deviation of the stochastic
error as a function of frequency where "res;m fkð Þ is the
residual error of either the real or imaginary part of the
impedance at frequency fk of scan m, defined as

"res;m fkð Þ ¼ Zexp fkð Þ � ZMM fkð Þ ð16Þ

In Eq. (16), Zexp( fk) is the experimentally measured value of
the impedance and ZMM ( fk) is the impedance calculated
from the measurement model at frequency fk for the optimal
number of R-C circuits in series.

RESULTS AND DISCUSSION

The low-frequency impedance response is analyzed in this
section in terms of an effective pinhole diameter. Analysis of
different estimations of effective capacitance reveals that a
formula based on the high-frequency impedance response
yields more reliable values of dielectric constant than do
formulas derived from the characteristic frequency. The
steady-state flux of CP is seen to be relatively insensitive to
needle puncture; whereas, the impedance response shows
substantial sensitivity.

Skin Impedance

Typical impedance spectra measured before and after needle
puncture are shown in Fig. 4 for sample 4 along with theoret-
ical curves derived by regression to the R-CPE and pinhole
models. Values of the model parameters determined by re-
gression of impedance measurements before and after pinhole
damage for sample 4 and six others are listed in Table I. In
Table II regression parameters are reported for the control
experiment, in which a skin sample was treated in the same
way as the other samples except that it was not punctured.
The impedance responses of all skin samples, both before and
after pinhole damage, were adequately represented by the R-
CPE and pinhole models as illustrated by the good agreement
between the impedance models and data in Fig. 4 except at
the lowest frequency values for –Z j A. This deviation, which
has no effect on the regressed parameter values, arises because
the magnitude of –Z j A at low frequencies is small enough to
be affected by instrument noise. Values for Re have not been
reported because impedance was not measured at high
enough frequencies to obtain a reliable estimate for its value
by fitting the R-CPE model.

Because the needle used to puncture the skin was small
compared to the total skin area, the pinhole was expected to
have little effect on the impedance properties of the remaining
skin. From the control experimental results (Table II), it was
confirmed that the electrical properties of skin did not change
during the other skin handling steps. Therefore, the resistance

and the dielectric constant for the skin were assumed to be the
same before and after pinhole. Consistent with the hypothesis
that pinhole damage only adds a low frequency shunt resis-
tance (i.e., Rhole) in parallel with the skin resistance, after
pinhole damage the resistance changed while the CPE pa-
rameters, αs and Qs, did not. The average resistance before
pinhole damage was almost 10 times larger and more variable

Fig. 4 Typical impedance spectra measured before and after addition of a
pinhole for sample 4 compared with R-CPE models (solid lines) for skin
with and without a pinhole: (a) area normalized real part of the impedance,
(b) area normalized imaginary part of the impedance, and (c) impedance
plane (Nyquist) plot with the impedance values at the characteristic fre-
quencies denoted with diamonds.
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than after pinhole damage (cf. 118±54 kΩ cm2 compared
with 16.21±4.96 kΩ cm2; mean ± standard deviation for
n=7). In contrast, the variability in the CPE parameters
for all 16 measurements listed in Tables I and II, includ-
ing skin with and without pinholes, was relatively smaller:
αs=0.82±0.01 and Qs/A=72±12 nF s! s-1/cm2 (mean ±
standard deviation).

Values for the resistance of the pinhole, Rhole, listed in
Table I were calculated by rearrangement of Eq. (7) under
the assumption that Rs A was equal to the before pinhole

value. The resistance Rhole is related to the solution resistivity
(ρ), the hole diameter (dhole) and the length of the hole (Lhole) as

Rhole ¼ ρ
2dhole

þ 4Lholeρ
pd2hole

ð17Þ

where the first term on the right hand side represents the
constriction of the flux lines from a semi-infinite bulk electro-
lyte solution to the hole, and the second term represents the
resistance of the electrolyte solution in the hole when the
surrounding skin is impermeable to ions (34, 35). Under the

Table I Parameter Values for the R-CPE and Pinhole Models Regressed Respectively to Skin Data Before and After Damage with One Pinhole, and
Estimates of the Pinhole Resistance and Diameter

Sample IDa

Parameter Units 1 2 3 4

Before After Before After Before After Before After

Regressed parametersb

Rs A
c kΩ cm2 141.8±0.2 93.6±0.1 93.4±0.1 55.2±0.1

Rt A kΩ cm2 9.94±0.01 24.07±0.03 15.96±0.02 11.78±0.01
! s unitless 0.81±0.002 0.82±0.002 0.82±0.01 0.82±0.003 0.79±0.01 0.82±0.003 0.83±0.01 0.83±0.002
Qs/A nF s! s-1/cm2 79.8±1.0 67.7±1.5 68.5±1.3 73.5±1.4 99.7±1.1 83.0±1.4 66.5±1.4 63.7±1.1
Calculated parametersd

Rhole A
e kΩ cm2 10.7±0.01 32.4±0.07 19.3±0.03 15.0±0.02

Rhole kΩ 6.48±0.01 19.76±0.04 11.67±0.02 8.14±0.01
fc,s or fc,t

f Hz 41±0.2 1117±1.1 74±1 364±0.5 59±1 528±0.6 141±1 938±1.0
dhole

g μm 241 126 170 210

Sample IDa

Parameter Units 5 6 7 All samplesh

Before After Before After Before After Before After

Regressed parametersb

Rs A
c kΩ cm2 179±0.3 192±0.3 69.2±0.1 118±54

Rt A kΩ cm2 15.63±0.02 21.20±0.04 14.88±0.02 16.21±4.96

! s unitless 0.83±0.01 0.85±0.003 0.81±0.01 0.84±0.004 0.82±0.01 0.83±0.003 0.80±0.01 0.83±0.01

Qs/A nF s! s-1/cm2 61.8±1.2 51.3±0.9 70.5±1.2 57.3±1.3 74.3±1.7 69.5±1.3 74.4±12.5 66.6±10.5

Calculated parametersd

Rhole A
e kΩ cm2 17.1±0.02 23.8±0.05 19.0±0.03 19.6±6.9

Rhole kΩ 10.38±0.01 14.54±0.03 10.30±0.02 11.6±4.4

fc,s or fc,t
f Hz 37±1.0 721±0.9 31±0 477±0.8 98±1 648±0.8 68.7±39.4 685±266

dhole
g μm 182 150 183 180±35

a Samples 1–4 are from subject Q; samples 5–7 are from subject AS
b Values are reported as the regressed parameters ± the standard parameter error
c Rs A before and after pinhole damage is assumed to be unchanged for purposes of calculating Rhole
d Values are reported as the calculated parameter ± the error estimated by propagation of the standard parameter error on the regressed parameters
contained in the calculated parameter (27)
e Rhole A is calculated from Rt A and Rs A according to Eq. (7)
f fc,s and fc,t for skin before and after pinhole damage, respectively are calculated from Qs and either Rs or Rt as specified in Eqs. (3) and (8)
g Hole diameter was estimated using Eq. (17)
h Values are the mean and one standard deviation of the parameter value for all seven skin samples
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assumption that the pinhole was completely filled with PBS
solution, the effective diameter of the pinhole, dhole, for each
sample was estimated from Rhole using the measured resistivity
of PBS solution (ρ=54.9 Ω cm) and the total thickness of the
skin sample (i.e., approximately 350 μm for the split-thickness
skin used in this study).

Calculated values for dhole are listed in Table I. The aver-
age resistance of the pinholes in 7 skin samples corresponds to
180 μm for dhole (range from 126 to 241 μm). If the hole
resistance of 19.76 kΩ (sample 2) is discarded as an outlier,
then the average value for Rhole is 10.25±2.80 kΩ, which
corresponds to 189 μm for dhole (range from 150 μm to
241 μm). Overall, these estimates for dhole are a little smaller
than half of the needle diameter (464 μm). This is not surpris-
ing since the hole left by pushing a needle through the skin will
certainly be smaller than the needle diameter.

Effective Capacitance

Values of the effective capacitance, Cs,HM/A, calculated using
Eqs. (5) and (10) respectively for skin before and after pinhole,
are presented in Table III. Before pinhole damage, Cs,HM/A
was 24.4±2.6 nF/cm2 (mean ± one standard deviation for 7
samples from two subjects), which was larger than after pinhole
damage (16.2±1.6 nF/cm2) by a statistically significant
amount. The magnitude of these results generally agree with
other measurements of Cs,HM/A reported for human skin; e.g.,
18.6 nF/cm2 for heat separated skin in 50mMbuffered CaCl2
at 32°C (23), 39.8 nF/cm2 for 145 samples of split-thickness
skin in PBS at 32°C (36). Comparable effective capacitance
results calculated without an initial evaluation in terms of a
CPE are also reported for human as well full-thickness mouse
skin; e.g., 8.9 nF/cm2 for heat separated human skin in 0.0034
M NaCl at 21°C (7), 24 nF/cm2 for nude mouse in buffered
0.133 M NaCl at 37° (11), and 48, 51, 60 and 67 nF/cm2 for
hairless mouse at 20, 30, 40 and 50°C in 0.1 M NaCl with
similar numbers for 0.01 and 1 M NaCl (10).

The effective dielectric constant ( " ) for skin can be
calculated from the skin capacitance as

" ¼ Cs A=ð ÞL
"0

ð18Þ

where L is the stratum corneum thickness (assumed to be 15 μm)
and "0 is the permittivity of vacuum (8.8542×10-5 nF/cm).
Significantly, the values of " calculated using Cs,HM/A (listed in
Table III as "HMÞ are physically unrealistic: 414±44 and 274±
28 for skin before and after pinhole damage, respectively. These
numbers are one to two orders of magnitude larger than the
expected range between 76 for water at 32°C (37) and 2 or 3 for
several oils. Presented differently, the capacitance of 15-μm
thick films of water and oil are respectively 4.5 and
0.12 nF/cm2, which is much smaller than the effective skin
capacitance estimates. The fact that measurements reported
for skin capacitance correspond to physically unrealistic values
of " seems to have gone unnoticed with one exception:
DeNuzzio and Berner (7) observed that skin capacitance (calcu-
lated by fitting the impedance response to an R-Cmodel circuit)
was about 8 nF compared with their theoretical estimate of
0.08 nF (incorrectly listed as 0.8 nF in their Eq. 1).

Recognizing that dielectric constant values estimated from
Cs,HM are impossibly large, the validity of Cs,HM to represent
skin capacitance must be questioned. Further evidence that
Cs,HM is an incorrect measure of skin’s dielectric properties is
the observation that Cs,HM/A consistently changed in all seven
skin samples after adding a pinhole, an action that would not
have changed the dielectric constant of the skin.

Recently, Hirschorn et al. (38) proposed a different approach
for estimating the dielectric constant of a material with imped-
ance behavior that is consistent with an R-CPE circuit model.
Under the assumption that the dielectric constant is indepen-
dent of position, they demonstrate that the behavior of an R-
CPE circuit is consistent with a power-law decay of skin resis-
tivity through the skin thickness. Based on their power-law
model (cf. Eqs. 28 and 29 in (38)), an alternative expression
for the effective capacitance (Cs,PL) can be derived (39) as:

Cs;PL A= ¼ g1 a= s Q s A=ð Þ1 a= s d ρdð Þ 1�asð Þ as= ð19Þ
where ρδ is the resistivity at the position, δ, of the innermost
interface of the dominant resistive layer (i.e., the stratum
corneum in the case of skin) and the parameter g is obtained
from

g ¼ 1þ 2:88ð1� asÞ2:375 ð20Þ
For αs between 0.8 and 0.9, which are typical values for

skin, g is between 1.06 and 1.01. Although ρδ is unknown, to
satisfy the assumption that skin properties do not change after
needle puncture, ρδ and also Cs,PL and L are constants, and
therefore, according to Eq. (19), both Qs and αs must also

Table II Parameter Values of the R-CPE Model Regressed to Skin Data
for the Control Sample Before and After Damage with One Pinholea

Parameterb Units Before After

Rt A kΩ cm2 103.2±0.2 102.6±0.16

! s Unitless 0.80±0.002 0.81±0.002

Qs/A nF s! s-1/cm2 85.6±1 83±1

fc,s Hz 58±0.1 58±0.1

a One skin sample from subject Q was treated the same as all other skin
samples in the pinhole experiment but without puncturing a hole
b Values of all parameters except the characteristic frequency (fc,s) are
reported as the regressed parameter ± the standard parameter error.
Values of fc,s are reported as the calculated parameter ± the error
estimated by propagation of the standard parameter error on the regressed
parameters contained in the calculated parameter (27)
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remain constant. Notably, this theoretical prediction is consis-
tent with experimental observations that Qs and αs before and
after pinhole were not statistically significantly different.

A further test of the validity of Cs,PL for representing skin
capacitance is to compare the predicted and observed changes
in the characteristic frequency after adding a pinhole to skin.
Since constant ε means that Qs and αs do not change, then,
according to Eqs. (3) and (8), the ratio of the characteristic
frequencies before-to-after pinhole damage is predicted to be
related to the before-to-after resistance ratio as:

fc;s
fc;t

� �
Rs

Rt

� �1 as=

¼ 1 ð21Þ

This differs from what is predicted for the Cs,HM approach if ε
does not change. If ε does not change, then Cs,HM does not
change and according to Eqs. (4) and (9), the ratio of the
characteristic frequencies and resistances are expressed as:

fc;s
fc;t

� �
Rs

Rt

� �
¼ 1 ð22Þ

As shown in Fig. 5, Eq. (21) is consistent with the experimental
observations, while Eq. (22) is not. This result supports the
hypothesis that Cs,HM does not reflect accurately the effective
dielectric constant of the skin.

Estimates of ε from the power-law model are only possible
if δ and ρδ in Eq. (19) are known. The smallest possible value
for ρδ may be assumed to be the resistivity of the solution,
which was 55 Ω cm. Using this, which will give the smallest
possible value for Cs,PL, and an estimate of the thickness of the
stratum corneum (15 μm) for δ, Cs,PL for the 7 skin samples
were calculated along with εPL (see Table III) for αs and Qs/A
equal to the average of their before and after pinhole values

(which were not statistically significantly different). The result
is Cs,PL=1.2±0.2 nF/cm2, which gives εPL (21±3) within the
expected range of 2 to 76. Because ρδ may be larger than the
resistivity of the solution, the actual values for εPL may be
larger. Notably, an increase in ρδ from the solution resistance
of 55 Ω cm to as high as 1,000 Ω cm produces only a modest
increase in εPL from 21 to 40 at the average values of Qs/A
(70.5 nF sαs-1/cm2) and αs (0.82) for the seven skin samples
before pinhole damage. These values of the dielectric constant
can be compared to the range of values between 29 and 53
obtained in different studies by a technique which measures
absorption and reflection of electromagnetic energy at a
radiofrequency of 300 MHz (40, 41).

Table III Comparing Capacitance and Dielectric Constant Values Calculated Before and After Damage with One Pinhole Using the Power-Law (PL) and
Hsu-Mansfeld (HM) Models

! s
a Qs/A

a Cs,PL
b εPL Cs,HM

b εHM
nF s! s-1/cm2 nF/cm2 nF/cm2

Sample ID Before After Before After

1 0.815 73.8 1.07 18.2 26.2 14.3 444 243

2 0.820 71.0 1.17 19.9 23.6 18.0 400 297

3 0.805 91.4 1.06 17.9 28.8 18.8 488 318

4 0.830 65.1 1.39 23.5 20.6 15.0 348 254

5 0.840 56.6 1.53 25.9 23.6 14.8 399 251

6 0.825 63.9 1.18 20.0 25.1 15.7 426 267

7 0.825 71.9 1.37 23.1 23.3 16.9 395 285

Mean 0.823 70.5 1.25 21.2 24.5 16.2 414 274

Std dev 0.011 10.9 0.18 3.0 2.6 1.6 44 28

a Reported values for ! s and Qs/A are the average of the before and after pinhole values because these were not statistically significantly different
b Cs,PL and Cs,HM were calculated according to Eqs. (19) and (5), respectively using the average of the before and after pinhole values for ! s and Qs/A; Cs,PL
was calculated for ρδ = 55 Ω cm and δ=15 μm

Fig. 5 Experimental values for the ratios of the characteristic frequencies
and resistances before and after pinhole damage as predicted by two
different approaches for calculating the effective capacitance from the R-
CPE parameters: (a) the power-law model (Eq. (21)), represented as
circles, and (b) the Hsu-Mansfeld model (Eq. (22)) represented as X.
Because pinhole damage does not change the skin dielectric constant,
the expressions should be 1, which is observed for the power-law model
but not for the Hsu-Mansfeld model.
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Other methods have been used to extract effective ca-
pacitance values directly from skin impedance data without
an initial evaluation in terms of a CPE. Generally, the
results from these methods have been consistent with each
other and with Cs,HM. In the simplest approach, the effective
capacitance was determined by assuming skin impedance
was represented by the R-C circuit model; e.g., (7, 19, 42).
Capacitance values estimated by fitting the R-C circuit
model to skin, which behaves like an R-CPE circuit, will
be equal to Cs,HM because the regressed R-C model param-
eters will have the same characteristic frequency as a regres-
sion to the R-CPE circuit. Oh and Guy (43, 44) estimated
the effective capacitance (Cs,OG) using the formula

Cs;OG ¼ tan θc;s
2pR s fc;s

ð23Þ

where θc,s is the phase angle at the characteristic frequency (fc,s).
Oh and colleagues (9, 10) and also Burnette and Bagniefski (11)
determined the effective capacitance (Cs,Oh) from the slope of
the a linear regression of the inverse of the modulus of the
impedance squared |Z|2 to the frequency as described by

1

Zj j2 ¼ 1
R2
s
þ C2

s;Oh 4p2
� �

f 2 ð24Þ

for frequencies close to fc,s. The effective capacitance values
calculated using these methods are related to Cs,HM as (see
derivations in the Supplementary Material)

Cs;OG ¼ Cs;HM tan asp 4=ð Þ ð25Þ

Cs;Oh ¼ Cs;HM f fc;s
	� � ð26Þ

This explains why the values generated from these methods
are similar to Cs,HM and, like Cs,HM, give physically unrea-
sonable estimates for the dielectric constant.

Chemical Flux

The steady-state fluxes of CP before and after damage and the
change in CP flux after damage are listed in Table IV. Under
the assumption that all seven samples belong to the same
population, the CP flux after pinhole is not significantly dif-
ferent than before pinhole. However, samples 1–4 (mean flux
was 113±14 μg/cm2/h before the pinhole) were from a
different subject than samples 5–7 (mean flux was 55±
4 μg/cm2/h before pinhole). The average cumulative perme-
ation measured before and after pinhole damage for each
subject is presented in Fig. 6. Lag times before the pinhole
were larger than after the pinhole because the skin in the
before pinhole measurement had not been exposed previously
to CP. For each subject the mean CP flux after pinhole was
larger than the CP flux before pinhole by a small but statisti-
cally significant amount (student t-test, p<0.05) with a per-
centage change that was similar for both subjects (16%±6%
for all samples). As an experimental control, one sample was
treated in the same way as the pinhole samples except no
pinhole was made. The CP flux for the control sample did not
change (Table IV), suggesting that the observed changes in
flux were due only to the hole or to changes in the skin
incurred while making the hole. Despite this, the change in
CP flux was not correlated with either the hole resistance or

Table IV Steady-State Flux of CP (μg/cm2/h) Measured Before and After Damage with One Pinhole

Sample IDa All samplesb

Control 1 2 3 4 5 6 7 Mean Std dev

Before 0.164 101.8 109.8 134.5 107.6 50.9 58.5 55.4 88.4 33.0

After 0.164 120.0 135.4 149.1 127.2 61.8 62.2 62.0 102.5 38.9

Changec 0 18.2 25.6 14.5 19.6 10.9 3.7 6.5 14.1 7.7

% Changec 0 17.9 23.3 10.9 18.2 21.4 6.3 11.9 15.7 6.2

a Samples 1–4 are from subject Q; samples 5–7 are from subject AS. After pinhole, Rt A>20 kΩ cm2 for only samples 2 and 6
b Values are the mean ± one standard deviation of the parameter values for all seven skin samples
c Change is the flux after treatment minus the flux before treatment; % Change is the change in flux divided by the flux before pinhole

Fig. 6 Cumulative permeation of CP through human skin from subjects Q
(squares) and AS (circles) before (filled symbols) and after (open symbols)
damage with one pinhole; error bars representing plus or minus one standard
deviation are not always visible. Lines represent the average steady-state
permeation for each subject before (solid) and after (dashed) pinhole damage.
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diameter, perhaps because the variation in the values of the
after pinhole resistances were too small relative to the exper-
imental variability of flux through intact skin.

A minimum resistance of 20 kΩ cm2 has been
recommended as a criterion for skin samples with acceptable
skin integrity for meaningful measurement of in-vitro chemical
permeability without screening undamaged but higher per-
meability samples from the study; e.g., see discussion in (6). By
this criterion five samples damaged with one pinhole exhibited
unacceptable integrity (9 to 16 kΩ cm2), and two samples, one
from each subject, were barely acceptable (21 and 24 kΩ cm2).
Consistent with the observations described above, the two
acceptable samples exhibited both the highest and lowest
percentage changes respectively for subjects Q and AS. The
observation that CP flux changed by only a small amount
when the resistance of the pinhole damaged skin sample was
close to or slightly less than 20 kΩ cm2 suggests that this
criterion is an adequate assessment of skin quality for perme-
ation measurements of non-polar compounds.

Skin damaged intentionally with multiple holes to increase
chemical permeation (as in treatments with microneedles,
electroporation, or thermal, radiofrequency or laser ablation
(45, 46)) often will exhibit resistances that are less than 1 kΩ
cm2; e.g., (47). The amount of skin damage after such treat-
ments probably is large enough to cause an observable in-
crease in the flux of non-polar compounds like CP that are not
too lipophilic. However, permeation enhancement for highly
soluble polar and ionized species or for larger molecules that
have extremely limited permeability through undamaged SC
should be more significant and correlated with the skin resis-
tance measured after treatment (48).

CONCLUSIONS

Skin impedance measurements are sensitive to irreversible
damage caused by puncture with a needle, which reduced the
average resistance almost 10 fold. Skin impedance before and
after pinhole damage is represented well by an R-CPE circuit
model that is characterized by a single characteristic frequency.
Pinhole damage adds a low frequency shunt resistance through
the hole that acts in parallel with the skin resistance, but does
not change the CPE parameters. The characteristic frequency
of the impedance scans determined after needle puncture in-
creased bymore than the decrease in the total resistance. This is
inconsistent with approaches that have been used previously to
estimate an effective skin capacitance from the R-C equivalent
circuit model. The measured increases in the characteristic
frequency were consistent with the theory from Hirschorn et
al. (23), which predicts that the CPE parameters of the skin (αs
and Qs) should not change if the dielectric constant and resis-
tivity are constant. After pinhole damage, the flux of CP did
increase by a small but significant amount. However, this

increase was not correlated with the hole resistance or diameter
estimated by assuming that the skin resistance was unchanged
after the pinhole. The detailed analysis in the present work was
made possible by the measurement of impedance over a broad
range of frequency that encompassed both the high frequencies
where capacitive effects dominated to low frequencies that
allowed estimation of steady-state resistances.
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