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Of obvious importance in the mechanism of action of vesicant agents are the 
relative rates at which different agents penetrate the human skin. The present 
study was undertaken to secure basic information on this question. Because of 
the experimental difficulties envisaged in a quantitative study of the penetration 
of vesicants as liquids, the present work was confined to the measurement of the 
penetration of vesicant vapors. 

The problem has been resolved into four phases: (i) the development of 
precise analytical methods for measuring the amount of vesicant penetrated; 
(2) the construction of a suitable apparatus for applying vesicants, as vapors, 
to small areas of the skin; (3) a thorough test of the analytical methods and 
apparatus by means of appropriate model experiments; (4) the actual measure- 
ment of the rate of penetration of the vesicant vapors into human skin. 
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* This work was all done under Contract No. OEMsr-313 between The Rockefeller 
Institute for Medical Research and the Office of Scientific Research and Development, 
which assumes no responsibility for the accuracy of the statements contained herein. 
The experiments were performed during the period October, 1943, to November, 1944. 
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The following agents, the formulae of which are given above, were em- 
ployed in this study: bis(/~-chloroethyl)sulfide (mustard gas, H);/~-chloroethyl- 
benzylsulfide (benzyl-H); t3-chloroethyl-ethyl-sulfide (ethyl-H); ethyl-bis(fl- 
chloroethyl)amine (EBA); tris(fl-chloroethyl)-amine (TBA). 

1. Micro Methods for the Determination of Sulfur and Nitrogen Mustards 

In the present studies, determination of the amount of vesicant vapor pene- 
trated has been made by exposing human skin to the vapor given off by a known 
amount of liquid vesicant contained in a cup placed on the skin. After a given 
time interval, the amount of liquid vesicant remaining in the cup is measured, 
and the amount of vesicant penetrated is determined by difference. 

From the work of Henriques, Moritz et al. (1) on the penetration of labelled 
lewisite and mustard gas, it is evident that the rate of penetration of vesicants 
per cm2 of skin surface is of a very low order of magnitude, measurable in terms 

TABLE I 
The Determination o.[ tt, Benzyl-H, Etkyl-H, EBA, and TBA 

Compound Amount taken Amount found 

I-I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Benzyl-H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ethyl-I-I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
E B A . ~ O  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TBA.HC1 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

677~2 
252.7 
502.7 
496.2 
497.6 

,y 

680 -4- 2 
253 4- 1 
498.5 4- 0.4 
500 4- 3 
504 4- 2 

of gammas. Since the amounts which penetrate are generally small in compari- 
son to the amounts applied to the skin, micro methods of considerable precision 
were required for our projected study. In order to expedite the work as much as 
possible, general methods were sought which could be applied to each vesicant 
with little or no modification. To meet these requirements for measuring the 
penetration of vesicant vapors, a method has been devised in which the vesi- 
cants are hydrolyzed and the liberated H + is determined by titration. By this 
means, amounts of H, benzyl-H, ethyl-H, and the nitrogen mustards (em- 
ployed as hydrochlorides) in the range of 500 ~, were determined with an ac- 
curacy of 1 per cent. The results are presented in Table I. 

In the case of the sulfur-containing mustards, hydrolysis was performed in 50 
per cent aqueous alcohol. With the nitrogen mustards, aqueous alkali was 
e~nployed. In measuring the HC1 liberated in the alkaline hydrolysis of the 
nitrogen mustards by back titration to pH 3-4, the titers obtained represent 
the difference between the equivalents of HC1 liberated and the equivalents of 
the ethyldiethanolamine or triethanolamine present in the hydrolysate. Sup- 
plementary experiments showed that these last named amines can be quanti- 
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tatively measured by  titration to p H  3 (brom phenol blue) with sulfuric acid. 
The determinations were also successfully carried out on a macro scale. 

The accuracy of the results presented above, though not  unusually high, is 
sufficient for the purposes of this investigation. Since, as was mentioned ear- 
lier, the penetration rates are determined by  difference, the precision of the 
method as a whole, rather than the absolute accuracy of the titrations is the 
important  factor. As will be shown later, the precision of the method is better 
than 1 per cent. 

H. - -A five times recrystallized sample of H made by the thiodiglycol process was 
kindly put at our disposal by Dr. du Vigneand. 

Bemybtt and Ethyl-H.--These were stock samples which were freshly distilled 
before use. 

I~BA and TBA.--These substances were employed as their hydrochlorides which 
were dried at room temperature to constant weight in vacuo over P~O6. Analyses of 
these compounds, given below, show that they were pure. 

EBA-HC1 C~-I~NC13 Calculated. N 6.8, C1- 17.2 
206.7 Found. " 6.8, " 17.2, 17.5 

TBA.HC1 C6I-I1,NC14 Calculated. N 5.8, CI- 14.7 
241.2 Found. " 5.85, " 14.7 

For experiments in which the nitrogen bases were employed, these bases were 
made from the respective hydrochlorides, distilled in vacuo, and stored in dry ice 
until use. 

Ethyldiethanolaraine and TriethanoIamine.--These compounds were commercial 
preparations. The ethyldiethanolamine was distilled before use. 

Micro Determination of the Sulfur Mustards.--One co. of a standard H, benzyl-H, 
or ethyl-H solution in alcohol was pipetted into a small flask; an equal volume of 
water was added, the flask was immediately stoppered and immersed in a water bath 
at 80 ° C. for 20 minutes. Mter cooling to room temperature, a small drop (0.01 cc.) 
of methyl red was added and the H + liberated by hydrolysis was titrated with 0.02 N 
NaOH by means of a micro burette. A blank was run simultaneously. 

Micro Determination of the Nitrogen Mustard ttydrochlorides.--One co. of the stand- 
ard aqueous hydrochloride solution was pipetted into a flask, followed by exactly 
1 cc. of 0.02 N NaOH. This flask was immediately stoppered and immersed in a 
water bath at 80 ° C. for 15 minutes. Mter cooling to room temperature, 2 drops 
(ca. 0.05 co.) of brom phenol blue (0.04 per cent in 95 per cent ethanol) were added 
and the solution was back titrated to a color change (pH 3) by means of 0.01 N HCI. 
I t  was later found that methyl red was a more satisfactory indicator than brom 
phenol blue. 

2. A pparat~ for the Measurement of the Rate of Penetration of Vapors 
into Skin 

Description of the Apparatus.--In preparation for experiments on the penetra- 
tion of the vapors of vesicants into human skin, an apparatus was designed and 
constructed for the application of vapors to unit areas of skin. The apparatus 
consists of the following parts  (numbered as in Fig. 1): 
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(1) A flange, of pyrex glass, measuring 25 ram. in diameter, 5 ram. in thickness, 
with a hole in the center 18 ram. in diameter at its narrower opening and ground to 
form a female joint. The top and bottom surfaces are ground fiat, and fire-polished. 
The two arms, 25 ram. long and 4 ram. in diameter, provide a means of attachment 
to the skin. 

(2) A "penetration cup" also of pyrex glass, with thin walls, a small "penny" 
handle, fiat bottom, and a depth of 4 ram. I t  fits into the flange to fall 1 ram. short 
of the top surface, and is equipped with a separate ground glass cap. 

(3) A fan made of a short length of iron wire fabricated into the conventional 
propeller design, approximately 8 × 2 ram., with a platinum bushing as its hub. I t  
is necessary that the fan be protected from the action of HC1 since this acid is liberated 
during the hydrolysis procedure. The fan can be rendered acid-proof by electrodep- 
osition of a heavy silver plate followed by a gold plate. A length of platinum wire 
is suitably shaped to function as the fan axle and support. The wire is looped to a 
diameter slightly larger than that of the inner base of the cup, is bent vertically up, 
then horizontally acres  to the cup center, then down to its bottom, this last portion 
being the axle proper. A slight groove ground around the base of the inner wall of 
the cup into which the loop is tightly sprung provides rigid support for the axle. 

(4) A small Alnico horseshoe magnet of 30 ram. width, forced into a wooden fork 
the shank of which is turned down to fit the chuck of a motor. Rotation of the 
magnet spins the fan. 

(5) A hydrolyzing vessel with a long-taper ground joint, and a bottom molded to 
accommodate the handle of the cup. 

(6) A micro stock bottle, made from three selected lengths of tubing that tele- 
scope snugly. The innermost sleeve is made into a short handled weighing stick and 
the stick end then sealed into the rounded off bottom of the outermost sleeve. The 
middle sleeve is rounded off at one end, provided with a penny handle, and then cut to 
fit just to the top of the weighing stick and to extend to the bottom of the outer sleeve. 

The capillary pipettes (of. Fig. 2 a) employed for introduction of the vesicant into 
the penetration cups are prepared from soft glass, previously cleaned with chromic- 
sulfuric acid, which is drawn to a bore of 130 to 150 microns. Portions 120 to 150 ram. 
in length are calibrated roughly with water and are then cut into lengths (50 to 40 
ram.) appropriate for delivering 0.5 nag. of vesicant. These sections are sealed into 
the tapered end of the capillary jacket with Kronig cement, allowing the capillary 
to protrude about 10 ram. 

For ease in handling, and to prevent breakage, sleeve guards are provided for both 
the capillary pipette and the penetration cups. The sleeve for the pipette is adjusted 
so that the capillary tip juts slightly beyond its edge. I t  is also of a diameter that 
just fits over the container in the micro stock bottle, and therefore acts as a guide in 
filling. The sleeve for the penetration cup fits over the pipette sleeve at one end, 
and at the other accomodates the cup. The latter is held firmly by means of a cork 
grooved to fit the penny handle of the cup (of. Fig. 2 a, b, c). 

Description of the Procedure.pin brief outline, the procedure is as follows: The 
penetration cup is cleaned and dried, the vesicant is added, and the cup is transferred 
to the flange previously attached to the skin. Mter the desired time interval, the 
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cup is removed from the flange, dropped into the hydrolyzing vessel, and the HC1 
liberated after hydrolysis is determined. A detailed description follows: 

Cleaning and Handling.--The cup is cleaned with chromic-sulfuric acid, thoroughly 
washed with water, and dried. The fan is washed with acetone and dried. The cup, 
fan, and fan support are handled with forceps. 

FIG. 2. Apparatus for introduction of vesicant into penetration cup. 

lnlroductlon of Vesicant into Penetration Cup and Subsequent Steps.--The steps in 
the addition of the vesicant to the cup are illustrated in Fig. 2 a to c. The micro 
pipette is filled by slipping its sleeve guard into the outer sleeve of the stock bottle 
until the capillary tip touches the liquid vesicant. The pipette fills instantly by 
capillarity. The vesicant is then pipetted onto a disk of filter paper fitting snugly to 
the base of the penetration cup; the capillarity of the filter paper is utilized to drain 
the pipette. This in most cases is a spontaneous process initiated by touching the 
capillary tip to the filter paper. Occasionally, a slight positive pressure is necessary. 
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This may be achieved by blowing lightly into a short length of rubber tubing attached 
to the capillary jacket. 

After the addition of vesicant, the cup is immediately transferred to the flange, 
previously taped to the skin. When the fan is used, the magnet is fixed into position 
and allowed to rotate at  about 600 R.P.M. throughout the course of the experiment. 
After the chosen time interval, the cup is removed from the flange and dropped gently 
into the hydrolyzing vessel to which a measured amount (2 ce.) of the hydrolyzing 
liquid has already been added. The vessel is tightly stoppered and kept in a water 
bath at  80 ° C. for 15 minutes, after which it is removed, allowed to cool, and the HC1 
present alter hydrolysis is determined as described earlier. 

To determine the reproducibility of delivery from the micro pipettes, they are 
filled with the vesicant, as described above, and then emptied directly into the hy- 
drolyzing vessel. The HCI liberated upon hydrolysis is determined as described 
before. I t  is found that, with some practice, it is possible to deliver 500 ~ of H to 
within about -4-1 ~,. With the vesicants other than H, the precision is somewhat less, 
namely, 4-1 to 2 "r. 

Control Experiments.--To determine the incidental losses of vesicant vapor during 
the penetration experiments, parallel controls were always run. In  these control 
experiments, the manipulations were the same as in the penetration experiments 
except that  the penetration cup was closed off for the requisite period by means of a 
ground glass cap. In the case of H, the loss in the control experiments was found to 
be 7 ~ in 10 minutes, 10 ~ in 20 minutes, and 12 7 in 30 minutes. Similar data were 
accumulated for the other vesicants studied. 

I t  has been found that  the losses in the control experiments vary not only with the 
duration of the experiment, but also with the temperature at which the experiment is 
conducted. Moreover, the magnitude of the loss is different for each agent, varying 
as a function of volatility. Therefore, in the penetration experiments with human 
subjects, reported later, the amount of vesicant penetrated represents the difference 
between the amount of agent left in the cup after a given exposure period and a 
control value. The control value, or blank, is the average amount of agent left in 
the cup as determined in a series of control experiments. To obtain each blank value 
with a high degree of precision, a set of a t  least 12, and sometimes as many as 40, 
control experiments were performed. To illustrate the type of data obtained, a few 
typical examples may be given. In the penetration experiments with H vapor given 
in Table IV under "20 minute exposure," the blank was 514 ~. This blank was the 
mean of 30 control experiments whose average deviation (A.D.) was 4-1.5 ~. The 
standard deviation (S.D.) 1 in this series of experiments was 4-1.8% and the standard 
error (S.E.) t of the mean was 4-0.33~. Similarly, the "10 minute blank" employed 
in the experiments with EBA vapor given in Table V under "10 minute exposure" 
was 514-r. This blank was the mean of 18 controls having an A.D. of 4-2, an S.D. 
of q-2.8-r, and a S.E. of ±0.7~,. The "60 minute blank" employed in the experiments 

1The standard deviation (S.D.) was computed according to the equation S.D. 

= %/~d~ / (n -  1) and the standard error (S.E.) was computed according to the equation 

S.E. = %/:~d2/[~(~ - 1)] where d represents the deviation of each value from the mean, 
and ~ represents the number of values. 
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with TBA vapor given in Table VI under "60 minute exposure" was 5107. This 
blank was the mean of 18 controls having an A.D. of ~1.67, an S.D. of +1.77, and 
an S.E. of +0.47. 

Subsaluratian Vapor Concentratiens.--A procedure has been devised for the es- 
tabllshment within the penetration cup of known subsaturation vapor concentrations 
of vesicants. This method is based on the finding that solutions of H (or ethyl-H) in 
n-dibutylphthalate obey Raoult's law. As shown by de Heen (2) and Hine (3), the 
rate of evaporation of a liquid from a solution is proportional to the vapor pressure 
of the liquid in the solution. Since the vapor pressures of the pure vesicants are 
known, a comparison of the rate of evaporation of a given vesicant-dibutylphthalate 
mixture with that of the pure vesicant in question is a measure of the vapor pressure 
of the vesicant in the mixture. Measurement of the rate of evaporation of H (or 
ethyl-H) has shown that for mol fractions of 0.10 to 1.00, the rate is directly pro- 
portional to the tool fraction of the vesicant in dibutylphthalate solution. 

3. Model Experiments on the Rate of Absorption of H Vapor 

In the previous section, a description was given of the design and operation 
of an apparatus for measuring the penetration of vesicants and other vapors 
into skin. In order to determine the limitations and sources or error which are 
involved in the use of this apparatus, model experiments have been performed 
in which non-volatile solvents replaced skin as the absorbent surface. 

In each experiment performed at constant temperature and humidity, a measured 
amount of H (usually 6007) was pipetted into the penetration cup described pre- 
viously. Immediately afterwards, the cup was inserted into its ground glass lid, the 
inside bottom of which contained 0.05 ce. of the absorbent. After the desired time 
interval, the lid was removed, dropped into a hydrolyzing vessel, water or 50 per cent 
acetone was added, and the contents of the vessel were heated at 80 ° C. for 15 minutes. 
The H absorbed by the solvent was determined by titrating the HC1 liberated during 
the hydrolysis. In some instances, supplementary analyses were made to measure 
the H remaining in the penetration cup. The absorption values thus obtained by 
difference agreed closely (within a few gamma) with those obtained by direct analysis 
of the solvents. 

I t  was found that the rate of evaporation of liquid H was markedly increased 
when the surface of H was increased by spreading it on filter paper. I t  is evi- 
dent from the data in columns 1 and 2 of Table I I  that the increase in the surface 
of liquid H markedly affects the rate of its evaporation into diethylene glycol. 
As will be noted from columns 1 and 2 of Table I I I ,  a similar resultwas obtained 
when vaseline was used as the absorbent. 

In order to determine the effect of change in the rate of transfer of H vapor 
from the liquid H to the absorbing surface of diethylene glycol, the rate of 
absorption into diethylene glycol was determined both when the H vapor was 
allowed to diffuse by itself and when the H vapor was agitated by fanning. In 
control experiments it was found that when the fans were operated for periods 
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TABLE I I  

Absorpgon of H Vat, or by Diethylene Glycol 

H in penetration cup, 596 -4- 2 7. 
Temperature, 22 °C.; relative humidity, 32 per cent 

449 

Time 

15 

30 

60 

120 

150 

Amount  of H absorbed by diethylene glycol 

Evaporation from H droplet  

Diffusion 
(1) 

Total  Avera~'e 
per ram. 

T 7 

39 1.3 
41 

69 1.15 
69 

141 1.0 
156 

Evaporatio n from H on filter paper 

Diffusion i Fanning 
(2) I (3) 

Average Total  ] Average 
Total  per m m .  i per m m .  

7 

47 
50 

88 
104 

175 
203 

7 

3.2 

3.2 

3.15 

3 .2  

7 

274 

412 

277 
386 

7 

18.3 

! 

13.7 

TABLE I I I  

Absorption of H Vapor by Vasdine 

H in penetration cup, 596 4- 2 7. 
Temperature, 22°C.; relative humidity, 32 per cent. 

Time 

mln. 

15 
3O 
45 
6O 

Amount  of H absorbed by vaseline 

Evaporat ion 
from H d r o p l e t  

Vaseline film 

Diffusion 

Tota l  

qf 

21 

27 

(1) 

Average 
per ram. 

7 

0.7 

0.45 

Evaporation from H on filter paper 

Vaseline film 

Diffusion 
(2) 

Tota l  Averal~e 
per ram. 

7 "Y 

13 0.9 
38 1.3 
46 1.0 

Fannin~ 
(3) 

Tota l  Average 
per mln. 

7 7 

37 2.5 
35 1.2 
39 0.9 

Vaseline on filter 
paper 

Diffusion 
(4) 

Total  Average 
per ram. 

7 7 

27 1.8 
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TABLE IV 

Ra~, o.[ P,naraion of H Vapor into Human Skin 

Temperature, 21-23 C., relative humidity, 44 to 46 per cent; area of skin exposed, 1.3 
cm. l of flexor aspect of the left or right forearm; acclimatization time, 30 minutes. The 
lesions were evaluated 48 hours after exposure unless otherwise indicated. 

Subject Site 

E. E. M. 

T. M. C. 

H. A. T. 

M.L. 

W. D. M. 

H. H. H. 

B. B. W. 

A. L. G. 

W. W. M. 

J. F. M. 

3 rain. exposure 6 mln. exposure 10 rain. exposure 

Amount Amount Lesion Amount 
penetrated Lesion penetrated penetrated Lesion 

q' "f "r 

L 6 E 16 V 
R 2 E 12 V 
L 6 E 22 VR 
R 4 E 13 V 
L 4 E 20 VR 
R 4 E 14 V 
L 3 E 16 V 
R - -  E 17 V 
L 4 E-- 12 E 
R 4 E - -  14 E 
L - -  E 10 V 
R 6 E-- 13 V 
L 19 V 
R 14 V 
L 18 V 
R 22 V 
R 17 V, N 
R 19 V 
R 22 V 
R 22 V 

Average 
Average deviation 
Standard deviation 
Standard error 

Penetration rate: 
Cm. 2 per mln . . . .  
Standard error 

4 
-4-I 

-el .4 
4-0.4 

1.0 
4-0.1 

O, no reaction. PV, pinhead vesicles. N 
E--, mild erythema. V, vesication. 
E, erythema. VR, vesicular rim. 

13 
-4-1.5 
4-2.2 
4-0.7 

1.67 
4-0.09 

necrosis. 

19 
4-2.2 
4-2.8 
4-0.8 

1.46 
4-0.06 

up to 1 hour in the absence of any absorbent, the initial amount  of H was re- 
covered quant i ta t ively  from the penetrat ion cup. 

I t  will be noted from the data  in columns 2 and 3 of Table I I  tha t  the rate of 

absorption was markedly increased when the H vapor  was agitated. Ap- 

parent ly the absorbing surface is not  in contact  with a saturated H vapor  when 

the fanning is omitted. The influence of the rate of fanning of H vapor  on its 
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TABLE IV--Concluded 

Subject 

A. W. H. 

M. H.* 

E. E. W. 

j.  F. w .  

E. S. W. 

E. P. A. 

L. J. B. 

J. E. F. 

H. S.* 

S. A. D. 

B. B. W. 

A. L. G. 

W. W. M. 
J. F. M. 
E. G. R. 

Site 

L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
Lt 
R 
L~ 
P. 
Lt 
R 
L~ 
R 
Lt 
R 
L~ 
R 
L 
L 
L 
R 

20 rain. exposure 

Amount 
penetrated Lesion 

,y 

33 NVR 
35 
33 N 
37 N 
25 
30 NVR 
46 NVE 
40 NVR 
36 
38 V 
38 NVR 
38 NVR 
38 NVR 
34 
42 V 
43 N 
33 V 
35 V 
40 NVR 
39 NVR 
33 V 
31 NVR 
35 NVR 
33 V 

30 rain. exposure 

Amount 
penetrated 

46 
53 
55 
61 

Average . . . . . . . . . . . . . . . . . . . . . . . .  36 54 
Average deviation . . . . . . . . . . . . . . .  4-3.5 4-4 
Standard deviation . . . . . . . . . . . . . .  4-4.5 -4-6 
Standard error . . . . . . . . . . . . . . . . . .  -4-0.9 -4-3 

Penetration rate: 
Cm. s per min . . . . . . . . . . . . . . . . . .  1.38 1.38 
Standard error . . . . . . . . . . . . . . . .  ~ 0 . 0 4  4-0.08 

Mean penetration rate for H vapor: 1.4 ~,/cm.S/min.; standard error -4-0.06 "r 

* These subjects were Negroes. 
In these experiments, the H vapor was fanned. 

Lesion 

NVR 
NVR 
NVR 
NVR 

a b s o r p t i o n  b y  a n  a b s o r b e n t  was  also s tud ied .  I t  was  f o u n d  t h a t  t h e  r a t e  of 

a b s o r p t i o n  of H is i nc r ea sed  f r o m  6.2 T / m i n u t e  a t  300 mP.M. to  13.4 T / m i n u t e  

a t  900 R.p.~r. 
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I t  was to be expected that the absorption of H by an absorbent would be a 
function of the surface area of the absorbent. In order to test this hypothesis, 
vaseline was employed as the absorbent; in one determination a film of vaseline 
was deposited by melting vaseline on a glass surface, while in a second determi- 
nation, the vaseline was spread on filter paper, thus increasing its surface. I t  
will be noted from columns 2 and 4 of Table I I I  that the absorption of H vapor 
into vaseline was markedly influenced by the surface area of the absorbent. 

An indication of the influence, on the rate of absorption, of the rate of diffusion 
of H from the surface of the absorbent into the body of the abosorbent emerges 
from the data in column 3 of Table I I I .  I t  will be noted that  when the H vapor 
was agitated and allowed to be absorbed by the vaseline film, the absorption 
was practically complete within 15 minutes. I t  may be concluded that  the 
surface of the vaseline film has become saturated with H within 15 minutes and 
that  the diffusion from the surface layer of vaseline into the body of the vaseline 
layer is very slow. In order to check this conclusion, similar experiments were 
performed in which the depth of the vaseline film was varied. I t  was found that  
there was no significant difference in the amounts of H absorbed when the thick- 
ness of the vaseline film was varied tenfold. 

4. Penetration of Vesicant Vapors into Human Skin 

The experimental studies recorded in this section were performed on a total 
of one hundred human volunteers during the period, May  to November, 1944. 

The exposures to vesicant vapors were made in an air-conditioned room maintained 
at constant temperature and humidity. For the experiments at 21-23°C., the subjects 
were kept at the temperature of the room for 30 to 45 minutes before exposure to the 
vesicant vapors; for the experiments at 30--31°C., the preliminary period was 1 hour. 
The flanges were then taped to the flexor aspect of both forearms of each subject. 
Immediately after the introduction of the vesicant into the penetration cup, the cup 
was inserted into the flange and allowed to remain there for the desired time interval. 
In some experiments the vapor was agitated by means of the magnetically driven fan 
described earlier. The cup then was removed and dropped into the hydrolyzing 
liquid. The amount of vesicant remaining in the cup was determined. The amount 
of agent which had penetrated was taken as the difference between the control value 
and the amount of agent left in the cup after exposure of the skin to the vapor. 

The Rate of Penetration of H, EBA, TBA, Benzyl-H, and Ethyl-H into Hu- 
man Skin at 21-23°C.--The results obtained when the subjects were exposed 
to the action of H vapor for periods ranging from 3 to 30 minutes are given in 
Table IV. I t  will be noted from Fig. 3 that there is a linear relationship be- 
tween the amount penetrated and the time of exposure. The mean rate of 
penetration, under the conditions of the experiment, is about 1.4 7 per era. 2 per 



NAGY~ GOLIY~BIC, STEIN~ ~RUTON~ AND BERGMAN~ 453 

minute. This figure has a standard error of 4-0.067, which is about 4 per cent 
of the rate. I t  should be mentioned that there is little difference in the two 
values obtained on symmetrical sites for each individual and likewise that there 
is little variation when the values from subject to subject are compared. I t  is 
also of some interest to note that no significantly different results were obtained 
with the two subjects who were Negroes. 

The effect of agitation of the H vapor was studied in a group of experiments 
in which six subjects were employed. The results, presented in Table IV, 
show that the rate of penetration into human skin is not influenced by agitation 
of the H vapor. This indicates that the rate of transfer of H vapor from the 
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FIO. 3. Penetration of vesicant vapors into human skin at 21-23°C. 

liquid H present in the bottom of the cup to the surface of the skin is more rapid, 
even without fanning, than is the rate of absorption of the vapor by the skin. 

The results of the penetration measurements of EBA vapor at a temperature 
of 22°C. and a relative humidity of 50 to 52 per cent are presented in Table 
V. I t  will be noted from the table and from Fig. 3 that the mean rate of pene- 
tration of EBA vapor under these conditions is 2.8 7 per cm3 per minute (stand- 
ard error, 4-0.07 7) and that the amount penetrated is linear with time. 

The effect of fanning the EBA vapor for 5 and 10 minute periods was also 
studied. As shown in Table V, agitation of the EBA vapor had no influence 
on the rate of penetration. This would indicate that the rate of transfer of the 
EBA vapor from the liquid in the bottom of the penetration cup to the surface 
of the skin is not a limiting factor in the measurement of the penetration rate. 



454 PENETRATION 0]~ VESICANT VAPORS 

TABLE V 

Rate of Penaration of EBA Vapor into Human Skin 

Temperature, 22°C.; relative humidity, 50 to 52 per cent. Acclimatization time, 45 min- 
utes. The sites exposed and the symbols used to describe the lesions 48 hours after exposure 
are the same as those given in Table IV. 

Subject Sit, 

5 min. 10 mln. 15 min. 
exposure exposure exposure 

20 rain. 
exposure 

Amount Amount Amount A~nount 
pene- Lesion pene- Lesion pene- Lesion pene- Lesion 
trated trsted trated trated 

J . M .  L 15 O 36 E--  
R 17 O 32 E 

W. J . H .  L 20 E -  42 E--  
R 15 E- -  ? 38 E 

B. B . W .  L 17 PV 36 V 
R 20 PV 39 V 

H. H . W .  L 15 E 
R 19" E -  

J. M . T .  L 17" E -  
R 17 E--  

C. G . J .  L 21" E--  
R 21 E--  

J . H . M .  L 40 PV 
R 40* PV 

H. A . W .  L 37 PV 
R 38* PV 

F.S.  L 37 V 
R 41" V 

H. F . M .  L 
R 

H. B .G.  L 
R 

F. M . G .  L 
R 

38 
± 2  
± 2 . 5  
4-0.5 

2.9 
4-0.05 

"/ 3' 

60 PV 
56 PV 
51 PV 
47 PV 
51 V 
51 V 

48 PV 
51 PV 
53 E 
55 PV 
55 PV 
55 PV 

53 
4-3 
4-3.7 
4-1.1 

77 V 
77 V 
70 V 
72 PV 
74 V 
74 V 
77 PV 
64 V 
70 E- -  
73 PV 

73 
± 3  
± 4  
4-1.3 

2.8 
4-0.05 

2.7 
± 0 . 0 6  

Average. 
Average deviation . . . .  
Standard deviation.. .  
Standard error. 

17.5 
± 2  
± 2 . 3  
± 0 . 7  

Penetration rate: 
Cm. 2 per rain.. 
Standard error. . .  

2.8 
± 0 . 1  

Mean penetration rate for EBA vapor: 2.87/cm.2/min.; standard error 4-0.07v 

* In these experiments the EBA vapor was fanned. 

T h e  r e su l t s  of t h e  p e n e t r a t i o n  m e a s u r e m e n t s  of T B A  a t  a t e m p e r a t u r e  of 

22-23°C.  a n d  a r e l a t i ve  h u m i d i t y  of 45 to  48 p e r  c e n t  a re  p r e s e n t e d  in  T a b l e  VI .  
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TABLE VI 

Rate of Penaratlon of TBA Vapor into Human Skin 
Temperature, 22-23°C.; relative humidity, 45 to 48 per cent. Acclimatization time, 30 

minutes. The sites exposed and the symbols used to describe the lesions 48 hours after ex- 
posure are the same as those given in Table IV. 

20 min. 
exposure 

Subject  Site 
Amount  

pene- Lesion 
trated 

T 

W. E.V.  L 
R 3 E - ?  

j . s . P .  L 
R 3 E--  

E. A.S .  L 
R 7 E 

H. L . D .  L 
J. F . M .  L 

R 
W. G.G. L 

R 
W. A.D.  L 

R 
F. J . R .  n 

R 
H. W.S.  L 

R 
N. W . T .  L 

R 
C. K . N .  L 

R 
J. R . M .  1.. 

R 

%verage. 
kverage deviation.. 
;tandard deviation. 
;taudard error. 

?enetration rate: 
Cm. 2 per rain. 
Standard error. 

0.15 

30 rain. exposure 45 mln.  60 rnln. 
exposure exposure 

,A,mol Lilt 
pen ~- Lesion 
trat, ~d 

7 

8, 4 E-- ,  E 

5, 5 E-- ,  E 

8, 4 E, E--  

7 V 
9 E 
7 E 
9 E + 1PV 

10 E 

7 
4.1.7 
4.2 
4.0.6 

0.18 
4-0.02 

Amou.~t 
pene- Lesion 

t ra ted 

7 

8 V 

11 E 

8 V 

V 
12 V 
10 V 
14 V 
10 E 
10 V 

10 
q-1 
4-1.7 
4.0.5 

0.17 
i4.0 01 

Amount 
pene- Lesion 
t ra ted  

16 V 
V 

12 VR 
14 V 

V 
17 VR 
18 V 
17 V 
11 E 
11 E 
18 V 
17 V 

15 
q-2.4 
-4-2.9 
4.0.9 

0.19 
-4-0.01 

Mean penetration rate for TBA vapor: 0.18 7/cm3/min.; standard error :t;0.01 "r 
(20 rain. exposure not included) 

I t  will  be  n o t e d  f rom the  table  and  f rom Fig.  3 t h a t  the  m e a n  ra te  of p e n e t r a t i o n  

of th is  ves ican t  is 0.18 7 pe r  cm.  2 per  m i n u t e  ( s t andard  error ,  -4-0.01 "/) and ,  as 
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in the case of H, the amount penetrated is linear with time. Measurements 
were also attempted after a l0 minute exposure period, but here the amount 
penetrated was too small to be measured (less than 5 3,) and the clinical obser- 
vations (see Table VI) showed either a very mild erythema or none at all. 

In view of the length of the exposure time necessary to get a measurable 
amount of TBA vapor to penetrate the skin, agitation of the TBA vapor inside 
the cup was impracticable. As will be shown later, fanning of benzyl-H 
vapor does not alter the penetration rate of this agent. Since benzyl-H has 
about the same volatility as I-IN3, and has, in addition, a higher penetration 
rate than TBA, there is every reason to believe that the rate of transfer of 
TBA vapor from the surface of the liquid in the bottom of the penetration cuv 
to the surface of the skin is not a limiting factor in these experiments. 

The results obtained when subjects were exposed to the vapor of benzyl-H 
at a temperature of 22°C. and a relative humidity of 55 to 60 per cent for per- 
iods ranging from 10 minutes to 1 hour are given in Table VII and are plotted 
in Fig. 3. I t  will be noted that while the amount penetrated is linear with time 
between the exposure times of 10 and 60 minutes, the slope of the line is such 
that it intersects the ordinate at 5 ~ and not at the origin. I t  has been found 
that this deviation is not due to the presence in our sample of benzyl-H of a 
volatile chlorine-containing impurity which evaporates off rapidly. This 
possibility was excluded in a control experiment in which the free diffusion (in 
air) of our sample of benzyl-H was followed. The rate of evaporation was 
strictly linear and the plot passed through the origin. In order to calculate the 
rate of penetration of benzyl-H, it is necessary, therefore, to calculate the slope 
of the plot in Fig. 3. In this manner it is found that the rate of penetration of 
benzyl-H is about 0.35 "r per cm3 per minute. 
. I t  appears probable that the anomaly observed in the penetration data on 
benzyl-H is due to a rapid adsorption of an appreciable quantity of benzyl-H on 
the surface layer of the skin, and the retention of this quantity of benzyI-H 
on the skin surface during the exposure to the vapor. This adsorption appears 
to be so rapid that it is completed during the initial 10 minutes of the exposure 
period. 

As may be noted from Table VII, agitation of the benzyl-H vapor did not in- 
fluence the rate of penetration significantly. This would indicate, as in the case 
of H, that the rate of transfer of benzyl-H vapor from the liquid in the bottom 
of the penetration cup to the furface of the skin is not a limiting factor in these 
measurements. 

The rate of penetration of ethyl-H was also studied. In view of the high 
volatility of this agent (about 22 times that of H), it was necessary to perform 
each operation of the experimeutal procedure in as reproducible a manner as 
possible. When each operation was carefully timed, it was found that succes- 
sive controls differed by only a narrow margin (less than 10 */). The results 
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obtained with human  volunteers are given in Table VII I .  I t  will be noted 

that  the individual values for the 2.5 minute  exposures show the agreement to 
be expected from the experimental procedure used, bu t  there is a great variat ion 
in the individual values for the 5 and 10 minute  exposures. This cannot  as yet  

TABLE VII 

Rate of Penetraffon of Benzyl-H Vapor into Human Skin 
Temperature, 22°C.; relative humidity, 55 to 60 per cent. Acclimatization time, 45 min- 

utes. The sites exposed and the symbols used to describe the lesions 48 hours after exposure 
are the same as those given in Table IV. 

Subject 

S. B. I. 

M. F. G. 

D. R. M. 

R. E. P. 

J. C. O. 

R. L. U. 

F. A. F. 

M. P. E. 

L 
R 
R 
L 
R 
L 
R 
L 
R 

Average . . . . . . . . . . . . . . . . . .  
Average deviation . . . . . . . . .  
Standard deviation . . . . . . . .  
Standard error . . . . . . . . . . . .  

10 min. exposure 30 mia. exposure 

Amount Lesion 
penetrated 

-y 

11 0 
11 0 
15 0 
19 0 
15 0 
15 0 

7 0 
11" 0 
7* 0 
7 0 
7* 0 

11 0 

11 
::t:1.7 
4-2.1 
q-'0.9 

Amotmt 
penetrated Lesion 

-y 

22 E- -  
18 E- -  
22 E-- 
22 E-- 
22 E- -  
18 E- -  

21 
..4-1.7 
::1::2.1 
4-0.9 

60 min. exposure 

Amount 
penetrated 

33 
33 
35 
35 
33 
33 

34 
~-4-1.7 

:::k2.1 
~ 0 . 9  

Lesion 

E 
E 
E -  
E 
E- -  
E - -  

* In these experiments the benzyl-H vapor was fanned. 

be satisfactorily explained, bu t  it does not  seem to be due to experimental 
error, since each step in the experimental .technique was carefully checked for 
accidental loss of e thyl-H vapor, bu t  none was found which would account for 
the variat ion in penetrat ion values. 

I t  is of considerable interest tha t  the mean values of the loss of e thyl-H from 
the penetrat ion cup should be essentially the same after exposure times of 2.5 
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and  5 minutes.  As will be noted from Table VII I ,  however, the lesions pro- 
duced after 2.5 minutes  were much less severe than those produced after 5 

TABLE VIII 

Rate of Penetration of Etkyl-H Vapor into Human Skin 
Temperature, 22°C.; relative humidity, 46 to 55 per cent. Aecfimatization time, 45 min- 

utes. The sites exposed and the symbols used to describe the lesions 48 hours after exposure 
are the same as those given in Table IV. 

Subject 

C. W. M. 

R. A. G. 

G. T. R. 

H. G. F. 

W. E. S. 

E. F. L. 

A. M. B. 

R. W. S. 
H. R. G. 

J. c. K. 

J. C. L. 

J. L. W. 

Average . . . . . . . . . . . . . . . . . .  62 
Average deviation . . . . . . . . .  4-8.5 

2.5 min. exposure q3osure i0 mln. exposure* 

Amount Lesion 
penetrated 

7 

70 E 

70 E 

67 E 

48 E - -  

51 E-- 

67 E 

63 98 
4-16 4-33 

Lesion 

V 

V 

V 
V 
V 
V 
V 
V 

* Immediately after a 10 minute exposure to ethyl-H vapor, all the subjects exhibited 
erythema at the exposure sites. With the other agents studied thus far, there has been no 
immediately visible reaction of this kind. 

minutes,  thus indicating that  more ethyl-H had penetrated into the skin in 5 
minutes  than in 2.5 minutes.  This raises the question as to whether the skin 
is capable of rapidly- adsorbing on its surface an appreciable quant i ty  of ethyl- 
H which slowly penetrates into the skin. Removal of the penetrat ion cup 
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after 2.5 minutes would allow much of the volatile ethyl-H to evaporate before 
penetration into the skin; after 5 minutes' exposure, however, a larger fraction 
of the adsorbed ethyl-H would have penetrated into the skin. If this is indeed 
the case, then the amount of ethyl-H lost from the penetration cup would not 
be a measure of penetration alone but rather would be a measure of both ad- 
sorption on the surface of the skin and penetration into the skin. 

I t  should be mentioned that Smith et al. (4) have presented evidence to in- 
dicate that, following exposure of skin to saturated H vapor, some of the 
vesicant evaporated from the skin surface after removal of the penetration cup. 
There has not been an opportunity to study quantitatively the postexposure 
evaporation from the skin of any of the vesicant vapors employed in our work. 
In view of the fact that H, benzyl-H, EBA, and TBA have a much lower vola- 
tility than ethyl-H, it seems probable that postexposure evaporation would 
have a less important effect on the amount penetrated into the skin for these 
four agents than it would in the case of ethyl-H. This question requires 
further careful investigation. 

The Rate of Penetration of H, EBA, and TBA Vapors into Human Skin at 
30--31°C.--It is generally agreed that vesicants become more effective with in- 
creasing temperature. I t  becomes of interest to ascertain, therefore, whether 
this greater effectiveness is due mainly to the increased volatility of the vesi- 
cants, or whether an enhanced sensitivity of the skin at the higher temperature 
also plays a rSle. To study this question, experiments with human subjects 
were performed at a temperature of 30-31°C. and a relative humidity of 47 to 
49 per cent. At this temperature the sweat glands begin to function (5) and 
the skin is moist. This fact was established by observation of the volunteers, 
and by preliminary experiments which demonstrated that appreciable amounts 
of moisture condense inside the penetration cups. 

In Tables IX, X, and XI  are given the results of the penetration measure- 
ments for H, EBA, and TBA vapors at a temperature of 30-31°C. and a relative 
humidity of 47 to 49 per cent. As will be noted from the tables and from Fig. 
4, the amount penetrated for each vesicant was found to be linear with time. 
The mean penetration rates were: for H vapor, 2.7 5"/cm.2/minute (standard 
error, ±0.11 7); for EBA vapor, 5.1 5'/cm.2/minute (standard error, 4-0.15 
5"); for TBA vapor, 0.29 5"/cm3/minute (standard error, 4-0.015 5'). 

The fact that the rate of penetration was found to be independent of time 
for all three agents indicates that the amount of moisture which condensed in 
the penetration cup was not sufficient to affect the penetration rate. Had the 
vesicant been diluted gradually with, or covered by, water, a progressively 
reduced vapor concentration in the cup should have resulted, and a gradual de- 
crease in the penetration rate would have been observed. 

Three of the subjects used in the EBA measurements were Negroes. As will 
be noted from the data of Table X, the penetration rate for these subjects was 
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TABLE IX 

Rate of Penetration of H Vapor into Human Skin 

Temperature, 30.6°C.; relative humidity, 48 to 49 per cent. Acclimatization time, 1 hour. 
The sites exposed and the symbols used to describe the lesions 48 hours after exposure are 
the same as those given in Table IV. 

Subject Site 

R. C. W. 

A. J. P. 

F. R. A. 

M. L. S. 

M . S .  

A.J .  

W. O. B. 

R . W .  

R. E. B. 

W.G.  

S. D. R. 

A. H. R. 

L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 

Average . . . . . . . . . . . . . .  
Average deviation . . . . . .  
Standard deviation . . . . .  
Standard error . . . . . . . . .  

2 rain. exposure 

Amount 
penetrated 

5 
5 
7 
7 
7 
8 
8 
7 
6 
9 
5 
9 
7 
8 
5 
7 
8 
5 

Lesion 

4 miu. exposure 6 rain. exposure 

Alllol 
pene~ 

16 
13 
14 
15 
15 

14 

13 

13 

13 

14 

16 

~d  

V 
V 
V 
V 
V 
V 

Amount 
Lesion penetrated 

V 

V 

V 

V 

V 

7 

20 

18 

22 

25 

20 

20 

7 
4-1 
4-1.4 
4-0.3 

E 
E 
E 
V 
V 
V 
PV 
V 
V 
V 

E + 1PV 
V 
E 
V 
V 
V 
V 
V 

E + 1PV 
E 
E 
E 
E 
PV 

VR 
V 
V 
V 
V 
V 
V 

21 
4-1.8 
4-2.6 
4-1 

14 
4-1 
4-1.3 
4-0.4 

Penetration rate: 
Cm. 2 per rain . . . . . . . . .  2.7 2.7 2.7 
Standard error . . . . . . .  4-0.13 4-0.07 4-0.13 

Mean penetration rate for H vapor: 2.7 ~,/cm.t/min.; standard error 4-0.11"r 

Lesion 

V 

V 

V 

VR 

VR 

VR 

n o  d i f f e ren t  f r o m  t h a t  of t he  w h i t e  sub jec t s .  I t  will b e  r eca l l ed  t h a t  H v a p o r  

a t  21-22°C.  was  f o u n d  to  p e n e t r a t e  t he  sk in  of two N e g r o  s u b j e c t s  a t  t he  s a m e  

r a t e  as  t h a t  of w h i t e  i n d i v i d u a l s  a n d  to  p r o d u c e  t he  s a m e  c l in ical  r e sponse  in  t he  
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TABLE X 
Rate of Pendragon of EBA Vapor into Human Skin 

Temperature, 30-31°C.; relative humidity, 47 to 49 per cent. Acclimatization time, 1 
hour. The sites exposed and the symbols used to describe the lesions 48 hours after exposure 
are the same as those given in Table IV. 

Subject 

G. A. S.* 

W, H. L,* 

M. W. V.* 

C. M.S. 

B. M. F. 

C.H. 

H. L. D, 

E. H. E. 

D. R. C. 

F. M. H. 

L. R. R. 

R. L. C. 

L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L : 
R 
L 
R 
L 
R 
L 
R 

AwJage  . . . . . . . . . . . .  

Average deviation... 
Standard deviation. 
Standard ,error . . . . . . .  

Penetrat ion rate:  
Cm. ~ per re_in . . . . . . .  
Standard error . . . . .  

2.5 mln. ~ 5 rain. 
exposure 

~uount I Amount 
t r a ~  Les|( pene- 

trated 

7 

O 19 37 

19 34 
16 o 27 

31 
19 O 37 
15 V 
is v 3o 
15 E-- 
18 E 28 
12 O 
18 O 33 

31, 34 
16 E -  

31, 31 
12 E 

t 34, 37 
19 E -  

l 37, 33 

19 E-- t 16 E-- 
37, 33 
33, 33 

19 O i 

17 33 
:t::2.5 4-2.5 
4-3.2 ~3.3 
~0.8 =k0.7 

5.2 5.1 
4-0.25 4-0.1 

] 7.5 rain, exposure I exposure 

Lesioa 

O 

o 
0 
0 
O 

v 

v 

E 
; - ,  E -  

V, V 

V, E-- 

V, V 
E - , E  

~t 

52 0 
56 0 

I 52 E 
48 IE 
48 iE 
48 iE 

45 V 

47 iV 

52 iv 
! 

49 !v 

53 iv 
53 tV 

55 E 

50 68 
4-3 ~3  
::k3,5 ::1=3.7 
-4-0.9 .4--1.7 

I 

J 
5.1 5.2 

~0.1 [+0.15 
! - 

10 rain. exposure 

L e s i o n  

I 73 t E-- 

73 t O 68 E 
5S E + Pv(?) 
66 E 
52 E-- 

Mean penetrat ion rate  for EBA vapor: 5.157/cm.I/min.;  s tandard  error -t-0.15~ 

* These subjects were Negroes. 

Negroes and the whites; i.e., vesication and necrosis resulted in both.  On the 
other hand,  the clinical response of the three Negroes to EBA vapor  was strik- 
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ingly different from that  of the white subjects. Whereas the white subjects 

blistered in 50 per cent of the sites af ter  a 5 minute  exposure (Table X),  the 

TABLE XI 

Rate of Penetration of TBA Vapor into Human Skin 
Temperature, 30°C.; relative humidity, 47 to 48 per cent. Acclimatization time, 1 hour. 

The sites exposed and the symbols used to describe the lesions 48 hours after exposure are 
the same as those given in Table IV. 

Subject 

J. F. G. 

G. E. T. 

j . s .  

H. E. K. 

E. N. F. 

G. F. B. 

D. D.B. L 

E. E.A. L 

E. A. L. 
R 

Average.. 
Average deviation . . . . . .  
Standard deviation . . . . .  
Standard error... 

Penetration rate: 
Cm. * per rnin .... 
Standard error . . . . . .  

15 rain. exposure 

Site 
Amount 

penetrated Lesion 

2¢ 

L 7 E 
R 5 V 
L 7 PV 
R 7 PV 
L 9 V 
R 7 V 
L 5 E-- 
R 7 E 
L 7 V 
R 5 V 
L 5 E--  
R 5 V 

R 5 E 

R 5 E 
L 7 E 

6 
-4-1 
-4-1.3 
±0.4  

0.31 
±0.2 

30 mln. exposure 45 rain. exposure 

Amount Lesion 
penetrated 

7 

12 V 
11 VR 
12 I v 
10 ] V 
10 VR 
10 i VR 

10, 10 V, V 

12, 10 V, V 

12, 10 V, V 

11 
-4-1 
±1.2 
-4-0.3 

0.28 
-4-0.01 

Amount Lesion 
penetrated 

16 V 
17 V 
18 N 
16 VR 
17 VR 
19 VR 

18 VR 

16 V 
18 V 

17 
-4-1 
E1.2 
±0.4  

0.29 
~0.01 

Mean penetration rate for TBA vapor: 0.295 ~,/cm.Z/min.; standard error ~0.015T 

Negro subjects failed to show vesication after an exposure period of 10 minutes. 

The  previous failure to observe any difference in clinical response in the case of 

H vapor  may  have been due to the fact  that  the exposure period used for the 

Negro subjects was more than four times that  required to produce 50 per cent 

vesication in the white subjects. For  this reason, differences between the two 

groups, less than three- or fourfold in extent ,  would not have been detected. 
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Casual inspection of the data given in Tables IX to XI  reveals a surprising 
lack of individual variations in the amounts of a given agent penetrated in a 
given time and at a given temperature. In other words, biological variation 
appears to play a negligible rOle in the penetration of vesicant vapors into 
hmnan skin. This impression is strongly reinforced by the statistical data ap- 
pended to each table. Thus the average deviation, standard deviation, and 
standard error are scarcely larger for any set of penetration values than they are 
for the typical controls given earlier. The small variations observed border 
on the limits of experimental error, and cannot be attributed to biological 

of agem; So 
I ~ n e t ~ t e ~  
in 9o.mmo~ 

pox, e,m.' 

0 5 10 15 20 ~5 30 35 40 45 50 
Time in  :minutezs 

Fig. 4. Penetration of vesicant vapors into human skin at 30--31°C. 

differences. The standard error of the mean penetration rate is, in all cases, 
small, amounting to 10 per cent or less of the vahe.  

The individual variation in clinical response to a given dose of vesicant is 
much more difficult to determine with certainty, since the clinical response can 
only be evaluated qualitatively, or at  best, semiquantitatively. Such obvious 
phenomena as the resistance of Negro skin to damage by EBA vapor, and the 
dramatic response of hypersenstitive individuals were noted in the course of the 
work. 

5. Correlation of Penetration Rates and Volatilities 

~ I t  will be seen from Table XII  that, in the case of H, the increase in penetra- 
tion rate from 21-22°C. to 30.6°C. is proportional to the increase in volatility 
over the same temperature range. Thus when the penetration rate for H at 
21-22°C. is divided by the volatility at this temperature, the quotient is about 
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1.9. A similar quotient (1.85) results from the data obtained at 30.6°C. The 
same considerations hold for EBA, the quotients for the two temperatures being 
slightly lower, namely, 1.5 to 1.6. For TBA, however, the quotients for the 
two temperatures do not agree so well. The reason for the divergence in this 
case cannot be stated with assurance. I t  should be pointed out, however, that 
there is little agreement between the values reported in the literature for the 
volatility of TBA. The low volatility and the low penetration rate of TBA 
make the accurate determination of either value a matter  of some difficulty. 

I t  should be noted that all of the quotients given in Table X I I  are in the same 
range. Thus it would appear that, for the temperatures investigated, the pene- 
tration rates of H, EBA, and TBA are nearly proportional to the respective 

TABLE X I I  

Corrd~ion ~Penetrati~ Rate a ~  V o l a ~ y  

Agent 

H 

E B A  

TBA 

Temperature Volatility* 
Penetration rate 

Volatility 

*C. 

21-22 
30.6 

22 
30-31 

22-23 
30 

rag. ~ f  l. 

o. 71-0.775 
1.46~ 

1.73-1.87~ 
3.24--3.39~ 

0.094-0.102~ 
0.181~; 

2.0-1.8 
1.85 

1.6-1.5 
1.6-1.5 

1.9--1.8 
1.6 

* The exnct temperature inside the penetration cup during the exposure has not been 
determined. Hence the volatilities of the agents are calculated on the assumption that the 
temperature of the liquid vesicant inside the cup is the same as that of the room. 

Calculated from data in (6). 

volatilities, and are not markedly dependent upon the differences in chemical 
structure of the agents. This generalization, which appears to be valid to 
within about 15 per cent, suggests that volatility is the principal factor govern- 
ing the penetration rates of the three agents studied. From these experiments 
it would appear, therefore, that at the same gas concentration in milligrams per 
liter H, EBA, and TBA would penetrate the human skin at the same rate. 
Consequently, differences in vesicancy of these agents (and benzyl-H) cannot 
be attributed to variation in their ability to penetrate human skin. 

6. The Effect of Temperature on the Vesicant Action of 1t, EBA, and TBA 
Vapors 

The dam presented in section 4 of this communication permit one to deter- 
mine whether, under our experimental conditions, the increase in temperature 
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from 22°C. to 30°C. causes any appreciable change in the vesicancy of the three 
agents under study. In Table XIH, the results have been arranged so as to 
show the amount (in g~rnrrlaS per cm. ~) of each vesicant which must penetrate 
to cause vesication in approximately 50 per cent of the exposed sites. This 
amount, which was determined by inspection of the data, will be designated by 
the symbol Vs0. As was mentioned earlier, there has not been an opportunity 
to ascertain whether any of the vesicant vapor adsorbed by the skin is lost as 
a result of postexposure evaporation. In the calculation of the Vs0 doses, 
presented in Table XIH, it has been assumed that all of the vesicant which 
disappears from the penetration cup during exposure has been retained by the 
skin. 

It will be noted from Table XIII  that H and TBA are approximate]y equally 
effective per g~rnraa penetrated, not only at 21-23°C. but also at 30-31°C. 
Furthermore, no striking difference in Vs0 was noted for either agent when the 
temperature was raised. Similarly, experiments with EBA did not show any 
differences in effectiveness at the two temperatures. From these data it would 
appear also that EBA is a relatively poor vesicant at either temperature, being 
only ] to t as effective per g~mma penetrated as is H or TBA. 

It may be of interest to call attention to the small difference between the dose 
of vesicant necessary to produce erythema, and that necessary to produce vesi- 
cation. This is particularly apparent in the case of H and TBA vapor at 22°C. 
With H vapor after 4 3' had penetrated, no vesicles appeared at twelve sites. 
After 8 3" had penetrated, however, seven of nine sites vesicated. With TBA 
vapor, after 5 3" had penetrated, only one of eleven sites vesicated, while after 
8 3" had penetrated, seven of nine sites vesicated. 

From the investigations reported above, it would appear that, under the 
conditions prevailing in these experiments, the skin of the human forearm is 
not markedly more sensitive at 30°C. to the vesicant agents than it is at 22°C. 
Since this conclusion is at variance with other findings reported in the literature 
(7), the conditions under which these experiments were performed should be 
considered in some detail. 

In the first place it should be mentioned that the subjects employed in our 
experiments were for the most part Chemical Warfare Service personnel, and 
about 80 per cent of them had previously been exposed to and burned by vesi- 
cant agents. Hence it is not impossible that many of these men had become 
sensitized to one or more of the agents studied. In a few cases definite evidence 
of hypersensitivity was manifest (excessive local damage, flaring up of old le- 
sions in remote areas, etc.). The vast majority of the subjects appeared to 
give normal responses, and sensitivity was suspected only on the basis of the 
histories. The hypersensitive subjects exhibited no significant differences in 
penetration rates compared to the other subjects, however, and it seems unlikely 
that hypersensitivity would be associated with an increased penetration rate. 
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On the other  hand, the physiological response of hypersensitive subjects would 

be abnormal.  Thus the val idi ty  of any conclusions based upon the physiologi- 

TABLE XIII 

T ~  Effect of Temperature on the Vesicant Action of H, EBA, and TBA Vapors 

Amount No. of lesions 48 hrs. after 
Agent Tempera- Ct*(ap- of agent No. of No. of exposure Approxi- 

ture proximate) pene- men sites mate Vso 
trated O E PV V 

oc. rag. rain.~ -r/cm.s 
H I .  

H 21-23 2300 4 6 12 
4600 8 6 9 
7700 14 7 11 

30.6 2900 5 12 24 
5800 11 12 18 
8800 16 6 6 

EBA 22 9000 14 6 12 
18000 28 6 12 
27000 42 6 12 
36000 56 5 10 

30-31§ 8000 13 9 12 
16500 26 9 15 
24500 39 9 9 

T B A  22-23 2000 4 3 3 
2900 5 6 11 
4400 8 6 9 
5900 11 6 12 

30 2700 4 9 15 
5400 9 6 12 
8000 13 6 9 

0 12 0 0 
0 2 0 7 
0 0 0 
0 10 2 
0 0 0 
0 0 0 

3 7 2 
0 4 4 
0 1 9 
0 1 3 
4 6 0 
0 8 0 
0 1 0 

0 3 0 
0 10 0 
0 2 0 
0 2 0 
0 7 2 
0 0 0 
0 0 0 

7/cm. 2 

6 

11 
12 5 
18 
6 

0 28 
4 
2 
6 
2 26 
7 
8 

0 6.5 
1 
7 

10 
6 4 

12 
9 

* These values are calculated upon the assumption that the temperature inside the cup 
is the same as that of the room and that the air inside the cup is saturated with respect to 
vesicant. 

:~ In evaluating the V~o doses, pinhead vesicles (PV) were arbitrarily selected as represent- 
ing a state midway between erythema (E) and vesication (V). 

§ The clinical observations on the Negro subjects are not included in this summary. 

cal response of the subjects depends upon the extent  to which the group investi- 
gated deviates from the normal. 

I t  is a necessary consequence of the technique employed in these experiments 

that  the air inside the penetrat ion cup undoubtedly possessed a very high rela- 

t ive humidity.  In the experiments conducted at  30°C. the atmosphere inside 

the cup probably became saturated with water  vapor  in a relatively short t ime. 

• ~ t 22°C. the time necessary to achieve saturat ion was undoubtedly longer. 
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However, in both experiments it seem s possible that  the moisture content of the 
skin was about the same. These considerations are of great importance inview 
of the results of Smith et al. (4) and Renshaw (8) which indicate that the pres- 
ence of excess moisture on the skin surface has a marked effect upon the damage 
produced by a given concentration of vesicant vapor. 

In evaluating local damage produced by a given dose of vesicant, it seems 
possible that the severity of the lesion may be influenced not only by the site, 
but also by the size of the area exposed. The Vs0 doses given in Table XIII ,  
therefore, may only be applicable to a lesion which is located on the forearm and 
has an area of about 1.3 cm 2. 

The physiological response of the subjects might also be a function of the 
season of the year during which the exposures took place. The V60 doses for 
H at 21-22°C., and for H, EBA, and TBA at 30-31°C. were determined in New 
York City during late October and early November. The V~0 dose for TBA 
at 22-23°C. was determined in part at the same season, and in part during late 
August. The Vs0 dose for EBA at 22°C. was determined during late September. 

We wish to acknowledge gratefully the cooperation of the volunteers in the conduct 
of the experiments, and should like also to thank Colonel C. P. Rhoads, Lieutenant 
Colonel A. M. Bowes, Major W. H. Sherwin, Dr. H. W. Smith, and Commander M. B. 
Sulzberger for their valuable assistance in securing these volunteers. In the course 
of the experiments, we enjoyed the helpful cooperation of Commander M. B. Sulz- 
berger and Dr. R. L. Baer in the clinical evaluation of the lesions. We are also 
grateful to them for many profitable discussions concerning the results. 

SI.YM'M'ARY 

Analytical methods which are accurate to about 1 per cent have been devel- 
oped for the determination of small amounts (ca. 500 3') of bis(fl-chloroethyl)- 
sulfide (H), ethyl-bis(B-chloroethyl)amine (EBA), tris(fl-chloroethyl)amine 

• (TBA), B-chloroethyl-benzylsulfide (benzyl-H), and B-chloroethyl-ethylsuLfide 
(ethyl-H). The determinations are made by micro titration of the HCI liber- 
ated upon complete hydrolysis of the vesicants. 

A description is given of an apparatus suitable for applying vapors of vesi- 
cants to unit areas of skin. A very precise and reproducible micropipetting 
technique is described for the introduction of the vesicants into the penetration 
apparatus. 

By means of this penetration apparatus studies have been made of several 
factors which may influence the rate at which vesicant vapors penetrate into 
skin. Model experiments have been performed in which H was allowed to 
vaporize and the vapor was absorbed on a surface such as that of diethylene 
glycol or vaseline. I t  has been found that if the surface of liquid H is increased 
by spreading the agent on filter paper, the rate of evaporation is markedly in- 
creased. Furthermore, if the vapor is agitated by means of a magnetically 
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driven fan, the rate of absorption by diethylene glycol is greatly accelerated. 
With vaseline as the absorbing surface it has been found that the area of the 
absorbing surface has an effect on the rate of absorption of H vapor. More 
H is absorbed by vaseline spread on filter paper to give a rough surface than is 
absorbed by a smooth film of vaseline. 

Measurements of the rate of penetration into human skin of H, EBA, TBA, 
benzyl-H, and ethyl-H vapors have been performed at 21-23°C. and 30-31°C. 
by means of the penetration apparatus described in this paper. The measure- 
ments were carred out on human volunteers under conditions of controlled 
temperature and humidity. 

When human skin is exposed to air saturated with H vapor, the H penetrates 
the skin of the forearm at a rate of about 1.4 7 per cm.2 per minute (temperature 
21-23°C.; relative humidity 46 per cent). This value was found to hold in 
experiments in which H vapor was applied for 3 to 30 minute intervals, thus 
indicating that the permeability of the skin to H vapor is not altered during a 
30 minute exposure. Agitation of the H vapor by fanning did not result in 
any measurable increase in the rate of penetration. Two of the volunteers 
were Negroes; the permeability of their skin to H vapor did not differ appreci- 
ably from that found for the other subjects. When human skin is exposed to 
air saturated with EBA vapor, t he  vesicant penetrates at the rate of 2.8 7 
per cm. 2 per minute (temperature 22°C., relative humidity 50 to 52 per cent). 
The amount of EBA penetrated is linear with exposure time for exposure periods 
of 5 to 20 minutes. Under similar conditions, it was found that TBA penetrates 
at a rate of about 0.18 7 per cm. 2 per minute (temperature 22-23°C.; relative 
humidity 45 to 48 per cent). This value was found to hold in experiments in 
which TBA vapor was applied for 30 to 60 minute intervals. The amount of 
TBA penetrated is linear with exposure time. In the case of benzyl-H, a 
linear relationship between the amount lost from the penetration cup and ex- 
posure time was also observed but the plot did not pass through the origin. 
I t  is suggested that this anomaly is due to retention on the skin surface of an 
appreciable quantity of benzyl-H as a result of rapid physical adsorption or 
chemical combination with a constituent of the skin. The rate of penetration of 
benzyl-H may be calculated from the slope of the plot and is found to be 0.35 
7 per cm. ~ per minute (temperature 22°C., relative humidity 55 to 60 per cent). 
The results with ethyl-H showed great variation among individual subjects 
and no satisfactory value for the rate of penetration can be given as yet. 

Measurements were also made of the rate of penetration of H, EBA, and TBA 
vapors at 30-31°C. (relative humidity 47 to 49 per cent). At this temperature, 
a linear relationship was observed between the amount penetrated and the time 
of exposure. H vapor penetrated at a rate of 2.7 7 per cm. ~ per minute, EBA 
vapor at 5.1 7 per cm. 2 per minute, and TBA vapor at 0.29 7 per cm2 per min- 
ute. Three of the subjects in the EBA measurements were Negroes. The 
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permeability of their skin to EBA vapor did not differ from that found for the 
white subjects. Despite this fact, their skin failed to vesicate after an exposure 
period twice that which caused 50 per cent vesication in the white subjects. 

Calculation of the precision of the data showed that the average deviation, 
standard deviation, and standard error were not appreciably different for the 
data obtained with human subjects as compared with data for control ex- 
periments in which human skin was not involved. Consequently, no signifi- 
cant differences in the rate of penetration into the skin of individual subjects 
can be discerned from the data presented in this communication. 

The increase in the rate of penetration of H, EBA, and TBA vapors from 21- 
23°C. to 30-31°C. is approximately proportional to the increase in volatility 
of each agent. These results indicate that at the same gas concentration in" 
milligrams per liter, H, EBA, and TBA vapors would all penetrate at about the 
same rate. 

The data presented above permit a determination of the approximate amount 
of each vesicant which must penetrate to cause vesication in about 50 per cent 
of the exposed sites. This amount has been designated by the symbol V~o. 
The Vs0 for H and TBA at 21-23°C. is the same, being about 67; at 30-31°C., 
the V60 is 4 to 5 % On the other hand, the Vs0 for EBA at 22°C. and 30-31°C. 
is about 26 to 28 % Thus, per gamma penetrated, H and TBA vapors are about 
equally effective in producing vesication while EBA vapor is only i to t as 
effective. 
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