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Surface electrical capacitance as an index of 
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substitutes and skin autografts 
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Restoration of the epidermal barrier is a requirement for burn wound closure. A rapid, reliable, and noninvasive measure 
of the rate of restoration of the epidermal barrier is not readily available. To monitor the reformation of the epidermal 
barrier, we measured surface electrical capacitance on cultured skin substitutes (human keratinocytes and fibroblasts 
attached to collagen-glycosaminoglycan substrates) and split-thickness skin autografts grafted to patients, Data were 
collected from four patients with burns and one pediatric patient with a congenital hairy nevus comprising > 60% total 
body surface area. Capacitance measurements were performed at days 7, 10, 12, 14, and 28 by direct contact of the 
capacitance probe for 10 seconds to the cultured skin substitutes or split-thickness autograft. On postoperative days 7, 
10,12,14,21, and 28, the surface electrical capacitance of cultured skin substitutes after 10 seconds of sampling was 2468 
+ 268, 1443 + 439, 129 + 43,200 + 44,88 + 20, and 74 + 19 picofarads (mean + standard error of the mean), respectively. 
Surface electrical capacitance for split-thickness autograft on the same days was 1699 + 371, 191 4 + 433, 125 + 16, 175 
+ 63, 1 10 + 26,271 + 77 picofarads, respectively. Surface electrical capacitance in all of the grafts decreased with time. 
Cultured skin substitutes had approximately the same 10-second capacitance values as split-thickness autograft during 
3 weeks of healing and approached values for uninjured skin (32 + 5 picofarads) by 12 days. Measurement of surface 
electrical capacitance is a direct, inexpensive, and convenient index for noninvasive monitoring of epidermal barrier 
formation. (WOUND REP REG 1995;3:419-25) 

Human epidermis serves as a protective covering 
against loss of endogenous fluids, as well as exogenous 
microbial invasi0n.l The epidermis includes the stra- 
tum corneum (SC) which protects the body from desic- 
cation. The SC consists of 15 to 20 tightly stacked lay- 
ers of corneocytes held together by a complex of 
intercellular  lipid^.^ A fundamental requirement for 

CSS Cultured skin substitute 
PF Picofarads 
SC Stratum corneum 
SEC Surface electrical capacitance 
STAG Split-thickness autografts 
TBSA Total body surface area 
TEWL Transepidermal water loss 
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within the SC, in which hydration levels are highest 
in the most proximal layers and lowest in the most 
distal layer. The SC is the rate limiting barrier be- 
tween the water saturated viable tissues and the dry 
outer environment; and diffusion of water takes place 
as a purely passive process through the SC.297 

Electrical properties of the skin are related to the 
water content of the SC.8 These electrical characteris- 
tics have allowed the use of biophysical analyses to 
evaluate the hydration state of the skin surface by 
measuring the skin impedance as an external voltage 
is applied across two surface sites, and determining 
the electrical current between the  position^.^ The re- 
lationship of capacitance to skin surface hydration has 
been well described in previous r e p o r t ~ . ~ J ~ - l ~  

Simple, noninvasive, and objective methods for 
the assessment of wound healing and graft viability 
are constantly being evaluated. Examples of instru- 
mentation that are currently used at the bedside in- 
clude laser Doppler monitoring, transcutaneous 
monitoring, and now surface electrical capacitance. 
The laser Doppler instrument has been used to evalu- 
ate scar vascularity13 but does not appear to be use- 
ful for early graft evaluation or epithelial closure. 
Transcutaneous monitoring evaluates local skin per- 
fusion. It has been shown that transcutaneous par- 
tial pressure of carbon dioxide of grafts provides a 
noninvasive and objective measure of skin graft vas- 
cularization and that graft transcutaneous partial 
pressure of oxygen values reflect graft maturity.14 
Transcutaneous monitoring, however, is dependent 
on local graft perfusion and does not measure the 
functional barrier properties of healing epidermis. 
Previous studies reported from this laboratory have 
shown that surface electrical capacitance (SEC) mea- 
sured in vitro and on cultured skin substitutes (CSS) 
grafted to athymic mice is a reliable, noninvasive, 
and convenient technique for evaluation of epider- 
mal barrier development.15 

The purpose of this study was to (1) evaluate the 
clinical utility of SEC as an objective assessment of 
epidermal barrier function and (2) compare the devel- 
opment of a functional epidermal barrier in wounds 
grafted with CSS with those treated with split-thick- 
ness autografts (STAG). 

MATERIALS AND METHODS 

Patients 
Five patients hospitalized at the Shriners Burns In- 
stitute, Cincinnati Unit, or the University of Cincin- 

nati Burn Special Care Unit were enrolled in this study. 
Informed consent was obtained, and the study was 
approved by the University of Cincinnati Institutional 
Review Board. All but one patient had a greater than 
50% total body surface area (TBSA) burn, and they 
were studied in a paired site comparison of cultured 
cell collagen-glycosaminoglycan skin substitutes (CSS) 
and STAG for closure of full-thickness, excised burns. - 
One patient had a congenital hairy nevus comprising 
greater than 60% TBSA that was excised and replaced 
with both CSS and STAG. 

Preparation of cultured skin substitutes and wound 
freatmen t 
CSS were prepared as described in a recent study.l"n 
brief, skin biopsy samples were collected from each 
patient, and primary cultures of epidermal keratin- 
ocytes and fibroblasts were grown and expanded. Skin 
substitute grafts were made by inoculating these cells 
at a high density onto collagen-glycosaminoglycan 
biopolymer substrates.17 CSS measured approximately 
7 x 7 cm and were applied in the operating room the 
day after excision of the eschar or lesion. Wound dress- 
ings were made and graft care was performed as de- 
scribed in previous studies.16J8 During the first 10 days 
of treatment, grafts were kept in topical nutrient 
("wety7) dressings. Dressings for CSS were soaked with 
solutions of noncytotoxic antimicrobial agents and 
nutrients, whereas STAG were irrigated with genital- 
urinary ("GU") solution (200 Unitslml polyrnyxin B and 
40 yglml neomycin) alternating with 5% mafenide ac- 
etate every 2 hours. 

STAG 
Excluding the patient with the congenital nevus, 
greater than 90% of the total wound coverage was from 
STAG. In these patients, excision down to viable tis- 
sue (usually fat) was performed with grafting on the 
following day. Donor skin was taken at a thickness of 
0.36 mm with a dermatome, meshed at 2:l or 4:1, and 
grafted onto the patient. Subsequent graft care was 
performed as described previously. 

Capacitance measurements 
As a measure of surface hydration, skin SEC measure- 
ments were collected with a NOVA dermal phase meter 
(DPM 9003; NOVA Technology Corp., Gloucester, 
Mass.) connected to a portable lap top computer which 
recorded 10 serial readings at 1-second intervals. The 
probe used for data collection was a standard 6 mm 
DPM 9105 with a spring-loaded flat contact surface. 
The probe surface consists of concentric brass elec- 
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Figure 1 Surface electrical capacitance measurements at the bedside. The sensor probe is in direct contact 
with the surface of a piece of healing cultured skin substitute. 

trodes (outer ring diameter = 5.08 mm, inner ring di- 
ameter = 2.54 mm) separated by a nonconducting in- 
sulator ring 0.6 mm wide. 

SEC measurements were performed a t  the bed- 
side on days 7, 10, 12, 14, 21, and 28 after grafting 
with minimal manual pressure (Figure 1). When pos- 
sible, readings were collected from comparative sites 
of CSS grafts and autografts. Three to four readings 
per graft for each timepoint were recorded. Capaci- 
tance measurements were obtained only from areas 
of visible graft and not over the mesh interstices. Dur- 
ing the first 10 days of treatment, while grafts were 
kept in wet dressings, measurements were obtained 
after irrigating the sites with sterile normal saline 
solution and allowing 20 minutes of air drying. After 
a blanching keratinized surface developed (7 to 10 
days), wet dressings were discontinued and a 
nonadherent salve-impregnated dressing was admin- 
istered daily. Antibiotic salve compositions were de- 
termined by the microbial specificity and sensitivity 
at  each site. Capacitance measurements during this 
stage were performed after the patients' dressing 
change and bath, and, as previously described, the 
areas were allowed to air dry for 20 minutes. After a 
fully dry, keratinized surface developed, grafts were 
covered with a moisturizing cream and measurements 
were obtained as described previously for the salve 
dressing stage. 

All SEC data are expressed as mean * standard 

error of the mean in picofarads (pF). Capacitance val- 
ues generated by the dermal phase meter were pre- 
sented as an aggregate value calculated from the phase 
delay of an applied alternating current during a con- 
trolled scan of frequencies up to 1 MHz. The initial 
reading (t = 1 second) is defined as instantaneous ca- 
pacitance. Subsequent readings (t= 10 seconds), taken 
after occlusion created by direct contact of the probe 
with the sampling site, are defined as continuous ca- 
pacitance. Because the greatest degree of change in 
surface hydration occurs during the first 5 seconds of 
occlusion, a slope analysis of SEC [(SEC, - SEC,)I5 - 11 
was performed. Instrument readings (C) were con- 
verted to pF by use of a constant formula: 

developed from the calibration curve supplied by the 
manufacturer.lg Normal skin values were obtained by 
measuring SEC on the volar forearm in 10 healthy 
volunteers (two female, eight male). 

Results 
Five patients had capacitance measurements collected 
from their grafts on days 7,10,12,14,21, and 28 after 
grafting (Table 1). All patients tolerated the procedures 
well, and there was no morbidity or subjective dis- 
comfort associated with the capacitance measure- 
ments. Initially, SEC was high because of greater sur- 
face hydration. As the epidermis differentiated to form 
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Figure 2 Serial surface electrical capacitance sampling of cul- Figure 3 Surface electrical capacitance (t = 1 second, instanta- 
tured skin substitutes and split-thickness skin grafts at day 7 and neous capacitance) of cultured skin substitutes and split-thick- 
12 after grafting. ness skin grafts. NL, Normal. 

Table 1 Patient information 

Total body Full- 
surface thickness 

Patient No. Age (yr) area (%) (%) 

1 7 65 65 

2 3 74 74 

3 16 75 75 

4 13 66 66 

5 50 82.5 74.5 

Mean -r- standard 
error of the mean 17.8 5 7.5 72.5 * 2.9 69.6 + 2.6 

STAG, 1145 416 pF), and by day 12 both graft types 
approached baseline values and remained there 
throughout the remainder of the study period. Values 
for the open wound were off the scale, as expected, 
because there was no barrier to water loss. 

Continuous capacitance (t = 10 seconds) measure- 
ments had a similar pattern (Figure 4) as seen with 
the instantaneous capacitance. At day 7, the CSS had 
higher capacitance values than those of the STAG 
(2468 k 268 versus 1699 2 371 pF). By day 10 the CSS 
had a lower value (1443 + 439 pF), whereas the STAG 
had a slightly increased capacitance reading (1914 + 

more SC, SEC decreased as hydration decreased due 433 pF). Again, by day 12 the STAG and CSS had simi- 
to redevelopment of the epidermal barrier. lar capacitance measurements, both approaching 

Serial SEC sampling during the 10 seconds of oc- baseline values (125 -1- 16 versus 129 + 43 pF). 
clusion had a greater absolute increase at  day 7 when The change in capacitance values correlated with 
compared with day 12 in both the CSS and STAG (Fig- the changing hydration of the skin surface, and this 
ure 2). At day 7, the slope for both graft types was steep value reflected the maturity and efficiency of the epi- 
(CSS, 143 + 55 pF1sec; STAG, 64 + 22 pFIsec), suggest- dermal barrier. The slope value was an indirect mea- 
ing increased loss of water. By 12 days after grafting sure of transepidermal water loss.20 An analysis of the 
the slope for both graft types was essentially flat and change in capacitance values, measured as the initial 
equivalent (CSS, 11 + 4 pFIsec; STAG, 14 + 3 pFIsec), slope [(SEC, - SEC,)/5 - 11 during the first 5 seconds of 
an indication of improved water barrier function. occlusion (Figure 5) had a similar pattern for both the 

The instantaneous capacitance (t = 1 second) mea- STAG and CSS as seen in the continuous capacitance 
surements of both STAG and CSS approached normal readings. The capacitance values correlated with the 
values by day 12 after grafting (Figure 3). On 'day 7, clinical healing and reepithelialization of both graft 
the CSS mean values were higher when compared with types. As values decreased, the grafts showed greater 
STAG (1517 + 338 versus 1047 + 281 pF). At day 10 vascularization, a more visible epidermis, and a bet- 
both grafts had similar values (CSS, 1206 + 433 pF; ter ability to repel water. 
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Figure 4 Surface electrical capacitance (t = 10 seconds, con- 
tinuous capacitance) of cultured skin substitutes and split-thick- 
ness skin grafts. NL, Normal. 

DISCUSSION 
In this study, SEC measurements were used to assess 
skin hydration as an index for epidermal barrier for- 
mation in experimental skin grafts (CSS) and conven- 
tional skin grafts (STAG). SEC provided a quantita- 
tive assessment of epidermal healing which correlated 
well with clinical observations. Both graft types ap- 
proached SEC values of uninjured skin by 12 days af- 
ter grafting. 

In a semiquantitative comparative analysis be- 
tween CSS, prepared from autologous skin cells and 
collagen glycosaminoglycan membranes, and auto- 
grafts, it has been shown that CSS may provide a po- 
tential alternative to skin autografting for burns and 
other major skin defects.16 During the first 2 weeks of 
engraftment with the CSS, it has been noted that 
slower vascularization, slower keratinization, greater 
graft loss from microbial contamination, and greater 
mechanical fragility occurs than with STAG.16 Analy- 
ses for this comparative study were primarily from 
subjective clinical assessments of graft "take." In com- 
parison, SEC provided a noninvasive, objective index 
for measurement of the biophysical properties of the 
epidermal surface during early and late healing of skin 
grafts. In the present study, both CSS and STAG had 
similar rates of epidermal barrier formation, which 
coincided with the subjective clinical findings. For both 
grafts, epidermal barrier function approached normal 
levels by 12 days. 
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Figure 5 Surface electrical capacitance (initial slope values from 
t = 1 to t = 5 seconds) of cultured skin substitutes and split-thick- 
ness skin grafts. NL, Normal. 

Although previous studies have used instruments 
to assess wound healing,13J4 none have specifically 
addressed the restoration of epidermal barrier func- 
tion which is definitive to the healing of a surface 
wound or skin graft. Most biophysical techniques used 
to assess skin hydration are based on the efficiency of 
water binding in the SC, of which conductance and 
capacitance measurements are the parameters most 
commonly used.11t21 Capacitance measurements are 
performed by occlusion of the surface with the probe. 
The probe detects a phase shift created in an alternat- 
ing current as it is passed through the skin. This phase 
shift is caused by water which accumulates between 
the skin surface and the probe during the sampling 
period. A greater degree of surface hydration gener- 
ates a larger dielectric constant which is detected as a 
greater capacitance. 

The SC defines and regulates barrier function of 
the skin. Therefore, measurements of the changes in 
skin surface hydration under occlusion will be indica- 
tive of the relative barrier function of the SC.22 With a 
more mature epidermal barrier, less surface hydra- 
tion accumulates during occlusion by the probe. As the 
outer layers of the SC are removed in serial tape- 
stripping experiments, capacitance increases.ll Thus, 
these electrical relationships allow an indirect evalu- 
ation of the epidermal barrier function as indicated 
by changes in the skin surface h y d r a t i ~ n . ~ ~ . ~ ~  As an 
index of epidermal barrier formation and skin hydra- 
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tion, capacitance measurements have been shown to 
be reliable with minimal variability and easily repro- 
ducible in measuring the hydration state of the skin 
surface between different groups of  patient^.^,^^^^^ Ca- 
pacitance measurements are more sensitive and accu- 
rate at low hydration levels than at high hydration 
 level^,^^^^^ and they are less affected by environmental 
factors (temperature and humidity) than other previ- 
ously reported methods for assessing epidermal bar- 
rier function, such as transepidermal water loss 
(TEWL).9,24 

SEC readings at various timepoints have been 
shown to correlate with differing aspects of epidermal 
barrier function. During a continuous measurement 
of SEC, values a t  1 second provide a measure of 
baseline surface hydration (instantaneous capaci- 
tanceLz6 This measurement is reflective of a baseline 
epidermal water content. Values obtained after 10 sec- 
onds of continuous occlusion allow time for water to 
move across the epidermis and accumulate beneath 
the probe head (continuous capacitance). The change 
in capacitance during the initial 5 seconds of occlusion 
generates a slope which correlates with the changing 
hydration of the skin surface, and provides an indirect 
measure of TEWL.20 A flatter slope would correlate 
with a restriction of water movement to the surface- 
therefore the lower the initial slope value, the more 
competent the barrier. This slope value reflects the 
maturity and efficiency of the epidermal barrier and 
its ability to restrict transepidermal water movement. 
Although a baseline value may be low, if the barrier is 
immature this would be reflected in a steeper slope 
during the 10 seconds of occlusion. 

In this study, a greater degree of change was seen 
in serial SEC sampling in both graft types at day 7. By 
2 weeks, minimal change was seen during the 10 sec- 
onds of occlusion. Previous analyses performed in this 
laboratory have shown that the greatest degree of 
change occurs during the first 5 seconds of occlusion 
(unpublished data). A steeper slope during this time 
period correlates with the greater degree of change 
which is indicative of an immature epidermal barrier. 
At 2 weeks the slope of both graft types is fairly flat, 
implying a more mature and effective epidermal bar- 
rier, along with low baseline readings. 

Impedance-based capacitance meters have prima- 
rily been used in dermato-cosmetic research in mea- 
suring surface hydration of normal and pathologic skin 
and as a quantitative assessment of the efficiency of 
various moisturizing products.24 More recent studies 
have used these capacitance meters to measure skin 
hydration in vivo in both clinical and research proto- 

c o l ~ . ~ ~ , ~ ~  Prior clinical use of capacitance measurements 
have involved analyses of fetal and newborn skin physi- 
ologic  characteristic^.^^^^^^^^,^^^^ These studies have 
shown that electrical resistance in skin increases with 
gestational and natal age in neonates.28 SEC has shown 
that mature newborn mammal skin is hydrophobi~.~~,~~ 
This condition permits easy elimination of exogenous 
water from the skin surface and therefore reduces the 
amount ofheat loss by evaporation. The ability to mini- 
mize heat loss is also vital in the patient with burns. 

There is potential clinical relevance for this tech- 
nique. Before SEC, the only methods to evaluate epi- 
dermal barrier function were by histologic analysis 
from biopsies, clinical examination, and measurement 
of TEWL by means of an evaporimeter. Histologic 
analysis is neither quick nor noninvasive. TEWL is a 
good evaluation for the skin's barrier properties; how- 
ever, it is highly dependent on external variables.30 
For obtaining accurate readings with TEWL, it is rec- 
ommended that humidity and temperature be kept 
relatively constant and that the patient be allowed to 
acclimate from 10 to 60 minutes during the measure- 
ment.30 For routine clinical assessment, these condi- 
tions are not optimal. SEC solves both limitations from 
the previously mentioned procedures. Until now it has 
been used only on intact epidermis to evaluate condi- 
tions that effect the barrier properties of the skin. We 
have shown the usefulness of this modality in evalu- 
ating barrier formation in healing wounds by evaluat- 
ing CSS and STAG. Further potential uses are the 
evaluation of various wounds in a variety of clinical 
settings. One example is the objective evaluation of 
epidermal barrier formation in split-thickness donor 
sites and partial-thickness burns. SEC has the poten- 
tial to objectively evaluate donor site healing. The abil- 
ity to definitively determine restoration of the epider- 
mal barrier in the donor site may make it possible to 
harvest and graft sooner, thereby reducing the total 
hospitalization time. 

It is apparent that SEC provides a reliable, rapid, 
accurate, and convenient technique for evaluation of 
epidermal healing in experimental (CSS) and conven- 
tional grafts (STAG). This method is also noninvasive 
and does not appear to cause any discomfort to the 
patient or mechanical stress to an immature graft. 
Although early epidermal function appears to be 
greater in STAG, there is a rapid decrease in capaci- 
tance measurements during the first 2 weeks for both 
CSS and STAG, both approaching baseline normal 
values by day 12. SEC can be used to evaluate healing 
in both experimental and conventional skin grafts, 
and, as a biophysical assessment, it can provide objec- 
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tive, quantitative, and kinetic data for experimental 
skin substitutes to validate their usefulness in clinical 
and preclinical studies. 
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