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The relative iportance of the appendages and the epidermis in the
passage of chemicals, into the skin has been debated far many years (I , 2).
Conclusions on the relative imsportance .of' the epiderxnis and the pilose-
baceoqas apparatus have been based principally on the histological
localisation of the penetrant (3,. ), but such obsevations 'show nly the
concentration in the tissue and not the rate at which the penetrant. diffusesa
through it. Only. direct measurements of the penetration rates through eah
of the two structures separately would determine their relative importances
and this has been attempted in the present experents

A younsg pig has anesathetised -with dial and urethane and the ventral
part of one flank vias clipped and washed. Three tohfive irouAr areas,
each isa in diameter, arne marked out on c the skin in a pattern corespding
to the holes. in a matal plate3 (Pg .2-3 ,4i. drops of P32-labelled VX
(20-40 AO1g) dyed blue with an anthrU 6n (G -c- leI)weeapidto these skin areas -with a f .ins pointer 20-30 drops on each area; the drcss
thro placed either over hair follicles or on the epidermis between them
(fig.2). The piderm2Ly applied drops usually spread to covev a few hair
follicles ile drops deliberately placed on follcles spread to.a small
extent over the adjoining epidermis wig2). the number of hair follicles
covred by blue dye was counted at the end of the experiment.

The skin azeas wre covered with mica under 20i plate, sealed to the
skin with adhesive tape and aoh area in turn olsie osed to a Geiger
counter. These zuaiezmnts we continued fr 5-6 hours* The regression
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eqy tio of~ ntii~g rate (radioactivity) with ti (Fig.3) was calcul d,
and the penetration rate per unit mass of VX applied was derived from theformulas

rate Dece ase in counting rate per unit time d /dt

(golmif~g appd) Original counting rate 00

This experimental method has already been described and its validity
discussed(5).

At the end of the experiment an autcradiograph of the VX in each
area was taken by pressing an X-ray film into contqct with the mica
covering it. Auteradiographs were also taken of VX P32-saturated filter
paper discs of known diameter, and the width of the halo produced by the
long-range f-partioles from the P32 measured; this was found to be 0.08nmn.
The area of skin covered by each drop of VX was taken as that of the
autoradiograph less that of the halo. A photograph of each skin area was
accurately superimposed on the corresponding autoradiograph; thus the
number of hair follicles covered by P32 at the end of the experiment could
be counted. Finally each skin area was dissected out, digested in nitric
acid and its P32 content determined. From this and from the observed
penetration rate the total VX which had been applied to the area was
calculated.

The average length end diameter of the hair follicles in the ventral
part of the flank were-measured. Similar measurements mere made on skin
from Various other species, and the number of hairs per unit area of skin
surface in each was counted using a dissecting microscope. From these
measurements the total f olicular epithelial area per unit of skin surface
was calculated.

RESUlS

i. Penetration and the hair follicles

A few follicles were always covered even by the most careful epidermal
application (Table i). Many mede follicles 'were filled, hcmevers when the
drops were deliberately applied over them (Table 2"k).

Hair f ollicles f illed,"with VX after* epidermal- application

A*. indioated by,

- 2,6/ exp. area

P32 2.4/ exp. area

h oh value is the mean of 9 obuOerVtLMS
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TABI 2

The results of epidermal (E) and follicular (F) application of VX

A. Number of hair fol" B. Penetration rate 0. Penetr ation rate
icles filled with VX of VX (Wmin x 10-9) ierr unit area

per exp& area 10-9)

3 F fE F E F
-8.0 19.0 20 22 62

.2.7 18,0 17 22 .63 116

4.7 19.5 20 23 71

1.5 19.5 10 16 30 67

1,5 25 12 14 30 38

0.5 21 6 4 -

lMeansX3.4 20 15 19 49 80

Difference 15,6 3.2 31.
% confidence 13.6-17.6 0.5-5.9 17-45

limits

Each value is the mean f o a single experiment, derived from 1-3
kin areas,

NThe mean and difference. values vere obtained statistically as
xplained in the appendix and tberef ore do not correspond exactly with
he values in the table.

Although the penetration rate was slightly greater with the follicular
than with the epidermal application (Table B) this difference was only a
small fraction of what it would have been if the rate had been propcrtional
to the number of hairs filled with VX (Fig.4); the hair follicles, therefore,
were not the most imptant route of penetration,

Nevertheless,. the hair follicles did have a definite effect on the
penetration rate. Although follicular application produced only a slightly
greater overall penetration rate than epidermal application (Table 23) the
penetration rate per unit area of skin covered by VI was much increased

3qP
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(Table 2#). This showed that the hair follicles were considerably mcre
permeable than epidennis, area for area,

2. The relativepenetrabilitv of hair follicles and epidermis

Since VX appeared to penetrate through both these routes the fol-lowing
forsula was applied:

npf + Ape R ............................ )

where n = number of hair follicles filled with VX

A = area of epidermis covered with VX (iu 2 )

pf = penetration rate per follicle (g/min/follicle)

pe = ponetration rate per unit area of epidermis (&/miWmm2 )

R = 6verall penetration rate (g/min)

From this f wmala, and using the statistical technique described in
Appendix 1, values of the ratio pf/Pe were obtained from each experiment
in turn (Table' 3); the range of the mean shows that a hair follicle
could have been equivalent to anything between 23 and 3-2 mm2 of epidermis.

The ratio of the penetration rate ,per hair follicle and
per sqnmmof epidermis

Experiment Pflpe (,2)

42.05 1
2 3.58
3 t2-

5 o.66

Geometric mean 1I43
% confidence limits 0.63 - 3.25

These figures were obtained by a statistical method
described in Appendix B.
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Histological measurement s~owed that the cross-sectional area of a
hair follicle (al1 ) was. 0*019 mm ; it follows that the follicle0 we're

c onsiderably more permeable than an equivalent area, of epidei-mi$-^a

Follicular enatpation/uft ross-seot. area = i Pf
Epiderma~l penetratico/urdt; Area ~ P

=75 (Range 33-170)

On the other hand the mean epithelial area inside a hair follicle
(a2) was much greater, 1.05 mi2 , so that the penetration per unit
epithelial area within the follicle did not significantly differ from
that of 'the epidermisa

Follicular penetration/unit epithelial area = ' p

Epidermal penetratio/unit aa r- pa

= 1.4 (,iatge o.6-3.2)

3# The area of intra-follicular epithelium in diffeetg :cies

The cross-sectional area of the follicles was calculated from their
mean diameter and the area of the epithelial lining was calculated from
their diameter and length, on the assumption that they were approximately
cylindrical. Fran these values and the number of hairs per unit surface
area, the total areas of skin surface taken up by the follicles (Al) and
of stratified epithelium lining (A ) were determined. In hairy animals
there was considerably mwe epithe~ium below fhe skin surface than upon
it, although only a small fraction of the visible surfac was taken up by
hairs Table 4)....

h raction of skin surface covered by hair follicles, and epithelial

area within follicles per unit skin area (A2 ): ( am

Species & site A, A2

Man, dorsal forearm 0.0015 0*07

Pig, lower flank 0.004 0.13

Rat, belly .0,00. 2.3

Rabbit, back 01018 12j0

5- -.
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,DISCUSSION

The present experiments were designed to find out wether penetration
is ohief]' through hair" follicles = through epidermis. Dliberate efforts
were made 'to encourage follicular passage, but there was only a slight
increase in penetration when the number aC hair follicles covered was
increased by a factor of five cr moer (Fig. 4); in bhose experiments,
therefcre, only a small fraction of the penetrant passed through the
follb .le. However, when the penetration was expressed in terms of the
area oi sign covered the hair follicles in the pig were fcand to be 30-160
times as permeable as an equivalent area of epidermis.

When a large drop is applied it covers both hair follicles ahd
epidermis, so that the fraction of skin penetration which occurs via the
hair follicles can be calculated from the total cross-sectional area of'
follicles per unit area of skin (A4 ). On the assumption that the men
of 75 found in the pig for the ratio of follicular to epidermal penetrability
holds in other pecies' this fraction is given by the expression:

75A1  ....... ........ (2)

1 +7 74A

From this the values in Table 5 (Col. A) have been calculated; although
these are only approximate they demonstrate the relative unimpcrtance of
the hair follicles in man and their greater inpcrtance in the hairy animals.

TABIR 5

Fraction of total penetration which passes through tho hair follicles,
calculated from equations 2 (Column A) and 3 (Column B)

Species & Site Pollicular penetration

A B

Man, du'sal forearm 0.11 0.06

Pig, lower flank 0.15 0.12

Rat, bely 0.58 0.70

Rabbit, back 0#76 0.92

There are two possible routes of penetration in the follicle, the
sebaceous glands and the stratified epithelium lining the hair shaft.
Althbugh fat-soluble penetrants have been observed within the sebaceous
glands (3,6) it seems unlike~y that much passes fran them into the
ofr- uation, for such substances would be preferent4aly absorbed by the

, rI .,,



gland cells. The results reported here show that when the epitheli.al

lining of the follicles is considered the penetration .per unit area isapprcimately the same as that for the epithelium on the skin surface;
in other words, if the sebacoous gland penetration is negligibleall

stratified epithelium, whether inside or outside the follicles, appears
-to have the same penetrability.

On this basis the fraction 'of the penetrant which -penetrates via the

hair folli:es may be ealculated frm the area of epithelium l~ing the

follicles (A2 ) from the exression

iTntrafollioul~ar epithelial Ar'e A. 2 .**, **()

-Total epitheial area I + A2

The values calculated this way are. also shovm ih Table 5, and do .not
differ markedly fram those calculated by the first method,

In man another possible route is penetration through the srat glands.

Palmar skin has been found to be considerably less penetrable than that of

other regions (6,7,8), although the sweat glands are several times as

numerou here as oa the arm, thigh or trunk (9). If the amount of penetra-

tion per gland is calculated on the assumption that all the palmar penetra-

tion is by this route, it would only account for a small fraction of the

higher rate of penetration with liwer gland density found elsewhere.

Penetration via the sweat glands is therefore unlikely to be important in
regions other than the palms and soles.

If the sweat and sebaceous glands are unimportant and all. the

epithelium has the same penetrability, it is correct to express the

penetration of skin in terms of the total epithelial area rmther than

the skin surface area. , When the figures previously obtained for VX are

compared in this way they all lie within a ccparatively narrow range

(Table 6), which suggests that all stratified epithelia present comparable

barriers to penetration.

TABLE 6

Penetration of VX expressed per unit area of skin surface (A) or

per unit area of the total epithelial surface (B)

Speoies Penetration rate ( )/cm2/min x 1 o')

A B

Man, back 0.47 01114

Pig, flank 0.78 0.69

Rat, belly 2.5-7.3 0.7-2.A

Bibb it back 047 0.36

The values in column A we taken from ref.1O & the epithelial areas frm

Table 4.

_______7.



Thauer et al (11 i,12) showed that insensible water loss was Oikilar in dogs:
and men. Since it is unlikely that much water would be lost from the
interior of the follicles, because of their restricted openings,' insensible
water loss probably takes place from the surface epithelium and Thauer's
observa * ons indicate that. the epithelia of dogs and men are equally
permeable to water. It might .be argued that the large range in-thickness
of the opithelium in different species makes an invariant barrier unlikely,
but the stratum granulosum in vihich regioti the barrieris generally believea
to lie (13) appears to be much .less variablein thicknessthan ot0er -layers
of the epidermis; it was found to be IA. thick in rabbits and 2p thick
in pigs. A mathematical treatient of, the. barrier (14) also indicated that'
its thickness varied little between species.
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STATISTICAL APPENDIX TO P..P72

A. Calculation of the average values and differenoes between Zups

The analysis was perfcowd on the original observations, not on the
averages per experiment which are shown, for convenience, in the text.
The means of the epider ml (E) and folliular (F) groups were found in the
usual manner and the differences were calculated"by taking all combinations
of F-B within each experiment. An extract from the calculation of the
difference between the number of follicles (n) covered with VX is given
below:

Experiment np nZ nF - r,

1 14. 77

19 9 12

24 17

5

10

15

The values of n - n thus obtained from the vTiole set of experiments
were averaged; their internal variance was found and the $ confidence
limits for the mean calculated from it by means of a t-test. The same
procedure was used far the penetration rate and penetration rate per unit
area calculationso

B.. Fitti g to an equation

Equation i (Results, section 3) iz a simple addition of the two routes
of penetration:

npf + Ape = ( )......................... (I)

For convenience in handling both sides were divided by Rpe or Rpf, to
reduce the equation to the standard farm y =mx + o 3

.A/R = -(p/pe).dR + J/pe ,........,,..,,, . (2)

./R = -_(p&/pf).A/R + /Pf .......... ..... ........ (3)

SEC0.
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m t h obaarvp d values of n, A and R in each experiment 3-5 sets of
valus (4/R)yand (/) ,re obtained. The regssions (a) of ./R on
and (b) of. ,R on A/R were calculated, and the square root of the ratio of
the rcgressiopn constant for (a) (pfopR) to that for (b) (p~)was
obtained;: th. two constants were oomblned with equal weight beoause 4/R
and AA, wre known to contain conparable degrees of error*
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FIG. 1. Metal restraining plate over pig flank skin.
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FIG.2. Dyed VX spot& placed on F or between ( ) the hair follicle.
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