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l545,1985.-The flux of He and O2 through intact adult human 
skin was measured at various inspired concentrations and skin 
temperatures. The skin surface was then stripped with cello- 
phane tape to alter the diffusional conductance of the stratum 
corneum. He flux for stripped skin was used to estimate skin 
perfusion as a function of local temperature, and diffusional 
conductance for O2 was estimated from O2 flux and perfusion. 
The flux of He or O2 at constant skin temperature can be 
related to inspired concentration by a simple linear model. 
Increasing surface temperature in the range 33-43°C produced 
a much larger increase in O2 flux than in He flux for intact 
skin. Skin stripping greatly increased skin O2 flux. Estimated 
skin conductance for O2 showed a more marked temperature 
dependence than estimated skin perfusion. The results suggest 
that raising skin temperature in the range 38-43°C has only a 
modest effect on skin perfusion and that stratum corneum 
conductance may have a major role in the large increase of O2 
flux with temperature. 

transcutaneous oxygen monitoring; skin perfusion; skin perme- 
ability 

THE TRANSCUTANEOUS monitoring of the partial pres- 
sure of O2 (POT) is a technique that has gained much 
popularity in the last decade. It has fulfilled the greatest 
need in the intensive care setting, especially neonatal 
intensive care (8, 10, 23, 31, 45). The technique has also 
been extended to such diverse areas as fetal monitoring 
(Zl), exercise physiology studies and stress testing (7, 
38), assessment of skin flap graft viability (1), and car- 
diovascular/pulmonary drug evaluation (30). The devices 
have demonstrated their greatest utility as trend moni- 
tors and are especially useful as monitors of peripheral 
O2 delivery. As a noninvasive monitor of arterial POT 
(Pao,>, transcutaneous Paz (Ptco,) has been less success- 
ful. The correlation between arterial blood gas values 
and Ptco, has been good under stable and controlled 
conditions but not entirely satisfactory, especially in 
adults in the clinical setting (25, 43). 

Early in the development of Ptco, monitoring, the 
importance of a high local skin temperature (-44°C) for 
an adequate Ptco,/Pao, correlation was clearly demon- 
strated (4). The explanation for this phenomenon has 
traditionally been arteriolization of skin capillaries with 
increasing temperature; i.e., an increase in local perfu- 

sion greatly in excess of metabolic needs. The fact that 
at low skin temperatures O2 normally diffuses into the 
skin (15, 41, 42) implies that arteriolization must occur 
at some temperature over the range 25-45OC. That local 
tissue Paz can be critically dependent on the ratio of 
metabolism to blood flow has been well demonstrated 
with theoretical models (22,26). These models also show, 
however, that a relative increase in local perfusion with 
temperature is not sufficient by itself to produce arte- 
riolization-the absolute level of local perfusion at a 
given temperature in this range is also a key parameter. 
Local skin perfusion is complex and cannot be unambig- 
uously determined by any of the techniques available 
(17, 34, 50). 

We sought to test experimentally the hypothesis that 
markedly increased skin O2 flux at high temperature is 
due to arterialization. We developed a mass spectral 
technique for examining simultaneous flux of He and O2 
through intact adult human skin; the monitoring of He 
flux was utilized as an indicator for local perfusional 
changes. We have interpreted the data in terms of a 
simple model for O2 and He flux that incorporates per- 
fusional and diffusional resistances. 

MATERIALS AND METHODS 

The details of our current measurement system have 
been published previously (16). We sweep a carrier 
stream of pure N2 at atmospheric pressure across a 
temperature-controlled sealed section of intact adult hu- 
man skin at a rate sufficient to keep downstream con- 
centrations of the gases that permeate through it in the 
lo-100 ppm range. Our sampling probe is illustrated in 
Fig. 1. It consists of a solid-state temperature sensor and 
resistive elements (for feedback loop temperature con- 
trol) embedded in a brass block 32 mm in diameter. The 
carrier gas sweepstream passes through a milled spiral 
groove (made of silver for good thermal conduction) that 
is exposed to bare skin. The flow rate of N2 is low enough 
to establish a measurable downstream concentration and 
yet large enough to maintain an adequate response speed. 
Typical carrier flow rates are l-3 ml/min. The area of 
exposed skin under the spiral groove is -1.2 cm2. The 
probe is sealed to the skin in the annular brass region 
using a double-sided adhesive disk. 

This approach to studying skin gas transfer is unique 
in that the variable of interest is skin flux rather than 
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GAS FLUX THROUGH HUMAN SKIN 

the partial pressure of a gas at the skin surface. Previous 
approaches using mass spectrometers and all electrode 
devices have placed a membrane over the skin (9, 19), 
with one exception (2). The use of a membrane of high 
diffusional resistance (compared with skin resistance) 
constitutes a quasi-equilibrium method that results in a 
minimal perturbation in skin concentration profiles. Un- 
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FIG. 1. Sampling probe for measurement of gas flux through skin. 
Nz stream enters gas inlet (A), passes over skin under spiral groove 
machined in silver (B), and leaves skin via gas outlet (C). Brass block 
(D) is attached to skin in annular region (E) using a double-sided 
adhesive. Eight embedded heating elements (F) and solid state tem- 
perature sensor (G) allow probe temperature measurement and feed- 
back control. 
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der these conditions, skin surface partial pressures ap- 
proximate capillary partial pressures. In contrast, our 
method ensures a boundary condition at the skin surface 
of essentially zero concentration, creating a maximal 
perturbation in skin concentration profiles. This exper- 
imental approach introduces skin diffusional resistance 
as a variable in the relationship between flux and arterial 
tension. 

After passing over the skin, the carrier gas is swept 
past a sampling inlet (Granville-Phillips leak valve) to a 
UT1 mass spectrometer (model IOOC) for measuring O2 
concentration and then past a membrane sampling inlet 
to a Veeco leak detector (model MS-90) for measuring 
He concentration, as shown in Fig. 2. By measuring flow 
rate and concentration downstream from the skin, si- 
multaneous He and O2 skin flux rates (as a function of 
inspired concentration and temperature) are easily de- 
termined. A flow controller bypass, which allows a large 
temporary increase in flow rate, greatly improves accu- 
racy at low fluxes by producing an artificial zero-flux 
base-line signal. 

We calibrated the measuring system used to obtain 
flux data in units of volume/time by observing the system 
response for a known flux. The basis of the calibration 
system is a membrane supported by stainless steel 
screens which was exposed on one side to the N2 carrier 
gas and on the other side to N2 (during data collection) 
or He or O2 (during calibration). This allowed calibration 
in terms of a known flux before and after data collection 
as well as during data collection (by superimposing a 
calibration flux on a steady-state signal). The fluxes of 
the membrane for He and O2 were determined by evac- 
uating one side of the membrane and sealing He or 02 in 
a permeability cell on the other side. We checked linear- 
ity of the measurement system by selecting a calibration 
gas and varying the carrier gas flow rate. 

On the occasion that we measured Pao, directly, stand- 
ard electrode techniques were utilized. All subjects stud- 
ied were healthy adults, and all skin sites utilized were 
located on the volar aspect of the forearm. All data shown 

FIG. 2. Measurement system for skin gas flux. NS 
(A) flows through O2 removal bed (B) and is regulated 
by flow controller (C). Flow bypass (D) allows preset 
temporary increase in flow rate. After passing through 
a flux calibrator (E), N2 is swept over skin under 
sampling probe (F). Temperature controller (G) main- 
tains constant probe temperature. Dry ice-methanol 
trapping (H) removes H20, after which a minute 
amount of carrier gas is sampled through valve (I) 
into mass spectrometer (J). Vacuum is maintained 
with ion pump (K) and controller (L). O2 (and other 
gases) are indicated by mass spec controller (M), 
whereas He is measured separately by a leak detector 
(N). Recorder (P) gives simultaneous records of 02 
and He flux. Nz carrier stream is normally discarded 
but could be routed to still other instruments. Items 
shown are not drawn to scale. 
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1538 BAUMGARDNER, GRAVES, NEUFELD, AND QUINN 

in Figs. 3-5 and Table 1 were collected from one subject. 
Data on intact skin were collected by holding probe 
temperature constant and measuring flux of He and O2 
as inspired concentration .s were varied. To ensure a 
steady state, data collection was begun 45 min to 1 h 
after initial placement of the probe on the a rm, and each 
breat hing mixture was held constant for 20-30 min. 
Fractional concentrations of inspired He (FIHe) and O2 
(FIN,) were varied in the direction of increasing FIHe and 
decreasing FIN, to avoid long body wash-out times for He 
(5). After data collection at the initial probe temperature, 
probe heating was increased to yield a new constant 
probe temperature that was held for 30 min before re- 
sumption of data collection. 

An additional technique used in this series of experi- 
ments was that of skin stripping. Scotch (3M brand) 
cellophane tape was applied over a masked area with 
firm pressure and removed by pulling from varying di- 
rections (32, 49). 30s skin refers to skin stripped by 30 
successive tape applications, and 54s skin refers to skin 
stripped 54 times. No stripped skin sites showed evidence 
of exudation of fluid after the stripping process. Stripping 
of 30s skin was done 2 days before taking data on that 
site and that of 54s skin, 3 days before taking data. The 
54s skin site was kept covered over these 3 days and 
kept moist for 2 h before the experiment. Data on 
stripped skin were also collected by holding probe tem- 
perature constant and measuring He and O2 flux as 
inspired concentrations were varied. 

Model of transcutaneous gas transport. A starting point 
for determining the importance of perfusional vs. diffu- 
sional resistance is a model incorporating these two 
terms. We took as the basis for our model a single 
perfused capillary supplying a volume of cutaneous tissue 
(V) covered by an epithelial barrier of surface area (A). 
The approach here is similar to one published previously 
by Quinn (33), except that we used a one-layer model 
instead of a two-layer model, and no explicit account was 
taken of axial concentration gradients along the capil- 
lary. Instead, these considerations were incorporated into 
an effective mean tissue concentration. Assuming that 
production by metabolism, m [ml gas (cm” tissue l  

min)-‘1 is zero order and assuming that concentrations 
in the dermis layer are roughly uniform (12) so that there 
is negligible flux between the capillary and deeper cuta- 
neous 
yields 

where 
tion in 

tissues, a mass balance on the control volume 

dVC,, . - - - 
dt Q(c Ba - cBv) - ANs + v-m (0 

C 
the 

(ml ga s/cm3 tissue) is the average concentra- 
tissue volume, CBa and CBv (ml gas/cm3 blood) 

are dissolved gas concentrations at the arterial and ve- 
nous ends of the capillary, Q is bl .ood flow rate ( ml/min) 
in the capillary, and N, [ml gas (min. cm2)-‘1 is the flux 
out of the control volume at the skin surface. We restrict 
our attention here to analysis of steady-state phenomena, 
so that d(VCn)/dt = 0. Also, we assume throughout that 
at a given probe temperature the control volume is es- 
sentially isothermal 
overlaps the mass tra 

0 e 
.nsfeE 

the thermal boundary layer 
boundary layer, and the blood 

entering the control volume equilibrates rapidly or has 
already equilibrated with the tissue). Of course some 
variation in temperature due to conductive heat transfer 
is expected through our control volume, but we assume 
the magnitude of this variation is sufficiently small that 
tissue and blood properties can be modeled at a single 
mean temperature. 

To develop a rate expression for the flux out of our 
control volume, we assume that 1) all diffusional resist- 
ance is in the stratum corneum, and 2) there exists some 
effective average tissue concentration on the dermal side 
of the stratum corneum with a corresponding effective 
average tissue partial pressure, Ps. We take Ps to be 
equal to Pv, the partial pressure at the venous end of the 
capillary. It can be readily shown (APPENDIX A) that the 
particular average chosen for Ps makes little difference 
to the form of the results. The flux can be expressed as 

N - K,(Ps - PO) S- (2) 

where KS is conductance of stratum corneum [ml gas l  

(min. cm”. atm)-‘1 and PO is partial pressure at the skin 
surface, which for our system is effectively zero. 

For He, blood concentration can be related to partial 
pressure by a Henry’s law relationship 

C Ba = &Pa and CBv = CWPV (3) 

where a is the solubility [ml gas. (ml blood- atm)-‘I. A 
steady-state mass balance becomes 

AN, = Qa(Pa - Pv) (4) 

For P0 = 0 and Ps = Pv, Eq. 2 becomes 

N S = K,Pv (5) 

Eliminating Pv gives 

N 
Pa - 

S- 1 A (6) 

c+- S aQ 
The assumptions inherent in the derivation of Eq. 6 

for He are 1) steady state, 2) one dimensional (no trans- 
port parallel to skin surface), 3) no transport between 
dermal capillary loops and deep tissues, 4) isothermal 
control volume, 5) all diffusional resistance is in stratum 
corneum, 6) effective average partial pressure in dermis 
is equal to partial pressure at venous end of capillary, 7) 
partial pressure at skin surface is zero, 8) stratum cor- 
neum conductance # function (partial pressure), and 9) 
linear relationship between blood concentration and par- 
tial pressure, i.e., CB = a& 

In this model, the diffusional resistance l/KS and the 
perfusional resistance A/& appear in series. The spe- 
cific perfusion, Q/A, can be altered by changing the flow 
per capillary, Q, or the area per capillary, A (a function 
of the number of open capillaries) (24). The functional 
dependence of flux on Pa is predicted to be of the form 
Y = w1x for He, i.e., the flux should be proportional to 
the arterial partial pressure. This relationship should 
apply to He flux vs. FI He as well, provided the relationship 
between FI He and Pane is linear. Such linearity was 
expected for the normal healthy subjects studied. The 
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GAS FLUX THROUGH HUMAN SKIN 1539 

linearity of Pao, vs. FI o2 was confirmed by directly mea- 
suring Pao, in one healthy subject breathing He-O2 mix- 
tures. 

For 02, the nonlinearity of Pa vs. CBa due to oxyhe- 
moglobin dissociation was a complicating factor. As a 
first approximation the dissociation curve was modeled 
as an “offset” linear curve, since for FIN, > 0.21, the 
hemoglobin (Hb) for arterial blood is almost completely 
saturated in normal subjects. 
Thus 

C B = co + at& 

Our steady-state mass balance becomes 

AN, = &cc,, - CB”) + Vm (8) - 
where m is metabolic production (negative for 0,). Our 
rate expression is still 

N S = K,Ps = K,Pv (9) 

Substituting Eqs. 7 and 9 in 8, we have 

Vm - 

N 
Pa A - 

s- i A + A (10) 

I’.‘“-1 
0 .2 .4 .6 .8 1.0 

F, (He or 02) 

FIG. 3. Relationship between transcutaneous flux and inspired frac- 
tional concentration (FI) for normal intact forearm skin at constant 

The assumptions inherent in the derivation of Eq. 10 
temperature. Error bars represent t2 SE. A: He, probe temperature = 

for 0, are 1) through 8 for Eq. 6 above. In addition, 9) 
3g.goc. B: 02, probe temperature = 41.30~. 

there is a linear relationship between blood concentra- 
tion and partial pressure, i.e., CB = Co + aPB, and 10) Thus the dependence of flux on FI for both He and O2 
metabolic production m (negative for 02) is zero order. can be represented by a single parameter, the slope of 

The first term in Eq. 10 predicts a linear dependence the flux vs. FI curve. To examine the effect of tempera- 
of flux on Pao, (or a linear dependance on FIN, for healthy ture on this slope, we repeated these experiments at 
subjects), and the second predicts a negative intercept various temperatures to give the results shown in Fig. 4. 
with a magnitude dependent on metabolism. As was the Earlier work has suggested that He flux may be useful 
case with He, perfusion and diffusion appear as series as an indicator of local perfusion (6). Increasing skin 
resistances. diffusional conductance for He in order to approach a 

This suggests that the slope of any given flux vs. FI 
curve is a composite of two terms and that if we had a 
circumstance where the l/KS term was small, we could 
obtain an estimate of local perfusion from the slope of 
this curve. Earlier work in the area of transcutaneous 
exchange has indicated that the primary diffusional re- 
sistance of skin is associated with the stratum corneum 
(27, 35-37). Thus selective removal of stratum corneum 
should result in a perfusion-limited condition where fur- 
ther removal of diffusion barrier has little influence on 
transcutaneous flux. 

perfusion-limited condition should then be useful in ob- 
taining a good approximation of local perfusion. We 
attempted to selectively remove stratum corneum by 
sequentially stripping the skin with adhesive tape (32, 
49). Skin that has been stripped -50 times has a smooth 
glistening appearance and is largely devoid of its trans- 
port barrier. For a given amount of stripping and at a 
fixed temperature, the dependence of flux on arterial 
tension remained linear for He and OZ. Results are shown 
in Fig. 5 for the slopes of 
at various temperatures. 

the He curves and those for Ox 

RESULTS DISCUSSION 

Figure 3A shows the data for He flux vs. FIHe; at Verification of model predictions. Figure 3A and Table 
constant probe temperatures the curves are linear and 1 illustrate that our simple linear model of transcutane- 
pass through the origin, consistent with the predictions ous exchange represents the He data extremely well. Fig. 
of our model. This is typical of data for many experi- 3B and Table 1 show that a linear correlation is adequate 
ments with He over the range FrHe = 0.0-0.8, at various in representing the 0, data as well, although not quite 
temperatures. as accurately (see APPENDIX B). 

Figure 3B show s tha .t th .e model predictions of a linear 
dependence of 0, flux on FIN, and a negative intercept to 

Large increase in 02 flux with temperature is not due 
a proportionately large increase in perfusion. As men- 

are adequately supported by the data. The slight concave tioned in the introduction, the common explanation for 
variation from linearity can be readily explained by the the requirement of a high sensor temperature (44°C) for 
nonlinearity of Hb binding as detailed in APPENDIX B. a good Ptco, is arterialization. This explanation focuses 
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1540 BAUMGARDNER, GRAVES, NEUFELD, AND QUINN 

TABLE 1. Correlation coefficients for flux vs. 
inspired concentration relationship for He and O2 

Temp, “C He* OJ- 

31.4 0.957 
35.4 0.999 
38.5 0.995 
39.8 0.996 0.984 
41.3 0.989 0.977 
43.1 0.999 0.937 

He and O2 values from 1 subject with intact (unstripped) 
skin. * Linear regression of form y = mn;. “r Linear regression of 
form y = rnx + b. 

on perfusion as a key parameter. Helium would be ex- 
pected to be more perfusion dependent than 02, since it 
is sparingly soluble in blood, and it diffuses through most 
membranes more readily than 02. Figure 4 demonstrates 
a striking increase in O2 flux with increasing temperature 
in the range 3%43OC. Yet the contrasting modest in- 
crease in He flux over the same range demonstrates that 
the increase in O2 flux is not solely due to a proportionate 
increase in perfusion. 

Possibility of nonlinear O2 flux dependence onperfusion. 
The possibility remains that a modest increase in per- 
fusion dramatically affects 02 flux in some nonlinear 
fashion. A hyperbolic dependence of tissue Po2 on local 
perfusion, due mainly to a balance between O2 uptake by 
metabolism and supply by perfusion, has been suggested 
on theoretical grounds (22, 26). This type of model, 
however, underscores the critical importance of the ab- 
solute level of local perfusion in addition to temperature 
dependence of perfusion. Various methods of estimating 
local skin perfusion give a wide range of values, and 
meaningful comparisons are often difficult due to differ- 
ences in conditions for which perfusion was estimated. 

At low ambient temperatures (-Zl”C), the method of 
washout of radioactive xenon (39) gave an estimate of 
perfusion of 5.7 ml (100 go min)? Assuming a tissue 
density of -1 g/cm3 and a skin thickness of -1 mm, this 
would correspond to a flow per unit area of 0.0057 ml 
(min. cm2)? The skin temperature method gave an es- 
timate of 1-2 ml (100 gemin)-l for reflexly vasocon- 
stricted skin at a skin temperature of 30°C and 26-72 
ml. (100 go min)+ for reflexly vasodilated skin at 33°C 

We used the He flux at the deepest stripping as a per- 
fusion-limited value and thus obtained an estimate of 
local perfusion. At the outset, there are some shortcom- 
ings. 1) Figure 5 does not definitely show a region where 
He flux is independent of &He, which would be dem- 
onstrated if the slopes were to remain constant on suc- 
cessive strippings. It is difficult to clearly demonstrate a 
region of &He independence because there is currently 
no unequivocal way to judge an absolute value for or 
change in skin conductance. However, in no case did 
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FIG. 4. Slopes of flux vs. fractional inspired concentration (FI) 
curves for intact skin as a function of probe temperature. Error bars 
represent ~2 SE except for O2 at 43.l”C where they represent *SE. 
filled squares, O2 slopes; filled circles, He slopes. 

u , 
He . . 

2 - 35A”c ---k 
- He 
- 3&5”c - 

e r- 
(29). For subjects at a comfortable ambient temperature, 
the method of tissue Po2 time response to a step change 
in FIN, gave estimates of 36 ml (PO0 go min)-’ (intrader- 
ma1 electrodes) and 67 ml (100 go min)-’ (surface elec- 
trodes, pharmacological vasodilation) (13, 14). For am- 
bient (not skin) temperatures of 35”C, a crude model of 
He influx gave an estimate of 0.028 ml. (min crn2)-l (6), 
and a crude model of heat efflux gave an estimate of 
0.022 ml. (min. cm2)-l (20). Maximal values have been 
reported as 0.20 ml. (min. cm2)-l from the skin conduct- 
ance method (17) and 0.12 ml~(minocm’)-f (skin tem- 
perature of 44°C) from the time response of Ptco, in- 

v) v) 
83 ‘E - ia ;x - 

crease after release of cuff occlusion (40). He 02 

Estimate of local perfusion via skin stripping and ra- 
- 413°C - 

He 
-431%~ 

tionale. To obtain an estimate of local perfusion and its 
FIG. 5. Slopes of flux vs. fractional inspired concentration (FI) 

influence on O2 flux, we sought to remove as much 
curves for intact skin (nl), skin that has been stripped 30 times (3OS), 
and skin that has been stripped 54 times (54s) for He and 02 at various 

diffusional resistance as possible by stripping the skin. probe temperatures. 
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GAS FLUX THROUGH HUMAN SKIN 1541 

stripping increase He flux more than I.7-fold in the range 
38-43”C, even though following the deepest stripping the 
stratum corneum thickness was severely reduced. This 
indicates that He is largely perfusion limited even for 
intact skin. Also, to the extent that 0, is more diffusion 
dependent than He, we would expect larger changes in 
0, flux for the same number of strippings, and this was 
observed in the region of 38-43°C. This result indicates 
that skin stripping led to significant changes in KS, and 
therefore the small changes in He flux due to stripping 
were not simply a consequence of small changes in K,. 
2) Stripping the skin can change stratum corneum re- 
sistance but cannot alter dermal diffusional resistance. 
However, based on previous work in skin permeability, 
dermal contribution to resistance is expected to be very 
small (27, 35-37). 3) There is difficulty in assigning an 
absolute value to calculated skin perfusion because this 
number depends on the particular average chosen for Ps 
(see APPENDIX A). Also, the effective area under our 
probe is not known with more than &20% precision. 

Recognizing these limitations, we can nevertheless use 
the He flux at the 54s site to calculate an approximation 
of local perfusion. First, we relate FIHe to Pane by noting 
that, at steady state, there is no net transport of He into 
or out of the alveolar gas or the pulmonary circulation 
(neglecting the relatively small transport of He out of 
the body through skin). Therefore, alveolar gas must be 
of the same composition as the airway gas exchanging 
with it and must in turn be in equilibrium with pulmo- 
nary blood. For a dry He-O2 breathing mixture, then 

Pa He = 713 FIHe (Ia 

This is the same relationship predicted by the alveolar 
gas equation with a respiratory quotient of 1.0. From this 
relationship and the slopes of the He flUX VS. FIHe CUI’WS 

for the 54s skin, we can calculate local perfusion at 
various temperatures, using Eq. 6 and assuming A/&$ 
> l/K,. 

Figure 6 shows that local perfusion has only a modest 
dependence on temperature. It should be noted that 
blood flow to th .e skin does not follow a simp le geometry 
but rather consists of a number of compone nt blood 
flows, such as flow to capillary loops , flow in the sub- 
papillary plexus, and flow in the deeper subcutaneous 
plexus. Also, there is a large discrepancy between the 
tissue diffusivities of mass and heat (on the order of a 
factor of 100). Thus the larger vessels of a plexus can be 
much more effective as a heat source or sink than they 
can as a mass so urce or si .nk, compared with the nutritive 
capillary loops. Such a n arrangement may permit inde- 
pendent regulation of and changes in heat and mass 
transfer through the skin in response to perturbations, 
such as a change in skin surface temperature while the 
metabolic supply is kept roughly constant. These consid- 
erations emphasize that different approaches to perfu- 
sion measurement can yield different resu lts both 
terms of absolute value of perfusion and changes 

in 
in 

response to a perturbation. Because He diffuses through 
most solids more readily than does 02, it is possible that 
He flux depends on deeper tissue flows more than does 
0, flux. Thus data in Fig. 6 should be viewed as approx- 

22 
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FIG. 6. Estimate of skin perfusion as a function of skin probe 
temperature. &, blood flow; A, surface area. 

imations to the behavior of the component of perfusion 
relevant to O2 flux. Nevertheless, He flux is expected to 
give a better estimate than heat flux for the local perfu- 
sion relevant to O2 flux (nutritive flow), since tissue 
diffusivity for He matches O2 diffusivity more closely 
than does thermal diffusivity. The levels of perfusion 
estimated in Fig. 6 compare favorably with heated skin 
perfusion values determined by rise of transcutaneous 
O2 tension after release of cuff occlusion (40) and perfu- 
sion values at lower skin temperatures determined from 
the time response of skin O2 tensions for a step change 
in FIN, (13, 14). 

A possible explanation for nonlinear dependence of 02 
flux on temperature. By making the approximation that 
He and O2 transfer are dependent on the same blood 
flow, we can derive a value for the perfusion term in the 
O2 flux expression, Eq. 10 (correcting for difference in 
solubility of He and 02), and then we can calculate a 
value for KSOa from the slope of the 02 flux vs. FIN, 
curve. Figure 7A shows that KSOz exhibits a marked 
similarity to the flux of O2 vs. temperature for intact 
skin (Fig. 4). To a first order, the value of KS02 at 
43.l”C that we calculated in this manner compares fa- 
vorably with skin O2 conductance values previously re- 
ported (11, 19,46,47). Precise comparison is not possible 
for several reasons. 1) As Fig. 7A emphasizes, slight 
differences in the skin temperatures used by investiga- 
tors may lead to very different conductance values; 2) 
previously reported values for skin O2 conductance have 
been for an overall O2 conductance, which includes per- 
fusional resistance and metabolic consumption; 3) other 
techniques for measuring skin O2 conductance utilize a 
membrane placed over the skin, and the resulting differ- 
ence in stratum corneum hydration may yield a skin 0, 
conductance not directly comparable with K,Og; 4) a 
difference between conductance for infants and adults is 
expected (47). 

A possible explanation for the increase in skin O2 flux 
with temperature is that the stratum corneum undergoes 
a change in its permeability to O2 with temperature and 
that this effect is more important to the increase in O2 
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FIG. 7. Estimate of diffusional conductance (K,) for normal intact 
skin as a function of skin probe temperature. A: conductance for 02, 
filled squares. B: conductance for He, filled circles. 

flux with temperature than is an increase in local per- 
fusion in the range 38-43°C. The basis for such a change 
in permeability is unclear. One parameter that could be 
very important is the state of hydration of the stratum 
corneum; increasing temperature is very likely to in- 
crease local sweating to a point where our sweepstream 
cannot dry the skin as effectively, thus increasing skin 
hydration. The importance of hydration in skin perme- 
ability is well recognized in connection with transcuta- 
neous exchange of other substances (3, 36, 37). Another 
phenomenon that may be important is the possibility of 
a phase transition of some component of the stratum 
corneum with temperature (27). Differential scanning 
calorimetry and differential thermal analysis of excised 
stratum corneum have indicated a transition at 4O”C, 
which X-ray diffraction data suggest is due to lipid 
melting (44, 48). 

Evidence against hyperbolic dependence of 02 flux on 
perfusion. A number of findings are inconsistent with 
arteriolization as the mechanism for large increases in 
02 flux 
43OC. F 

with 
irst i 

increasing temperature in the range 
.s the observation that stripping the 

38 - 
skin 

leads to greatly increased O2 flux at low skin tempera- 
tures (Fig. 5). Hyperbolic dependence of tissue POT on 
skin perfusion would imply that the reason flux is 
small at low skin temperatures is. large tissue utiliza- 
tion by metabolism in relation to 02 supply by perfusion. 
If this were the case, then for stripping to increase 02 
flux it must either decrease metabolism or increase skin 
perfusion. Pinkus (32) has indicated that no viable epi- 
dermis is removed from skin sites that remain dry after 
stripping. Also, if stripping increased O2 flux by reducing 
skin metabolism, then stripping would be expected pri- 
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marily to increase the intercept of the O2 flux vs. Fro, 
curve and to have little effect on the slope, because tissue 
02 metabolism is zero order (40). Figure 5 demonstrates 
an increase in slope of the 02 flux vs. FIN, curve with 
stripping. 

It is possible that slightly increased perfusion due to 
acute inflammation from the stripping process led to 
increased O2 flux by means of a flow hyperbola. Alter- 
natively, it is possible that inflammation changed the 
distribution of blood flow and transport of O2 in a manner 
that could not be revealed by our lumped parameter 
model. For example, effects of counter-current exchange 
in dermal capillaries (18, 26) could not be described by 
our transport model. It is specifically to avoid vascular 
effects of inflammation that we delayed usage of stripped 
skin sites for data collection for at least 2 days (28). Also, 
in no case did we utilize any skin site that was not 
substantially less hyperemic, when unheated, than nor- 
mal skin heated to the temperature of the experiment. 

Thus, although skin stripping may alter either skin 
metabolism or skin perfusion, the expected effects are 
small. In contrast, skin stripping is expected to have a 
marked effect on stratum corneum (32). The resulting 
alteration in skin diffusional resistance can readily ex- 
plain the results of Fig. 5 if large diffusional resistance 
is a major reason for low O2 flux at skin temperatures 
around 38OC. 

A second observation that is inconsistent with arte- 
riolization as the mechanism for large increases in 02 
flux with increasing temperature is the ordinate in Fig. 
4. Decreased importance of metabolism in relation to 
perfusion as temperatures increase would be expected 
mainly to result in a smaller negative intercept in the 02 
flux vs. FIN, curve. Figure 4 emphasizes that it is the 
slope of the O2 curve that increases markedly with in- 
creasing temperature. 

In addition, the local perfusion estimated by He flux 
is too large to be consistent with a flow hyperbola. A 
reasonable estimate for the absolute perfusion level re- 
quired for hyperbolic tissue Paz dependence is 10 ml. 
(100 go min)-’ (26). Assuming a tissue density of 1 g/cm3 
and a relevant control volume thickness of 1 mm, this 
corresponds to a perfusion of 0.01 ml. (cm2. min)-‘, about 
an order of magnitude less than our estimate of perfusion 
at 40°C based on He flux. 

Finally, as explained in APPENDIX B, a large rate of 
metabolism in relation to perfusion at lower skin tem- 
peratures would be predicted to lead to a nonlinear 02 
flux vs. FIN, at these temperatures. The data of Table 1 
do not suggest any trend toward decreased linearity of 
O2 flux vs. FIN, at lower skin temperatures. 

Stratum corneum permeability to He. Figure 7B shows 
that &He (calculated from Eq. 6 and the slope of the He 
flux vs. FIEF curve) as a function of temperature roughly 
parallels that of K,02 in that it exhibits a sharp increase 
at -41°C. Thus it appears that the proposed increase in 
stratum corneum permeability is not a selective increase 
and that for intact skin He flux shows a less critical 
temperature dependence than 02 flux (Fig. 4), simply 
because He flux depends primarily on perfusion. 

Significance. An early study by Eberhard and Sever- 
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inghaus (11) measured diffusional conductance to 02 for 
skin at high temperatures (44°C). Later studies by Vers- 
mold, Tooley, and Severinghaus (46, 47) and Hansen et 
al. (19) confirmed these measurements, as do the data of 
Fig. 7A at high skin temperature (43.1 “C). Compared 
with the resistance of membranes typically used for 
Ptco, electrodes, the resistance of skin to O2 diffusion at 
these temperatures is very small, which has two impor- 
tant consequences. First, the depression of Ptco, readings 
due to consumption by the electrode is normally very 
small, usually 4% (11). Second, for Ptco,, physiological 
effects other than diffusional resistance determine the 
relationship between Ptc o2 and Pao, (e.g., perfusion de- 
pendence, metabolic consumption, and increased capil- 
lary PO:! due to heating). 

It has generally been assumed that the change in skin 
diffusional conductance with temperature is small, and 
therefore that an increase in surface Po2 under a mem- 
brane, with increasing temperature, is primarily due to 
increased perfusion and accompanying arterialization. 
Figure 7 shows, however, that for the experimental sys- 
tem used here, changes in skin diffusional conductance 
with temperature can be quite large. 

The above results suggest that, for bare skin swept by 
a stream of N2, a major reason for the dramatic increase 
of O2 flux through the skin with increasing temperature 
may be a change in stratum corneum permeability with 
temperature. If a similar phenomenon occurs in the 
membrane-covered skin under conventional Ptco, elec- 
trodes, it would imply that the very high temperature 
required for a good Ptco,/Pao, correlation could be re- 
duced if the diffusion barrier from stratum corneum 
could be overcome. For example, mechanical stripping 
reduces the diffusion barrier (Fig. 5), as might chemical 
stripping with potassium hydroxide, lipid extraction with 
chloroform-methanol solvent, or exposure to the perme- 
ability promoter dimethyl sulfoxide. This possibility 
merits further investigation, since a major clinical limi- 
tation to Ptco, measurement is the requirement of a high 
skin temperature. 

Another limitation to Ptco, in the clinical setting is a 
decreased ability to monitor Pao, in situations where 
peripheral perfusion is severely compromised (31, 43, 
45). Although the perfusion dependence of Ptco, makes 
it a very useful early warning device for peripheral hy- 
poxia, it may be beneficial in some settings to have, in 
addition, the ability to monitor Pao, noninvasively. As 
shown above, monitoring of skin He flux at a constant 
inspired concentration makes it possible to estimate 
perfusion under the probe and make appropriate correc- 
tions in the calculation of Pao,. Finally, measurement of 
flux of gases through the skin (as opposed to skin surface 
partial pressure) allows frequent in situ calibration. 

Summary and conclusions. Using a mass spectral tech- 
nique, the in vivo flux of He and 02 through adult human 
skin was measured as a function of inspired partial 
pressure, skin surface temperature, and skin stripping. 
The principal experimental results are the following. 1) 
O2 and He flux through intact skin at a fixed temperature 
are linearly related to inspired tension, for FIHe = O.O- 
0.8 and FIN, = 0.2-1.0. 2) 0, flux through intact adult 

skin exhibits a marked temperature dependen ce and 
increases dramatically fo r surface temperatures >4O”C. 
He flux shows a less marked temperature dependen .ce. 3) 
Stripping the skin with cellophane tape causes a large 
increase in the flux of O2 and a modest increase in the 
flux of He. 

The large increase in O2 flux at skin temperatures 
>4O”C could be classically explained by a large rise in 
dermal tissue O2 tension due to arterialization, but this 
explanation is not consistent with several findings pre- 
sented here. 1) Figure 4 emphasizes that in the range 
where O2 flux increases rapidly with increasing temper- 
ature, it is the slope of the flux vs. tension curve that 
increases rapidly with temperature. Increased 02 flux is 
not simply the result of an decreasingly negative inter- 
cept in the flux vs. tension curve. 2) At low skin temper- 
atures, removing skin diffusion barrier by stripping 
greatly increases O2 flux (Fig. 5). 3) The calculated skin 
blood flows of Fig. 6 are much too large to be consistent 
with arteriol .ization at -4O”C, for our experimental sys- 
tern. 4) The flux vs Pao, curves for n .ormal skin do not 
show a trend towards nonlinearity at lower skin temper- 
atures (APPENDIX B). 

A large rise in 0, tension in the dermis layer at 
temperatures >4O”C, due to more complex effects than 
arterialization, cannot be ruled out. 

Large changes in O2 flux with temperature, however, 
can alternatively be explained by large changes in stra- 
tum corneum diffusional conductance at these tempera- 
tures. Both O2 and He flux are consistent with pro- 
nounced changes in barrier properties of the skin at 
-40°C. 

APPENDIX A 

The model for skin gas transport presented above utilized Pv (partial 
pressure in venous end of capillary) as the effective average tissue 
partial pressure, Ps. As was shown, this yields 

Pa 
N, = - 

1 A 

K+. S a& 
as a flux expression for He, and 

N, = 
Pa 

-+ 
1 A 

K+- S cu& 

as a flux expression for OZ. 
If instead we choose an arithmetic mean for Ps 

Pa + Pv 
Ps = 3 

then we obtain 

N, = 
Pa 

1 A 

K + 24 S 

as a flux expression for He, and 

V-m 

N, = 
Pa + A 

1 A 

it- + 2cYQ 
1 + 24 

8 AK 
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as a flux expression for Oz. Thus choosing a different average for Ps 
affects a numerical constant in the perfusion term but does not alter 
the form of the expression. 

Vm 

G/A N, = - 
Pa ii 

4 
expW&JK,) + n+ ~ 

l+AK 
4 

a IF+- l+AK 8 a& S 

APPENDIX B that is linear for high Pa o2 and concave upwards at lower arterial 
tensions. 

In the above results, some departure from linearity for the 02 flux So long as O2 flux is small enough that Pv is not lowered into the 
vs. Pao, relationship is suggested by our data (see Table l), especially nonlinear portion of the Hb curve, Ps will not show a nonlinear 
at high flux rates (high temperatures, increased stripping). Typically, dependence on arterial concentration. It should also be noted that 
departure from linearity takes the form of a slight curvature, concave temperature shifts in the Hb curve are only expected to be important 
upwards. in the region of 02 flux that shows a departure from linearity. 

This sort of nonlinearity is predicted by our model whenever flux 
rates are large enough for Pv to be lowered into the nonlinear part of 
the Hb curve. This is most easily treated by better curve fitting for 

This research was supported by National Institutes of Health Grants 

Pao, vs. arterial O2 content. If we model the partial pressure-concen- 
HL-22327 and 5T32-GM-07170 and the Ben Franklin Partnership 

tration curve as 
Program of the Commonwealth of Pennsylvania. J. E. Baumgardner is 
a Medical Scientist Training Program trainee. 

cg = CVPB + C1[l - exp(-CzPB)] 
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then we obtain a nonlinear flux vs. arterial tension curve 
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