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Abstract

Testing whether the barrier of skin samples has sufficient integrity for meaningful measurements 

of in-vitro chemical permeability is usually required when data are generated for regulatory 

purposes. Recently, skin integrity has been assessed using LCR databridge measurements, which 

are reported as resistances determined in either series (SER) or parallel (PAR) modes at a single 

frequency, typically 100 or 1000 Hz. Measurements made at different combinations of mode and 

frequency are known to differ, although the skin literature reveals confusion over the meaning of 

these differences and the impact on the interpretation of integrity test results. Here, the theoretical 

meanings of resistance and capacitance measurements in PAR and SER mode are described 

and confirmed experimentally. SER-mode resistances are equal to the real part of the complex 

impedance; whereas, PAR-mode resistances are the inverse of the real part of the admittance. 

Capacitance measurements reported in SER and PAR modes are similar manipulations of the 

imaginary parts of the complex impedance and admittance. A large body of data from human 

cadaver skin is used to show that the PAR-mode resistance and SER-mode capacitance measured 

at 100 Hz are sensitive to skin resistivity, which is the electrical measurement most closely related 

to skin integrity.
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1. Introduction

Measurement of electrochemical impedance has been shown to be a convenient method 

for characterizing many different materials, including human or animal skin. The method 

involves applying small-amplitude sinusoidal modulation of an input current or potential 

and measuring the responding potential or current. Impedance is the ratio of the change in 

potential to the change in current. Because the phase difference between the measured and 

input signals depends on the modulation frequency, it is convenient to express the impedance 

as a complex number that varies with the frequency of the time variation. In the limit of low 
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frequency, the impedance measurement should approach the direct current (DC) resistance 

(RDC).

Percutaneous absorption data are required for risk assessments of potentially toxic 

chemicals. In-vitro measurements of human skin can be used to avoid testing on human 

volunteers or animals. However, the collection and handling of excised skin can introduce 

damage, which may affect the percutaneous absorption measurements (Scott et al., 1991). 

Therefore, testing whether the barrier function of skin samples has sufficient integrity 

for meaningful measurements of in-vitro chemical permeability is common and usually 

required when data are generated for regulatory purposes (Heylings and Esdaile, 2007; 

International Programme on Chemical Safety (IPCS), 2006; OECD, 2004a). Measurement 

of skin impedance is faster and less expensive than measuring tritiated water permeation 

(Davies et al., 2004; Fasano and Hinderliter, 2004; Fasano et al., 2002), which has been 

the conventional skin integrity test (Franz and Lehman, 1990; Kasting et al., 1994; Scott et 

al., 1992). For the same reason, in-vitro impedance measurements are also used to identify 

chemicals and chemical mixtures that cause irreversible (or corrosive) damage to the skin 

(OECD, 2004a).

Several papers have described impedance measurements of in-vitro skin samples determined 

using an LCR databridge; e.g., from PRISM (Davies et al., 2004; OECD, 2004b) or 

Tinsley (Fasano et al., 2002). According to their manufacturers, these instruments measure 

inductance (L), capacitance (C) or resistance (R) in either a parallel (PAR) or series (SER) 

mode determined at one of two user-selected frequencies, usually 100 or 1000 Hz. Nearly 

always, the reported resistance values measured by PAR and SER modes (i.e., RPAR and 

RSER, respectively) at a given frequency are different. Also, RPAR and RSER, determined at 

different frequencies, are different, clearly indicating that these instruments are not reporting 

the DC skin resistance (Fasano and Hinderliter, 2004).

In assessing skin integrity or corrosion, the meaningful quantity is the electrical resistivity of 

the skin (ρ), which quantitatively characterizes the pathway for transport of ions. Consistent 

with this, the permeability of polar and ionic chemicals through skin has been shown to 

be inversely proportional to the resistivity (Kasting and Bowman, 1990; Peck et al., 1994, 

1995). Low resistivity, therefore, indicates high permeability to ions or polar chemicals, 

which is consistent with damage. Because the thickness of the stratum corneum (l), the skin 

layer primarily responsible for electrical resistance, is not usually measured, it is convenient 

to report the product of ρ and l, which is equal to the DC resistance of the skin (Rskin) 

multiplied by the area for charge transfer (A). LCR databridge measurements of skin will 

meaningfully assess skin integrity or damage only if the resistance measured represents a 

reliable estimate of the DC resistance.

The strategy is to reject skin samples with resistivity below a specified acceptance criterion 

as being too damaged for determining reliable chemical permeation parameters. Typically, 

the acceptance criterion is selected by comparing electrical measurements on a series 

of samples to the percutaneous absorption measurements for tritiated water (Davies et 

al., 2004; Fasano et al., 2002), other polar compounds (Peck et al., 1995), or ionized 

salts (Kasting and Bowman, 1990). Peck et al. (1995) and Kasting and Bowman (1990) 
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recommended that DC resistance values of 20 and 35 kΩ cm2, respectively, were suitable 

acceptance criteria. Proposed minimum acceptable values in RPAR from LCR databridge 

measurements, derived by comparing RPAR measurements to the same maximum acceptable 

tritiated water absorption of 1.5 mg cm−2 h−1 (which is equal to a permeability coefficient of 

1.5 × 10−3 cm/h), differ depending on the frequency of the RPAR measurement. Fasano et al. 

(2002) suggested that skin samples be rejected if they have a resistance, measured at 1000 

Hz and normalized for area, less than 11 kΩ cm2. Davies et al. (2004) recommended using 

a criterion of 25 kΩ cm2 based on measurements at 100 Hz. (Note that Davies et al. (2004) 

incorrectly listed the measuring frequency as 100 kHz rather than 100 Hz (Heylings, 2009).) 

The OECD 430 guidelines for identifying corrosive chemicals used measurements at 100 Hz 

in SER mode in validation studies, and recommend measurement frequencies between 50 

and 1000 Hz (OECD, 2004b).

Given that skin integrity is characterized by the resistivity, equal to Rskin A/l, it is important 

to know the extent to which LCR databridge measurements at 100 or 1000 Hz, reported in 

either PAR or SER modes, are correlated with the DC skin resistance. The objective of this 

work is to explain and establish experimentally the electrical quantities represented by RPAR 

and RSER and also the capacitance reported in PAR and SER modes (i.e., CPAR and CSER, 

respectively). A large quantity of skin impedance data is used to demonstrate the significant 

advantage of using the PAR resistance measurements at 100 Hz or the SER capacitance 

measurements at 100 Hz to estimate the skin resistivity, and therefore, integrity. These data 

are also used to derive equations relating the DC resistance to RPAR at 100 and 1000 Hz 

and CSER at 100 Hz. In a companion study, measurements of tritiated water permeation 

are shown to be linearly correlated with estimates of DC resistance derived from LCR 

databridge measurements determined at either 100 or 1000 Hz in three different laboratories 

(White, 2011).

2. Theory

Impedance (Z) is the alternating current (AC) analog to the DC resistance (RDC), which is 

expressed in terms of real (Zr) and imaginary (Zj) parts as

Z = Zr + jZj (1)

where j = −1. The inverse of the impedance is the admittance (Y), which is the AC analog 

of DC conductance. Like the impedance, the admittance can be written in terms of real (Yr) 

and imaginary (Yj) parts as

Y = 1
Z = Y r + jY j (2)

Notably, Zr is only equal to the inverse of Yr when the imaginary part of the impedance is 

zero.

The complex capacitance is defined to be the admittance (or the inverse of the impedance) 

divided by the angular frequency (ω), i.e.,
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C = Y
jω = 1

jZω = Cr + jCj (3)

in which ω is equal to 2πf, where f is the number of cycles per time. It is important to 

note that the complex capacitance depends on frequency and is not the intrinsic dielectric 

property of the material.

The presence of dielectric material in the skin causes a phase lag in the response to a 

periodic electrical signal. As a result, Z, Y and C measured for skin vary with frequency and 

include imaginary parts. It has been suggested that highly ordered stratum corneum lipids 

are the dielectric material (DeNuzzio and Berner, 1990; Oh et al., 1993). If skin were to 

behave as a simple resistor, there would be no phase shift and no imaginary parts, and Z and 

Y would be independent of frequency (Fasano and Hinderliter, 2004).

The references to ‘parallel’ and ‘series’ in the LCR databridge measurements is 

nomenclature from older technology in which a variable resistor and capacitor in either 

parallel or series circuits were used on one side of a Wheatstone bridge circuit. The 

electrochemical cell on which measurements are being made is connected to the other 

side of the Wheatstone bridge circuit, and the magnitudes of the capacitor and resistor 

are adjusted to balance the potential drop across the Wheatstone bridge. The values of 

the resistor and capacitor in the balanced circuit gave the real and imaginary parts of the 

impedance. If the configuration of the balancing circuit is a resistor and capacitor in series, 

then the impedance, referred to as ZSER is given by:

ZSER = RSER + j −1
ωCSER

= Zr + jZj (4)

It follows that the real part of the impedance, Zr = RSER, and the imaginary part of the 

impedance, Zj = −1/ωCSER. Similarly, when the balancing circuit is configured as a resistor 

and capacitor in parallel, then the inverse of the impedance of the parallel circuit (1/ZPAR) is 

equal to the inverse of the impedance for the resistor and capacitor as follows:

1
ZPAR

= Y PAR = 1
RPAR

+ jωCPAR = Y r + jY j (5)

Therefore, the measured RPAR is equivalent to 1/Yr and the measured CPAR is equivalent to 

Yj/ω.

Unlike Wheatstone bridge devices, LCR databridge instruments do not contain an actual 

resistor–capacitor (R–C) measuring circuit. Instead, the LCR databridge instruments use 

a phase-sensitive analog-to-digital converter to determine the magnitude of the resulting 

voltage that is in-phase with the perturbation and the magnitude of the voltage that is out-of-

phase with the perturbation. The corresponding current is measured with a current-to-voltage 

converter (H. Tinsley & Co., 1996). The measurement theory and practice is described in 

detail in the 6401 LCR Databridge Users Manual (H. Tinsley & Co., 1996).

White et al. Page 4

Toxicol In Vitro. Author manuscript; available in PMC 2022 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A physical model of skin impedance is not available because the source of the skin 

impedance is not well understood. As a result, it is customary to use equivalent circuits, 

comprised of simple circuit elements, to model the skin impedance. A common circuit 

model of in-vitro skin impedance, depicted in Fig. 1, is a resistor that represents the 

frequency-independent (Ohmic) resistance containing contributions from the electrolyte, 

wires, and possibly the dermis (Re) in series with a parallel resistor (Rskin) and capacitor 

(Cskin) that represent the skin polarization resistance and skin capacitance, respectively. 

Although this simple R–C circuit model does not represent actual skin impedance spectra 

as well as alternative circuit models like a resistor in parallel with a constant phase element 

(Hirschorn et al., 2010; Kontturi and Murtomaki, 1994; Yamamoto and Yamamoto, 1976a, 

1976b, 1981), it is presented here because it does capture the important features.

The impedance response of the R–C circuit presented in Fig. 1 is similar to that of human 

skin, determined either in-vitro or in vivo, in that the Zr in both cases approach asymptotic 

values at high and low frequencies. As the alternating current (AC) frequency approaches 

zero, Zj approaches zero and Zr approaches the DC resistance of the system; thus, Z = Zr 

= RDC = Re + Rskin. For large frequencies, the impedance of the skin becomes negligibly 

small and Z = Zr = Re (Orazem and Tribollet, 2008). The equations presented in Table 1 for 

RPAR, RSER, CPAR and CSER, corresponding to the R–C circuit in Fig. 1, can be obtained 

by algebraic rearrangements of the expressions describing the complex impedance provided 

in the Appendix. The equations describing RPAR, RSER, CPAR and CSER for a circuit with 

a resistor in series with a resistor in parallel with a constant phase element (R-CPE circuit) 

also are listed in the Appendix.

3. Materials and methods

Impedance and LCR databridge measurements were performed on a ‘‘dummy cell’’ circuit 

constructed of resistors and capacitors to confirm the interpretation of the LCR databridge 

results in terms of a full spectrum impedance analysis. Impedance measurements on human 

skin were then used to simulate LCR databridge readings and, thereby, to establish the 

relationship between LCR databridge measurements and skin integrity.

3.1. Dummy cell

A dummy cell electrical circuit, constructed to mimic approximately the impedance behavior 

of skin, was used to test the theoretical definitions of RPAR, RSER, CPAR and CSER. 

Specifically, measurements of RPAR, RSER, CPAR and CSER from an LCR databridge 

(Tinsley Model 6401 LCR Databridge, Croydon, UK) measured at 100 and 1000 Hz were 

compared to the complex impedance and admittance spectra determined for frequencies 

from 0.1 Hz to 20 kHz using a Gamry potentiostat (model PCI4/300, Warminster, PA). 

The dummy cell (Radio Shack, Fort Worth, TX) was assembled on a modular integrated 

circuit breadboard socket with a resistor (Re = 100 ± 1Ω) placed in series with a second 

resistor (Rskin = 115 ± 1 kΩ) that was in parallel with a capacitor (Cskin = 47.0 ± 9.4 

nF). The impedance electrode leads were connected to the circuit in a two electrode 

configuration with solderless breadboard jumper wires. The LCR databridge data were 

provided by C. Roper (Charles River Laboratories, Edinburgh, UK). For the Gamry 
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potentiostat measurements, the potential was modulated 10 mV rms with a mean applied 

potential of zero (i.e. no DC bias was applied) at 10 frequencies per logarithmic decade over 

the frequency range.

3.2. 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). 

Split-thickness human cadaver skin (approximately 300 µm thick), harvested from the back 

or abdomen within 24 h post mortem, was purchased from National Disease Research 

Interchange (NDRI, Philadelphia, PA). The skin was immediately frozen after collection and 

stored at temperatures less than −60 °C until used.

3.3. Skin impedance

Impedance was measured across skin samples mounted between two horizontally oriented 

chambers in one of three configurations. Most experiments were conducted in glass Side-

Bi-Side™ cells from PermeGear, Inc. (Hellertown, PA), which have an exposed skin area 

of 1.77 cm2 and a 13-mL volume for each chamber. Other impedance experiments were 

conducted in custom-made, polycarbonate cells (0.64-cm2 area and a chamber volume 

between 9 and 15 mL each), or in Side-Bi-Side™ cells modified to hold a customized frame 

assembly (PDM Services, Golden, CO), in which the skin is mounted (area and nominal 

volume are 1.70 ± 0.14 cm2 and 13 mL, respectively). Both chambers of the three cell 

configurations were designed to accommodate two Ag/AgCl electrodes (In Vivo Metric, 

Healdsburg, CA), one working and one reference. 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 is parallel 

to the skin surface. During an experiment, both chambers were filled with PBS solution and 

the temperature was maintained at 32 °C in either a temperature-controlled environmental 

chamber (Electro-Tech Systems, Inc., PA) or by circulating water through the water jacket 

from a temperature-controlled bath.

Spectra of impedance–frequency scans were measured for 145 skin samples from six 

subjects (all Caucasian, four males, ages 51 to 78 years, average of 68.5 years) using the 

Gamry potentiostat at the same operating conditions used in the dummy cell experiment. 

The frequency range was from 1 Hz to 10 kHz, except for a few scans for which the 

frequency was as low as 0.1 Hz or as high as 300 kHz. Impedance scans were collected 

hourly during an equilibration period of 8–12 h to establish 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. The frequency dependence in the 

measurements was consistent among the six subjects. No distinguishable effect of age or 

gender was observed; e.g., the subjects with the highest and lowest average impedance 

values (85 and 17 kΩ cm2) were males of 78 and 76 years, respectively.
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4. Results and discussion

Experiments performed on a ‘‘dummy cell’’ circuit constructed of resistors and capacitors 

provided confirmation of the relationship between LCR databridge values and impedance 

results at the same frequency. This correspondence was used to assess the use of LCR 

databridge values to estimate skin resistivity and as a measure of skin integrity.

4.1. Dummy cell measurements

Measurements of the dummy cell determined using the LCR databridge are compared in 

Fig. 2 to the Zr and 1/Yr spectra measured with the Gamry potentiostat. In agreement with 

the equations presented in Table 1, Zr and 1/Yr asymptotically approach the sum Re + Rskin 

at low frequency and Re at high frequency. At intermediate frequencies, Zr and 1/Yr both 

decrease with frequency, although the rate of decrease for Zr is greater than 1/Yr. Consistent 

with the definitions provided in Table 1 for LCR databridge measurements, values of 

RSER measured at 100 Hz and 1000 Hz are indistinguishable from the corresponding Zr 

values. Likewise, RPAR measured at 100 Hz and 1000 Hz are indistinguishable from the 

corresponding 1/Yr values.

Values for CPAR and CSER reported by the Tinsley 6401 at 100 Hz and 1000 Hz are 

compared in Fig. 3 to ( 1/ωZj) and Yj/ω calculated from the complex impedance spectra 

measured with the Gamry potentiostat. The values of CSER and CPAR determined at 100 

Hz and 1000 Hz with the Tinsley instrument are indistinguishable from values of (−1/ωjZ) 

and Yj/ω, respectively, which confirms the definitions of the CSER and CPAR measurements 

presented in Table 1. For an ideal R–C circuit, Cskin is the asymptotic limit for (−1/ωZj) 

at high frequency and also for Yj/ω at low frequency if Re << R-skin (Table 1). For the 

dummy cell, the asymptotic limits of Yj/ω and (−1/ωZj) are the same and approximately 

40 nF, which is within the component tolerance reported by the manufacturer. The small 

but evident frequency dependence at low and high frequency for Yj/ω and (−1/ωZj), 

respectively, indicates that the electrical components of the dummy cell were not perfectly 

ideal capacitors.

4.2. Application to human skin

The results presented in the previous section confirm that impedance measurements at 100 

and 1000 Hz can be used to estimate the values of RPAR, RSER, CPAR, and CSER measured 

by a Tinsley LCR databridge. Values of RSER and RPAR calculated from the complex 

impedance measured as a function of frequency for two samples of human cadaver skin 

are presented in Fig. 4 as examples of skin exhibiting low and high impedance values. The 

frequency variation of CPAR and CSER are presented in Fig. 5 for the same two pieces of 

skin.

The features of the RSER and RPAR spectra for human skin are similar to those observed for 

the dummy R–C circuit shown in Fig. 2. At low frequency, RSER and RPAR asymptotically 

approach the DC resistance of the total cell (i.e., Re + Rskin), which is approximately 9 and 

180 kΩ cm2 for the low and high impedance samples, respectively. As with the dummy 

cell, RPAR and RSER both asymptotically approach Re at higher frequencies. Also, like the 
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dummy cell, at a given intermediate frequency, RPAR is larger than RSER for both the high 

and low impedance skin. For both RSER and RPAR, the magnitude of any deviation from the 

DC resistance of the cell is reduced when measurements are made at lower frequency.

Notably, although the frequency dependence is similar for skin and the dummy cell, the 

maximum slope of the RPAR and RSER spectra is smaller for the skin samples than would be 

expected for an ideal R–C circuit. This is consistent with many other skin impedance studies 

(Hirschorn et al., 2010; Kontturi and Murtomaki, 1994; Membrino et al., 1997; Yamamoto 

and Yamamoto, 1976b), which found that, while the frequency dependence of the impedance 

for a simple R–C circuit model is similar to that measured in skin, a good quantitative fit of 

the skin data with an R–C circuit is not possible.

The CSER and CPAR spectra of the cadaver skin samples shown in Fig. 5 and the dummy 

cell shown in Fig. 3 also have similar features. The CPAR spectra for the high and low 

impedance skin samples almost overlap, indicating little sensitivity to the large difference in 

DC resistance of the skin. Furthermore, the CPAR values are nearly independent of frequency 

over most of the measured spectrum, decreasing significantly only at the higher frequencies. 

The rate of change of CSER with frequency is large for both skin samples at frequencies 

less than about 100 Hz and relatively independent of frequency at frequencies of about 1000 

Hz and higher. Overall, the CSER spectra for the high impedance skin is shifted to the left 

relative to the CSER spectra for low impedance skin, suggesting that CSER is sensitive to 

variations in the DC cell resistance, although this will not be apparent if CSER is measured 

at a higher frequency. At higher frequencies, CSER for both pieces of skin approach a similar 

asymptotic value, which is related to, but not normally equal to, the effective capacitance of 

the skin sample (which is defined and discussed in the Appendix). Despite the more than 

20-fold difference in the low frequency impedance values, the asymptotic values of CSER at 

high frequency for the low and high impedance skin samples shown in Figs. 4 and 5 differ 

by only a factor of about two, which is consistent with the typically small variation in the 

effective capacitance for fully hydrated skin in diffusion cell experiments.

The frequency-dependent in-vitro measurements presented in Figs. 4 and 5 are consistent 

with measurements collected over a similar range of frequencies on human subjects in vivo, 

including the effects of treatments that caused skin damage; e.g., (Curdy et al., 2001, 2004; 

Kalia et al., 1996; Rosell et al., 1988). Quantitative in-vitro–in-vivo comparisons to these 

published data are not possible due to differences in the experimental protocols.

There are a few commercial instruments designed to assess human skin hydration in 
vivo through measurement of the total magnitude of the impedance, the reciprocal 

of the resistance of the impedance, or the capacitance contribution of the impedance 

(Barel and Clarys, 2006; Gabard et al., 2006; Nicander et al., 2006; Tagami, 2006). 

Quantitative comparisons of the measurements among these instruments are impossible 

due to differences in the measurement frequencies, the nature of the skin-electrode contact, 

and the electrode type, shape and configuration (Nicander et al., 2006). Compared with 

in-vitro impedance measurements, which are made across known skin layers, the skin depth 

measured by these commercial instruments is unknown and different for each. Also, some 

of the devices (e.g., the Corneometer from Courage-Khazaka Electronic) only report results 
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in arbitrary units related to skin hydration. Moreover, in contrast to the LCR databridge and 

Gamry measurements presented here, these commercial devices measure at frequencies that 

are large, at least 1 kHz and often greater than 1 MHz (Barel and Clarys, 2006; Gabard et 

al., 2006; Nicander et al., 2006; Tagami, 2006). Most probably the observations from these 

measurements are related to factors other than stratum corneum resistivity.

4.3. Estimation of skin resistivity

The resistance of skin is usually much larger than the Ohmic resistance (i.e., Rskin >> Re), 

and, therefore, the low-frequency asymptote of the real part of the impedance approximates 

the DC resistance of the skin sample (Rskin). If the lowest frequency measured is sufficiently 

small, the low-frequency asymptote can be estimated by the real part of the impedance at the 

lowest frequency measured, designated as Zr,lf. Values of RSER and RPAR calculated from 

the complex impedance measured at either 100 or 1000 Hz were normalized by Zr,lf for 

145 samples of human cadaver skin. The corresponding ratios RSER/Zr,lf and RPAR/Zr,lf are 

presented in Fig. 6 as functions of RSER and RPAR, respectively. For all the samples shown 

in this and subsequent figures, the estimated difference between Zr,lf and the true value of 

Rskin is less than 4%.

Consistent with the results in Fig. 4 for two representative pieces of skin, the data presented 

in Fig. 6 show that RPAR is a better estimate for Zr,lf than is RSER at both frequencies (i.e., 

measurements of RPAR/Zr,lf are close to 1 more often than are measurements of RSER/Zr,lf). 

Also, RPAR more closely estimates Zr,lf when RPAR is smaller; the same applies to RSER. At 

100 Hz, RPAR and RSER can underestimate Zr,lf by factors of 3 and 10, respectively. This 

increases to factors of 13 and 100 for RPAR and RSER, respectively when measured at 1000 

Hz.

Overall, the skin impedance results shown in Fig. 6 indicate that skin resistivity and, 

therefore, its barrier function to ions or polar molecules is estimated better by impedance 

measurements at lower frequency, and that measurements at higher frequency may show 

little correlation with skin resistivity. This is consistent with observations from others. For 

example, Kalia et al. (1998) found that changes in measurements of in vivo transepidermal 

water loss (TEWL) during skin barrier function development in premature infants correlated 

with the modulus of the impedance measured at 1.6 Hz but not with impedance measured 

at 486 Hz. Also, in experiments comparing in-vitro measurements of tritiated water 

permeability with RPAR determined at 1000 Hz for heat-separated human epidermal 

membranes, Fasano et al. (2002) observed that the natural logarithm of the tritiated water 

permeability was not linearly related to the natural logarithm of RPAR measured at 1000 

Hz. Their observation is consistent with the results presented in Fig. 6b and d, which shows 

that the ratios of RPAR/Zr,lf and RSER/Zr,lf measured at 1000 Hz were not equal to one or 

independent of the measured skin impedance.

The OECD guidelines for identifying chemicals that irreversibly damage skin recommend 

measuring impedance in SER mode at frequencies between 50 and 1000 Hz (OECD, 

2004b). Based on the present, more thorough, examination of the frequency dependence 

of skin impedance measurements, the skin barrier to polar and ionic compounds is best 

assessed at a frequency that is not larger than 100 Hz.
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Values of CSER/A and CPAR/A calculated from Gamry potentiostat measurements at 100 and 

1000 Hz are presented in Fig. 7 as a function of (Zr,lf A) for the same skin samples shown 

in Fig. 6. As expected from the results shown in Fig. 5, CPAR determined at either 100 or 

1000 Hz is insensitive to variations in (Zr,lf A). In contrast, CSER decreases with increasing 

Zr,lf, although the data scatter for the measurements at 1000 Hz are too large to derive a 

meaningful correlation. However, measurements of CSER at 100 Hz are obviously correlated 

with (Zr,lf A) with only a little scatter for skin samples having area-normalized values of Zr,lf 

between about 20 and 80 kΩ cm2; for these, CSER/A is related to (Zr,lf A) by

log CSER/A = − 1.07log Zr,lfA + 3.85 r2 = 0.94 (6)

where the units for CSER/A and (Zr,lf A) are nF/cm2 and kΩ cm2, respectively.

Two factors make CSER measured at 100 Hz for human skin more sensitive to changes 

in the skin resistance than CSER measured at 1000 Hz. First, the variation in the effective 

capacitance of most skin samples is relatively small. Second, 100 Hz is usually within 

a factor of about 4 of the characteristic frequency (fc) for human skin, defined here as 

the frequency at which the negative of the imaginary component of the impedance is 

maximized. For an R– C model circuit, fc is related to the skin resistance and capacitance as 

(Orazem and Tribollet, 2008):

fc = 1
2πRskinCskin

(7)

For an R-CPE circuit model, Cskin in Eq. (7) is the effective skin capacitance, Cskin,eff, which 

is described in the Appendix.

When CSER is measured at a frequency close to the characteristic frequency, it varies 

strongly with Rskin but minimally with small variations in the effective skin capacitance. 

When measured at a frequency that is more than an order of magnitude larger or smaller 

than the characteristic frequency, CSER is nearly insensitive to Rskin but affected by 

variations in the effective capacitance.

The variation of CSER at 100 Hz and 1000 Hz with Rskin is illustrated in Fig. 8, in 

which predictions from the R-CPE model circuit (described by Eqs. (A7) and (A8) in 

the Appendix) are presented and compared to the 145 experimental values from Fig. 7. 

The model predictions were calculated at the mean value in the effective skin capacitance 

plus and minus one standard deviation assuming a log mean distribution of the effective 

capacitance values for the 145 skin samples shown in Figs. 6 and 7. Specifically, the mean 

± one standard deviation in the logarithm of Cskin,eff/A was equal to 1.60 ± 0.30, which 

corresponds to a mean of 39.8 nF/cm2 with upper and lower bounds at 75.8 nF/cm2 and 20.2 

nF/cm2, respectively. The α parameter in the R-CPE model was assumed to be 0.8, which 

is a typical number for skin (Hirschorn et al., 2009; Poon and Choy, 1981). The predicted 

dependence of CSER with Rskin is in excellent agreement with the experimental results at 

both 100 and 1000 Hz.
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The values of (Zr,lf A) at 20 and 80 kΩ cm2 indicated on Fig. 8 designate the interval 

over which CSER measured at 100 Hz appears to be approximately linear with (Zr,lf A). 

The characteristic frequencies for skin samples within the 20–80 kΩ cm2 interval are 

approximately 25–400 Hz. For these samples, 100 Hz is within a factor of 4 smaller or 

larger than fc, whereas, 1000 Hz is larger than fc by 2.5 to 40-fold, which is consistent with 

the greater effect of skin resistance on CSER measured at 100 Hz. Typically, fc is less than 

100 Hz for samples with (Rskin A) > 80 kΩ cm2 and greater than 100 Hz for samples with 

(Rskin A) < 20 kΩ cm2. Skin samples considered acceptable for diffusion cell determinations 

of chemical permeability generally have (Rskin A) that are 20 kΩ cm2 or a little larger, which 

is within the approximately linear interval for CSER and Rskin.

Interestingly, from the model predictions at 100 Hz (Fig. 8b) for a fixed effective skin 

capacitance, it is evident that CSER actually is not linear with Rskin over the interval between 

20 and 80 kΩ cm2. The apparent linear relationship of CSER and Rskin between 20 and 80 kΩ 
cm2 is caused by the intersections of the CSER versus Rskin curves at various values of the 

effective skin capacitance.

4.4. Application for assessing skin integrity

Often the goal of LCR databridge measurements is to test the integrity of skin samples 

used for in-vitro determinations of chemical permeation through skin. For this purpose, the 

meaningful test quantity is electrical resistivity, the magnitude of which, for LCR databridge 

instruments reporting RPAR, RSER, CPAR and CSER values at 100 and 1000 Hz, is most 

closely represented by RPAR at 100 Hz. However, the correlation between CSER and Zr,lf 

observed in Figs. 7 and 8 suggests that CSER measured at 100 Hz might also be used as 

a surrogate measure for resistivity. Therefore, using the 145 cadaver skin measurements 

presented in Figs. 6–8, the suitability of using (RPAR A) and (CSER/A) determined at 100 Hz 

as surrogates for identifying skin samples with acceptable and unacceptable resistivity was 

explored.

The evaluation scheme is illustrated in Fig. 9. For the selected test value of the area-

normalized DC skin resistance (Rskin A)test, the test value of the surrogate measurement is 

chosen. For the chosen surrogate test value, the number of skin samples was determined that, 

according to the area-normalized surrogate measure, was either acceptable or unacceptable. 

By comparing (Rskin A)test to values of (Zr,lf A), assumed to represent (Rskin A) for each 

skin sample, results identified as acceptable according to the surrogate measurements were 

then categorized as either true acceptable (designated TA), meaning (Rskin A) > (Rskin A)test, 

or true unacceptable (designated TU), meaning (Rskin A) < (Rskin A)test. Similarly, results 

identified by the surrogate measurements as unacceptable were categorized as either false 

acceptable, FA, or false unacceptable, FU, according to (Rskin A) compared with (Rskin 

A)test. For (RPAR A) as the selected surrogate test measurement, skin samples are deemed 

acceptable if (RPAR A) P (RPAR A)test, and unacceptable if (RPAR A) < (RPAR A)test. Since 

(CSER/A) decreases with increasing skin resistance, skin samples are deemed acceptable if 

(CSER/A) 6 (CSER/A)test, and unacceptable if (CSER/A) > (CSER/A)test. The performance 

results for four surrogate criteria are reported in Table 2 as the percentage of the 145 skin 
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samples identified as TA, FA, TU or FU for values of (Rskin A)test between 10 and 36 

kΩ-cm2, which represents the range of previously proposed test values for RPAR or Rskin.

The first surrogate criteria in Table 2 is (RPAR A)test set equal to (Rskin A)test, which is 

consistent with the assumption that RPAR measured at 100 Hz is a good estimate of Rskin. 

Because RPAR measured at 100 Hz is generally less than Zr,lf (see Fig. 6), choosing (RPAR 

A)test at 100 Hz to equal (Rskin A)test is biased toward rejecting acceptable skin samples.

To use (CSER/A) measured at 100 Hz as a surrogate for recognizing skin samples with 

acceptable and unacceptable resistivity, suitable values for (CSER/A)test must be determined. 

Assuming the cadaver skin impedance data shown in Fig. 8 are representative of skin 

samples generally, criteria for (CSER/A)test were estimated by substituting (Rskin A)test for 

(Zr,lf A) in Eq. (6). Overall, using (CSER/A)test calculated using Eq. (6) as surrogate test 

criterion for (Rskin A)test was superior to using (RPAR A)test at 100 Hz equal to (Rskin A)test.

The following regression of (RPAR A) determined at 100 Hz to (Zr,lf A),

log RPARA = 0.837log Zr, lfA + 0.092 r2 = 0.97 (8)

where the units for (Zr,lf A) and (RPAR A) are kΩ cm2, should provide an improved criterion 

for (RPAR A)test. Specifically, (RPAR A)test at 100 Hz is calculated by substituting (Rskin 

A)test for (Zr,lf A) in Eq. (8). A similar approach was also applied to derive (RPAR A)test 

measured at 1000 Hz from the following regression for (RPAR A)test at 1000 Hz to (Zr,lf A):

log RPARA = 0.668log Zr,lfA + 0.053 r2 = 0.83 (9)

Eqs. (8) and (9) are compared with the 145 experimental measurements in Fig. 10. The 

values of (RPAR A)test calculated according to Eqs. (8) and (9) for selected values of (Rskin 

A)test are listed in Table 2 along with a performance summary.

Compared with the results for (RPAR A)test = (Rskin A)test, applying (RPAR A)test calculated 

from Eq. (8) produced fewer incorrectly identified samples, although more samples were 

incorrectly identified as acceptable (i.e., FA). Clearly, (RPAR A) measured at 1000 Hz is 

inferior to the other surrogate measurements listed in Table 2 for correctly identifying skin 

samples with acceptable and unacceptable integrity.

4.5. Comparison to the literature

Eqs. (8) and (9) provide a means of estimating the DC skin resistance that corresponds 

with the previously proposed test values for RPAR based on LCR databridge measurements. 

Davies et al. (2004) recommended using (RPAR A)test of 25 kΩ cm2 measured at 100 Hz, 

which corresponds to (Rskin A)test equal to about 36 kΩ cm2 100 Hz, which corresponds 

to (Rskin A)test equal to about 36 kΩ cm2 calculated using Eq. (8). This is not too different 

from (Rskin A)test equal to 30 kΩ cm2, which is estimated for (RPAR A)test at 1000 Hz 

equal to 11 kΩ cm2 (Fasano et al., 2002). This similarity in (Rskin A)test values is expected 

because (RPAR A)test in both studies was chosen to match the same value for tritiated water 

absorption (i.e., 1.5 mg cm−2 h−1). Notably, Kasting and Bowman (1990) recommended 35 
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kΩ cm2 for (Rskin A)test based in part on current–voltage behavior in studies of sodium ion 

absorption in experiments at 37 °C. More recently, 13 kΩ cm2 and 7 kΩ cm2 have been 

suggested for (RPAR A)test measured at 100 and 1000 Hz, respectively (Horne et al., 2010); 

these values, developed to be consistent with a tritiated water absorption of 3.5 mg cm−2 h−1, 

correspond to (Rskin A)test equal to 16 kΩ cm2.

From the ratio of urea permeability measured at 39 and 27 °C, Peck et al. (1995) discovered 

that heat-separated human skin with (Rskin A) less than 20 kΩ cm2 at 27 °C, behaved 

differently than higher resistance skin and like porous Nuclepore membranes. Thus, Peck et 

al. (1995) selected 20 kΩ cm2 for (Rskin A)test. This DC resistance criteria would correspond 

with 15.1 and 8.4 kΩ cm2 for (RPAR A)test determined at 100 and 1000 Hz, respectively or 

285 nF/cm2 for (CSER/A)test measured at 100 Hz.

5. Conclusions

Resistance and capacitance values reported by LCR databridge instruments represent 

manipulations of the complex impedance and are, therefore, functions of the measurement 

frequency. With the exception of low impedance skin samples, the RSER, RPAR and CPAR 

measured at 1000 Hz and RSER and CPAR measured at 100 Hz will generally provide poor 

estimates of the skin resistivity. Measurements of RPAR and CSER at 100 Hz may be used 

as surrogate measures for skin resistivity to assess the integrity of human skin samples. 

While the sensitivity of RPAR measured at low frequency to skin resistance is consistent 

with results presented in the literature, a surprising result of the present study is that the 

capacitance CSER measured at low frequency provides an even better surrogate for skin 

resistivity. One should caution, however, that, depending on the chosen acceptance criteria, 

some skin may be falsely identified as acceptable or unacceptable.
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Appendix A

The complex impedance of the R–C circuit model shown in Fig. 1 is represented by the 

following equation:

Z = Re + Rskin
1 + ωRskinCskin

(A1)

from which the real and imaginary parts are determined to be:

Zr = Re + Rskin
1 + ωRskinCskin

2 (A2)

and
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Zj = − ωRskin
2 Cskin

1 + ωRskinCskin
2 (A3)

where the radial frequency x is equal to 2πf for f given in cycles per time.

Although Eqs. (A1), (A2), (A3) capture the essential features of skin impedance measured 

as a function of frequency, the R-CPE circuit model, in which a constant phase element 

(CPE) replaces the capacitor shown in Fig. 1, provides better quantitative agreement with 

experimental data (Hirschorn et al., 2010; Kontturi and Murtomaki, 1994; Yamamoto and 

Yamamoto, 1976a, 1976b, 1981).

The complex impedance of the R-CPE model circuit is more complicated than the R–C 
model circuit because the impedance of a CPE depends on two parameters, Q and α, rather 

than just one (the capacitance, Cskin) for a capacitor. For the R-CPE model circuit, the PAR 

and SER modes for R and C are described by the following four equations:

RPAR =
R + Re

2 + RReQωα 2 + 2 R + Re QRReωαcos απ
2

R + Re + Re QRωα 2 + R + 2Re QRωαcos απ
2

(A4)

RSER = Zr = Re +
R + R2Qωαcos απ

2

1 + RQωα 2 + 2RQωαcos απ
2

(A5)

CPAR = Y j
ω =

QR2ω α − 1 sin απ
2 / R + Re

Re + R + RQReωα 2

R + Re
+ 2QRReωαcos απ

2

(A6)

and

CSER = − 1
Zj ω =

1 + RQωα 2 + 2RQωαcos απ
2

R2Qω α + 1 sin απ
2

(A7)

The effective capacitance of an R-CPE model circuit of skin can be estimated using Eq. (7) 

from the characteristic frequency, defined here as the frequency at which the negative of the 

imaginary part of the impedance is at its maximum value (Orazem and Tribollet, 2008). It 

follows that this definition of the effective skin capacitance (Cskin,eff) is related to α and Q as 

follows:

Cskin,eff = Q1/αRskin
1 − α /α

(A8)
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As described by Hirschorn et al. (2010), Eq. (A8) is in agreement with the development 

presented by Hsu and Mansfeld (2001) and used by Oh and Guy (1994a, 1994b) to estimate 

the capacitance of human skin when α is close to one.
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Fig. 1. 
A simple R–C circuit model of skin.
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Fig. 2. 
RPAR and RSER measured by the Tinsley LCR databridge at 100 and 1000 Hz compared with 

Zr and 1/Yr spectra measured by the Gamry potentiostat for the dummy cell (Re = 100 Ω, 

Rskin = 115 kΩ, Cskin = 47 nF).
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Fig. 3. 
CPAR and CSER measured by the Tinsley LCR databridge compared with Yj/ω and-1/ωZj 

spectra measured by the Gamry potentiostat for the dummy cell (Re = 100 Ω, Rskin = 115 k 

Ω, Cskin = 47 nF).
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Fig. 4. 
Area-normalized values of RSER (open symbols) and RPAR (filled symbols) calculated from 

the complex impedance measured with the Gamry potentiostat as a function of frequency for 

a high impedance skin sample (squares) and a low impedance skin sample (triangles).
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Fig. 5. 
Area normalized values of CSER (open symbols) and CPAR (filled symbols) calculated from 

the complex impedance measured with the Gamry potentiostat as a function of frequency for 

a high impedance skin sample (squares) and a low impedance skin sample (triangles).
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Fig. 6. 
Ratios of RPAR and RSER to the low frequency real impedance (Zr,lf ≅ Rskin) plotted as a 

function of RPAR and RSER, respectively for 145 samples of human cadaver skin measured at 

100 or 1000 Hz.
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Fig. 7. 
Area-normalized values of CSER and CPAR calculated from the complex impedance of 145 

cadaver skin samples measured using the Gamry potentiostat at either 100 or 1000 Hz and 

plotted as a function of (Zr,lf A).
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Fig. 8. 
Area-normalized values of CSER calculated from the complex impedance of 145 cadaver 

skin samples measured using the Gamry potentiostat plotted as a function of the Zr,lf 

compared with CSER/A predicted by the R-CPE model circuit plotted as a function of Rskin 

for the mean value of Cskin,eff/A (solid curve) plus and minus one standard deviation (long 

and short dashed curves respectively) assuming a log mean distribution of Cskin,eff/A for the 

145 skin samples shown in Figs. 6 and 7: data compared with model at 100 Hz (a) and 1000 

Hz (c); and model alone at 100 Hz (b) and 1000 Hz (d).
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Fig. 9. 
Schematic diagram illustrating the scheme for evaluating surrogate measurements for testing 

skin integrity.
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Fig. 10. 
Area-normalized values of RPAR calculated from the complex impedance of 145 cadaver 

skin samples measured at 100 Hz and 1000 Hz using the Gamry potentiostat plotted as a 

function of the (Zr,lf A). The solid lines were determined by linear regression and correspond 

to Eqs. (8) and (9) for the 100 Hz and 1000 Hz measurements, respectively.

White et al. Page 26

Toxicol In Vitro. Author manuscript; available in PMC 2022 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

White et al. Page 27

Ta
b

le
 1

E
qu

at
io

ns
 f

or
 th

e 
PA

R
 a

nd
 S

E
R

 m
od

es
 o

f 
R

 a
nd

 C
 f

or
 th

e 
R

–C
 m

od
el

 c
ir

cu
it 

sh
ow

n 
in

 F
ig

. 1
.

PA
R

SE
R

R
R P

AR
=

1 Y r
=

R s
ki

n
1+

R e R s
ki

n

2 +
ωR

eC
sk

in
2

R e
R s

ki
n

ωC
sk

in
2 +

1+
R e R s
ki

n

R S
ER

=
Z

r=
R e

+
R s

ki
n

1+
ωR

sk
in

C s
ki

n
2

C
C P

AR
=

Y j ω
=

C s
ki

n

1+
R e R s
ki

n

2 +
ωR

eC
sk

in
2

C S
ER

=
1

−Z
jω

=
C s

ki
n+

1
ω2

R s
ki

n
2

C s
ki

n

Toxicol In Vitro. Author manuscript; available in PMC 2022 August 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

White et al. Page 28

Ta
b

le
 2

Pe
rf

or
m

an
ce

 o
f 

(R
PA

R
 A

) 
at

 1
00

 H
z 

an
d 

10
00

 H
z 

an
d 

(C
SE

R
/A

) 
at

 1
00

 H
z 

as
 s

ur
ro

ga
te

 c
ri

te
ri

a 
fo

r 
(R

sk
in

 A
) 

in
 te

st
in

g 
sk

in
 in

te
gr

ity
a .

Su
rr

og
at

e 
C

ri
te

ri
on

Te
st

 v
al

ue
b

(R
sk

in
 A

) t
es

t k
Ω

 c
m

2
T

A
T

U
FA

F
U

f 
(H

z)
Q

ua
nt

it
y

R
el

at
io

ns
hi

p 
of

 t
es

t 
va

lu
e 

to
 (

R
sk

in
 A

) t
es

t b

10
0

(R
PA

R
 A

)
(R

PA
R
 A

) te
st
 =

 (
R

sk
in

 A
) te

st
10

10
93

.8
5.

5
0.

0
0.

7

15
15

85
.5

10
.3

0.
0

4.
1

20
20

75
.2

13
.8

0.
0

11
.0

25
25

68
.3

20
.7

0.
0

11
.0

30
30

64
.1

26
.9

0.
0

9.
0

36
36

60
.0

32
.4

0.
0

7.
6

10
0

(C
SE

R
/A

)
E

q.
 (

6)
: l

og
 (

C
SE

R
/A

) te
st
 =

 −
1.

07
 lo

g(
R

sk
in

 A
) te

st
 +

 3
.8

5
59

8
10

92
.4

4.
8

0.
7

2.
1

38
7

15
89

.0
9.

0
1.

4
0.

7

28
5

20
84

.8
13

.1
0.

7
1.

4

22
4

25
76

.6
19

.3
1.

4
2.

8

18
5

30
73

.1
26

.2
0.

7
0.

0

15
2

36
67

.6
32

.4
0.

0
0.

0

10
0

(R
PA

R
 A

)
E

q.
 (

8)
: l

og
 (

R
PA

R
 A

) te
st
 =

 0
.8

37
 lo

g(
R

sk
in

 A
) te

st
 +

 0
.0

92
8.

5
10

93
.8

5.
5

0.
0

0.
7

11
.9

15
89

.0
9.

7
0.

7
0.

7

15
.1

20
84

.8
13

.1
0.

7
1.

4

18
.3

25
76

.6
17

.2
3.

4
2.

8

21
.3

30
68

.3
24

.1
2.

8
4.

8

24
.8

36
67

.6
31

.7
0.

7
0.

0

10
00

(R
PA

R
 A

)
E

q.
 (

9)
: l

og
 (

R
PA

R
 A

) te
st
 =

 0
.6

68
 lo

g(
R

sk
in

 A
) te

st
 +

 0
.0

53
5.

3
10

93
.8

4.
8

0.
7

0.
7

6.
9

15
85

.5
8.

3
2.

1
4.

1

8.
4

20
77

.9
11

.7
2.

1
8.

3

9.
7

25
71

.0
15

.2
5.

5
8.

3

11
.0

30
66

.2
19

.3
7.

6
6.

9

12
.4

36
64

.8
26

.9
5.

5
2.

8

a R
es

ul
ts

 a
re

 r
ep

or
te

d 
as

 th
e 

pe
rc

en
ta

ge
 o

f 
th

e 
14

5 
sk

in
 s

am
pl

es
 th

at
 a

re
 id

en
tif

ie
d 

by
 th

e 
su

rr
og

at
e 

cr
ite

ri
on

 a
s 

ac
ce

pt
ab

le
 in

 a
gr

ee
m

en
t (

TA
 =

 tr
ue

 a
cc

ep
ta

bl
e)

 o
r 

di
sa

gr
ee

m
en

t (
FA

 =
 f

al
se

 a
cc

ep
ta

bl
e)

 w
ith

 
(R

sk
in

 A
) 

or
 th

at
 a

re
 id

en
tif

ie
d 

by
 th

e 
su

rr
og

at
e 

cr
ite

ri
on

 a
s 

un
ac

ce
pt

ab
le

 in
 a

gr
ee

m
en

t (
T

U
 =

 tr
ue

 u
na

cc
ep

ta
bl

e)
 o

r 
di

sa
gr

ee
m

en
t (

FU
 =

 f
al

se
 u

na
cc

ep
ta

bl
e)

 w
ith

 (
R

sk
in

 A
).

 F
or

 (
R

sk
in

 A
) 

an
d 

(R
PA

R
 A

),
 

ac
ce

pt
ab

le
 s

ki
n 

m
us

t e
xc

ee
d 

th
e 

te
st

 v
al

ue
; f

or
 (

C
SE

R
/A

) 
ac

ce
pt

ab
le

 s
ki

n 
m

us
t b

e 
le

ss
 th

an
 th

e 
te

st
 v

al
ue

.

Toxicol In Vitro. Author manuscript; available in PMC 2022 August 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

White et al. Page 29
b Te

st
 v

al
ue

 o
f 

th
e 

su
rr

og
at

e 
m

ea
su

re
m

en
t i

n 
un

its
 o

f 
kΩ

 c
m

2  
fo

r 
(R

PA
R

 A
) t

es
t a

nd
 n

F/
cm

2  
fo

r 
(C

SE
R

/A
) t

es
t.

Toxicol In Vitro. Author manuscript; available in PMC 2022 August 23.


	Abstract
	Introduction
	Theory
	Materials and methods
	Dummy cell
	Chemicals and materials
	Skin impedance

	Results and discussion
	Dummy cell measurements
	Application to human skin
	Estimation of skin resistivity
	Application for assessing skin integrity
	Comparison to the literature

	Conclusions
	Appendix A
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Fig. 10.
	Table 1
	Table 2

