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INTRODUCTION 

♦h* Jhe lnVefîl8*tlon of the mechanism of vesication 
of radioactive sulfur into the musti 

suggested by J.B, Conant in November of 1940. 

Since 1940 the follo«ring persons have participated in the work 

Chemical: 
R.S. Halford 

#F.C. Henriques, Jr. 
*G.B. Kistlakowsky 

C. Margnetti 
L.A. Patterson 
N.G. Schneider 
A.K. Solomon 
J.R. Weisiger 

With the assistance of: 
R. Arentzen 
1. Berman 
il. Lynch 

January 1941 to August 1941 
April 1941- 
November 1940 to July 1942 
January 1942 to June 1942—June 194T 
February 1942- 
September 1941 to June 1942 
November 1940 to *pril 1941 
July 1943- 

August 1942 to March 194» 
July 1942 to September 1942 
October 1942- 

Pathologicol: 
H.S. Broyfogle 
F.R. Dutra 

*A.R. Moritz 

August 1942 to June 
July 1943- 
November 1940- 

Surgical: 
R.S, Myers November 1942- 

»Official Investigators: 
G.B. Kistlakowsky 
A.R. Moritz 
F.C. Henriques, Jr. 

January 1941 to July 1942 
August 1942- 
Soptember 1943- 

ii) Scope and Period of these Investigations: 

iSt-ua ¡jsubxb1»** 
;îï Ih“ rat'‘ üt w,llch ^stard yanetrotes the skin: 
(*) rZ :rai«ent lat^ ',1' u,e pen^rated mustard in the skin- 

(5) chmlcsI dat“ln 

eã^«^«esa5r*»M« •“* t. pr'.SdTt w 
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111) The Radioactive Sulfur (Preparation and Purity). 

half Hf?*1* íav® bfen two aourcea of radioactive sulfur of PR day 
Univers!tv f ^clotron® at Berkeley, California, and Washing 
University, St. Louis, Missouri. In both places the preparations were 

B.Â.Ï^'rc2îffmrn °f ^ R<‘dl*Uon ^boratory, 

Cl55 as^Cl^1^ 8UlfUr’ s!5 18 Pr®Pared by the neutron bombardment of 

17C1?5+ 0nl-)16s354-1h1 

NanRrTÎ!/e8UlÎ1îf fa?oactlv® Is oxidized to sulfate Ion with 
tí! Precipitated as BaSo4. The details of this preparation havr 
been recently published by M.D. Kameni1^. 

nf th<îUr dîffeÜnt 8amPles of radioactive sulfur were uped In the course 
aboÎî^n 8p*flfîc radioactivity of these samples varied from ‘ 
about 0.5 mi 111 curl es to 10 milljcurles^ per 100 nur. of BaSO, 

contaminated^w!th^IiL**1^ PLepared ^ above'procedure is always 
contaminated with about 5Í radioactive phosphorus (half l}fe = 14 davs) 
s barium phosphate. Since the beta partido emitted from P5^ is 16 

times as energetic as th^t from S^S, lt ls a 8, le matter t ¿ 

^ Lîl.^8 ^8«!C! .1* view of thetm- minute percentages or p- m the presence or Ö-. m view of the num- 
erous steps required to produce mustard from this bariurp sulfate (see 1) 
the resulting mustard never contained any detectable P5^. 1 

iv) Some General Considerations Regarding Radioactive Sulfur. 

(a) Concentration of the .radioactive element. 
The number of micromoles of any radioactive clement oresent 

in a sample is given by the following equations ' ' P 

no. micromoles *= 7.6x10“« x (half-life in days) x mlllicuries 

m^st radioactive sample (10 millicuries per 100 BaGC ) 
th^ total number of sulfur atoms potentially radioactive nas only fin 

Thus the gross cliemlcal, physical and physiological nrnn 

¡Hilly !ifhtard 0TC^Ce,i fr0m BaSG4 c^taining a trace ofl^i are identical with pure thiodiglycol mustard. 

(b) Possible pathological effects due to the emission of k,»0 
particles ty radioacUve sulfu,r. «mission of bi ta 

It has beem shown in tlie case of X-rav^ that fh» u 

_‘ .. ^*viuCe is iCergs per an. cmV^The number 

(a) A mllli curie ip defined »o ? 7 v in? . ... 
second. S’7 X 10, atcmlc disintegrations nor 
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•f ««Xfuf p^yUtlf mí tied per sq» cm. of skin surface inside the cutan- 
Mus layer Is ierer greater than 106 per minute er 20 ergs per day. Thus 
ft eeuld appear that Injury due to the radioactivity of the sulfur is 
unlikely. 

(c) The possibility of metabolic discrimination between S'5 and 
natural occurln;; isotopes of sulfur. 

The percentage of_natural cccuring isotopes in sulfur is 
95tl S« 0.74$; S54 4.2t; S56 O.lfi/É. To date there is no evidence that 
a biological system can fractionate the natural securing isntoncs rf 
sulfur or, for that matter, the isotopes of any ether element.^ Thus 
s" until the timo of disintegration is indistinguishable in any -ni.tnbol- 
ic process from the natural occuring isotopes of sulfur. 

v) Glossary 

(a) H, mustard: 
Unless stated to tho contrary, these words may denoto in this 

report mustard containing radioactive sulfur. 

(b) Radioactivity, mustard sulfur, S35: 
Detected as beta particles due tc the disintegration of radio¬ 

active sulfur originally incorporated into the mustard molecules. 

(ò) H-equiv. or mustard equivalents: 
The amount of mustard sulfur present in any sample in terms 

of the original mustard by weight (usually gammas). 

(d) Extractables: 
The amount of mustard sulfur extractable from a tissue by a 

solvent, usually chloroform. This mustard sulfur is alvays expressed 
in H-equiv. 

(e) Fixod-h, fixed-mustard, fixed-material: 
The amount of mustard sulfur not extractable from a tissue by 

either cold isotonic salt solution or hot or cold chloroform, acetone 
or alcohol. This mustard sulfur is always expressed in H-equiv. 

(f) Gammas of fixed and/or extractable-H per sq, cm. of skin: 
The amount of mustard sulfur present as fixed and/or extract¬ 

able inside a skin site one sq. cm. in area. 

(g) "Threshold" value of fixed-mustard: 
The amount of fixed mustard in H-equiv. nor oq. cm. ?f skin 

surface in a skin site associated with minimum irreversible injury. 

(b) Schcenheimer and Rittenburg16 have shown that relative abundance of 
the stable nitrogen is< topes is identical in amino acids, pretina in ' 
nir¿ Dole17 has sh^vm that the ratio of Deuterium tc Hydroper is. Tb " 
same in water, chclestnrol and honey,_ 
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(period)* 

Z aUKt>^? Peet^expoaure p,rtod 
the excision of the exposed “tí!1"“110" °f 9Xposur® Period and 

^ ^nãryf ûor.-Mdloactive: 
containing any radioactiíí^ifu^®117 thiodJglycol) not 



(1) There* is no evidence that the injury producing proo ’nsity of 
mustard is in any w.ay altered by the presence- of radioactive sulfur. 

I. Preparation of Mustard. 

(1) Through the usm of hiph vacuum t-idinique, mustard of .^xcellr.nt 
purity containing S50 can bo prepared in totter than 90* yi-lds from ni 
little as 50 my. of BaSG . 

4 

II. An Analytical Technique for Mot suri nr Radi oactivi Sulñir. 

(1) A method is described whereby radioactive sulfur can bo moarur‘d 
to an accuracy of 2Í. 

CONFIDENTIAL 
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Introduction, 

IV. Penetration Rate of :.!ustard Throuph Pip, Rabbit and Human Skin. 

IVd. Comparison of the Ponotration and Fate of Ponotrat'd [.iust-rH 
Data for Man, Pig 'ind Rabbit. 

(1) Mustard applied in liquid form penetrates rabbit skin 
faswer than the skin of either man or pig. With suffi ci ont mustard to 
saturate th skin surface, at a room temperature of 60°F, the amounts 

wírtÍnF pCr ^ Cra' oi’ skln 3uri,ac,i for man, pipj rabbit are 150/ 
40/560 g'-jama per hour. At 100'F tho respectiva ratos art? 550/250/850 
ranima p< r hour. At av-rage room temrvrature (70CF) th-se rosnectivo 
penetration rates become 200/100/500 gamma p-r hour. 

' (2) The temperature ccefficients of pénétration rato irr man 
arid rabbit arc aty>ut tho samt; (1.5/10^ of reom tomporatur-.) That f'r 
pig is considerably higher (1.6/10°F of room temperature.) 

(?) At the termination of h cno heur application, b-th pip wd 
rabbit have an appreciable res rveir ci un reacted mustard (abut 50^ 
°î>X^riiC^a^ lS"^ as ComP8rf^ t * man. Man’s reservoir may be con- 
siderrd negligible. None of the onimul tissue sit.c-f has sipmiflcant 
quantities of "oxtractables" 24 hrs. after an exp sure. 

^ (4) In man, pic and rabbit the amount f mustard fixed at thr 
P'rtal '1 *ntry is in direct relation t thrt amount that h&s pénétrât -d. 
Ao ut. the same percent rf the firaeunt penetrating !? fixed in rabbit 
(Let) and in man (12)t). V’ith pi;» the a-'.unt fix d is 25,¾. Th--r per¬ 
centages ere invariant with respect t ?'r.vir nmental cndlti n?. 

fr« ( — 
* u ’ 

(5) Thr' ri'nr-Am )>< 1 I ■ ♦* -n^- -,- - . .- • . * --- ¢,4.,1.0- at u. aw: W:U 
least jn rabbit. The- repr ducibility with man is pr bably du : t th 
srn- th texture ‘Jid the relatively thin Krratiniz d ley -r f ebd minel 
human r-kin. The relatively large experimental -rr-r rj u, rabbits is or 
ably due t th 1 ap. with which rabbit skin is stretched and abr-j-i d 
with resulting differ, nco in skin ocnotrahility beneath the xm*-i-» 
cup?. 

COI- r 1! VIaL 
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(6) It Is a relatively simple matter with man and nip, to . btain 
reproducible bums at threshold level with appropriate control ef the ex¬ 
posure time and the environmental conditions. This Is decidedly n~t the 
case "Jth rabbits. Aside fr'tn tiio irrepr. duel bill ty of cxperlmiaital results 
»Ith rabbits, an exposure to. sufficient mustard to saturate the skin f- r 10 
minutos at 70 F would result In about 8 times the amount '''’nvtratlnp nojc- 
■ ssary t' produce a relatively mild leslcn. Thus one must exorcise extro''"« 
carv In b'th the control and interpretation cf all therapeutic ex-icrlmomts 
uslnp rabbits as tojst animals. 

V. Th'-’ Sh;rt Time Exposure and Po^st-apmlication Ex - Tlnicfits with Pip. 
Rabbit and Mon. 

Va. The Snort Time Fx*- sur», and Post-aonlication Data »n Pig 

(1) 1 mmedlutoly after th¡'. torminativn -f a 10 minut.'1 ox-osurc 
t. mustard, there Is a considerable reservoir .-f unreacted mustard In the 
o/xmi's;d tissue. 

(•,) Addltlcnal fixât!m of mustard (and addition'll injury) may 
'.ccur fr n this unreacted ro-serv?ir during the first 10 minutes*after 
the termination ' f »xp. sure (surface deconteminatio'n). After 10 minutons 
additi.-noil fix»itlrn injury docs net .ccur despite tho fact that h consid- 
»'robl.i ''art cf the h is still proracht. This ii d"os not react with the 
tissue but. is slowly carried away by the bdy fluids. 

(3) With mips, abo'ut 70¿ of the fixed material is pres «tit in 
the epidermis after a 10 minuto exnosuro} the remaining 304 is fixed in 
the u^fr ce ri um. 

Vb. Th»» Short Tino Exposure and Post-application Exveri menta with 
Raobit. 

(1) Immediately at the C'nclusio-n of a 10 minute exposure, 
there is a c nsiderable resorvjlr f unreacted mustard ir. rabbit skin. 

U) Inrediately Ml»wing the 10 minutes ex msufe in rabbit, 
vnly 1/r -f the mustard vdiich will ultimately become fixed has reacted. 

(3) After a 15.'5 minute •« st-application '.eri-.d, flxati'R 
bee mas c m loto and the reservoir f free mustard (cxtractablr-s) 
bec- mrs inconsequential. 

Vc. The Short Tine Ex - sure and Post-ap licati-n Data «>n Human 
Subjects. 

(1) Vithin ? ninutf-s after a 10 minute t;x sur" n-'riod all of 
the H which is goinr to be fixed in a akin site has already done sc . 

., , C' nparod t: the amount f mustard which ’«enoîtrates during 
tho- 10 minute exposure -ri d (15110 gamma), the amount of free mustard 
re3 -rt at the avplicati'n site 2 minutes to 3.5 minutes later Js triv- 

1Gt L th° 3'l'nc3rrJ':ir aa tho amount fixed. Thus, if even 12.^ ’f 
ti l? extractable mustard were t bee mp fixed it wuld n't incr ase am„r».c. 
i ï lj tiu am-unt fi x^d. 

CONFIDENTIAL 
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Th* r!lte of dls<‘PPearémci> of mustard from thp anplicition 
minutes ^ proceas ha3 a hftlf 11 fe certainly no longer tiran ' 

therapeutic amonts for human sublets bas. d en ruction 
■vi th ^etrated tree muptnyd must necessarily be valu« 1( as, for tiie 
reason that there is no significant amount of locally free mustard -1 th¬ 
in the skin at any timo. 

4 there is no significant difference betreor. tlr find- 
intrs Hith_ ..osHjres of 1.1 and 10 mg. par sq. cm., all of the abovr cor- 
clusions hold in 8plt»j of massive contamination. Thus even massive eon- 

in jury ^ ln míin d0e* n0t provlde Q courcc for progress!vo post-exposure 

(i ) With sufficient mustard to saturate the skin (about 20n 
gamma p-r sq. on.) only so much mustard can penotrat'- a givrn (ir»»a in 
a g ven time interval. Since 1.1 mg. per so. cm. is mor? than sufficient 
to insure a maximum penotration rate for 10 minutes, tir massive dosar- 
ol 10 mg. per so. cm. does not increase the penetration rate. 

„ , 2r\ T'uRi,3*ít8 01 Po3t-GXP°3uri; "Ice-Pack" Treatment cf Skin (Pir 

OnClx.“ -(¡.turd " rn,am *T ef * Lc001 « 

nvnnu. Wlt? P1? i™-diat- application of an ice nack t,- an 
expesed site completely or partially inhibited the aproaranco rf injury 
as compared tc a non-lced lesion. J ^ 

«4 4. u j (2)i’lth ^ application rf ic^ t- an exposed 
.ite had nç effect on the intensity qf .ttif subsocucnt injury. 

awev fvrm i'J SlnJi3.,y1^1 r:un bâtard cither react, d rT ma transar ted 
awuy frrm the fK.rtal -f entry almost ns s-n as it n.*netrat(d (n 
t^iTati n Vfllf‘ pip’ *HS H r.-STV ir f mustard at, tho 
terrdnatien f an «x*v sure, the differences in the effects «.f ice-mck 

Í!; Î Hní in4Pr Fcro nri unexpected. Thus it se-mj lik-ly that \x: !fJur7 lR ^ Pif bJ' cv-ling th. ex-, sod sit« t/ such an 
t nt tmt tiie reserv Jr mustard c-uld n- t react and rus i(>noo si ••lv 

carded a,,y by tho b dy fluids. dino> in man th- re is „1.1 
y?**™-??* i« the skin, icr-pnck treatment. c«ul o t be 

exacted t reduce Injury by its effoct q wr-actod mustard. 

in ^ ^ “fe ^ P ^-a.^icati ,, Data 

, j _ l^ant-ly at the terminât! n f a mustard ox-sur , 
and rabbit have an a ,r, ci .lb].( r* st rv ir . f .(n-tmtr.,- „.I 
n.rover, d--»s n t. ' ' 

J ^ W1,h Pig and rabbit the timo te r-duct tlii s mustirl 
reg.-rv'ir t an inc. ri3..-qu*ntial am unt is ab ut 10 -in. 

-ip 

C0M1DÍ..T1.(L 
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(5) The for total fixation of penetrated muntard in man, 
like the time of removal, is less than 5 minutes following termination 
of exposure. Fixation of penetrated mustard in pig and rabbit is not 
complete until about 10 min. following the termination of an exposure. 

(4) In view of the above conclusions, it is suggested that 
in testing therapeutic agents on either pig or rabbit for ultimate use 
on man, that at least a 10 min. period be allowed to elapse after sur¬ 
face decontamination before the therapeutic agent is applied. Only under 
such conditions wi1l results obtained from animal experiments bo truly 
applicable to man. 

‘ I ■H'pv 
VI. The Pathology of Cutaneous Injury following Exposure to Mustard. 

Via. Reaction of Human Skin following Application of Linuid Mustard. 

(1) Despite the fact that a cell-killing concentration in the 
skin is usually reached within 10 minutes after exposure to liquid mus¬ 
tard there is on initial non-reactive period of several hours before 
physiological or morphological evidence of injury is recognizable. 

(2) The first visible, reaction on the part of the skin after 
exposure to mustard is usually vascular and consists of dilation of and 
stasis within the capillaries of the dermal papillae. If injury has 
been mild the hyperemia may persist for several days. If injury has 
been moderate or soveh* the erythema disappears from the central portion 
of the lesion and gives way to ischemia. 

(*) Degenerative nuclear changes can usually be recognized 
in the exposed epidermis within 6 hours and subsequent alterations in 
the epidermis vary according to the intensity and duration of the ex¬ 
posure and the susceptibility of the exposed skin to injrry 

*, i ,. or suhvesieating injuries: If the Injury has been 

reachí lts p0Hk sc far as t** epidermis is concerned 
within ¿4 to 43 hours after exposure and the damage will at no time 
involve o sufficient number of cells in continuity or attract a suffic¬ 
ient amount ol edema fluid to the foci of epidermal necrosis to result 
in a through-and-througn destruction of the coi dermis. 

(5) Vesicating injuries; If the injury is mere severe the 
small vesicles mich can be recognized microscopically within 1?. hours 
have coalesced to macroscopic dimensions within 1* to 24 hours and the 
expos'd epidermis is elevated and separated from the cerium bv srrous 
fluid. Despite the relatively normal appearance cf the denuded cerium 

n t Th nz lnfr°Wt5 °Vplthel,um 13 ret'ird2d avérai weeks and 
rut until 4 r.r 5 weeks after exp-sure is the epidermal defect likelv 
be completely and permanently healed. / . 

(6} Coagulation necrosis: If the skin has sustained a still 
m-re severe injury tne central portion of the lesion becomes coagulated 

apparently incapable of vesicle formation i.nd only at the noriphornl 
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a''"d Tá 11’‘"e ski" *»• vesicle f .nnctun cccur. L ■.‘-ns 
« f this type arc deeper and r suit in the f^nrati.-n -f n niât» " 

ssÄToti;^*"*,lth «jt w.; 'He 

in JM?'’**“"1 f P*th'1“’1C *» «» »I«- th-ce -'ccurrlrr 

Cutaneous mustard lési na in animals (ni,~ and rabbit) differ 
HZ*:** ln H \n **\ the f' rm>-r manifest carïr.r In r ,cv, r 

pennul lnJury, lull t' vesicate and heal ,ik re ranldlv Er« 
lililí fact ** Issi “ns having the saie surface area 

roc^rrv In ÍÜ ?1S I th(T d; ln rm' th,‘rt' 18 quicker functi ual 
? r^r tn?in ln th£ latter* n relatively normal sonrar 

nc denuded dermis in man fails t attain n nen .^pithcilium f r% 
Ivnpor parted than is th- case rtth animals. P 1Um f{ r a nUCn 

í"ã!JhmdiMc!1<”"M ^ PrC'Ptrt1“3 f *«*»* »»««M* In Skin Slfs 

VIIThe C rrelaticn cf /ixod-Mustard t- the Snveritv r f th« 
Injury in Human Skin Tissut. cnty 1 tho 

w-H, _ , f, (I-| ^irtet qu?ntitativo bs.rvHti ns -f the anat-mic distrt 
* a !'ust,ir^ ‘itain human skin ’"t n t mad. It is kr'"n 

?*» «“«» 0 «» «•» neer In tn, clip.,. i,r r. n ,1 I nf Ln 
r Ij1 fiXPVrtTints n nip skin and frm radirpraphs mad-' by Dr J i 

Hamiltcr.'17' fr:n h.ruir. skin that tho distribution 'f flxod-.i jg Lnr 
n thr e zni al.. .. " r.1 imatflv 7n< ir\h /J . ^ U1J aj”rJDut,ion rf flxed-H i? nr.pr 

Un‘ cíp “ir?.;. 1 ^15 ”d ,0* «» “» up-cr oert» .ft*, nh-rl 

(2) i'r a rtvf n >xi Kur^ tima thr ntr » r _ ** 

sSiXSi“,'!;“ ;r, r 
u n 1 lnJu*7 by pxo ourw in « c Id r .n w ar bshlv ^ 
r decreased penotrati-n rather than t differences i^thc rrt,.^ 

nh Ur” rGftctl n betveen the enotratid material and the tissue's. 

.!* 

. , that thermal r.ufm<ntati'n and r^ducti-r - f 
ir.J'iry were n t altor d rt.cn the oxp sur, cu, s r-rc inn , 

*7»"« ): k"" •“ vnÙuvSy“'*;tS ?Z 
:f)J rath-r thnn nt th- cion,-cd ti.ir,ero turo .f civtr nn-tit inJlcnt.d 
thnt, tho nhen n™ „ .,s due t n nn-rnl "hynlol^lco" ,n.-)t , f 

Sí"”«'"; W 1 » t«.,-roturo ^ tfo 1 „in u f 
penetration and r seti-n. 1 

(4) Ditferor.cps in environmental nnJ/** 

"> «><■ proportion of IZ, 
fixed, maj al r the tvnount fixed per unit time of at.rlici tion Y^t 

ITT; th‘9; th" "drreletlon hiUe,,. the an ,n “'-cd L’ 
sevi rlty of the rosultlny Injury lo r-inerknbly coast™" 

COi: FI LiítTI iL. 
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(5) There are three recopilzahle types of mustard injurv in 
s f39001 at:d Kith a definite ran.e of fixed mustard? ThoS9 

respective injuries con be r^dily differentiated macroscopic ally. 

Group 3T Mild injury-»'sub-vesication" (0.2 to 1.0 puma 
of flxed-H per sq. cm. of skin surface). Erythema with or rithout^dema. 

* I 

to p e a f 7Í0U: ,!] • ‘,,oderato injury-"contral-veslcation" (l.o ramm a 
vjlll POT !q' m'h °“e 0r ■“« or con fluent 

♦hnn p e S(,vcre lnJury-"marginal-vesication" (mor- 
than 2,6 gamma of flxod-H per sq. cm). Pale yellow, flat or slightly 
depressed centrum; marginal vosication. 

in Mjnanad2pig?npnrl80n °f MSh0rt ^ ^ ^ion Studies 

ininr., . A^l 1 rri'spoctive of the "ice-pack" treatment, the degree of 
injury tonds to perallel the amount of fixod-H in both mar. nnd pig. 

so cm of ünln at 1'a8t 0,?; to 0,4 pmm of flXi,d nnjstftrd p, r 
íufkl 1surfecrt :irc squired to produc, irr-.vi.-rsible injury 

Mth man this value is about 0.2 gamma ner sn cm Th„a\ ’ 
designated as the "threshold" valuó for fixed-mustard. * ^ 

j In the pig the immediate post-oxposure aprlicatlop of 
c prront8 “y father fixation despite the fact that tho" m ors nt 

a local reservoir of unreacted mustard. H may b inforr/n fhîf [I > pz^\co^ic\rfor nmi-is hi^ "hat ai.n of the- fixation rata enables the body fluids to carry th<- cutan 
ecus reservoir cf unr,•acted mustard away fry, the portalTf 

iq aKnt C ^ S1"ce half 1,1 f - fixation of mustard in pig skin 
^ -atiïn thS4Slicf WhTC treatment prevented further 
;;ä: ^th- * * -t 

tically con coni tent 'íríTtí' "T 

!*rrlr if“"“*- Ä IS-’trt ,4 h d no nvc,l:„c’1 
reducing either the amount fixed -r degree rf Injury. 

- „ ViIaT5; Flxatlon Stud1^ by Means : f the Repeated AnplicatW,* 
f Mustard t' tJie Same Site rf Pig ^nd M'tr.. H ppucatj.ns 

., . s^ln fcxp" sed t' repostad application t sub 
r? -crcUon1:.; 

mont cf flxodw, «STÍStóSífe ,u?ln; 
larger injury-prrducing d-sos. fr >ri single 
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VÍ1.-4. ««te of Dlaoppearnnce of flxed-lta.Urd in skl„ Ti.™«. 

.iinific^uÎ'ÂgT.Owf^ek’ïftT.^So“ Skl" d0M n0t ^ 

Uai tterlî: tOTds to P’”- 
the rat* of sloughinf of the dead epidórmia^ ijJcro8°0Plc sections and 
body cannot readily metabolize fixed-muappeûr? that *<■' 

Vlib. Certain Properties of Fixed Mustard, 

injr Fixed Mustard.Pr0tLln Fractdonation of Pip Skin Tissue Contain- 

100 faroma per sq. cm. *Jf akiíJ^fíCo° tSiic-rthtl°natl0n contsdn^ Hho^ 
Irreversible injury i3 0.4 gammTpcí io d with 
nay not bo a true representation of J??* ' í5 data «»wroarized bolo* 
lésions of average severity 01 ^ P^P^ios ^ fixed mustard in 

skin constituents soluWo^roither^'V1NaCimUStttrd 1S comblnr'd wlth 
alcohol mixture. °r 0*9* NaC1 or a=etonr or an oth-r- 

• T*1"* ^ to yield 
about 40< of the total initially fixed!'81' ^ glycol) amounts to 

yiold .1,, diilîÂ" brek“ ^ ■“‘ycl.vine to 
the initially fixed mustard. ^batcncos amounting to ab^ut'£0jt rf 

s-luble ermpt unds afto^aJt^cíaíing-^ 13 attachr(1 io 
sunably proteins, are not dJolyzabíé. * î8' c'nstltu^ts, pre- 

Respect t* Alkalin^pH^^ f FlXCd ‘lu8tûrd ln plf Skin Tissue with 

fixed-mustard is ab-ut 2 gamma1 ^so ^ ^ unt 
pfr 10 mg. r{ dry wt. opldermis g'n”’ 'fTSln r'f 0.5 gamma 
associated with a moderately Lv«rc inj^.* 1 ««ti^n is 

hr,. M nil M.’îtjî wl■‘tSíUüSÍS ’í1““" "r dcc'TO:'s'!<1 ih « 
creasing pH ls looi ,,, "**“* 1,n'!!'rly rith in- 

s:lubi» flxi^mustard is bíV* f 'f «« 
nustard , lacul,, ar, nndatt.il,1 „l^î* ^ «**»- 

CONílDEKTJAL 
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(4) In the pii range 7 t: 13. ab. ut 75¿ -f tho »iirnn„.. 
mustard sulfür Is soluble In 80^ aie.'hol. Al^-ut 50-65Í rf this mustarJ 
sulfur Js ln the fern 6f thlodlglyc-1. Thus at pTl>, 4J íf the flxod 
•ustjrd linkages havo been broken ln such a manner as t- f-m thl dLlyc'l. 

.. ü (5) ^sufficient tine 70^ -f the fixed material can b* rom ved 

9 t0 U* Ar,arc"tlj- U a :* t; r,-Vtd 

_ . m . Several types cf linkages between the mustard and th* tissu- 

Hroe^\abnrÎtUÏÏfl5y fr1 íí/ÍXOí“:i!U8tard* 40* *f those linkL-s ' 
ul« ° r?;11! Qt ^ fs. being sollt t' fern thiodiglyc-l. An -st-r 

siîf n!,/lthifhif:ïat" *r c5rbr xyl ^rrun ls Indicated and ;> ssihly the 
fr finkaire‘ 60¿ r'f these linkage» arc nr*t ca-^bla ^rbulrg 

súit fr m s* lubie -ratein rr alcchcl m locules t' f-m thi-^iglyc 1 at a 
lz* ^ the stable linkages r.f this ty.e arr ,r bablv C N ihv 

R1?1?^ Î f ^lnR8]l} Ar-°-C f-rmati-n of ether with a^, h^r lic-Oii) 
tM S f-rmsti-n -f quaternary nltrgen); and C-S-C (by f rmati n ^ / 
thl--ether fr m a sulfhydryl gru-.),. * 

Vllb-3, The Fraction 
Tissue. f Fixed-Mustard Present in Nuclei f Pir Skin 

(1) 70* f the H fixed in the omit ellun is present in th» 
u-'-ar layers. Since much vf this layer is dead tissue, it is difficult 
t see h ■, this particular H- fixation c uld be rolated’t aiy Sin Sage. 

(2) An appreciable fractl-n (12.5Á) , t the ! 

SSSF5** sST 
nil .#• *U Í3! In ?lld l' nrdoratf'ly severe mustard lesi-ns. -ractlcallv 

-Ä C fcJT 
xZr - üîf ä 
gæ^r Ä “S ‘ 
vile. The General Mechanism -f Mustard Injury. 

(1) The reactl-n f mustard rith im-ormi&bl» r .. 
uants - r ensti tuent urosent in skin tissu- is uo-.arontly r'» nsibW 
Injury. These im-ormeable constituents are t bably' rLin in natÍr*f r 

VIII. Miscellaneous Contr-l Ex-erim.-nts Hth Ar.icslc. 

f thl1^!*ability '1CSrtíUSc; se "á'vL* ^ 
¿rity f an Injury Pr duced bj' Mustard. “tinating the Sev- 
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<.<îLï"ere ar' strikine differwices in tho doprtt-s of mSn.„ 
akin aroea of th„ aama aninal {piT" in'“ ? 

™:‘"rd' Tha fro« «»t»»»! appoaranco of o 24-l.onr ™í.“oÍÍ;”5on 
to'v'hîoh0^ "0t "‘'“ff111»' protia Poli able ovtd.r.cs'os to tho rxt nt 
to ïhich the exposed tissue Is Injured. 

uc op »•- 

co”psríd ar'3l,Mt d *« 

Pip SkiT« °f plf"alt*d - -"-P^ontoa 

« it ij^I per s€ f doe:: not altor the suscoptlbillty of 
s pip's skin to Injury by mustard. ^ 

tiMlUvlf ÍfíeSÍ40l7T;Xp0!Ur3 RttaC88 and Dryness or. the Suscrp- tlbillty 01 Pip ükln w Injury by Mustard. 

(l) Prr^8Ur^etnofl8 or drynoss of n ? skin dors not USCOntlhlHt.v trt « w o IIUV. alter Its susceptibility to Injury 

nf « p!n^The Distrib“tlon of Mustard Sulfur In the Various Or pans 
oi a Pip alter a Gross Contamination by Mustard. 

♦ wi j (1) Mustard reacts with numerous ccnstltuents oresont In 

Men“?; ihi^ooT11 f''“ti0n 0f th" S"lfUr W**1 «»'»« 

and the JÄ if 'ff-'CU 

n 14 .4 ?h'' tlBSU*-fixtd mustard b-nd at the sito -.f direct 
?PS S? ".‘a «»«»'Clntnd than a, .ito, t, 
™?tiMlv iiiMCiv Sy.tcfflically fix d nmatupd con'ba partiaiij diss Jv-d In is, t nie salt s-luti n. 

Vit,^Cv,:h: RUU f Dl3appearanC0 f Mu8tapd f™ Rabbit B1 d In 

. „ X. 4. ]n vitr. mustard romains in the bl d a c nsli. rail* 
l.r.pth :,f time; in vlv mustard disappear? very rapidly, 

th. h! . Ji:) Apr’Tntly COrii,ln rpans r 9ct ' r -‘bs-rb nustard ÍT m the bl d strc»im oxtremely rapidly. ^ 
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IX, Certain Chemical txperlmants. 

Mustard?’ ^ "'ChWl” "f ^ R»«ücn rtloh Pr-duc.s Fixad- 

*» ^ »«i 

* «<. in hUm5" akln 10 «* -p^Uf 

Acidaí^i^Smla»“ nltiîrtfi";?1'”8 C I"ClUÍlnf «»P 

fact T (F) ,:f ab ut^S ^Thp ^ ^ ac*d h,-3 a c mactiti n 
rendors Its F small Thu- nil !. afnco :'f ^ I¿ lon cn the amin« ni tragen 
tien have a 1ThI f / amln'' *nXi~9 lnV^^ in zrlttor icn f^,a 
m¿5Z.*¿¿á Bustard?nC ^ *» “clJ «-»P >3 So 

fâcWnSr/Mhcti^Sîd haM “ ='»- 
dr (-i.ga, the ii :f tilo imidizole línír r,*ûctlvc' Fr’U s 

Ä5!*«-*1. Jtr fJIâ r 

r • ^ 
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Pi ■ d vlasaa orstains shPwSatSp1*? Irti ^ 3'lutlon rf curtain human 
t-nard mustard f :<««« 
casent! ally unraacti«, t «arda auctard î» *• 
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Aa already Indicated (see introduction) barlurr sulfata was the 
source of the sulfur u.._l i” the preparation 'f tho -nustard used in 
these experiments. Excellent yields -f a pure product -n b^th a 
semi-micro and a micro scale were 'btained by the method represented 
schematically by the frilling equations: 

CjjH^O 

6U 
Conc.hCl and 

Pentane 

foS ^H0C>ñA)2Z 

(ClCgH^gS 

The barium sulfat’' p'f.s ground with »rnter in an aratf* mortar into 
& paste te insure a subse^nt complete reducti-n by hydr-gen. It 
■•as then thoroughly dried and transferred t'- a weighed platinum boat 
which was introduced into a l^ng quartz tube. By heating the tub-1 to 
900cC for 4 hours and passing through a stream ef dry hydregen, a 9fi* 
reduction was obtained.^ Th- b'at with contents was transferred to 
a small gas generator, containing 1 gn. 'f 20 nosh Zn. Sufficient 
6 Ma.PO^ k'tc c-'vor thr. boat vas then add'-d through a stopcock. The 
issuing gases vure driad with PgOg and the HgS.wng condens'd in a trap 
chilled by liquid nitr gen, Tnc numese of the hydrf gen vas to sweep 
out all trace ef h<>S from the gas generat r. Tho HgP04 selutl'n rus 
th-'n beilod t- ro'meve the last traces ef HgS. Tha ¡tpS was then vacuum 
distilled int.' a calibrated velum- containing a mercury manometer, and 
thrn condensed into a thick-wallod reaction tube (20-30cc. capacity.) 
Exactly twice as much redistilled ethylone 'xide vas measurod out in 
the same volume, and als' condensed int. the reaction tub-;. The tubo 
ras than staled eff under hign vacuum and heated vith continuous shaking 
in a water bath at 60c-70°C for ab ut 14 hours. The cemnleti^n -f the 

V 
(a) BaS04+4Hg—-f BaS+4ri20 md (2) BHS04f4H2—At 900' 
renctl-n (1) is predominantly favored. The trace of HgS fcrmed res 
caught by bubbling thr issuing ri2 gas thr-ugh a 1 i» ZnClg solution. 
The trace of ¿nS fe rm^d was added tc tho BaS. 

^D; ùinci it is dillicuit te seoarate oy cLlstiliutli-n gaseous nui iron 
HnS, f)h sphrric acid vas used rather than hydrochloric._ 
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r action ras Indicated by the low pressure discharge obtained in the tube 
"'h n tested rith a Tesla ceil} the thiodiglycel formed anoeared as a 
cl'vir colorless, viscous liquid. 0y means of a hot air bath or centrifu- 
r’ti-n tiie liquid ras removed away from the top and the tube was then 
cp ned and a 2-5cc of cenen. HC1 and a 2-4cc. of petroleum (BP 20 to 40) 
ether -ere added. After freezing and sealing-off, the tube was again heated 
with shrOcing at 60°-70cC for about 24 hours.'®' 

The reaction tube was centrifuged, coded with dry ice, "pened, tho 
t'P cthor layer pipetted off into a micro sublimation tube and washed 
thrîc times Kith pot.ether. Tho sublimation tube is connected tr. a vacuum 
sublimation apparatus and tho majority cf tho pet-ether vas pumned :ff 
at about -50°C in order to prevent bumping. Tho potrcleuin ether mustard 
was thon slowly warmed to 80°C under vacuum; tho mustard sublimed on the 
ccld snot which had been kept crntinuously at -60°C by means of dry ice. 
The sublimation apparatus was then placed in a cold rorm and when tho edd 
spot reached 4°C, the crystalline mustard was transferred by means rt a 
snatula and black glazed oan'-r to a weighed c&ntrifugc tube provided -dth 
a ground glass stopper. Four different preparations starting dth 50 mg., 
65 mg., 125 mg. and 210 mg. of BaSO. produced mustard in yields 'f 90-95$ 
with melting point of 14.5^).50C, 

fclPreliminary exnerimonts had shown that this chlorination roactivn 
proceeds tc 98$ completion under these conditions, the same yield being 
obtained with cone. HC1 as with LnClg and CaCl2 catalysts added tc the 
acid. The petroleum ether nr-vidod a water insoluble solvent for tho 
reaction oreduct. thus removing the H from the reaction z<-ne. _ 

Part 11 
An Analytical Technique f<T Measuring Radi active Sulfur 

by F.C.H. and KG.S. 

The radiation from sulfur consists solely cf a continuous beta ray 
sooctrun having an upper energy limit rf 100,000 electron v-lts and an 
avu-rago energy rf 55,000 electron v-lts. These electrons ar* produced 
by thy following nuclear disintegration: 

<.*5 
lfiö 17 Cl56* , ec 

The energies of these electrons, ire s 1'-* that they arc. 1/2 abs-rbcd 
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(a) 
ly a 5 mg. sq.cm, layer wH are totally absorbed by 20 mg.sq.cm. 

Tro types cf apparatus rore used In the counting ;f thes? lor 
energy beta raysj namely, a Colgar counter and an electroscope. 

11a The Golger Counter: 

Tho recent develo-'ment Af Geiger counters filled v»lth helium at 
atmospheric pressure enables them t’' bo constructed with extremely thin 
windows, thereby making them especially suited f^r the measurement "f 
soft radlati» . Wc used :: Geiger counter ^f tho end "-indo? type, an 
ampllfier-int grater and an Esterlinc-Angus Recrdtr. The boll type 
Geiger Ccuntt • is shown diagrammatic&lly in Fig. Id. All the units 
were designed by R. B. Evans und A. Kiop of the idassachusotts Institute 
cf Technology and, except for the C'-unter itsolf, were ..btained from 
then. In order t~ mako tho Goiger-ccunter moro useful fer our work two 
min.r improvements worn nade: 

I) The thickness ~f the mica windows wns reduced from the usual 
5 to 10 mg. sq. cm. to 1 mg. sq. cm. (lO^in.) This exceedingly fragile 
window (1" in diameter) wap protected from the radioactive sample by 
means of a metal guard ring 3/4" in diametar. 

II) Bef re assembly, the copper cylinder was immersed in an ammon¬ 
ium polysulfide o^luti^n. The resulting black sulfide surface produced 
a bettor background Mid bettor plateau characteristics than the usual 
bright copnor t coiner oxide surfaces, hith these improvements the 
above counter roc^rded sb<:ut 50^ -f beta ^articles prduced in a solid 
angle >f 2 pi. When placed inside a 1" thick lead b^x its natural back¬ 
ground (cosmic radiations) vas 20-40 counts per minute. 

lib. The M'dlfiod Lauritzon Quarto Fiber Electr scfpe. 

Tho quantity of irnizati'n 'r^ducod in th? neighb rh^od f the geld 
plated quartz fiber of an eluctn sc^oe io a function -f the inverse 
squan1 -.f the velocity .:f the beta partical. Tho energy -f the sulfur 
Betas are sufficiently lew a? t'' make- the sensitivity -f the modified 
electrosc^pe ab:ut tho some as the best designed Bell type Geiger 
countors. 

In order to 'btain maximum sensitivity for suliur pith the Lauritzcn 
quartz fiber olectr sc' ''o, it was decided tc niece the sarnies inside 
the i nization chamber. This was accomplished in the following manlier: 
First, the reglen *f maximum sonsitivity vitnin the electresc"'« chao:ber 
was determined by ilacing a real - active sámele at vari us »isitiens 
inside the chamber. Then a simple device wa? constructed which combined 
the usual c ver of the ienizati n chamber and a sliding bar device pro¬ 
vided ”lth nn air l:ck. This sliding bar device enabled brass disks 

\i) J'.'.r “Viickness i a beta absrrDer as always ex-T-'ssea as mg./so.cm. 
in rad! actlv. abs-r 'tion ’p rk, since whun exirr-ssed in this manner the 
amount f beta abr rrtirn is r'Ughly independent the nature f the 
abs-rbor. Mg/s::.cm. is f c-ursc the pr duct of thickness tines density. 
--OTFTWuI- 
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containing the radioactive sannlee t- be introduced intr the meet sensi¬ 
tive location within the chamber in a repr;ducable manner. In udditl'n 
a small b-'at filled with the drying agtnt, anhydrous magnesium oorchl^rate, 
was kept continuously inside the chamber} this resulted in much Wer 
and steadier backgrounds (cosmic radiatins). A diagramatic representa¬ 
tion of the modified case rf the Lauritzon quartz fiber electr sc- oe is 
given in Fig. la. 

lie. The Preparation of the Radi-active Sulfur for Measurement. 

In ;rder to obtain an accuracy of better than 5* (2* under most favor¬ 
able circumstances) in determining amounts 'f radioactive sulfur, it was 
f und necessary V isolate a sulfur containing eomvund in the pure state. 
This was accomplished by ultimately -xldizirg all sulftar compounds V the 
sulfate i-n thr-ugh the use --f a micro Carius method and orecinitation 
as benzidine sulfare. (5), (b). 

The precipitate (16.5 mm. in diomeUr) was collected on a weighed 
filter paner (7/8 in diameter) that had been placed nrevi usly Tver a 
fritted glass filtering disk of coarse P'r.sity. The-inner ^'was held 
in nlace by means of a glass cylinder} thus ahen assembled, tho filter¬ 
ing amara tus resembled an Allihn filter tube (see Fig. Ib.) .This method 
o.as somewhat similar t' that described by Tam-r and Schmitt 

After reweighing the filter paper, it wüs ilaced on a brass disk 
(19 mm in diameter). The paner was then nermanyntly mounted by nressing 
n a brass ring which fitted snugly over the disk, (see Fig. Ic.) The 

activity of the nreclnltate was then determined by nlacing the assembled 
disk Inside the electr scene chamber by moans f the sliding bar, -r face 
a vn on to the guard ring cf the Bell counter mica window. 

Thr uyh experiment it has been found that 6 tm 7 mgs. ras a convenient 
amount of rrecioitate tc handle. Thus enough inactive sulfur was always 
edded as tc keep the benzidine sulfate weight above 6 mg. 

"(b) Benzidine hydrochloride was advantape-us 'ver barium chi-ride as a- 
oreci'itant due t' the unif rmity and renr duel bill ty rf the oarticle 
size -f the resulting precipitate. Thus self-abs-roti'n (causod by the 
l-w energy -f the g particle emitted from sulfur 55) was reduced t' a 
reproducible factor. 

(c) Since it was necessary t: have the precipitate adhere firmly to the 
filter paper and still be rf unif. rm thickness, the type ~f filter 
mener was 
fm ~ 

-:---.- f ' 

f importance. Munktell's Nr. OK has been f und quite satis- 
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lid. Determination of the Accuracy -nd Sensitivity of the Radioactive 
Analytical Method for Both Electroecope and Geiper Counter. (Dilution 
Experiments). 

The appearance of a beta particle ineidc a G-dg^r counter produced 
a descrote impulso or "count" which was recorded by an auxiliary 
apparatus. Thus, the number of counts per minute minus the natural 
background was a measure of the amount of radioactivity presort. This 
quantity will be denoted as (c/m)c} c is counts, m is minutes, and S 
is sample. 

The appearance of a bota particle in the neighborhood of the charged 
gold plated quartz fiber of an L.uritzen electroscope resulted in ioni¬ 
zation} this ionization discharged the fiber at a faster rate than its ' 
natural (background) rate of discharge. Thus tho reciprocal of the time 
for the fiber to move a certain number of scale divisions in the proser.ee • 
of a radicactive sample minus the redor'cal of tne time f-'r the fiber 
to move the same number of scale divisirns in tho absence of the radi ¬ 
activo sample (background) was a measur of the ameunt rf radioactivity 
present. This Ojuentity will be den tod as (d/t)g There dis the distance 
traversed by the fiber in the time, t in seconds, and Sis the sánelo. 

The sensitivity rf the Geiger counter f'r c mparative reasons may be 
defined as: 

(1) (c/ni) /(c/m)bi while the sensitivity rf the rlectr-sc'me may be 
defined as / 

(2) (d/t)g/(d/t)bi where b denotes background. 

Thus ft r a given radioactive sample the doterai nation f tho 
numerical values for oouatirn (1) and (£) enabled the computation of 
the sensitivity <f the electr sc pe relative t. tho Geiger c-untor. The 
sensitivity as defined by equation (2) is essn.ti .lly the s'-mr f'r -'ll 
Laurltzen Quartz fiber electrosconos.'11' 

Jd) Tne Laurltzen elcctr sc to, purchased frn tho Fred C. Hens-n C ., 
Pasaden a, Calif, possost' d an absolute sensitivity such that a "‘illicuri0 
cf radium at a distóme« of no meter prduc'd a -r ti n f tv. t' five 
scale divisons (d'-nending utn tho electro scope) per minute; h'wovor 
the Omari live sensitivity f th'.r- eloctr sc'1 es ras quito cr notant. 
Under the ab ve c ndlti. nr. all Lauritzen elrctr ?ccp s discharge at a 
rati, of ab'ut 60 tlmws "natural" backer und. Thus tho abs lute ?<-*«]_ 
tivity was of small iopert, sinco there was no appreciable 1 ss in 
accuracy in all ving the fiber f the :'lr;ctrosco ie possessing th' l"”' 
abg< lute sensitivity to discharge 10 sc jIo divisi ns instead f the WD 
scale divisi'ns 'nt w'uld us1' v.ith í Isctrascop* ? of gro.iter ebr lute 
sensitivity. 
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Radioactivity Maamrmenta aa oí a faction of s55 Conoentrati. 

Radioactivity «eaauraaantí^s ^Runctfon^f sss Cooc 
Rumbera i„ »atria arc («ctivHieÄroul) = 

SiÄÄr1' 13 Ratermined at 

R'7 n - 

así the preb.dovi ef’türàwr«iî?,^î,î1‘n*,,*<”t31 ^133 fR'" 4113 svorl“’>'i 
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TABLE 1 

lb- Geiger Counter 
findJoActivity ileasure-nent as a function of S55 Concon- 
tration Lumbers in Matrix aro (activities/background) = 

C * ft j b* Vall,e along principle diaponal is «•xn'-rj- 
nentully determined at that concentration. 

10 .0.25 O.SPiû.BçM.P^i 
no »0.27 0.5?) 1.07 1.^5 2^ ^.67 p.,^ 

1 - - ,r 111 ^ .i¿L1.07 l.Zi'g.l/: T’.fiS 's.,^5 ¡lo'.? : 
.).36¿Q.i.or p.-io ilsn ole'ir.w, 

0.19 n.3.'i.l-;,1.9? L.46 \.y<\ :‘.9 ;ir,'î .lo.? Í 
Tijff t. ïî - ' 1^7 ' .0.7 k.,s* ,5.0': IQ.f; ir.7 ': n, 7 '.,i; ^ - 

9^1 ^P1 '^QC 1Õ.1 i;:.G .go.yr-sl^fin: 
Æbirs 0:¾ 7 1°A •?*’? 

°»5Q ^ 1 l^õTT^nt. ki ■ni ïiï 2P 
f0.4 101 IPG 

V¡¡^5 O.Sl 1.01 q.27 ,:.Qg g.S, ..07 jo.l .lg.6 .,n.? p , .n . 

Max (iOÄ) 

101 i.?p tœ ! 

?rVK ^ prcb; D!V* of any ^ experimental vehr from the av*rft** 
Mi the mrob. dev. of the av^rr.gr v:<lue. • * 
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Tne determination 'f the numerical values f equation (1) and (2) as 
function f concentration f radioactive sulfur at constant weight *f 
benzidine sulfate ms a measure vf the accuracy 'f the rndj-active analy¬ 
tical method f^r rith beth the electr serpe and Geiger c-untor. 

Table lo and lb tabulate the results f these determinations in matri 
f'rrj for b th electrosc 'e and Geiger c;unter. Tho concentration of the 
T.jakn?t radioactive sample measured has been arbitrarily taken as unity. 
Tho values along th» 'rinciple diug:n^ rf the matrix mre the average 
f duilicat* exlerimentally determined radi activities (measures as S' 

m«iny timtîs backgr und) it the given concentrât!--n; the remninder f the 
taliulitcd values vers erm'uted fr.m all saramles c ntuining a higher con¬ 
centration f radi-activity. 

These results sh v that a satisfuct ry analytical method ras developed 
f:r th» determination f the relative amounts 'f radi active sulfur. 
Further, en the basis 'f accurnci and sensitivity, there rue little t^ 
cho-so botreen the Geiger counter and rlectr: SC'*ie. 

The abs'luto sensitivity '( both instruments was such that 10"* 
curies f rill bo the order :f background In activity. Thus 10“ 
gamma of mustard can be readily determined if the specific activity of 
tho radioactive mustard is 1 rnillicurie per 10 mg. -f H. 

lie. The Correction f r tne Weight f the Benzidine Sulfate Precipitate 
(Self Abs r)ti''n ^f tho B»ta Particles) 

Since the beta particles emitted fr-m have a maximum range f 
nly about 0.11 nilli-n electron vclts, a c:n3Í1»rtble fraction of these 

but» '«articles was abserbed by the benzidine sulfsto 'recipitatr itself. 

Thus it was necessary t refar all radi activity meusurem nts to pre¬ 
determined weight. This weight was arbitrarily ch sen as 7.00 mg. or ’.25 
mg. oex. go, cm, 

A correction chart was btained by determining tii ■ radi activity at 
emstant concentrât! ns of s" as a function o;. the weight of th j benzidine 
sulfate ««reel *itäte; the ringe was 1-25 mg. in duplicate 1 mg. intervals. 

The results are given in Table 1¿. It ' ill be n- ticed that, volues 
were n t qultt the sa^r- f r b th the electr sc .«e and tho Geiger runter. 
Sinct the bets «articles were far fr :? mm chrmatic and the Gelgrr c'unt»r 
counted each artic«l qhilr- thr- electr scope measured tn<' imizati n re¬ 
sulting frm each particle, tli» difference in the ab'vc results *03 to 
bo expected. 

A c nsidrratl'n ’f tlie magnitude f th se c rr cti n fact rs sh. red 
that the errr from this source ras less thim 1%, since the benzidine 
sulfate ireciwitate c:uld bt; wrigned tr better than 0.1 ng. 

COIii Dtl.Tl nL 



1.505 
1.465 
1.750 
1.245 
1.155 
1.070 
1.000 
0.935 
0.960 
0.°50 
0.780 
0.750 
0.715 
0.680 
0.650 
0.625 
0.595 
0.570 
0.545 
0.5t 0 
0.500 
0.4*0 
0.465 
0.450 
0.435 
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Disk Wdpht l Initlfl .Fin'll 
No. Ppt. I Hr.nd, ¡Raid. 

IOCjOX Nrtt 
10 div/T|nCtiv- 
Total lity 

H-onuiV|Qfnmas 

garr.“.? 

Background 

uuf.fiDtriTi AL 

Table 111 

Computation Shout, for on Q.otro.oop- »d CoIgor Countor 

Êlpctroscope ^97 

r,: j äs 55 jm.i 
lStd-1 . 7.QQ ^ '55 171,4 

1 ¡(¿.u.) 

-5.74 : 5.6B : 

Factor 

1.000 5, gQQ 
Z71 ^ r55 29? A 
pw-z 7.PC | ns : 5S ' gQij ¿ ’L.íl 15.56 ' l.r.nr 1 QOO 

»/ 0 UU p 

ri c«7 
_ i '.‘tJ ' 55 ' 7.12.1 , i itiiri 

A » *t\ _ 

(Kill 
0.070 
0.0! 

7100_ 
00 

55 175.6 
174. 

55 295.7 

Geiger Counter itC 

."95 

1.06! 
0.760 

1 10.925 

,200 

_10-P _Da tf. s/g/, A« . 
cnnuo, Di ok , tulfht j Scale • (luod- j TcUl " Bot ¡ slî 

‘.' ,in? i «hunts/, count. Table , In gammas 
fflln. » min. ! 11 ft. 

ta/ganna) = 1070 
IH-equlV. i Crunis 

gamma 

¡ Ccrr. 
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numerical value 0.27 an.cm. per mg 
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It io of interest to note that the self-absorption is>expressed to 
an excellent approximation by the following equation:Ss) I/Io 

Wherfi Io is toe ',true,, total activity present in the bensi 
dine sulfate precipitate} d, is the thickness of the sample in rap. per 
4M. Pm • ß n H o 4 m om ^ . __x j _ w _ .. 1_ " ' 

and a, is an average exponential absorption coefficient of 
vnlno 0 97 o.i e%m 

Ilf. A Comparison of the Geiger Counter and Electroscone for the 
Measurement of Radioactive 'jlfur. 

The results of section Ilu und Ilf show that the analytical method 
developed in section 11c will give accurate results (within 5%) with 
either the Geiger counter or electroscope described in sections 11a and 
11 b resnectively. In fact, on the basis of accuracy and sensitivity they 
are essentially equivalent. Beth instruments will detect readily 10"* 
micr curies -f the £ 5 (the activity producing the same effect as the 
natural background.) Both instruments have been used interchangeably 

in the course -f th' investigations. 

In lah rat:ries where tlier^ are a limited number cf personnel trained 
in electr-nlcs, an electroscope ist'- be preferred in view -f its sin- 
1 dicity '•■f design. 

The average life of an olectr sc-.pe und -r the S'mewhat drastic c'ndi- 
ti ns of placing the radiractive samples inside the i 'nizati-n chamber 
is abut 1 year. Thus it is advisable t .tnr eloctr scenes. In vie»- 
4nnn ^ ftlectf8C ro as c-mnared t' e Geiger c-unter, namely 
vSO.OO and *.500.00, an olectr.scope is nevertheless oreferable. 

^>ince the sensitivity ”ith respect t background <■{ the modified 
«lectr scoM- and bell-tye Goigor c unt'r aro essentially identical, 
thoro enn bo n;, dlfformce in th*-. tine required t' measure any radi'- 
activa sa-nle t«- th? desired accurocj' with eitler instrument. 

area 

Let s bo a specific activity per unit 
volume. . Assuming ex'*nontial 
absorption 1=1.0 Qx), then measurable 
activity of from volume element Adx ia 

■SA,’LaXdax T'tftl rmeaEurabl'i rtctivity=I = 
■2M i(e"aXclx=jAAji-e-üi Since "true" 

tf tal activity * 1. «¿Ad, we have j/l- - Q.-ft“u<î)/ad. 

^’'nroximations made in the ahr.ve derlvati-n are trivial a« 

cies Alth níh* th88Umftl0n 4f ex; nonUal ^bsorpti'n f' r the Bota arti- ' 
t ^ f city monochromatic dectr ns 

-irtiTT^ ° i exponential lar, the ':nerfy distribution curvo .-f bHa 
'articles arising fr-m radioactive ri. S'ntooraH n* < - tïn* » 

içrb» ar. éx^nential oouaH R v,lhh. ~ .. ^ 1Uiin 
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It is f interest t indicate tho actual tine <-f miRsuremont. Samples 
'•ith nd I : activity the* ^rder '.f backpround necessitate 'n** t t»- h'urs 
* neasure accurately (5^); however with these samples fifteen minutos 
"ill suffice f r m.'st investipati •'ns. 

The maximum accuracy f r bctlj Griper crun.tor and electr sc<--.e will 
k rith samples 50 t' 150 times background. The time required t- measure 
thvs* samóles is a matter f a few minutes. 

Vith ncitlu-r insti-ument should sámeles greater trian 250 times back¬ 
ground be measured.Tabic ill skrs typical sanule calculati on sheets 
f r b“th an electr'scr and Gc-igor counter. 

"T7Î Du^- t. tho time required t equilibriate the prsiticn ef the quartz— 
fibor, accurate results with sarnies containing radi-activity in excess 
•f 250 tines background cnnn.t be expected; depending unen the electr-- 
sc-pe an activity ->f this 'rder will discharge ñt o rnto -f 10 t- 20 
divisions ner nlnute. 

PART 111 

Details f the Experimental Pr ctdurea 

Animal Methvdsj H.L.û., A.R.M. 
Chemical Moth ds; F.C.H.,L.A.P.,W.G.S. 
Human Surgical Moth-dsj R.S.M. 

The types f animal experiments which *eri? pcrf rmed con be divided 
int three groups as f< ll^rs: 

(1) Detcrminati n of the penetratien rato f thr skin by mustard. 
(?) Doterminati n 'f tk fate and distributi n rf the lenetrated 

mustard. 
(5) Investignti n <*f th significance rf that p rti n f nenetmted 

mustard that reacted ritii the skin and romain «d at tho site f exa sure 
as "fixed" mustard. 

111a. Prciarnti-n f animals. 

Tw' t 24 h urs brf• ro ox;v sure the* hair vas cli^od. In the cas^ 
f rsbbits it ras necessary t supplement climinp bj- an anil call, n f 

barium sulfidu. Whm a chenicnl do dlat rj ras cm il yod it was used 24 
h urs iri^r t' oxnorimontati. n. All animals, uips and rabbits, rrro 
anesthetized ’•ith nembutal before exp sing the skin t- mustards This 
ir,'C*>(hire r*»« nni'nqaoT'v <» vjii.. ,< > ~ 1. " • w. . ini., w.u.ftl *>.«a 
required t irevent leakage -f musti.rd fr m the shall w u.nllcati 'n cuis. 
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lllb. Acclinatlzatlf.n if'SObjecta. 

Preliminary Investigations shrwed that temoerature has a nrof^und 
effect u>--n tlie rate at which mustard penetrates the skin. Thus In all 
pénétration experiments, th subjects were placed In a c'nstant tempera¬ 
ture and humidity reim f• r t least pne h ur before experlraentatlrn. 
Human subjects were require t remi ve all clothes. 

lllc. Temperature determinations. 

Envirrnmental temperature (Ket and Diy bulb) and skin temperature 
tere reerrded in most experiments. The skin temperatures warn - btainod 
by means f a calibrated three Junction ccp'er-crnstantan therm-couple 
c-ntnined in an insulated glass cup (2 sq.cm.); the glass cup fitted 
tightly <nt' the skin. 

Hid. Preparation -'f Apnlicafr Cu-s. 

llld-1 Preparation of applicat;r-Cups f• r P-netrati'n Experiments. 

fy means if a mercury driven micr-olietteí^, 475*15 gamma 
of radioactive mustard res delivered ^nt a filter paper *Mch fitted 
the base f an elliptical cup (12x4xlmn.) of internal height *f 0.5 to 
0.7 mm. and f inside area 0.4? sq.cm. These ors were nr-vjded with a 
greased cover. The approximate c^ncentratirn of H. was 1.1 me. n-r 
sq.cm. B 1 

The cu-.s with and >vith ut must«rd »ore weighed on a micr-- 
balance (Ains»- rtii) t ’"ithin 3 gamnii and prirr t' tho time '-f ao licu¬ 
ti n were at rod n dry ice. 

IIId2* Prenarati n ^ Ap.-licuar Cu-a f r Certain Other Experiments. 

In m st experiments it was n t necessary t kn-w the amount ■ f mus¬ 
tard contained in the cu : t* an accuracy grantor th in SOg-jmu. The 

(b) Tbeoe mercury driven mici* -pr ettos wore c-nstructed fr-fn a motric 
sc-le micr-meter caliper and a "Nürnbergs «se. tic 750C" thermometer. 
T t /«onr m!te5 ,art rf c,i11 ’9r T’''8 removed und thon machined to driv< 
a 1/32’ r-d thr ugh an adapter. Int the ^ther end -f thV adaptor was 
waxed one end f the thornriaeter tubing. The ^ther end of the therm-m- 
oter hue beer, previously dran» d-m to a fine tip. By inckinr the 
entrance ^ f the 1/32" r'd int« the o inpt r, the mi er-boette c^uld bo 
•sVácu&ted tnr uga the thrrm^meter tubing, and tlius bo filled adth m-rcun 
The pipette was then filled with mustard in such a manner that th»re "-as 
rr air block between the mustard and th" aercury. The t tal cuiacity -f 
the piiatte was ab ut 10 mg. f H; d^.-nding u ■■ n tho therm-meter. 20 '' 
r.ns equal t. 450t 50 gamma. Each ther-nmetcr ’-'.us calibrated by means f 
a norcury thread. It rus necessary t dismantle and clean each nl-Wte 
bef re it was refilled. 



or in«. ’S "M ‘"»««l »ith that d.«ribSlïrtttJr^,^*»- 

t0 SMn »O »♦ 
Th« -»erlod f^r *hlrh fv, > i 

a-licaW cum« definí a« *x*™* ££*>* * th, -ruatard i„ an 
— '■ • 

III -1 Technique rf AmUno*i 
Rat:- Ex-ierdmrnta. ' fn v‘d ^^ta-nJnatirn Jn Penetration 

í£!iT:r*™ ritf ic' «».i 
dr "à Î lf “• io still tr% ,ï ^ «»» f »*-11- 
cir. -a« thin a1 Sr’CClal nitric acid s lutj’n Î, CCVOr '** reffn' Vfd and 

=Ät::reV" î'i^bî:* ^ 
to» skin rlth adhoslv- tn-e. U" ’ th' "‘bbrr dsn ia f'3tened 

Ur'n the temlnatl n f ll. — 

*’ -u"" -fsT'ne 

that^ffrf I 'eÍÍ,C*Urns 1«,s and» et ti- ... . 
, , r CXCJl,if" 'f f11 «'•sed sites suid lnC7>S ™Ch 

TcT Tri.-. «l.-r--- ' ■"•C1 ps 

3lP«HSS*a~'-ra 
c nt'ict «iih tin i*j ^ ^act that th filter -- j i'thickn as 5»p_ 

- ‘™ ü*» - -»»■“«. 

\ .y By ,1 acini- a cui -nt o-1 
cedur'- SKin and i”n. dint *» s n 4JU r:;:;i _ 
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ÜierimJfc?nlqUÖ f À 'licatl n and Oec'ntHmJnatl n in All Other 

The er.ver an «ivilicat r cm (see IIIJ-P . r 7TT^ 
the cup ras -laced either -n th« side -f íh» \ ff',s rem-vod} 
I rer abd ,on of the human subject Since ^ rabMt' r n 
usually f ah n duration (5-20 ílñ ) eXT1"SUM «»os rore 
manually, ’ ’ ^iese ‘‘e wore held in ^lace 

At the c-nclusi n f the ex' sur»i .«h h *►« 
od int nitric acid, (e) Th« ras .^^v-d and dr '-frd int nitric acid. I«; The «n« -ï* ' r“° r":n"v“a » 

U’« = « n , a^-ln ’"bbCd ttree 

Tho mustî.rd cu‘s ^ore alvivs n* n . . 
«11 sit« c Bid bo excised ,,t ï’e SMC uSc. lnterv"13 »<* «»t 

Ulf. Post-Application Treatment. 

nif-l. The Short Tifie P ,.t-«sMl=otl-„ Perl-dc nth Mf. ™d 

-Ä rSîtS » »«“•«» and tho 
.'art d ,,t time (0-60 , ».) „d at t^ .f ,f r ‘ ''re-*t«n.lncd 
«Weh the sxcorimcnt o.» i „Tctod Thcâ' nnontîî ‘“mraturs at 
■ith dry Ice wd excised. * !ltc? ^ «'-r. fr son rlxld 

int-t. The Short Tice P st-ivUlcatl „ Per. d. ,1th Hunan SubJect,. 

Since it ras n t |>ractical to fr*ozo the qMn f k.. i 
the sh .rtest v st-a nlicati r i-h- i ^ kln '•f huian v'luntrers 
min. This ras the sh rtest tino exp'-rlr,'nts ab ut 5 
n< Ve the ex,-sed site u n the ^ ^ SIT Th ' ^ ^ 1 
-eri d8 m human exmerlnents ran' st-a„Hcation 

IIIf-5. tae L'.ng Timo P st-A^ilicati-n Porida. 

t remain C*1 9ted / the lesims 

tho temperature was attended duril? thlIeTÏÏe! "* * C ntr 1 'f 

ITT The ra.H- tr< fm» 4 ^ »U - . » i" * 

rec vored ns hwi'm JiKtoTS “ or LT,^ f fuU'?* «• wbg^tiy ~ 
PM r.c nvo-rt.fi , —f-.’^..11 Intorvsl? th- bsriu. milfsto 
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1 Ilf-4. The Ice-Packed P.st-Apvlication Treatment. 

Iantediatoly at the terminât!-.n f the exrsure neri^d, the sites were 
kr't ccntinurusly c*'ld f r a peri-d 'f S t-. 6 h urs by means ct an Ice 
cube In a latex bag. A cylindrical secti-n -t cardboard Just largo enough 
t acc-wdato the -»iece of ice ras stra;',>ed in olace sc as tc keep the 
jcc cube from rruving. At intervals -f about 20 minutes thereafter the 
Ice cubes were removed sc that a skin area larger than that -f the apcli- 
cati n site was kept constantly chilled. The first 5 t" 6 h-urs the 
•vflt-a 'lication peri *d, theref-re, consisted 'f this ice-?ack treatment. 

lllo. Excisión of the- Exposed Sites. 

Immediately after the teraination .f the r st-ap^lication neried, the 
nig or rabbit was sacrificed. The exp-sed sites were excised. 

Tht human skin sites '•xre anethezitized with n v ealn and then excised. 
The excised skin comprised a section f integument measuring 20x10 mm. 
and included a small am-unt 'f subcutane us fat. 

U»v;n the removal -f the tissue, the abd. minai incision was el'sed with 
sutures. In 96% ^f subjects, the rounds wore c^m.ilrtely hetded in 7 days. 

lllh. Storage of Excised Skin Sites. 

Illh-1. Storage of Ex^scd Sites for Hist 1 gical <r brth Histological 
and Chemical Analysis. 

after excision the specimen v.as placed in a 10Í f rmalin. In a few 
instances human tissues were fixed in Zenker’s fluid. Practically all 
of the tissues subjected to this treatment rere associated v-jth ’vat- 
a-'-ilication neri'ds f at least 1 hour. 

Hlh-2, Storage of Excised Sites Subjected t' Radi--Chemical Analysis 
Only. 

These sites consisted f f the sh rt o-st-a'dicati-n oerl'd 
tissues and some f the long o-st-a'•dlciti n tissues. The sites ■»•ere 
frozen by means -f dry ice, -I'.ced in small circular metal trxes ’ind keot 
continuously c-ld until suljjected t chemicil 'vnalysis. 

Certain of these sites were sectioned by hand on a freezing mlcr'tone 
int- tiirec horizontal layers designed as epidermis, c rium and fat. The 
sections wore cut in such a manner that the first lay^r (l/S t 1/2 mn) 
contained all of the eddermis and s me corium; the sec nd, the c riura 
und «nuugh fat t insure thr ren'val f all the hair fclliclesj and the 
till FU x*tyer cn&isttru Cl war i*-o# mtsoKs u^aaci piss* vi aacca ruin 
kept continuously fr zen until subjected t chemical analysis. 

CONFIDENTIAL 
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1111. Prfc^arfttl n rf Tissu os f r «Istol-glcsI Stu«iy: 

After flxivtl n (f-raalln r Zenker's) the tissues were r*\shfid In 
running rater, dehydrated, ••nd e-’b.dded In paraffin. The r-nolndcr f 
the ^ar^ffln bl ck after six satlsfact-rj' sect!-ns were btuined t r“thf.r 
vlth nil drl?nlnfs and fluids us- d f' r flxatl .-n and dehydratl'n rerf 
saved Tr chomlcal analysis. It vus estlristod tint the n-vunt f nustard 
sulfur 1 st Incident t tuo re'uratl n f Tiler sc ’ic soctl' ns c^i^lsed 
less than 1a> f trie t tal. 

lllj. Chemical analysis f the Skin Sitos. 

111J-1. Detarrlnatlcn ' f S35 in Skin Slt^s fr m vhich Hist I rlcal 
Sect! ns mv:? been Pre 'ared. 

The tl -suj ras received in tvr .arts, 50-90^ ' f the ^riginnl skin 
site in the f mnldehyde s lutl n; and tne r-maindcr embedded In -v ra¬ 
ffln wax. Tno paroffin was was rem'ved fr m the skin tissue by h-t 
benzene filtrat!, n. Thi. i rmaldchyde S'lut! n rag then filtered thr^uph 
the smo filter. ; 

The tissue w.s rlac^d In a carius tube 19x25x600 mm., 1/2 cc. f 
fumín/;- nitric -ns added and the tube ».ns steamed f r nb^ut 15 min., '•ne 
cc. f red fuming nitric, « -inch f nür and 1.5 mg. f onhy. S'dlum 
sulfate added unci the tube ras sealed. It ras then 'laced in an irn 
casing and heated in an electric furnace fr 4 h urs it 250CC. The 
remainder f the r ceduro is described in secti-n 11c. 
benzidine sulfato «roci it tes -«iphe-d bet-een 6 and 10 

Tlie s lut! rs(f) in -.”01 oh the tissu''? «or** fix-d and dehydrated *rrre 
b ileti d •'n, transf'Trrd t a carius tube and treated »cc rd4ng t. th" 
•'r codure descri br d ir secti n ll-c. The addi ti n f 5 mf. 'f anhydrus 
s di un sulfî-t- resulted in b-, a zi din*- sulfat reel >1 tutes »eiphlng 6-7 
mg. ln n_ cas:, -r s the radi-activity f und in the f nnald hyde -.ashlngs 
m re th'in 10X -f the activity in in« tissue. The usual valu" was 2 t 

The 
mr 

^pltinp 

(f) Tno Zank r's fixe 1 t.isrue c ntuinod a c nsi treble an unt f mercury 
orí i th-r salts. 1t t^s n t, sai ble t ,'reci-itat'* bonzi d'ne sulfate 
in the iresr.r.ce f tli< S'’ salta, tv-.n "tien b*»rinm i n ran used instead, 
tiivrfi was c nsi durable difficulty in quantitatively j.reci-iititinp the 

*4* ^ ^ n -C' spar- t bring tiie s- luti n t c m'ilete dp.'n^ss BaSO 
numer us timos. If it is at all'rssible tiv us- f Z-nkor's s lut! n 
os a tis^J" fixât!v- is t be av ided. 

* "» -- — - • — — V a V .• uw ’.ijr 

s lut! n du t, the lar -v mercurj’ and tner 
assumed that tnc Zcnk-r's s luti n -.ul 1 not 
¿ctivltv tnun the formalrlcnyd^ fexatlve. 

suif- V: i -n ir m th< Zonkor 
s-It c-nc'-ntrat! n. It -lv- 
dissclve out ny more 
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ChonicTl -iii'ilysjs of Skin Sites Stored on Dry Ice (see IlIh-2) 
"The Short Time Post-Aopllcation Period Tissues". 

The procedures employed to recover mustard and its various extroctable 
or/j n< n-ñxtr.ictable derivatives fr.n excised skin is sho-n schematically 
in Table IV. Expl'ination for the steps designated by capital letters in 
Tabic IV are enumerated bel-."'5 

(a) Sine«' verj’ smnll nn-unts (0-10 gamma) »'f mustard and glycol ovan-rato 
ro'idly, carrier "inactive" mustard and glye 1 were added at this n:int. 
as a furtiior precaution tho tissue w-.s always k'”)t mrist ‘dth chW^fTn. 
The tissue was ground t- break u:> the cell structure. Chi reform was chosen 
iVr th? extraction since it is very sligntly miscible •»•itn water, and is 
■is well a ■rivent for mustard and glycol. Further, mustard ’•dll r^t react 
in a n^n-unuo-us nodi a. 

(B) In order t' insur? ccmr-l.U extraction in an actual animal 
experiment, the extract residues, in most instances, wore r gf und and 
r-extracted bcf'rt; being cari used. 

(C) The potr leum ether insured a au inti t.atito . romovnl r.f the glycol 
t/ the aquoeus leycrj no w'reciubl'. hydrolysis f£ the mustard durinr 
this liquid-liquid cxtractien t“ck alace, «n ••mulsi n 'rly resulted vhen 
a large amount 't fat is oresent. 

(D) The nitric acid add'd during the evap rati n oxidized the ßlyc'1 
t- a less volatile cn-vund and thus prevented any 1-ss. 

(L) Since the sulf-xide f rmod was appreciably si luble in chl-rrf rm, 
the s'Ivont was evap-rated «ff. Tne 1 cc. f solvent subsequently added 
was f r the ourrS'* f iiss Iving Uj fat, tiir 0.2 cc. f chlor f rm being 
necessary tr koc”. th fat in s luti'n. 

(F) Since tile mustard has bean converted t the sulfoxide, there ^os 
ne :v- Teci able l-ss 'f activity during the eva o rati n at 100 C. 

(G) K significant am uni • f activity has pv'T been f und in this 
layer. 

Tile aonlicability of this -■r cedure was sh '-n in Table V ; the capital 
letters headinr the c lumns cerres-^nd t- th se f Table- 1V. In these 
■'X^eriments kn wn quantities f redi uctiv<-- mustard and rlyc 1 wore added 
t' ab-ut 1 gm. f oie skin tissue during the c'urse f grinding. These 
results nr vt tfiut -til f the fret! must ird ttnd glyc 1 cm ue .cl--', 
and can be au'antitntively determined t •'dthin 5>. 

In thr early stages f t-iis v rk a si-, lified v-rsi n f the ab vr pro¬ 
cédure ’-as used but nly semi^u -ntitative results c uld be btainedj all 
ti;e Tec.auti«ns described ab ve -ere then gradually intr duco-d. 
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Se-arau,« Scheme f«r ^ 4 
ThJ, dipiyc fí aC jivp ^stird 

(A) mj - ;• •- .f yC l 18 Tissue 
''‘z Tissue-Cut ln* ** •—-. 

Jffiñ îîâÆ 

s o-pxtruet- (c) chi f L-ü 

"iwc«cíd1^ ;“?»•*•««.ím?m -k9 
?'• s4 „ 'i£Ü_Î2îiic<ii rtlíc¿?2°; 
Benzidine Sl,ifatp ; (D) -—1: 
Soe Il-e - *3ue us (E^ Q 

! í^«- e n- C-Bfc.Â.Í.1’«» l«yer. ‘Ji.p tn,j mUgtarj 
< «. ni]0u,.t „,,Ka™- _a“Ko 

tr 6 cc vith 
o- , cc* úÜqu t 
Break enulsi-n 

I J^ns plyc !¡4 
¡ PlnettL 2 ce1 
I in tí- Tiicr- - 
I c,1ríus tube 
I r;nd add F.0(i 
feline nitri 

I ¿van'rate f 
near dryness 
Add afir and 

■ ’""re fu-njnr 
nitric acid. Ti» /-i 

cc» allouât with ç 
ne ^ Wlln 5 cc f 
ne- nitric acid. £va-v r»* s.lvz«nt. tu,. ^van- rato 

f chl'.r-f ~ „ J ®dri °-2 ce nnnt«. 1 r"1 end O.o Cc • r 
pentanoj shakr. cc f 

¡“^ric acid. 
Then Carius. 

". 

^ Citric acid 
^r: C ntains 
ulf-'Xjde. Pi. 

^f-tte 4 cc int'' 
®icr -Carius 

tuBo and treat 
Jicaque us iûy.,r 

i (G) Ôrfunic ~ 
. s'Ivent 
[ loyer: c-'n- 

, î*îna primarily 
f«t. Discard. 

jn . 

^in «*- .etiv.H, . , * !" H-««,!,., at ‘'’«»JnT.bl.iv. activity added ! iR\ 

tls5- « f *™BL (p) 

Uïlj i** 
*j-o o l<0, Í 1 'rïuatH^ Í7- B5.0 
B5.0 

n 
o 

o 
0 

* r r o 
25.5 

<0.1 
<0.1 

.1 
.1 

1.0 
1.0 

26.0 
25.0 

75.0 
64.0 

.0 
1.0 
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In „d Thl dlfiyc-1 Present 
•' ¡•'lication Peri 'd Tissues. 3 S f öh' rt Tl™^ P st- 

U ni 11 i cu ri e/lOngl* ^“h)® iTwM^Mihl^t ' sr>eclflc activity 
Cí1T¿rrm Wextractables" (Jiij-pfSat^ d,?tsrmlnR **« nercent ff 

"" “ "• ““ •“ - ™-»'ÄS Sf-SSÄS^« 
S'lvsnt laÿerf(Lajv.TaffCfCTabÛBïv)tardThft8 a?íed hS Carrler tr the r^ic 
^mwÍ0 acld rxldati nj the sulf‘xJdíe.SUlf Xlde ^ ’^^arod? 
until the radi activity .»or me. became a m rr'n®atedly r'îcrj'stallized 

MUvlty nreaent m?. f gulfÚ^^Í* 11 c'"'',narl*'n the 
ririnal -rganic s Ivent lavf-r wfth fK as benzidine sulfate rf the 

r.cjy.tüU.nd «U xlde « ^ f «>c 
7—"—ircwt 

ït|0tihî (L7er D f Tnblc'jVK 'the^lití T* ‘ ",t,r »"luMo 
Itii chlrr.-f-no tc rm ve thn thl.di^c l. "'5 extr>oted »»»«ral Unrs 

- —d. 
radir.activity r»er mp. -f this deriun»«’^ tÍKn carrlRd ‘'Ut until constant 

-ririnan*11* 8Ufflced* Similarly t thía^edif crystallÍ28- 

-s ?neTye^reatnth1 d^scíib^d'Vl^ doten,inati-ns 

»lh"5J^n wTSetÄcf{i”n% 1«. (soe 

Mtlm rerl'ds"(,^1 ShrV)rd]H'ítlsfuos rclatlvoly l,nf „ 5t.,,, 

^.Ta^n t" 'C!“r‘i,'-n ÏÎS"“uT ,,CtlVU>' vr at-d in t^o ways: r " 2* These tissues rere 

in section ^^ctly «.nd then subjected tx the pr cedure piven 

peat many '^these^ehíí^f^g [ ^-n treated as in (l). A 
In n^ m 4u ., ® ^Ut*i ns 7'ät*/» 4nniwr«*r>«9 

,.^0 gftu ncuvity >rospnt in 4.U4 ^^v3 4 A reuij actlvjtv 

* *f th” ““'“l' r.r«sMt In thn 

cjinnicia ¿nnlysis tníToíí,“"1.f^lícM ‘’Ttr,,tlnf >» thn Und!-. 
Wf -sure, (see llle-l) licit r Cuts bef re and after 

crdure P de^.nr ._t f wtsrd ^ ^ _trated 
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rar. based n a difference detornlnutl n. Thruph stand?rdlzatl n, the 
reicht '•f mustard rrlfinally In the appllcatt cu >s predetermined the 
radi activity ; thus the subsequent r&dl •chemical analysis >-f the a^li- 
cat r cu^s »-.yrmitted the calculation rf the air-unt that had neai^trated. 

This radi:activity doti rmlnatl -n was perf'rmed n the sneclil nitric 
acid s luti'n c-ntalnlnp the apr.licaVr cun and three* c tt n swabs. The 
nitric acid ¡v lutl-n was filter-d and tliree 1 cc. allnu'ts wer»1 ni netted 
into micr -cnrlus tubos and subjected t the pr» codure described in 
section II-c. 

Orlfinally this nitric acid s luti'n consisted f exactly 5 cc 'f 
c-ncn. nitric acid c ntainin? orufh n n-radi' active mustard sulf* xlde 
in 1 cc. t nr duco exactly 7.00 mp. f benzidine sulfate. Sine*1 all nf 
the weighablo suli\ir was due t- the "carri»?r" sulf xlde, the weight f 
the benzidin*-' sulfata preci it'ite (6.80-7.20 mp.) determined extr* m»*ly 
accurately the "liqu t used f r thu radi activity measurement. 

During trio course f the ■netrati n ex^oriments n 'ne ty: e 'f 
animal, five standard!zati : ns wort made. These c-nslsted rf analysing 
kn:wn weights f radi active mustard ($00 t*. 500 gammas) by the ah-ve 
nr *ceduro. The specific activity f mustard used in this».* narticular 
experiments (5 micr curies/mg, H) was such that 600 gammas subjected t» 
the ab ve procedure W'uld pr Juce 7 mg. f benzidine sulf’Jte with a 
radioactivity 150 times backgr und (sec sectl n Ilf). 

In view 'f tiie déterminât!rn f alleu'ts by weight, the trivllcate 
analyses, the five standardizati ns, and the rigid specifications f r 
the specific activity f tlie mustard, it vas ■' ssible t' have th<' 
measured radi activity determine tho '■•olpht 'f mustard with rnximum ctft 
. f $í, pr bublo error • f 1>>. 

111m. Special Chomici-1 Pr ceduress 

lllm-1 I’r cedure f-r the Detemlnati-n f the Am unt and Rate -f 
Hydr lysis f Fixed -«ustard m Pig Skin Tissues as a Functi n *f Alka¬ 
line 'iH. 

i) Prenaratl n f the Tissue: The ni dormis and the u^iit nart 
f the C'rium af oig skin that nad been exceed t mustard o'ere removed 

t -i depth f 25 micr ns by n^ans 'f h freezing micr t ne. A fine 
tissue null vas btolned. This material was extracted fivn timos with 
aceb nc at -5cC t- remove all acet no soluble b dJcs.W The tissue was 
freed f acetone under reduced pressure at 4 C and gr».und in a rv-rtar. 
Subsequent analysis f rti ns f this tissue sh-ed it t- b» remarkably 
home genecus in regard t- its radi activity per unit f weight. 

ii) Methods -f Dct"mining tlie Effect f n Hydr lysis f Fixed 
äl.-lP. _»> 10 w. S» m-'l*. f th*- tissu»1 c-ntalnlnr fixed H» mas 
(p) N amreciable ;n unt f acet ne ? lubie -aterial entaininr fixed 
mustard vas ever f und. 
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'liced in a 12 cc. centrifuge tube and 2 cc. f the hvdr Ivzin* « i.iMr« 
crntalning a drc^ t-luene waa added. Borate buffers and 0.1 N NaOH 

used. The tubes were shaken f-r 4S heurs at r '-m temperature (2S-C) 
at tnc cnclusicn :f the shaking, a me cc. aliqu t f the sunernfitent 
hydrolysate was removed and analyzed frr radi activity. The me cc f 
s luticn remaining in the tube was diluted t 6 cc. -*th 95Ï ale hi 
A\a WÎS rfi"'’vedwand analyzed f r radi-.activity. The vslus 
bt Jn-d hurt- ru resents substmees c ritfiinin,?'fixed H# soluble in 80Í 

a\C H1’ T \r8,dïe 4c'PtaJnln? naterial not s lublo in the hydr-lyzinc 
i a?d thf m:ïterl91 ,,r°cipi tatod by the alcohol ras washed well * ? 

?ith 95Í alcohol and analyzed for radiractivity. 

ill) D«termination -f the «mount f Thiodiplycol in tjie Alkaline 
Hydr lysates: 100 mg. r^rtims of the radi active tissue were hy5rvLzed 
rith 5 cc f the hydr lytic s-luti-n (containing oerthi lutoi Í'/to 
thSlJdi f0rdlnary4 1 vas added to the hydr-lysate and 
th radi activity per unit »eight of sulfur as benzidine sulfote (see 
lie), determined 199* -f the sulfur Present being due t- carrior thi'd« 
giyc-D. The s lution was extracted several times with chl rf rTt 
r^m ve the thl: iiglyc l. The cnrstalline di-r-nitr benz ate" f Se 
thi glye 1 ras umareo and .unified until the radi'activity per unit 

dividid f "Z ^ r9 b?n*iaine constant. This activity 

•«mSäWwÄä1“ *• 

5~?Asraiss s,»% 
the buffers s lutim containing merthiclate). The tubos wore shaken' 

TH!”: ,At vari us Intervals a tube was rem v-d fr m 
the shaker and the hydr lysate and residue analyzed for radi'.activity. 

Procedure f-r Determining the Fraction f th» Fixed-Mustard 
Present in the Nuclei of pic skin Tissue. Mustard 

i) The se .arati - n of tiie Nucl*! fr -m ¡Mir çn*. •» 
meth-ds which have been dejßl-ped f r thi. is latim f nuclei frm tissue 
the j-cedure f Marshak (10^ seemed the most useful f r -ur jmn 'se. * 

’,rcodure nuclei rere liberated by treating the tissue with 
thuihrfth the nudo! isolated by fracti nal contri fura Urn. ^Al- 
th ugh this netnod gave excellent results with livoi-, bme marr spleen 
- rk m th^r18’ wa8 “ct dlrectly applicable tt skin. Preliminary 
_ BQi',aratlon of nuclei from skin shr wed that the cain diffiLltv 

the presence -f fextr.ar#m» <r ry ... ojincuity 
1?« ?«.», „ .kl„ 

..rimarily collagen and keratin (cmlfiod edthelial l;.yor). 

akin from me îïd f‘îlrï1?* cedure av'.idod these difficulties: the 
J e Tu lde rf a ™s excised in no niece and spread ut flat 

9t t ?? C'mified layer f the skin was rem-v. d br scw'inr níh. 
MiCr ,cnlÍ!’ ^1}1 r'‘c V'-'ry f maUrial was norlicrfblc 
M cr sc ’ic examinatl m sh' wed that little r none -f the nucleated ^1 
ighinn layer was rem -ved ly tni ? treatment. nucl. atc-d mal- 
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A 5St solution of citric acid '«as then poured over the skin 
and after 10 to 15 minutes the excess was removed. The skin whs then 
scraped with a sharp knife until the yield of tissue was negligible. 
This process was repeated and it was found that three or four scrapings 
were usually sufficient to remove all cf the epidermis. Excessive 
scraping will remove fibers of collagen and this was «voided by paying 
close attention to the appearance of the brei. 

Histological preparations of the original skin, ot the skin 
vfter the dry scraping, and of th- skin after th citric acid scraning 
treatment were "isde and disclosed that the material comprising the 
citric acid scrapings had been derived almost entirely from the mal- 

pighim layer. 

Th? brel of the malpiphlnn layer was tiv*n ground ~ith 5Í 
citric acid in a potter-Elvehjom homopcnlzor until microscopic examina¬ 
tion showed separation of most of tht nuclei from the tissue. The br-1 
vms tlvn centrifuged according to the method <• f Barshak and the top 
layers cf nuclei wor^ separated. Th • bottom layers consisted cf masses 
rf nucleated cells and strands of c'llagan and keratin. This brei was 
r-groind and r-ccntrifugud tc increase the yield -f nuclei. 

The nuclear fructi n was 
from 5% citric acid, which served t^ 
Further purificaticn was obtained by 
wi th lar t-nic saline 'nd contri fuga ti 
thr ugh f'ur lay» rs f cheese cloth. 
Si citric acid and centrifugal]rn vit 
of the contri fugo tubo yielded nuclei 
si-nal threads of c Hagen and a fc»”' 
citric 'icid was roneved by washing wi 

">urifled by 
remove most 
washing the 
on and th-n 
Thereafter 

•jeeti'-n 
contailn 

c mi fled c< 
th 1 s-f nie 

repeated contrifuontion 
of the cytoplasm, 
nuclei several times 
passing the nuclei 
further purlficatifn by 
•>f debris at the brtt*ni 
ated -nly vith ccs- 
11s. Thn rosi dual 
saline. 

Thus the alrvi pr-cedurc separated the original pig 'pidormis euantl- 
tativoly int three layers, namely; c rnlfiod epithelial layor, mal- 
oighian lay r, and c rium. A certain fracti n f th' nuclei fr m tlic 
maloighian layer wore ' btained in e roletiv« ly "urt* state. 

(ii) The Detfrmlnuti n f the Am unt f Thym'nucleic Acid in the 

Nuclear ürei. 
The oroparatitn of nuclei was analyzed f r thym-nucloic acid 

by use 'f tho beckmsn ultravi let snectr '>n t met'r. The maj-r r,irt i 
the bs r.iti n in th' ultravi'let -"is du- t th thym nucleic acid 're¬ 
sent. Th- nuclei ”‘'re dlsc lvod by heating in a b'ilinp water bath vd th 

(n) Mi or sc ’ic smears - ore css-ntial t' the 1 11-wing f the uriilca- 
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10 ni. of 0.5 N sodium hydroxide O«# mi «e . 
ra'ioved and made up to a volume of 10 ml ' tm the solution was 
the ultraviolet spectronhotomrter th*. nK ^íf 8olution wss measured In 
Thin wave length represents the sorPtdon at 0600«° being recorded 
:, r,d fro, U?“ IZZTlt T. S” í°r »»»»-01.1= .cid pr,- 
•»bromtlon spectrum of thymonucl^c ecld\n‘nif i4 eiT,T ^ chflnrcs ln 
n *,d foof^roÆrr-S^-.Â’ ^îCn 0b35rïeIi ^ 

(ill) The Determination of the Amr.imt „r tk.. , . 
Present in the Malpighian Layer of the xposfd Skln.“ ,d °rl<*lnally 

thymonuclelc acld^Ahe Mthíd^^DlÍÍhe^W^^r0 for 
riv itic digestion tr: remove a larvo 'im-nrt* r ^ Th!' metllcd insisted cf 
S' lu tien -f the residue by hea?inv kth Inf ^ ?rtTlasmlc Serial, 
with acetic acid, and precl iltatifn 'f th dlUn neutralization 
by ole hoi. Th.hctc Jr%ín d «dÂÓTÍI6 T ,thor »'"^rdsh) 
ty react!-n f tho desoxyrl bra ■ ' ^ d®v®lo,*cnt rt a'color 
dl ihenylamlne. Althrugí^the s^íutl-n ¡í- ^ ln*îhy,n'nuclelc ocld» with 
the Klett colorimeter vas btiined rïtTîh^ïn J?f mHxUm defl^tion n 
to d »termine the abs^tl^n. tS! J ^t ^ fí° filtfr >Dd used 
prop*rtirnal to tho number of nuclei ^-nucloje acid pros.nt was 

(iv) 
Stnnd.rdi.au-c rf Seth-d lii) rtth *rWt t- a.th d (ui). 

«id ,f f th? «W—*W« 
dinhcnylMino by tho do. xjrib « (nrccit^?1^ 'L0'1"' -ith 

detrmined bj- nn.lys,. „ aij t! f^ , ”‘y in “p tuclric .cidi (Ui) 
’irapar* d fr-, the „a-lfbinnLyo? -f r¡P Mr'(¡f '* ^ ^ 

-uid tb.^saàted Kuclii.*” Unt f ?,n Pre3«t Jn th. Unl-lfbinn 

Uri..ti.^° nUl"id0 '** d,ter,lne<i * tJanldahi diya.tl-n a-.d direct Ne,.- 

intrrfrre ritb'tl,"„,r?’,eTb"d 

»ÄWM-IS^ ÄSKSS 3ï. 



CONFIDENTIAL 

Part IV 

RATE OF PENETRATION OF SKIN (ANIiáAL AND HUMAN) BÏ MUSTARD. 
LOCAL FATE OF PENETRATED MUSTARD. 

by H. L. b., F. C. H., A. R. M. and L. A. P. 

The "«te at which mustard penetrated the skin was detsnined 
by measuring tho amount of mustard in the application cup boforo mu afw 
contact v/ith the skin. The amount of mustard represented by i> . 
less the amount recovered from the pentane washings of the pxpr.ae»." skii 
represented the amount penetrated. To establish differences ''r.ffi.i*en+ !:■ 
large to be statistically reliable it v/as necessary that cupj oe ke;t ir 
contact with the skin for an hour or longer. It vas not posslJi tl.aro- 
fore to make direct measurements of penetration rate in the cuf*- of pia.-t 
(less than 1 hour) exposures. It was found, however, that therj vj n 
fairly constant relationship between the amount penetrated nnu tnc ar j»u.t 
that became fixed in the tissues at the site of exposure. Since it 
possible to make an accurate determination of the amount fixed, ever 
exposures as brief as 10 minutes, tho rate of penetration for su-:i tx- 
posures could be interpolated from the amounts of fixed must«: * re^o/'irec 
from the tissues. 

Thus the penetration data provided information ra^jartling the 
amount penetrated, the amount fixed, the amount extractable, enu thf arount 
that had been transported from the site of exposure. 

IV (a). Penetration Rate Experiments with Pigs. 

IVo-1. Penetration data with pigs 

A complete compilation of the initial penetration studies with 
pigs has been published. At the time of these experiments the extent 
tc which environmental temperature affects the penetrability of the skin 
wus not known. Although these data are of little velue so fr.r as the rat 
of p^notration is concerned, the results pertaining to the fate of the 
penetrated mustard are valid. These latter results are in xcllont accrr ¡ 
witn the following data. 

Purpose: to determine penetration rote end fate of penetrated 
mustard in pig skin under controlled environment conditions. 

Experimental Procedure: See III (a-1, b, c, d-1, e-1, f-1, f-.» 
K, h-2, j-2, J-4, k). Two white shoats were used (A-362 and A-371), ono 
at an environmental temnerature of 60° F end the other nt. lo^° V, 

cone, was about 1.1 mg. per sq. cm.). All exposure times were of one hour 
duration. Post application periods vere either 0 or 24 hrs. 

Results: The experimental results are given in Table VI. 

Discussion: See IVb-4. 
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T/iBLE VI 

One Ho^X^uresWl.MU3tûrd ln Pis Slcin 
(AH calculations boseSV*^ Tr^T'*' 

Pi« A-362 Environmental Temo, of GO0 !’• Ski * 
Skin Temp. = 92.50 p 

Gammas Gommf-n* n„ . 

A!>”1, penet- «5 tL:‘T.°' f^3û fT“'* in^o i « 
--— 11 '¡at. penet 

Fi xed Ex' 

cl ni. 
35 

1140 
1180 
1140 
1130 
1120 
1160 

Plá A-371 Environmental Temp. . i0ao F. Skl„ , 
rt okin Temp. « io5° F 

Average 

1130 

£00 
300 
£80 
£80 
£80 
£48 

f 70 

£4 
24 
24 
0 
0 
0 

37 
63 
73 
68 
70 
83 

nil 
nil 
nil 
44 
4£ 
28 

C‘i 

0 
— 

65 

Fixed Bx 

V 
24 ni 

14 

mn-. Ule velnen to th 
maximum ponsiblf' --ivvooiuxe error aue 

of the plu<j 
■nalytict.l 0r mlnu3 nifn represent 

procedure. 
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IVa-2. Nature of the Chloroform Pig Skin Tissue Extrectablee 

Purpose: To determine the percentages in pig skin of the 
chloroform extractables that were mustard and thiodiglycol. 

fr0r^e: See 111 (a_1' rt-3' e-*’ f"1* 8. h-2. J-3). Six skin 
sites of pig A-».30 received applications of mustard ( 1 mg. per sq. cm.) 
for 4 hrs. The port application period m.n of 0 hr. duration. 

A radioactivity equivalent to lOOOcounts per gomme-H enabled 
the determination of the amount of mustard and thiodlglycol in the 
chloroform extract of the entire tissue site by the procedure given in 
Port* 4 TTT4-1 r Section IIIj-3. 

Results: The results in duplicate are given in Table VII. 

Tabla VII 

The Percentage of the Chloroform Extractables That V.'ere 
Mustard and Thiodiglycol 

Activity In Original Chloroform Phase * 100;j 

Chloroform Pet. Ethor 
__ Phase 

Aqueous 
Phase 

Aliquot 
of 

No. of ¿ Activity 
Crystal (a) (b) 

Aliquot 
of 

No. of 
Crystal 

# Activity 
U) (b) 

Original layer 
Oru-' sulfoxide 
Suli'i/i t 

dulii'. 
Suif 0/.1 ou 
Sulfo^ i 

0 
1 
3 
5 
6 

70 
70 
60 
54 
52 
52 

73 
73 
65 
56 
56 
55 

Original layer 
Crude deriveti^e* 0 
Derivut^.’'e,' \ 
Derivrti^c^ 3 
Derivi U.Vi.11 ç 
Derivativ»’* 3 

30 
28 
27.5 
27 
27 
27 

27 
86 
24.5 
24.5 
24.6 
24.3 

*The p-nitrobenzqyl derivative of tLi^ig.ycol 

Thus 75^ of the activity in the chloroform pet. uth»." phase is H 
90,« of tho activity in the aqueous phase is thiodiglycol 

Based on the original chlorofoim extractables, 50/o is mustard, 25Í is 
thiodl¿lycoi ana 25^ of the activity is in unkno ,r .ensti V’ents. 

Calculations are bused on the original activity ffrd ».n the chlnroforra 
extract. 
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“acu«ioa of Data from IVe-l.aüd IVa-ß. 

penetrated aí Curate Pig skin, mustard 
temperature of 60° F und 250 «Bmmí/TlQ^h0Ur fatrtün environmental 
tl»t at room t«,Pemu“o, 7“ C^Z“105 F' Zt ““ 

, we rate v.-a8 approximately 90 gamma/hour. 
/i>t nnv. . 

in Pig skin wee .■n£.rkedlya?onotantne25a+°5ineßtiJrd V4liCh becane fixed 
mustard values from 40 gammas to^ 2 ^ ’^°Ver ® rangc of penetratec 
penetrated mustard fixed v.as independent o^th«61'’ früctlon o1' the 

dependent of the environmental temperature 

(3) At least 95 ♦ nr 
epidermis end corium of pig'skin?« fiXed MU3t0rd in the 

radioactivity varying froi 15 t£ 3*° of *h 3ite5 h°Ve oxtractable 
somewhat upon the exposure time A ¿í Í f netratod mustard der,ending 
activity is to be aasocLted Uh a Z °f ext^ctablo " 

with a low environmental temperature. 
I 5 ) Ah mi 4 ROl ^ a.%- 

thiodiglycol and the romíinin^^V^r1 ßxtrüCtöbleü v’°'3 mustard, 
subatances. lnlng 25^ was comprised of unidentified 

-ount of radi©activity^n^the^hloroform^extractable^fractioru 

Pig skin by mustard. thft penetrati°n of the 
more detailed exposition of the ^ dottt to be Presented, a 

of the experiments on pigC in not Justified. 

IVb 
• ration of Rabbit Skin by Mustard 

penetrated'muet!" u^abbit îkinî’611^1’0110'1 ,Uld thi> fatw of 

Expei imental Procedure1 See IIT i« o v 
"3, g, h-.l, j-2, j-4). Two rabbits (A 41- ?’ b’ c! d"1» fc-1t f-1, 

Qt an environmental temoerature of^QO A"'ii7, ''ei'c ,lted> one 
concwtrotlon of the oopiieo »Uatt,r¿ ,,,,, ^ °lh0' “<• f. The 
AU exposure times wore one hour- nn.t- ' ,? 1 1,1 nig' P6*" R>- cm. 
0 or 24 hours. ÛOUr' -D03t-^Pplication période were either 

"oouHo, The exoertmntel reeulte ar0 8lren Iable vm_ 

(a) These conclu .n < v 
formal report.’ ‘ ' bQSfcd in part uP°n data published in a 
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“ ^4171 ’'»«"»ent,,! Temp. , 
Oojnmas p0-t - ,, 

Penet. +35 T1 pPix0, Genmeg 
^ Fixed ±. i 

CONFlDENTliL 

°M H«r1Sp‘sure“'0f [“'««"•ä »UEt.rd ln Rabbl 

60c pi Skia Ttírap. * gjc F 

Gammes 
Ext. 11 

14 
30 
23 
20 
26 
33 

U ' % r / 

/Jaf r’ art. 

23 
b4 
04 

C 
0 
0 

îubbu A-413; rood Temp, iqq0 j. Skl _ 
G * Skin Temp, log0 F. 

-- 'J 
'6 ~ 

C 
<r 

^uotürd thtt fcr bn ex¿J°cure of 1 h*. 
^lately afte, the rabbit^ 10,0 of the 
•^ents of thr> nano» ’ e,ti,08lJre et 60° y Hxed loceliv r 

in « ■ ne tro ted • ^PPro.rimptrtiy ir-*" 1'Qfno- 

",U1T* °r ^ penetre tod mu s t ord E °t n b 10 ' At'100^/^^^- 
«lusturd wee cxtructebl,,. Pproxiraetel: 

CONi'TDijfrj^ 

I 
_—:=.. 
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IVc. Penetration Studies Using Human Subjects; the 
Subsequent Fate of the Penetrated Mustard. 

Ä. S. M. Surgical Ccneultcat 

Purpoce: Determination of the penetration rate of 
throup h^an 3kln Ud tia f.te „f ,M. ¿urt î„ « 
function of environmental and/or skin temperature. 

1-S i-, l?°e^rV See 111 (a"3' b* c* d-l. «Tl, f-2, f-4, g, h-2 
anniii.ti * °f eißht humaii subjects were a/posed to two 

Ublu . Lt"ul‘rJ |l;fH;por *’• “"-I wti thre. Td, ‘ . "ii0”pw,oa pi“',,,od <■»« i es were excised, the exposed skin sites of the other five sublet- 
were excised immediotely after the 1-hr. exposure. subjects 

aftar « i Jesults: Observations of the injuiy to the skin 24 hrs. 

.iîStîy :íliptip<i1 “re“3 of •’p“*™1 "«i-oms 6“ y urger man the si¿e of the cup t lat v/as used Th« 

Z’nd'Z?'?™,?' °f the ™ °r 
fîient î!rrmeÎT ût the periPheiy- The border comorised a con¬ 
fluent, narrow linear zone of vesication about 1 mm. vide thp 
moasuring about 4x10 m., was grayish-yellow and appeared’macerated! 

Thu penetration studies are given in Table IX rt v 
kept in mind that the nkln penetrntmn rat“ er^t.mineí by SffL 

.¡Si, ât ™ r*:irtUltlr or 1113 of the cup before Sd oft" 
applicotion and have an over-all accuracy of ±3o «¿na per cm 

imental e^r ifc'oïsiÎe^lT enVir°^ntul b-p-atureS the ex¿er- 

Douat oenet^Mn! f1 ““f ff1 8rQ 6rüPhioal representations of the «- 
Actively! relati°n t0 environmental und ^in temperatures 

. The counts of penetrated mustard in H-equlv. which became 
iixed and were extractable after either e o nr 'm 
period are given In Table X. e 0 or ^ hour poet-eppllcetlon 

Discussion: (1) The penetration of human skin in an «nvimn 
mental temperature of 100« F (skin lof«" a.,» ln hn «nviron- ♦ _ .j r 'BKin ■‘•u1- f) was anoroximatelv three 
times as ra >id as it was at 50° F (skin 8i>° F). ' ^ Û 

penetrated1 at cuîfi®ient »ustard to saturate the skin, mustard 
penetrated at a rate of about £00 gamma/hour/su.cm. of skin surfnne «t 

i , auu .w o——«*/aeu/ur i« a ou- r environment. 

was fixed °f the t0tul Penötrated in one hour 
tur/™ locally uud the proportion fixed was independent of terapera- 
ure. The amount of fixed mustera -.vas unchanged during the first £4 

hours after the exposed skin was decontaminated. 
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Effect «“f Tomperntun* rn thf> Pon» tr-itf- n --f Humain 
*bd miiinl ¿kin by Just'ird 

«11 Lites Exposed t 1.1 r.p. of nust'ird per s-;.c"i. cf ¿kin ¿'Prf'ice 
for rne hour_ 

Pinto 

¿kin Pcnotrnti r. vrn. Skin Tennernturc 

-fc- 
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^ (4) Immediately at the tenainatioa of q one-hour exposure, 
only l/í of the penetrated mustard in H-equiv. was extrectròie. C.j V3 
thiu amount (1 to 4 gammas per sq. cm.) was trivial as coirper o to tic 
total amount penetrated, the deterrainction of what portions of the 
"extractable" irere mustard and thiodiglycol v.ould have hra Mttla 
nignifiennee (see IVu-S). 

(5) It appeared that mustard was either ‘'xod or transportei 
almost, as rapidly as it penetrated human skin and that the ra mr of 
free mustard that was present in the skin at the conclusion ol' ‘..i ox-'^ne 
was very small. 

IVd. Comperison of the Penetration and /ate o_ (‘caetrotjr 
Mustard Lata for Pig, Rabbit, and Mur.. 

The comparative data are summarized in Table» .'J. 

TABLE XI 
Summary of Average Penetration Data for Man, P*g, imi Féobj^ 

One-hour Exposure to 1.1 mg. per sq.cm, of Mj',ta’'0 

Room Skin Post- Amt. Penet. > 5¾ c1' Po.ifct, DH 
Temp. Subject Temp. Applic. Gomma/Cm. Pence. FixtExtract 

°F °F Time, hrs. 

environmental temperature of 60° F, ratios of penetration rates for mj- 
plg: rabbit were 1.0/0.3/2.8 

At environmental temperature of 102° F, ratios of pe netration retes for rr. 
pig: rabbit were 1.0/0.75/2.1' 
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Discussion: 
The following oompnrntlvo conoluelonn con ho drnwn: 

Pig. Wth’^ffuínnTmísuTtTnntíatVaí arîf " th6n eltllor «• 
teaporoturo of 60« F, the amounts peno’ret??! 3urf‘,c0, e mob 
surface for man: pig: rQbbit we;e faJ/SÍJ“8 pcr sr¿* cni- of skin 
the respective ruten were 300/750/^4°^0° (ÎQm° per hr* At 100° F 
temperature (?0° F) those SQmu per hr’ At overage room 
200/100/000 puano or ¿ 7c?ndîu:„.P0“,etr<,tlOn rotM 

v conditions of constant humidity.) 

man and rabbit ? ptínetration rates for 
That for pig iras considerably highei (/g/io® T 1°™ toraPerature). 

y miner (1.6/10 Í of room temperature). 

end rabbit(had un aiprecilble^eqf °f ? 1’5r' ùpplicQtion, both pig 
50-,« of the "extractablea'’ as comnar^^01, unreacted mustard (about 
negligible. None of the nnimaîTS í/1“: Man,s ^®rvoir v.ns 
of "extractnbles" 24 hrs. after un oxposuîe! sl«nificaa^ Quantities 

the portal(of eít^peí^^f^“ Jhe of r‘U8tard fixed at 
the same percent of the amount senetrEUn^^V^ penetrQted- About 
and in man (1¾¾). with pig the aíÕuít í?g T” ÍX** in rubbit (^) 
mm invariant with raspan? to .n“2t7i 

l°0 f’ is “ ¿.'.»an tima Intorvaí 777.°1 °ü’J V.0,111 f4) showed that at 
f‘X 2.5 times as much mustardTn the oxoold1” B('™ Oonditíons will 
In view of the correlation betwr^n tv,^d älte 8fl eithur mtu> or pig. 
the ensuing in,(see soctit^\íh Hnti th° —rity" 
i s more sensitiv: ^ or rjlg*’ 1 ls aPParent vby the rabbit 

the reproduciblUtv ol^results^rV" Table VI’ ^111 ünu lÁ shov. that 
The reproducidla.-y -uh I»n ** g^’0fLefit in n und least in rabbit 
tho ralatlvly t1 i *7atmzTlLTX^ ?, "* »«»“o 
relutivjlv la^ve xneriimntfi C‘yfir °f tho abd°mincl sk’r. The 
p«rt to tí. «*: «TSSIhTr rctblt3 *« PMhrtii. Z in 
Port to the numerous and l.rgí haTromíÍaT“'"’ ^ 

to ba axpeíííd ÍÍ.Í7Í íín^d^M1“8" (5) «hd (6), u „s 
throaliold level when the exponu™ 7™° "'ero obtained at 
were 'ontrollad. This vus decidedly in? ?h7! 0,1,1 f0™'"'"1 ondulons 
fiom the irreproduclbility of exoerimant CE,3e V,ith rabbits. Asido 
ponurc to an excess of mustard Íor n í * ï* Wlth ^its, nn ex- OftTIPt. Vftt < +, a. ,v. , Q mu^nra lor 10 rain, ot 70° F 
thresholTíeüon^T ^ 

control and interorotation of ail thlr«^0^/6 cxerclsed both 1. the 
as test animals. therapeutic experiments using rabbits 

(0) This calculation Is based 1„ part on dota presented la section VII. 
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PaRI V 

Studies of penetration, fixation and transport of mi'tard dunr.p 
and after short, tim* (less then 1 hour) oxoosures of nip, rabbit 
and man. 

The observations described in the preceding- section -ere made after 
exposing the skin to mustard for an hour or longer. The experir nts 
here described row undertaken to obtain infernatien regarding the 
immediate futo of mustard after penetrating the epidermis. Hence it 
-ar necessary to reduce the time of application tc a minimum. 

V.jth pip emd man, a 10 minute exposure at 70°F nd -ith r'it'bit, a 
10 minuto exposure at 60°F was tue shortest possible time in wi^ch 
rcpr-.ducible amounts penetrated could bo expected. Exposurrs of this 
Juration in man usually resulted in vesication, jn pir in .'nt.'1 
c-rytliona with or v.ithout hemorrhage; nr.d in rcbMt in a relatively 
circumscribed hemorrhagic lesion. The lesions w-ero char cterired as 
moderately severs. 

By excising tue skin at different timen after conmletien of 10- 
minutt exoosures Information concerning (.il the ri:t* at -hich p nitrated 
mustard became fixed, and (ii) the rate at which the chloroform extract- 
ables and/or mustard wore- carried ar.vy from tr.» exposed skin rit -as 
obtained. Att.rticn has already been callod to the fact that it is not 
norsible to pake a direct determination of thr amount of mustard that 
penetrates the- skin in a 10 minute 'u-rlod. [Sop Section IVI It vas 
asrumod th-it either the percent of th>‘ penetr-t- d must.rd fix d is in¬ 
variant to time during th- first hour, or tiv -mount of must-'rd pene¬ 
trating is simply 1/6 of th'-t p»notrating in one hour at the sa->‘ skir 
temperature. Nrithor assumption is suuportfid iiy direct ovidnr.c". 

V a Th/ Short Time Exposure and Pe-t-ap'11 cit.ion Data --0, l ips. 

l.y F.C.H., G.B.it., C..,, A.F.• ..i*, L**v.i ,, .G• p. 

Purtvca'-« Tr d'termino thp rate of fixation on1 trai.s-^rt 'f 
penetrated mustard. 

tx-)f;rimontai Methods! £ :<■ Hi (u-i. d--, --P; i--, h-'>, j-0 
Tv-o pigs (A-^06 and a-707) »«.»re exoosod for 10 minutes to 
0.5 mg. per sq.cm, of mustard. The post-application 
period? varied from 0 min to 6 hrr. The environmental 
conditions of thesr experiment? -or' nut recorded. 

Results: Sec Table Xi 1 

Discussion: (1) immediately after Ur tomination of a 10 minute 
exposure to mustard, then wus n consid^rahl? reser¬ 
voir of un reacted must¡rd in the rkir. nt the '-xmoFure 
site. (2) No further local fixation of it took mlace 
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after a 10-minute post-application period in soit? of the fact that a 
considerable amount of H r-as still present 175* of the activity)^ 
This H was slowly carried away by the body fluids. (3) With nips aft-r 
an exnosure of. 10 minutos about 70* of the fixed material was or-sont 
in the epidermis and 30* in the upper corium. (4) The constancy at *ach 
post-apnlication period of the individual ratios of extractablc/fixed in¬ 
dicated that the variations in the chemical results wore due to difference1? 
in rut« of custard penetration. 

V b. The Short Time Exposure and Post-application Experiments with Rabbits. 

by F.C.H., C.U., a.R.:»!., L.a.P, 

Purpose: To obtain the rate of fixation and transport of penetrated 
mustard. 

Experimental Methods» See 111 (a-p, b, c, d-3, e-2, f-1, h-2, j-2) 

The rabbits (à-466 and h-467) were; exposed fer 1.1 me. 
per sq.cm, of mustard at a room temperature of 60°F. The p^st-SDplication 
periods varied from 0 minutes to 24 hours. 

Results: See Table Xlll. 

Discussion: (l) Immodiatbly at the conclusion of 10 minutu ox- 
nesure, there was a considerable reservoir of unreacted mustard in rabbit 
skin. (¿I Immediately follorinp the 10 minute exoosuro in rabbit only 
about half of the mustard that would ultimately become fixed had ulr^dy 
done so. (3) öfter a 15±5 minute post-application period, fixation was 
comnlote and the reservoir of free mustard (extractablcs) had become 
inconsequential. 

V c. The Short Timo Exposure and Post-application Data on Hunan Subjects. 

By 4.1.B., f.C.H., P.S.M., «.h.M., ^.«.p. 

Purpose: T0 determine th? fate and distribution of the mustard in 
abdominal skin after short time exposures to 1 md 10 ms;, par so.cm of 
mustard. ‘ • • • 

if The expiaration of this phenononon may bo as follows: Aft.'- pone- 
trutin? the skin, H has two alternatives, namolv either (1) finds p 
roactive molecule and bcconos fixed or (2) finds 9 fat cell or ft mole¬ 
cules and becomes immobilized by solvent action. The bove tak^s nlacr 
in about 10 minutes, and there is a 25* cilanco for (1) to hupp n und a 
75* chance of (2) taking place. The H which is immobilized bj mechanism 
LO is slowly extracted by the body fluids with which it eurllv 
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TABLE XII 

Sh rt TiT.e Lx.irrii'nts ftr Pjf 
Rati; .f Flxati.n and Tnns^ rt fr:n ApnlicAti'r, Site 

D..tli Pigs Exp'« 'd tc 0.5 -,if per si.cr. ' f Mustnrd f r 10 Tin 
(Amounts in ?uth"o -f H-oouiv.I 

P'st Ganoos 
Ami Fix;d^ 
Une. 

10 

20 

60 

1.10 
1.50 1.15 
0.60 

2.75 
?.?0 ?.00 

5.30 
3.50 3.30 

3.50 
2.25 2.90 

Pie A-507 

)fc .:f Fixed Gammas jb f 
in opid } Extract- ext. H 
mm thick able 

Ext./fi x«?d 

2.40 
2 hr 3.90 3.15 

5.10 
6 hr 3.90 5.00 

65 
70 
60 

70 
65 

65 
00 

70 
60 

60 
70 

75 
_i0_ 

9.55 
0.57 

10.60 

4.65 
5.90 

3.50 
3.30 

HD .10 
1.50 

0.f<5 
1.20 

1.00 

94 

65 

79 

75 

70 

JLL 

6.7 
5.6 

13.2 

1.0 
1.0 

1.1 
1.0 

0.60 
0.58 

0.35 
0.51 

0.32 
-2,¾ 

Pip A-306 

10 
10 

20 
20 

30 
30 

40 
4C 

60 
iQ_ 

^•65 5.,30 
3.90 

‘•15 , «C 
1.95 ^05 

2.20 
2.95 

2.45 
£.00 

3.00 o 
UP ^ 

2,50 S 

« .25 

.85 

8.35 
9.60 

8.44 
3.40 

2.75 
3,85 

2.10 
2.30 

1.90 
1.20 

95* 

84* 

70* 

7.2 
2.4 

1.6 
1.6 

1.2 
1.3 

1.15 
1.25 

0.65 
-Q.'5 
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Unerimontal »rthodi" 3« 111 J-l, !-) 

,« 10 nlnuttt aWcii'-l S'wÜ 

«. of ™;‘^orp:rt“Í 4^.-00 ooriod Of the otter 

5C3WS «.•» —- , .,,. « 
Six sites (5 subjects) recslved^O nracti)ce (exposures 

10 af* ln TÄÄ”«^- ä çr S i *f 
ing. ine m< 4<? mf. ri u .-»g excise 

»4Ä s: f lM 
«, puickly ’’¡’^^srsiteros ’xcised S4 heurs Ister. 
sure time. Th experinents 

The environs! oh tal tonperntur- in t.,0. 

ranged fren 70 to 76 l. 11S. Thl, iicr'- 

Eemilts! The tto LVur P'st-epolioeticn period 

scopic ^ln ggetim VI. 
l»3sicns will b- v . thf Vî<riatl*n 

t {1\ lt --U1 be nc ted frrn Table ^ » Tho diff.;v- 

-SrHrtv“Ä M - -- H 
amounts fixed in . the gamc. 
numbor) ’■ere usu.< y •• , r¿ minutes, 

(î) Pith p' st-s-’P1*'-11™ '¿r ^..„„ts fixed f r c »- 

there r«» »- f --“h «of 
parable sit« (s“e "Ío #lmte exp sure peri'd -11 f tn> 
"thin ? "lnu^a—exir. site had elre-dy d-ne s . 
rinf V- be fi tard ^ich penetrated 

(?) Cfspared t’ ..- 

Airine in n'ir AiCp SUrf> .?irl i 11 ‘u ^'*n *n bnCt J all (b) This t»4rc >» '"cuïâcee ês j, fixed. thlis f-J 

rÄ‘ÄÄ4 th -■6 «»- »d t;r "416 * Mi ; the an unt pen -n at 70'C 

On the basis • f E00g.Wh.urjJ- -- 
ir^ iVr.K -nf. btajns vu - 
jbT -- 

COMFIDiû.Tl-tL 



41 
CONFIDENTIAL 

mustard present at the application site 2 min. to *.5 min. later Tes 
trivial. It wag of the same order as the amount fixed. Thus, if even 
12* of this extractable mustard were to become fixed it v.ould not 
increase appreciably the amount fixed. 

(4) The rate of disappearance of mustard from the applies 
t.on site wag rapid. This proctea nud a naif life certainly co ionter 
tuan Z minutes. (See Section lXa-2) 

(5) Tc bs coß£i£tu.t '¿ith t..t above d^ta, ui- tiicruptuti c 
agents for nuiaans based on react* on Kith penetrated froc au ¿tard aust 
necess-rily be valueless, for tho re-eon tn-t tura a-¿ no ¿i^ficant 
amount of loc-lly free .mustard within the skin at any time. 

(S) Since there was no signifiesnt difft rence betwoen the 
findings with dosages of 1.1 and 10 mg. per so.cm., aJi of th<- above 
conclusions hold in spite of massive contamination. Thus even massive 
contamination in mnn did not provide a source for progressive po?t- 
exnosure Injury. 

(7) With sufficient mustard to saturate the skin (about 
200 gamma per sq.cm.) only so much mustard can penetrate a given area 
in a given time interval. Since 1.1 mg.per sq.cm, ras more than suffi¬ 
cient to insure a maximum penetration rate for 10 minutes, the massive 
dosage of 10 mg. per sq.cm, did not Increase the penetration rate. 

Vd. The Results of PoBt-exposure "Ice-Pack" Treatment of Skin (Pig 
and Man) in Relation to the Presence or Absence of a Local Reser¬ 
voir of Unfixed Mustard 

The experiments in mich immediately following a 10 minute 
mustard application and subséquent jecsnUiilnation, an ice pack ra« 
applied continuously for three to six hours, "ere knom as th-' "Ic*'- 
Pack experiments and are described in detail in Section Vlla-2, 

The gross and microscopic appearance of these skin lesions 
after one to three day post-application periods correberated the data 
regarding the respective reservoirs of unreected mustard in pig and man 
at the exnosod site immediately fcllo^ing an application. The«p ob¬ 
servations (Sec Tabic aa!. Section VII) ^cre, namely; 

(1) With pig the immédiate application of an ice pock to 
an exposed site completely rr partially inhibited the appearance -f 
injury as compared to a non-icod lesicn. 

(2) With man th' Immediate application of ice to an 
expr.s^d site hid no effect on the internal tv rf th« =»uh«> f 1 va 
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TnBLE XIV 

ft&ty 'f flxatl'-n and trarisp-rt fr n apnlicatl :n site In hu-nan '•kin 
all subjects exprsod t. either 1 r 10 por sq.cn. f r ten min. 

(All calculât!' ns based -n gammas -f H-equlv.n^r sq.cm, rf skin surface.) 

Subject H cone. P st-appl. FJxed/cm"^ Extract/cr.“* Ext./Fix.'d 
—-- ■■ pcrl.d In gammas In ranmas__ 

H-7,96-15 1.1 mg/cm^ hrs 
" i mir. -29 

H-415-1 

11-416-5 " 
-4 " 

H-411-3 " 
-49 " 

H-390-69 " 
-62 " 

H-410-1 " 
-SI " 

íi-454-l 10 np/c: 
-2 " 

H-462-1 
-2 

H-4G3-3 
-4 

10 min 
?.5 min 

0 min 
2.5 min 

24 hrs 
3 min 

3.5 min 
2.5 min 

£4 hrs 
10 min 

24 hrs 
3 min 

24 hrs 
2.5 min 

24 hrs 
2.5 min 

1.0 
1.1 

0.70 
0.60 

1.20 
1.10 

0.60 
0.56 

0.71 
0.90 

0.r<6 
0.96 

2.« 
2.3 

0.75 
0.77 

1.75 
1.70 

nil 
1.0 

0.35 
0.91(a) 

0.49(a) 

nil 
0.60 

1.15 
0,c7 

nil 
0.2¾ 

nil 
4.3(b) 

nil 
1.9(b) 

nil 
3.1 

0.00 
0.07 

0.50 
1.75 

0.10 
0.P7 

0.00 
1.00 

1.62 
0.97 

0.00 
0.72 

1.5 

2.5 

l.B 7* -, —:---- .in ¿.(w__ 

(H) ,c had available d small an'unt f mustard ab ut 5 tlmf.-s -.-3 rail - 
active as that usually used f-r ah rt time cxrrrim-nts. In -ri-r to 
de tor-; i ne th . n rtl-n f the extractable activity eh i? separable 
int- pentane and rater-s lu ble fractl ne toi s exir-.-rtly n-t-nt mustaH 
was used in th > nlyvt t? ' ceses. The results aro as f lí. rs: 

A ■ f Extractabl in 
n'ntanrt later 

H-415-2 
H-416-4 

97 
04 

17 
16 

Presumably at least 95* -f the p-n tono-soluble activity J , ^st-H- thn« 
. .- - * *w aw »•>*♦, «J i -lust i ru. 

(b) Due t- tk, large excess :f DH t. the skin surface thore is an oxcUlert 
charcc -J leaving 1 ga-me ( ut c f 10 mp) n the skin surface aft-r Urr uch 

Thli rl C, ur-, - uld -.- tho SB unt axtractabl anoarsntly 
greeter thin it actually ras. y 
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TABLE XV 

Sumciary ■'f Rît' .f 
ti n f'T Man 

Transport and FixatJcn f Mua tard ai Site- -f 
, i’J^ °.rtd RabUt. Ail 10 rjn. expvsur 3 at 

c ne. f 1,1 ng oi.r aq.cRi, 

Anolico- 

Sv; bj oct P flt-nnnlic. 
porJed. 

Ratlf 
Lxt./Fixud 

Rati .f Fixed 
aft-' r stated 

p-st-appli c.ti”if t 
Fixed after L4 hr. 
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(í) Since with nan nu-jtnrd ®it,hpr reacted or run transported 
av;ây fron the portal of entry alnost as anon as it penetrated (no 
reservoir), while with pig, there »ns a reservoir of mustard at th« 
termination of an exposure, the dlffarencas in the affects cf iC‘-psck 
treatment in pig and man rere not unexpected. Thus it seems likely that 
ice reducid injury in the pig by cooling the expos'd sit? to such />n 
extent that the reservoir mustard could not react and ••’as hence slowly 
curried away by the body fluids. Since in nan thop. is never rui apor'-- 
ciablc mustard reservoir in the skin, ice-pack treatment could r.'-t b" 
expected tc reduce injury by its effect on unreactod mustard. 

(4) In vie» of the oxncrimental findings with rosnect to the 
quantity cf "extractablos" in human skin In Section V-c and V-d end the 
confirmatory data presented in this socticn, th-rr car. little doubt 
of the absence of a mustard reservoir in mem. 

V-e. Conoariscn of the Shcrt Time Exoosuro and Prst-Application Data 
in Man, Pig and Rabbit. 

The comparât!V»' data are summarized In Table XV. 

Discussions (1) Immediately at the termination of a mustard 
expo sure, pig and rabbit had an appreciable reservoir 'f penetrated 
mustard; man, however, did not. 

(?) With pig and rabbit the time tr reduce this 
mustard reserv-ir tn an inconsequential am-unt vas ab ut 10 min. 

(3) The tim> f• r fixation ^f p'-retrated mustard in 
man, like th^ tim” rf r-m-val, wap less than ? minutos. Flxatj n -f 
penetrated mustard in oig find rabbit was n-t crmnl te until ab^ut 10 
minutes following the termination of an exposure. 

(4) In viev of the ab-vo c ncluri'ns, it i? siig»<-«t.^d 
tnat if therapeutic ag:nts ero t' be tooted -n animals f-r ultimatr use 
in in a poric d cf at I'sst 10 minutes should bo allowed t <:lapso 
botmeon dec'-ntaminati'. n and spoil cat!’-n •'f t!io th raoutic test ag-nts. 
Only under such e nditiens will results btain'd fr'm animal exnrrimenta 
b- truly nmolicable t man. 

i «V r\r»*»T»v • » 
i 1 in a\ i i nu 
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THE PATüOLGGï Oí' CUTAI.COUS ]!.'JURï 
FOLLOWING EXPOSURE TO ..¡USTnRD 

W“ R''-c"ot "f >M» following appllcation of lic^d ,„st,rd. 

1- ^;d?r^"u^n.9f ; oy ri »"nú; Son 11] (o-S.b.c.d-l ond Î, 

of too oS'SrM^^wf 11,Uid to the skin 

twoen 0 5 and 10 mg. nor aq.« of akin ^rfaT^lTn^ V"ri',d be- 
tLo "o?t corrmonly e^nloyod doat!^ Thn ri, por S0,CTn* was 
Won Z ,i„. and 1 hour Tho »Hi n ? ““ï "f oxoosure to¬ 
lo min. C ”ost “'"only „„ployed oxposuro period ras 

oeri ods ranging betwoä Víou^nd0"«3^68 oxcJsod nftor post-expo sure 
and miorosconiially Ihr o?ior 58 ujÄ! ^ *T ?tudl,d <*«lcMly 
rar fir, g from 3 minutes to 6 Infh! ,1 3 Tere obsf,rv^ periods 
cxclsc-d and used ontJrelv for rh e^bher nrt excised or wore* 
the biopsy includ'd th» entire exposed nvc'3tlJ' t,rn* In ®ach instance 
cutaneous fat. ^CSed ftrefl ,înd «*t:ndod to the sub- 

fro-n 1 hour to^R ' doy « ^er^fi xedTn p^st"cxp08ur9 periods ranping 
st-ined -1th hem-t ^/lJ Lrl I !?„ 8 fluld ^ »«tiens were 
F-ulron's tcehnic and hv „.iigs' 1,^' x^no "ethylene blue, by 
tecnnic. SectScni Ts L sZj^? f “a88'n'8 llpht Freen'trichr^e 
r '>:• !r -or stained by Vorige?? s ^th^di r’T'9^ 1U° Sti,r'-P 'f 
3—’ - nxed in 10* ^in. 

— Pr ^ "al Phase f L,t,:nt Ininryi 

attain ti'rc^"8 jilfiVlIt“1' ^ “ ^»‘ard losim „ay 
•Mdt tino ttarn is nîîthir ÒÍÍ;S^" f s''v ral h “rs •¿H.g 
has been sustained, txactlv wh-t ♦ nor macroscopic evidf-nce that injur/ 
•enc-n. The fac? that a S TuinrT1^ ^ ^r,od 1? rot " 
tissues at the portal of entrai nl n™15011 °f ln thp 
exposure tofotiier with the f-^t thagence ^('^cf‘ed rlthln 10 ñutes after 
-ched there is no ^ ^ ^ 

of irr v.L!íM,J\uh! i,ct’ril interval between ex-x)surc and the iriM.ot... 

(probably i;s¡ thÍ ÍSa;iSKbÍy °f n nature, is sh^rt ‘ 

(b) That tiie ror.iaind'r of tiu 4ni*4wi ^ 
the exposed skin has been decor ta-irat ^-r'«ctln- period after 
bct-c«T injury and reaction ratVtr thon af ^ f r''f\rd'fi r,s 'sn interval 
and injury. tRtr tnr,n 39 30 Interval betwoen exposure 
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3. The Early fioactlon to Injury¿ 

4ß 

Normally th* first norcoptiblc reaction at the site of exposure 
ip erythema. Erythema usually dev. lops within 2 to 6 hours and once 
if'volopod the further course of the lesion varies according to the dura¬ 
tion and intensity of the exposure and the susceptibility of the ex- 
nosed tissue to the injurious agnnt. The ultimate injury may be mild, 
moderate, or severe. The appearance of the lesion between 24 and 48 
hours after exposure usually indicates tne extent and nature of the 
damage that has been sustained. 

4. Mild or Subvssieating Injuries: 

If the exposure has been mode at a relatively lo» environmental 
temperature and if the exposed skin (abdominal or inner surface of the 
forenrm) has been decontaminated vithin 5 to 7 minutes after exposure it 
may bo expected that in on averngn subject the- lesion «111 reach its 
acme with little or no vesication. At the most only a few miliary 
blisters «ill develop. (Fig.l-Plate il). In resistant subjects, parti¬ 
cularly those whose skin is heavily oigm.fltnl, leapt r exposure nay be 
tolerated without vesicle formation. 

.iierrscapic examination '«f mild injuriis excised 3 to 6 hours 
aft’r exposure, shevf spelling c f nucí'.i through ut the oolniphior lay, r 
•,f tho epidermis «nd hyneremia and edoma -"f th' tips f the dermal napll- 
lart. (Fig. 1 - Plate l). The central portions rf tlio affocted nucí i 
became h m geneusly pale ttnd th chr matin bccenos scanty in am. unt and 
p'.riphoral in n sitirn. 

ïthen strini.d by FrulgSl's tachnlc the affected nuclei shr- an 
apparent 1 ss f thym nucleic acid. A c •mnaris n f micr sc.pic changes 
in bi^psi's excised 6, 24, and 72 h-urs after mild exp’ sures indicatos 
that a certain degree f nuclear swelling can ccur rithaut necessarily 
indicstini; üiat irrovrrsibl'. damog' has been sust’-inod. If the injury 
is mild s mo of the cells having ? • 11 n nucl 1 rec V’ r and th'rs di». 

tv -n th'uph th*. injury has boon mild, gr ups f irreversibly in¬ 
jured colls in the deepest a-rti n f the malpjrhian layer usually under¬ 
go liquefacti n necr sis. Twelve t Ia h urs aft<.*r exm sur* the sollen 
nuclei f smmo f the colls bee no pykn^tic and lysis and disint-’grnti n 
■f th‘ir cytoplasm takes olaco. Th limuufucti n f groups ' f cells 
or duces snail, defects in tlir c ntinuity f the deeper i-'rti-ns 'C the- 
epidermis. (Fir. S-Plate I). Th*. first sites nt "diich such emidorrnal 
f ci rf liquefnctim noer sis an -cir are immediately ab-v the tips * f 
th* domai nard Use. If the injury is t'' remain mild th's*'* f-ci f 
necr-sis d n t enlarge t< any signifient degree and either remain invis¬ 
ible t the- n'.kad eye -r at the m* st load t the f'rmati'n f wHi-.iy 
blisteps. 

COÍiFIDtKTI AL 



If üie injury has been mild it »dll have reached its peak so far ns 
the opidemds is concerned within 24 to 48 hours after exposure. At its 
pr-îk th^ro rill bo (1) diffuse nuclear swelling throughout 4hp malpighion 
layer ''ith varying degrees of loss of. chromatin, (2) pyknosis oî'wucloi 
rlthin some cello that otherwise appear to bo intact, (?) foci of licjo«, 
faction necrosis in th-. deepest lay* r of thu epidermis immedi!itc'ly abov? 
the drrral papillao, and (4) hyperemia, edoma, and perivascular mononuclear 
infiltration of ÜK dermal papilla*; with extravasation of edoma fluid into 
the interatial spaces. 

The injury may be so mild that liquefaction necrosis fails to occur 
and vhntover irreversible damage is sustained involves individual ruthor 
'‘-»an groups of cells. On the other hand a so-called mild injury may be 

sufficiont intensity that the microscopic foci of liquefaction necrosis 
enlarge sufficiently tc become maerrscopically perceptibl'. They dc not, 
however, involve a sufficient number :f colls in continuity 'r attract a 
sufficient amount of edema fluid to result in thr'ugh-ond-through d* struc- 
tion of th^ epidtinnis. 

Characteristic rf tho mild lesion between 5 and 4 days after exp cure 
at which time it has usually nassod its fastigium'is (a) augmented dosqun 
nation by which dead cells ore disposed f, and (b) augmented mit tic 
activity in tho basal layer by which the destroyed cells are replaced. 
(Fig. 5-Plate 11). Lesquamnti'n and regeneration may bo seen f r as 
1 ng as a week after exposure. In 3-me Individuals th.-ro is a rnsrcinal 
accretion -f pigment around the lesi n 'nd a pursist^it stato f irrita¬ 
bility :f tho vossols f tiie dtrnis beneath tho lesion. 

5. Vesicating In.1uri*:s: 

The usual reaction of the skin after okpo8ur<= tc must;-rd under non- 
exporinental conditions is vesici.tion. (Plate 1). Lxposur' of abdominal 
skin to liquid mustard at an onvironmonttil temperature of 70 degrees or 
above f^r between 8 and 15 minutes usurdly le!»ds to massivo vr.slclc fom- 
tion. During the early (6 to IP) hours of th« reactive period th< micro¬ 
scopic changes are similar to those seen in th** case of mild injuries. 
If, however, the exposure is sufficiont to produce a vesicating injury 
tho microscopic foci of liquefaction necrosis present at the end of 12 
hours continue t'- enlarge '.aad ccalesce with one another s that eventually 
all or mat of th. exposed epidtmis boccmee separated from and elevat' d 
Hbeve tiie dermis, es fluid collects within the opio, mis and between the 
epidermis and dermis the central portion f th-.- lesi< n boa mes pale and 
erythema gives way t*- ischemia. The blister fluid is c mpris“d t a small 
extent by the detritus f broken d'an c-lls and t a largo extent by 
edema fluid. Although m-st .-f the disrupt! n f epidermis frrm d-rmis 
'-ccurs vt the site f liquefacti-n r.ecr sis there Is evidenc; tint the 
traetian'exerted on living and relatively undamaged cells at the margins 
rf vesicles frequently "-nlirged tiu lesi'ns bc-yrno tne limits i the 
original cyt't xic damage. There is more nr n una d exudati'n f -t n - 
clear and p-lym-rph-nuclear colls in tn. dermis than occurs in mild lesiona 
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índ subsequently there is desiccation and conpulntion necrosis of all or 
most of the corium. Becinninp ingrowth of epithelium from th^ normal 
epidermis at the margin can usually be recognized within 72 hours after 

exposuret 

Despite this early evidence of rugenorative activity tho dsmaged 
corium is at first incapable of maintaining the ne^ly rrgfiir-rated pi- 
domls. Not until about the second reek is the marginal ingrowth of 
epithelium able to survive and not until between 4 and 5 weeks after 
expo sum is the epidermal defoct completely ard permonontly healed. Tho 
slowness viUi which pennant ,t opithelializat.'on is accomnlishod appar¬ 
ently depends on tho functional state of tho durais. In the beginning 
new cpitheliumfj'O”®over a dermis that is dead or dying. Froouontly a 
brightly acidophilic zone of necrotic collagen can bo recognized brfreon 
viabln dermis and nuw epidurals. Lutor th' tentativo f'pidermis is 
supported by a dense cicatrix. Finally tho last and successful crop of 
regenerated enitholial cells is supported by a vascularized layer cf 
loosa connective tissue which boars a close anatomic resemblance tc the 
original corium. (Flp. 7 - Pinte I) 

6. Coagulation Nocmsls; 

The most severo typo of mustard injury of the skin leads to the 
formation cf a lesion vhich shows vesication only st its r.uteraost 
margin. (Fig. 5-Plate II). When such injuries were observed they rere 
usually after exncsuros of 15 minutos <r longer. Throughout tfv. cer.trum 
of the lesif.n the skin together with the underlying dermis is tanned 'r 
regulated in such a manner that fluid never accumulated in suffi ci ont 
amounts to sop''rate tho deal colls from the living. In th° early stage 
~f react!'n such an injury is indistinguishable from tho milder lesions. 
In s-Tic instances abrrtivo f-ci -f liquefaction necr-sis appear .nd in 
other instances nuclear swelling and pykn'-sis '■ccur thr-ugh^ut th^ 
entire thickness "f tho epidornis «ith ut immediate- , mrrph.'l pical 
changes in culls or in intercellular relationships. Macro sc--pi oily the 
centcîr of such a lesicn becomes pale and tskes on an paquo, yell «-grny 
narchnunt-like appearance. 

The necratlc epidermis retains all r o largo part f its c-nnec- 
ti n ’ith the dermis, (Fig.4-Plate Ul, and a week rr mero is required 
bof re a z ne of demurcati n between tho dead ’nd tho livinp tirsu1 is 
roc gnizsblc. The epidermis t-gother with thf »adjacent «'no -f nocr tic 
dermis remiilns in situ and desiccates t' f rm a platf-like seauostram 
which apparently interferes ith healing s long as it romains int'r- 
p sud between the margins f the defect. Whereas the final opitholiali- 
zatitn if a vesicating type f injury is usually acc-T.nlishod vithin 4 
r 5 weeks, this tyno f iesifn may require several weeks linger t- heal. 
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PLATE Ii Thr Pathology f Cutane.-ms Injuiy in Man failing Exposure tc 
Liquid Mustard 

ht» ttTteí “re 

ni“r;’e"T'ic ch“^' “ M'h7^ 

V^cr^H-,-ih ifli Hydrofic deganerati-n of cells and oykn sis f nuclei 

lüatàrd Th'^f Cft ',f Wet 6 hours amr ox?, sure tc nustard. There is acc moanying odoma of the c rlurn. 

nici- 'grrr'h ^2; Feci of liquefaction necrosis in the deener nrrtion ' 
f 4th, epidermis are coalescing at the end of 12 h^urs t^ f rm a niliarv 

Iic8iCif*soTrohueseÄ18 18 beln? flörÄratöd the d^8 ^ - -uJL 
f ' ' 

‘b !hCiofi(mtuat0d ^ neerrtic enitheliun forming the 
r .1 of a largo vesicle 24 hours after exposure, * 

ertlciamtwtlfi1 ,15' Crrt”" odon‘> oc-rtvasculor ly»-h.- 
2 -t e nnectlvc ti»»n nuclei !4 heurs ..ftor exposure. .. r 1 

Ph:.-tymjpp.'gFO.oh /f»$: Central nortion of tho base '-t a lesion 7 days after 

TÍmT0* Jhe V%8lCle ha? Ccll,pS0d ^ d^uded coriun is c^ered by 
a thin membrane of necr-tic kerato-hynlin material. The corium apnears^ 
ac -iiular and non-viable .despite the presence of dilated lyimhatics Occa- 
siona! basal cells such as those shew in the upper right hand corner rhich 
/ero not dislodged incident tc vesication will probably not survive or 
participate in the regenerative process. 

£h:-tomjcrogranh ,f6; During the first 3 weeks several crons of remunerated 

h okl^t' f ñ r fr“1.1"iro" «"■ p.r.Shoh, 1¾” 
thî Ït!hï î.,î diûd ;rld''n"13 ',<,r ‘“‘»h '-f «16 loden. C-nlne in trm 
ini1?* h d. lde U19™ raay ** 8aon a l^yer rf hyportr -hic epithelial 
colls between tne crust and tho denso crilagon -f th3 base of th. les "n 

hlTíe /I11? from C:11^'n 13 “ thin zone of brlghtlyaciS;. 
suî-viv0hy lln ,aaterlal or bably ncans that they toe rill fail to 

lÜL'.t- ^cropraph ¿7: 5 reeks have ola .s,-.d md the -nUre lesi-n -hich hob 
ess than 4 ,nn. wide in the beginning is nor healed. The ne e d2 As 

bHS 'hlllC’ he° :ir‘nin^ intercellular brid^rínd 
i> - r th. first time separated frem the densely collagen ii a layer of the 

riohly 
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'pute ». Tilo PUhoUpjr "f ^ 

Phctrfraih» 1, ?, =nd S nh.r nlld •.-dórate, and »over, cutonoru» 
injuries 4P hcurs ftfter ex-x sure t' niustira. 

ro, er..,b n. Denlot» o nild -r »ubvesicntlng ty-o -f lesión. 

j>fr-^.-gra-ih ^2: Shcts a ty leal vesicating injury. 

ph„t.„anh Sh... 0 sc-cnlled dcuchnut bll.ter, U>» centr»! portier rt 
Sch'Ts nctvoslcat« d -nd ls tho »«t -f ccopilnt. n necro-l». 

j i» tíA- <îhrp'a the annearance 'f th<í central ■ rti n f * Ph-t^cr^ru;^ Sh; . s th i ^ lfl necr sl3 f the entire 
severe injury S days ait.r . . t fluid has c'llecteil beneath 

Idfmiri ^ n Âriftlí c . ¿stör. Th« d,.»ni 

u. "»‘*r \FárUn5 and thjir end thelia; nuclei aro nykn,tlc. (X tO ) 

... -u w i/e.« The ar.niearancc f a nlld subvusieating injury 
Ph t micr.-grvh #5j appearance dlq.,sgor} -f by cxf-lJa- 

thickness and n.here nas sufficient ^400) 
nocr sis te result in macr sc- dc vesicle frm ti n. IX 
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PLATE Ills P'itholofy of Cutaneous Injury In the Pig following Exposure 
to Mustard 

The [»hotograoh depicts 4 stages of a moderately severe injury. 

Photomicrograph #1: Shows the appearance of the epidermis and corium 24 
hours after exposure. Focal areas of liquefaction necrosis nay be 
recognized in the deeper portion of the intact epidermis and at the 
right hand sido of the photograph the epider is being separated from 
the corium by edema. Such separation never becomes sufficiently extensive 
to result in macroscopie vesicle formation. The dermis is 'iiffu3'.ly 
infiltrated by exudative cells and extraV’isatod erythrocytes. (X 2^0) 

Photomi oro graph Hi ; One week following exposure to must-.rd the d-'ad 
epid.mis lies on a lake of exudativa cells and the underlying dermis 
ampiara to be undergoing progressivo degeneration. (X 200) 

Photomicrograph Hi: Two weeks after exposure th. enldrrmis and super¬ 
ficial portion of th j cerium hsv been slough'id off and tho bas' '’f 
the lesion is occupied by a sequestrum of dead ccll'gon which is under¬ 
going liquefaction and organ!zatien. (X 200) 

Photomlcr rra.'h )^4: F^ur »eoks aft'r exposure the dermal defect has 
filled in by’ granulation tissue ni ne- permanent epidermis has 
complet'd the repair. (X 200) 





VI» co.rw.on af the Pathologe Cta*M 1„ rttll ^ 0c 

In Animals (Pig and Rabbit) 

hecrosj s^n Poro^pianounced ín mi 

furei)- dot,, any slmlfîcant a^ttf M '•? '‘",n“1' th' «v-rse I, true, 
cf human skin follow nt- closure to mu s tard thc caP*Uaries 
occurs early .and during th^ first In .^1^13 dwr™l homorrha^ 
rvidcnco ns to the ,¾ 0)” e“ j'u^* voll-,bio 

rue tard injuries 1‘ T SÍÜ 1“^““’ fC'tUrï °f 
damapod epidermis is oftm extrrHv íl0 ^ ln andais the 
pcljnorphonuclear colls by- th- pnd 0^70”?°”"^000^°1, er and 
infiltration is ordinarily spars? arî l ln ^ P Tivascul-r 
whereas in animals it is likely to f^rí Ü^V0 ^ dorTifll PaPJllae 
and to include the entire IhlcknL of th. S” of r6,lctic 

result Wt*) 
d-rr-.s boneoth the expesure site nay ronain Ircnr^H *'r 
pemanont nor eplthollua ftr sevrai worví ,f!!r î° rU"? a 
z-ne cf dermal necrosis rarely exceeds -. f*. r .ln*^ry ^10 ^cognizable 
«hlnnls end particularly In tí '* T‘ )n ^faSieas. In 
pr presses thmutrh-ut the flíat -vek Hth'th?1? ^ ï° ll'’raIs rrecutr.tly 
sequestrum - f c neulitod o-lln, K fHh tho f rmati:n -f a thick 

**«*. imuÆ tíL, ^r^rl0.“16 bT «>' • nií rnnl 
c Hupen and eventually S. S) ,hf tet’C® *" nccr-tic nasses - f 
by ne- connective“ ,™a In 1 .„‘fi'S’”' f T imia ” renl.od 
affected demis is reolaied by vr^uH,. .TrflC“'1 P rt|-n ef the 
appears V reaver ,1th,ut be}„pf ^ 

degenerative ch:ñp, í'í^tíí ^ jd,f,”sV C™r lr' “’•'"'’fs. The early 
f cal Hquefectl n necr-sîs emm „5 &”* “d •« ««li. 
in b th In mar. the accumulatl n 4 sí uí fluid ^'r8, 
ecnco rf th.-se sdllesy f-cl ,-f near ,lÍ ï ^ craie*- 
lr. animals ser us fluid does n t ûocÙtÜi1 m'iCT sc v.-ric-itl- 
In tin« epidermal defects and U - neer-tié f’ ? i ^ ir*t oxt-nt 
f rm vesicles. Mother t^ abs^nio ? Í ls »'t dev-fd t 
t th. el ici tuti ri f di ffer-nt Hnd ¡>SlC^ 3n Hnl,ri"*ls i? due 
i firmer and loS8 destructible rU f ^udutivo r-somso r t 
-u not disclosed. Human^sirn^ ?fr2C e'llderiis errium 

c rrcspõndlng 4 f» ’.cl-*. r....,Æ»cTtr 
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Uu.ro H *r»t*r tondoncj- n U.e r»rt '» arriving hoir f-Uiclo 00IU.0- 
Hum t' participate in the heading prrcess. 

Ho«!\na -ccurs rre raniily in animals than In nan. In Ic-ai 
1„,Æ ào»»WV .roa, it Mi n ted that 

Ù a asihlo exelanation for lí Ä 
iS n quicker iuncticnal rcc- verj • ]atlvely n rrtl arrt-arinr denuded 

t%.T£ a euch 1 nrr MH-. 

than is tiin case with animals. 
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VII The íàlgni fl canee and Properties of "Fixed Mustard" In Skin 
Sites of Man and Pig. 

In section IV It was shown that uoon the application of mustard to 
the skin of an animal, a certain fraction (man 0.12, pig 0.25, rabbit 
0.10) of the mustard penetrating reacted with the tissue at the appli¬ 
cation site and became "fixed"; the remainder, as indicated by mustard 
sulfur was carried away by the body fluids. 

Tnis fixed material was not extractable in appreciable quantities 
(5/¾) from tho excised quartz ground tissue by cold water and isotomic 
salt solution, or by either hot or cold chloroform, acetone and alcohol, 
In fact the inability to extract this fixed-H by the above solvents may 
be considered the definition of "fixed". 

This section will be divided into throo parts «^itir tho view in 
mind of ellicudating the possible biological significance of the 
fixed material. 

Vll-a. Tne Correlation of Fixed-Mustard to the Severity of the 
Injury in Human Skin Tissue. 

Vll-a-1. Fixation Studies with Man. 

By H.L.3., F.C.H., R.S..,1., A.R.M., L.A.P. 

Considerable evidence, primarily pig experimentation, has accrued 
during the o^st 15 months indicating a direct relationship between the 
amount fixed and severity of the skin lesion. This obst-rvitior. finally 
culminated in a series of human experiments purposely undertaken to bring 
cut this rtlation ship. 

ñirpcs1': To provide datf regarding the relation of the injury 
prcduc<;c! in human skin by DH to the amount cf fixed H recover-.d from 
th-' apilication site ird to cerníate these findings with tmp'nture 
factors (environmental and body) and the selected exposure periods. 

Preexiurj Sd 111 (a-?,b,c,d-2 .e-2,f-5,g,h-l,i-l,j-1). Bilateral 
abdominal exposures worn r.ad.- rn each ef 13 hun-.n volunteer* il.l mg. 
mustard nor aq.cn.) Tnc exposed skin aus excised 24 hours later. From 
ciffht ef the subjects (16 application site*) the excis-d tissu from 
o'en sido of thy abdomen was tronsfcrrtd to 10^ formalin and Mcro- 
«cooic SiCtions '••'ero prepared bef-ro chemical analysis was d^ne. Experi¬ 
ments Tore conducted eitnor in on nvir nment of 60ÜF er PS'F. The 
oxt sure® to mustard ranged fr ,m 5 min. t' 25 min. Th*> relative humidity 
in each environment was 50%. 

Cf.NFlDüKTI AL 



Clinical obsprv'i lions t;c"í. .rd- o1, a ach applies 1 cr. _-t* 
of 24 hours and .prior to excision, burin? the course ox t.ese \ - 
nonts it was diservered th-xt excision pcr.ritt-d recopnitior. of nil -rv 
vesicles that had rot previcusJ.y boon visible to th*' n?kod eye. 

Hi Hr logical Observe, tiens: The exposures were at first United to 
ten ¡ni nute a or less and were subsequently prolong'd to as 1er r as 
twenty-five minutes. It scon became apparent that mild 'v.d - odor 
ferns of skin injur/ with certain uniferm features ^ beinv Pro^®ld* 
As the oxDcaure time was lengthened there appeared a third rroup corr s- 
mordinp tc the lesitn observed previously after -n-hur exposures in 
¿[ hum<n ponotration studios, (sec IV-c) Th^ futures of each grup 
wern as follows; 

Group 1 
dild Injurj' 

This group was characterized macrcsccpically by ' rytho-nr «dth r 
without edema and in seme instances by miliary v-sicles. Mi errsccplc d- 
lv th- principal changes were hyperemia ano edema ' f the c-ri-n /ith 
insufficient epidermal injury t causo death f Tore than 'ccesi'nal 
io latcd grrups f basal cells. (rig.l-PUtû ?.) (Sc- Table ^1) 

Gr'up H 
Moderate Injury 

Th¡e -rroup was characterized macr SC’pic^lly by the f mati-n f 
one ,r moro readily rcc gnizablo, is latod r confluent vesicles con¬ 
taining clear fluid and having erythematfus margins. (Mp. ¿-riat. 
,.’ucr peepi colly the S' v-sicles weparstrd the cpid«rmis from tno c r.un . 
Trie el vat'.d opidermisms necr tic. (See Tnbl1' Xi/1) 

Gr up ^11 
Severo Injury 

This group was characterized macr sc. picdly tr on injury -nlch ’’"S 
'anif' st-'d by circumferential ratlior than central vecicati n, raid by 
entrai n.-cr sis. (FI*. ¡'-Plato 2). Tho centrum v.-as flot, naif, -r 
y llr« tod in n*>st instances free f visible vsievt^-n. Micr-sc.-pi cally 
th/* marrin-1 vesicl- s mearurod up t 1 mm. in idtr.. Tar- c -ntr..! - nl- 
d r- ---.3 <r rerally necr tic and although th-re rcr foci-1 areas of daui- 
facti-n, the , 1er -crpic vesicles thus f m-d frilod t- c'alescf and 
1'-lied t collect onrugh fluid t- bcc-rre nnpnr r-t t the naked -ye. 
I'«,. T'.hl n XVI i 
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TABLE XVJ 

"■’’’"ffiíiS-T“*““-'“* «rarmg»,;: ¡ua 
GROUP I 

MILD INJURY (f^. i _ g 
Exp.No. Skin 

Temp. 
oF 

Eoom 
Temp 

°F 
* X- ¿ Awa n 

(min.) per 30.cm. 

H-5B.V7 
H-5RS-1S 
H-S82-10 

H-300-1 
H-305-1 

94 
94 
95 
07 
97 
95 

05 
05 
65 
60 
60 

_05 

I 
5 
5 
B 
5 
5 

GROUP 11 
MODLHATE JNJUfiY (FÍ..2 - m,». 

-705-11 
H-302-1 
H-3R4-1C 
H-386-15 

ri-380-10 
H-*75-13 
ri-575-14 

ri-377-5 
H-579-3 
H-77ü-6 

95 
05 

96 
05 
97 
qe.5 
08.3 
«6.7 
86.7 
87.0 
97,5 

85 
85 
05 
05 
P5 
60 
60 
60 
60 
60 
60 
60 

7 
7 

10 
10 

7 
15 10 
1? 
12 
15 
15 

i¿_ 

GROUP HI 
¿EViRK INJURY (flp.3 .. PI-.to - P 

H-307-10 
H-387-6 
H-5QB-lí. 
H-381-7 
H-378-3 
H-379-4 

97 
97 
95 
97 
87.5 
87.0 

15 
85 
05 
60 
60 
60 

KO 
15 
25 
20 
19 
20 

__ 
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On th<» basis of the macroscopic alterations the nild injury 
Group 1) represented s "sub-vesicstion" lesion; the moderate injury, 
Group 11) a central vesication" lesion; while- the severe injury 

(Group 111) was associated with central coapul-.tion necrosis and "mnr- 
pinal vesication". 

Microscopically, the diff{renco between the most severe lesions in 
Groun 1 and thy least severe lesions of Group li was not strikinr. 
Exposure H-SSS-? represented the mildest type of injury observed.’ 
H-385-11 included a lesion, tho severity of which was midway bet’«-er,n 
Grouu 1 and Group 11. In tho case of ri-385-11 there was some question 
whether to include it with Group 1 or Group 11. Groun 111 comnrisc-d 
lesions that wore strikingly mero severe than those of Group 1 and II. 
The reason for non-vesication rf the central pcsition f the lesion was 
not apparent. 

The gradation of individuil lesions within Group 11 and Groun Ill 
y based partly on changes in the cerium, marginal epldera and uss- da¬ 
ted skin structures. Tho changes in the coriun wero restricted t' exu¬ 
dation, which was n< t sever* in the majority cf tho section«, hyp-nnia 
and un altered staining reactirn < S the papillary lay< r. The reticular 
layer <'f tho c-rium and the subcutaneous fat sh^ed n- c nspicu'-us 
change. Only in Group 111 did the accessary skin structures bot.r any 
evidence cf chango and this was limited t' early cell deg.-n^rati n. 

Results» The o rrelaticn between the am unt <T "fixed-mustard" and 
the associated oath-1 gical injury is given in Tables XVI. Tabic XVII 
summarizes the data. 

The effect •• f temperoture und exposure time n the character f th» 
injury nr» given in Tabic mil. 

Discussi.n: It ras • bscrved that vith c given exp sure t- mustard, 
Irvr r th> r m and/ r skin tempi roture during the exp-sure, tlu less 

ci ver» r»uld bi tar resulting injury. Exnosuri-s fr'm 3 t< 25 minutos 
produced three tyncs f injurj'} r.ild, m dort-, -r severe. Generally 
speak the langur the exposure-, tlr* m >re severe the injury. Tho irr» 
unriti-s vathin each gr-up were pr b-ibly dur t indi vidual 11 ff »ronces 
in rut, - f s’/in pénétrât! n. 

, .. 1 '"i*3 n ttd thut b th the orivir nmertal and/-r skln tumiernture. 
,ncl viduai variât! r in mustard ponotrati n rut», ar.c! nerhuns' individu 1 

1 ' ^f'E lR n f Penetrated mustard fixed, markedly »ffacted t 
am uno fixed per unit time f application. Y-t, irr gp. ctiv» f thi« 
it i-3 a sslbl t predict quantitatively, fr n tho am:unt f und fixed, 
th. ♦ ar * * * wi) 
er- sumar!zed in Table XVII. 

r t>- r suiting injury, »* ah •» in Tael? avi. Tnesi date 
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Exposure Timo In Minutes. 
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TABLE XV]1 
The Type of Injury Produced in Human Skin 

correlated with tho amount of 

u rrr itum centimeter 
¿Hin mlm 

rocovered fron the tissue 24 hours after 
the application of 1.1 mg per sq.cm, of n 

in controlled environnants 

■SAt i-^lso ¿.4h-:£ir 
4 7-L 

Character of Inj. 

Rounded off values ,. 
f?r Amt..fixed per cmf 

TABLE XV1I1 

The Tvnw of Injury Produced in Human S’/in 

after 24 hours ty various Expqpure Porl^.to 1.1 mg.per sn.cm.o 
in controlled environments 

•-— 

No exposures 
Ch'iractfr cf Inj. 
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There were three recognizable type? of mustard injury in man and 
each was associated with a definite range of fixed mustard. These res¬ 
pective injurie? can be readily differentiated nacrcscopically. 

Group 1. Mild injury - sub-vosication. (O.i; to 1.0 gamma of fixed- 
H per so.cn. of skin surface). Erythema with or without odona. 

Group Î1. Moderate injury - centrl-vesication. (1.0 gamma to 2.5 
gt'nma of fixed-H per sq.cn. One or more isolated and confluent vesicles). 

Group 111. Severe injury - central coagulation necrosis and mnrrin- 
nl-vcsication (mere than 2.5 gamma of fixel-H per so.cm.) Pele yellow, 
flat or slightly depressed centrum} small vesicles at margin. 

VIla-2 A Comparison of "short Tine" and "lct#-Pack" Fixation Studi- s 
in Man and Pig. 

ByH.L.B., F.C.H., C.M., A.R.M., L.a.P. and W.G.S. 

Purpose: To pr^vidb further data bearing cn the correlation bef-een 
fixation '-f mustard and injury by naans (f short-time exp'sures and o st- 
anplicati'-n experiments in conjunct!-n with the ico-mck treatment. 

Prcedure: (1) Short time exp su reo f man «rd pig. These experi¬ 
ments were considered in detail in sections Va and Vc. 

(2) ¿ce pack treatment f exn: sed hum in skin. See 
111 (a-J,b,c,d-f,e-2,f-3,f-4,g,h-l,i-l, j-1). Bilater.l abd-ninai ex¬ 
posures t' 1.1 mg. per sq.cm, of mustard f r 10 min. were made on eight 
human subjects. Ono site f each pair received u ? h ur "ice-pack" 
treatment. (Soe llif-4). The n st-anpll cation purl'd f ' r six nairs f 
skin sites rus 24 h urs. The 'ther two pairs vrr.re excised 3 days after 
th» must.urd exposure. The r'em temperature wfis either 70 r °5 C. 

(3) Ice pack experiments with pig. See 111 (n-l,d-3, 
^»f-4,iT,h-* ,j-4) Skin sites ' f tv nigJ (n710 and m.t11) vprrt oxe 
t 0.5 mg. oer sq.cm. '■( mustard f r 10 minutes. Three sites -f each 
pig received a G h ur "Ice-pack" tre-tnunt (¿^f-4). The p st-anplico¬ 
tí n nerl'd f r i*ll -f the sit*.s was 26 hvurs. 

Results: The chemical and path L pricnl Ice-ourk results .are given 
in Table AIa, The sh rt time data are ebt ined fr m Tabic XV, Sect! n 
V-e. 

The grading f thi human injuries was ace r dng t the meth'd given 
in detail in Vlla-1. In n cose -as there uuy sipnlficant difference 
either nacn sc olcnlly 'nd micr oc picilly in the ierre'- f injury in 
th icf"i and n n-iccd >kJ ait*-s f human subjects. 

In th-. case f migs, the sites roc-.ivin- the io -yiack treatmfnt 
s' •>" - c nsist ntly 1-s? injury than the n n-lc d sitos. 
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ice Pack «à Sheet «ce Date f. r «a» JU W 

MC Ä «» O“*" 

Rate -f Tranap-rt i «xati.h cf I'» P»'“ Experimenta 
bâtard at P-rtal r f Er.tiy fcr 
Wan and Pig. 

& xi » xi » ,. f Subi. R 'n i^ura- P-^st Gamas Injury 
suhj. pat- ^xt/ M d after Temp, ti'h apnl. fixed Jr« 

appl. i LXW rjxau go.Grup 
Pd. Fixed Stated P^J lc« öm. 

apnl.time t^ riCK 
fixed aft^ 
?4 hr.t'-'St I 
norl" d._ 

Man 
1 i H-413 70c 5 hr. 24 hr. 0.65 

0 " Mon 0.64 1 

1.0 H-422 B6' ?4 " 1.15 
i in 

11 
11 
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Discussion: See Vd 
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(1) Irrespective of the "ice-pack" treatment, the degree of injury 
paralleled the amount of fixed-H in both man and pig. 

(2) In pigs at least 0.3 to 0.4 gamma of fixed mustard oer so.cm. 
of skin surface were required to produce irreversible injury. Mth man 
this value was about 0.2 gamma per sq.cm, (¿oo Vla-1), Tries* values 
were known as the "Threshold" value for fixed mustard. 

(?) The immediate application of ice prevented any further fixation 
(probably duo to a high activation energy' and thus a high temperature 
coefficient for fixation; hence tho slowing down of the fixation rate 
enabled the body fluids to slcrly carry tho cutantous mustard reservoir 
sway from the tissue site. 

(4) Since the half life for fixation of mustard in pig skin wag 
about 5 minutes, the sites where ice-pack treatment prevented further 
fixation of H showed no appreciable injury, while thos' nceivinr no 
ice-pack showed readily recognizable injury. Mth the human subjects, 
the short time experiments of Table XIX Indicated that fixation of 
mustard happened essentially immediately after penetration. Thus icc- 
trc&tment had no effect on reducing either the amount fixed or degree 
of injury ____—--- 

Collins-'V.d others have found in exp'-riments of i practical rather 
than mechanistic nature that in subjects treated with ice for periods cf 
1 to 12 hours the injury by mustard was considerably lessened. In the 
experiments conducted by them 2 skin sitos were exncsid to in ng. of 
mustard for 1 minute. Both sites were thon blotted with filter paner. 
One site was treated with ice fr.r 15 minutos to 12 h:urs and the oth-T 
was left undisturbed. 

Their techniaue provided a l^C’-l r servo!r cf mustard on the sur¬ 
face rf b<;th the ice-treated end n'n-ic»-trcatcd skin. In analyzing 
thrir results it appeared pr-bable that at th' end ful minute oxn sure 
to 10 mg. >f mustard, >in am-unt A ponetrat'*d th' skin, and on arvunt Ü 
remained on the surface. Thus, at th. nm-ic.-treated sit-;, amounts 
A rlus P ultimately penetrated. Presumably, about 12* rf this t-tal 
ar.-unt was fixed. 

At the ice-treated site It may be assumed that an nr, unt A pene¬ 
trated tho skin fr^m tne 10 mg. f mustard applied f r 1 -imite. An 
a,-,-unt u r.isained 'n the skin, but because -f the annlicatlon 'f ice and 
the c-rrosn ndlngly lr« temperature f the sl:in, it was likely that 15ttl< 
or n ne f B as it penetrated bream- fix^d, but Is trnnsn rtod fr m the 
sit.*. Thu a in tne ice-treat» d skin, tlie a* unt f fixed H ••••.? 12* -f 
the an unt A Instead f 12* f A plus B and then fro th» roacti n r 
injury vas . ..ss r was entirely provonted by thr ic.-pack tr^ntm nt. 

CONFlDrllTlAL 



(5) Thus it appears that fixation of "lustnrd and injury are 'nar.iTesta¬ 
tions of the sar.e reaction, timt one does not occur without the other 
and that there is a quantitative relationship between the two so far g? 
tho skin is concerned. 

VlIa-3 Fixation Studies by Means of tho Repeated Applications 
of Mustard to the Seno Site of Pig und Man. 

By F.C.H., C.M., A.R.M., L.A.P. 

Purpose: To detemine the relationship b t^ejon fixed-mustard und 
severity of injury in the repeated application experiments. 

(1) Pi? 

Procedure: Seo Ill (a-l>d-?,i!-2>f-3,g,h-£rJ-4) At an environnfntol 
température of 65°F, a series of S ’jiin. applications of mustard w^re 
nade; the concentratien of tho mustard was 0.5 mg.ner sq.cm. Tho fcllrv- 
ing day, certain ct these sites wore again exposed und r id ntlcal oxn:ri- 
m^ntal conditi.ns. This process was repeated at 24 h ur intervals f'r 
a period of f ur days. Thus at the torninatitn f tho exporinent, various 
sites had received from 1 t- 4 applications. The tissue » is excised 
ne day after th' termination f th« fii.al application. 

On the same pip an ther series f experloit-nts voto run which »ere 
identical in every respect t that described ab ve, excopt that after 
tne terminati' n f the 5 oin. application an ici -pnck was «onlled f t 
six h--urs. 

The purp sc if the envir mental temper-'ture f 65'F and the. 5 -in. 
aopllcati n tin» was t reduce tiv. am unt fixed by any sinpL- upmll- 
enti n t' just thresh Id value and still pot fair rear ducabiUty. The 
nurn-se 'f iC'-packs was t further reduce Uu- tu int fix¡ d by any 
single arollci.ti-n. 

A sufficient number f single oxp sur«-« wore mady t e ntr 1 the 
ab-.vf. series -f experiments. 

The severity of th* resulting lesi ns was judg'd muer sc pi cully, 

(11) Man (H-523) 

Pr-ceduro: See 111 (a-3,d-2,e-2,f-3,g,h-l,j-l) At an onvirmontai 
tempo-rature f 70'F a serios f three exp suras t, l.l.-Wsi.cm. f 
mustard rare Tad'-.- t tv* abd minai sitos. 

( 
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T*BLE M 
Repeated applications on sncc'ssivc tinys of 0.5 rasper s^.c-i. of 11 tu 
i’ip ?35 to th*: bc;.c‘ situ at 65°F. Corr-lation of a.vanity of injury 
rith amount fixed. Tissue excised 24 hrs. follov'inr termination of 
final Bnplication. 

Appl No.suc- 
time cussive 

appl.at 
si to.24- 
hr.int r- 

_vals_ 
5 min 1 

Duration Fixojl Sever! ty** 
ico-pnck H/cn¿ of injury 
in hrs. in 

Fammas 

6 0.2a 0 

, Corr lntion cf Injury 
' '"ith Fixed_ 
!• DcF.of Fixed 

Injury 

0 0.2 

5 " 2 

5 n 5 

" H 4 

6 

6 

6 

0.4b . 1 0 
., i / 

0.5b 0 1 1 

0.5 1 ; 1 

0.? 

0.7 

0.4 

5 " 1 0 0.7tl 1 

5 " 2 0 0.4b 2 

1 0.75 

1 0.5 

5 " 3 0 O.Gb 2 2 0.4 

5 " 4 

10 " 1 

10 " 1 

5 " 1 
at nO°F 

a) Hvt r*ir.> of 
b) Average cf 

0 0.75b 3 

6 0.35 1 

0 0.65 2 

0 1.00 3 

six experiments 
t*e ox pc rim r.ts 

2 0.65 

; ? o.e 

3 0.75 

1.0 

Numbers indicat crier of incrcriping severity cf 1 siens, 
/.lacroi-c^ic obSi-rv ti ns cnly. 

0 •• Nc reaction 
1 - Minimal reacti n 
2 - Int. rm yJi’tt“ r-.actl • n 
3 - :.: st T' action 
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Oiti: rtcoivfd a 1»6 nin« BXncsurr thi* flmt a 9 

the ' -.*» dny «.d . 5.5 „J„. expòffüre the twelfth^ayf ^’ ’ 5 ^ ^ ^ 

Site #2 received a 1.6 tnin, exp'-eure n the first d"v. a 1 -'in 
exp: su re cn the third day mi a 5 »in. exp-sure cn the twelfth day. 

the f,S:«thXUS h■<i'lh, tCtal °f “ 'ln- •*»»■" *ero excised 

«rí , Ros^lt3* Slt( contained 0.85 ganira f fixvd mustard per so cm 
anc. sh red b high typp 1 (sub-v,sicati n) injury. Sit^ #.0 snewed a ?ild 

fix'd". Ve ? lnJUry) and c ntüintl1 oJs g^a por ^ cf 

Discuss! n: (i; If skin was exn sud t rme-it. d annlicati ns t 
sub njuri us ^sag-'S ■ f mustard, th.TP was 1 cal accr- ti n f -fixgd-îusfard 

nU 'f f^y1 !n Sí ¿,n,i injury CCUrod puri pn39v rith Ur. attnin- 1*1 / H 1 '.Vi}s ecnP,,rnblt t( thi sc Thich resulted fr-.n single 
larger anjury-pr. aucing d.?«g. K ^ 

. X. .,,, , , , ^10 ab'v3 result •'i. uld b-- cxnftctci if tin dfth 

ti n f uinart"." toC 8'n r''“CU » in tie fix“ 

Vii-,-4 Rate f Dissppe.rahce f Fixed huetard in Huc-h Skis 
Tissur;. 

By H.L.d., F.C.H., C.M., R.tí. i., n.R. i, t L.A.P. 

,..,uJYfr9e;. T; Bt”fiy Uv: raU r r,ri v*»l. f iixt-d mustard fr- the ■I'l'ixicitjon sit.'1. “* 

Pr-coduro: Soe 

Eight V lunteers rocuived t» 10 min. oxn-suro t 1 1 
"if. -«r so.cm. -xf mustard. The experiment ras s c nduct-d Zlt L it 
nad a shfrt.m st-ampUceti n ;orl,d (1 h ur t 3 doy")" hilftJ. 

nfd in 1 PtTi d. Thus too rati rf th ‘ .-m-unts 

tra, t rJd fr ! rh? ;f !rûctl n S fiXod *^11 - hich tns b-r ‘ 
if ’ 'rt,;d frn Ulfi 3ite during ti.f 1 ng k st-a-. -,11 catlT -.eri-d Ti o 

“ln II f ^ lesi ns durirp c-,- 

ri ^ —.t. 
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TABLE XXJ 

Rate of Disappearrjico of Flxo-I-H from Iniurocl 'U* in • 
applications or 1.1 ,,f. per sq.„. 0°? 10 

Lxp.Ko. I’ost-'.ppll cutlon 
ntrloii_ 

H-472 
H-474 
ri-475 
H—165 
H-<;47 

% of orlctJnnlly flx?ii- 
-H 3till at th(' sltw. 

5d 
7d 

lid 
21d 
;pd 

100 
100 
80 
45 

Discussion: (1) Th-su r-sults worf certainly «<uh<rct tn 

h Mcf tir, mount of fixed wataH l^huC’sHn^no^^'^ 
i* ml »cation ras constat iVr tho first v,.,k. °Uo n 

" .- - 

il »» Although the skin nit « if f! w tvr > 
■nrlic'.ti -n period) ap.M.,Pod ¿rr. 3sly t b * ] t u V ï ^ *U 

S7C lr--ur7 still pn sent in U.c cTiin -iro Í ï? 1' ta''r ” *p 
SU° . Cntlr<ly *, ^ octivltyVn.1!:?.^;^^1^^- 

VJlb Cr,rt :^ Dr portios of F]xcd *iust,rd# 

VIIb'1- waÄri^r "f «« «•-». c-p- 

Dy F.C.ri., G.ii.K., V,.G.S. 

-res rit an -.¡F skin^24 h’ura íftí a ^ L‘ G> 3'dl thr' n>;'^ 
°i U ; rt <n fricti-rin n ., V T Uc-xVm » «.3 si.b.J.-.ct^ t- 

-."ft rd.^ -- r r pr¿ s£ a«- rt.^0) ’criDeo in dff il Jr. e F rrml 

R-suiti: Th«- r.suits nay b. suT-.ari zed cs f H. FB, 

a)¡■‘rooti,* y t ,. 

^ c'nstatu nte s -lublo f W^ro k r cV T C "bl,‘ ! ** 
'ilc h'l ' ixtur •. '9% L C1 r ne - ^ 
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b) Linkspas split ut 6°F at mild Unity (pH D) tc yield 
a dialyztble radioactivo material (pri-iurlly thiodi ply col) amounts tc 
about 40$ of the total initially fixed. 

c) Linkages in addition to (¢) broken by lutocluvirg to 
yield also dialyznblt* radioactivo sai s! neos counting to about ZOi of the 
initislly fixed lustard. 

d) The renaining of the- radioactivity rns attached tc 
soluble comoounds afttr autoclaving} hov :vrr, these constituents, pre¬ 
sumedly proteins, ror not dialyzable. 

■ • 

Discussions (1) 1 S', results certainly indicated that th nustr-rd 
became fixed by reacting with numerous groups rf numerous skin constituents. 

(2) « considerable percentage (40*) of the fixed ^nistord 
vas alkali (pH 9) labile going to thiodiglyc-l. 

(?,) Unfortunately, at th" ti-e f these investir M ns, 
mustard containing radioactivo sulfur 'f high specific activity wes n-t 
available. Thus, in order t: btnin sufficient r»KU activity f r analysis 
of the vari'.us fracti'ns, it res necessary t fix août 100 gar.nus 'f H 
per sq.cm, of skin surface. Since the it unt f fixed mustard reouired 
t just nr'-duce irreverslblï injury was 0.2 t" 4 sq.cm., the nb vt d' ta 
nay n t be* a true représentât!-n cf the pr perties -f fixed nustnri in 
lesi ns -f usual severity. 

VI lb-2 The Stability f Fixed Üustard in Pig Skin Tissu*, vi th R snect tc 
Alkaline nil. 

3y F.C.H., '.uad L.A.P. 

PurjK.cos T- study the effect f alkalln* pH n th* s.lubility 
■ind/' r liydr lysis f fix-.-d-musturd. 

Pr codurcs See Ill (a-l,d-?.e-2,f-7,»,h-i,—1) B th sides f a nig 
received 15 an-ilJcati'ns i 0.5 rag.per 30,.00. f njst.rd f v a - .rl d f 
15 minutes, nt the* time f .vcisi n, n.. si-> uai had a ; at -t^-lJciti r. 
morl'd f 24 hrn. snd the -tiler side nt f no-h ur durnti n. 

The skin frm each side -f the pfg v * roo v-d and subject d t the 
•>r codure given in detail in Sect] r. Ill -.-1. » -. di 1 f lcnl •analyses -ere 
made acc rdin • t Socti r. il-c. 

Results; Thv irx^rinontnl cbtn are giv* n in Table \j 11 

Discuss! n: (1) Unlik tu: dut present d ln Vi lb-1, th -se results 
pertained t tissu 'her- tie ao unt f f4x.-d-ousturd ab ut 2 gr—a 
nor sq.cm, f skin surf: c-i • r 0.5 •• -m-* - r 10 or. - f dry "t. e;<idermis 
and errium. This tv unt 1 fixiM r. isa-cintvd *lth »* m-d rate! y ? vero 
injury. 

COI. rl L11 T] iL 
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ífl There «ere probnbly no differences In the 
prop«rUo3 of «iÄrd .ftSr u o».-h»«r or «-hoor rort-oPPlioH.on 

period. 

(S) Iho porcent of fl«í-nuetnrd »l«»1” °* 
i„ 45 hours at pH 7 «s Shout 10». Th’s uorcontspt incr.-.s-d Un. .rly 
rith incretslne pH and i. 100» in 45 hours ht r« 15. 

tA) tn th<h nH ranrr of 7 to 1’, about 25Í of tho alka- 

¡ras sat«*!«»; » --- 
ti ons of tnls cxoerlment. 

(5) In the rH roufo 7 to 15, shout 75e of 
,,10010 oustnrt sulfur .os Klubl. in 60» jlcohol. .bet 5.-«0» 
ru-tsr1 sulfur tvs in the fen of thic i?l>cfl. 

ie) Thp rato of sc lu U on f fir.-' -oust-r-' boew. n-.erly 
16; in. r > u g.- loti on tis ouch 

- - T rS 55¾¾ ^ 5*0 - 
11 rgay bo ooroly n o^ttor f rc'.ction rate. 

Mi J„ sufficient tine 70» "f th- fixed nsterinl can ta 
r«,. red in the pH ronge 't? tr 11. xpn,r-ntly it rt 'uir.s a hlfhar pH 
t. r ■m-"ve thr remaining 30j*. 

(,) Several types f linkuyes hetrotn ¿S',?* 
tiesue o-locul's «ro und,-uhtodly present ^«"^.4^1.' *« 

riS ta ‘ hate Î 7. ’• 

ts tiilf nluro salt link-tf^ 6W [ * "‘f-ro thi ^ly- 

^r;-; iî vul%tyr; t; / b,bly5 
C -h i'-jy alkylati r. f aoir. s); «r-u-b Oy ¡ rvt ti n > ^ ( 
Y , ¡c «.'i- f.»K- (by f rmatl n f luet-mnrj- nltr r n)¡ «r.d — W 

¡U! n f a thi'th* r fr. n n rulfhydryl rru ). f 

(9) The ouantJ tuti V • det-.T-inat.i-n f thv-o 1'culos r 
pr ,. ., .-. 8fnt in UK tissue «hich react ' ith oustnrd C'ul^ beat b- dc- 

1 V,.. e . Mr, - n n-rndl active ouat'.rd -briwtiv s f th • di f f n». 
' , ' intu its (".e., unir, acids) t n hyir lys-.tr t th. -».tart 

tr et - sb'-i tiasuoi this hydr lynot« sh uld bt 'bt in«d s if r. 
ÏM1: Z , betrcta th- 'USf.rd «4 U„ react« u lecul-s. The 
;"-iâàtlv. s r old be is 1st J, -urified und aeelysci . r rue, uullvlty. 
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¡¿of 'ilconcl 
soluble Hydro! 
ya1 to --.3 thlo- 
àli'lycol 

1 Hr.Post- 24-rir.Host 1 Hr.Post Ti-Hr.Post 
apolle tien ''P'líe'tlon íoplicotlon apolle-.tien 
Tissue_Ti s-.uo_Tlf:.u(-_Tj rru"' 

7 U 
9.0 42 
10.0 52 
11.18 6P 
15. 95 

58 
74 
75 
72 
67 

87 
79 
71 
78 
65 

Tenpernture 25°C 

RitTL CF SOLUTION nND/Ch HYDROLYSIS OF FlXED-wUSL.RD 

Tloc Hrs. Pf.rc-jnt Tust'.rd sulfur 
ln Hy ire ly 3 .to ntl 9.1 

Percert nuetanl-sulfur 
In Hydrolys t'- pH 11,1 Q 

16 
25 
40 
64 
88 

136 

56 
12 
46 
57 
55 
6.1 

62 
65 
67 
69 
71 
72 

* > i . 1 . I rt'< 
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VJJb-S 
cokfidéi:tjal 

^ <n »uelei 

ey C.U., J.R.K, 

Z™, «iïtoZlZ&ïrT*«™' rate i„ 
mlcxv'scopic obsfcrvntion of nuclo-r ,]/ °f 'nu;',t,r'J its!on?, nnrt 0f the 

-».? ä““ of «• 

f * V. 1 Í1 • 
Procoduroi Soo 111 (a-l.d-i . ^ rN 

Were U9*d- ’ 5.^,í-3(m.£) Tvo pi?s (A50Í £nd A545) 

so.era. of mustard w?re apnlle^t^the^ld **? cort,‘ininp 250 pamma nPr 

•fÄrSe#irM “n •‘«-‘ä 

TrÜTiT rat0d intC Äm/w “iDfïr • *>= >1.“ ™?re. 
prosent ií n " pr°cedur‘1 ?ivr;n tn jh^’ 0,1 ««sue, brel ej,d 
?ix*v ‘,í ' COrlum an,i comlflod lie* JllT?'’6 of ^xod-mu.-tnrd 

u ^ mhA^ ^ r (citricti7n'd ír,OCtíon “<*). 

oT «•« .«H'n. r,u;í1í,Tln,tll'n cf 5‘'"« vn„ 
*?*. -f 155 täcleted nuclei ,Pr. u"h Í 1 f “r""“5! ic ecH crrt,„) 
=lclc ecid oo* ivr t„ det-min^ -f th^nuf- 

/ , » ‘** * '-“aCI* 

WÄf r r -- 

The .,S™í5td îftyer» ^PJghíiCrÍÍÍ,^’ ^l8!fîîj°XClSed ,‘nd »^rnied 
f r HfÍyhl 11 1:,J'0r brcl dlvHr-d *nf J* ^ C‘rium. ¿ro 

Re?ults: Tho exnerlmental ... . 
nes ar^ (jivtin jn Tabios ZXll] and 

CONMDtUTlAL 
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mu * TaBLL XXIII 
Tho Fraction f Fixed Mustard in th* Nuclei Obtained fren tha Main!phinn 

(Fix •'(i-H expn?sad an ¿í-ctjív) 

G-'r-v.s r Fix d-K ..icr-a-l a f fixacWi 
por thyncnJciaic per Krai- .ym fnitr-- 

---—--r—--- im-11.1...-per .r t xp ged tissue. 
Pig Pig \54 

Original -rialpighian 
layer f epithelial 
tissue 11,8 

Nuclei frm :al- 
Mghiar layer 1.45 0.42 

Percent f fixod-h 
_ 12¾ 1.^ 

. , TABL£ XXIV 
Cnparis n f Amount • T Fixed-Mustard in the Separated Lv: rs 

, (Fixed Mustard oxpr. ssod in gannns £ ii-eouiv. j 
. • . i 

Qonmus *f Flxad-d 
per sc.cn. •f exp- sed 

-skin 

C.mifiod Layer 
(1st.scrapings) 

Malpighian Layar 
(5Í citric acid 
tissue brei) 

Crriun (residue 
after scrapings) 

T tal Eni der- i s 

T tal Skin_ 

'-.5 

1.1 

4 C 

0.9 
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Discussion: (1) Table XXIV shows that 70Í of thf> H fixed in the epi¬ 
thelium was present in the cornified layer. Since this layer was dead 
tissue, it was difficult to sec how this particular n fixation could be 
responsible for any skin damnpe. 

(2) The results piven in Table AXiii show that an ::pnre- 
ciable fraction (lf.5¿) of tho fixed-li in the mlpiphion layer wap pre¬ 
sent in the nuclei. On a nltrogvn basis, th(rc was about 30Í less fixed 
mustard in the malpiphian nuclei than in the entire malpiphim layer. 
This difference is not believed to have any qualitative sipnificanee. 

(3) In Tild to moderately severo mustard lésions, prac¬ 
tically all of the injury was confined to tho malpiphian lay-r. In 
dosapes '.’.Jth pigs comparable to that necessary to produce blisters in 
human skin, the amount of fixed mustard is 0.25 panv-t» in the mulpiphian 
layer per sq.cm, of nig skin surface. This corresponds to ab^ut 25 
mlcr-n^les of fixed mustard expressed in H--equi valerte per y ram atom of 
ni trepen, this als> corrosprnds t; 10~3 micr m'los f oustord ner nal- 
pigiiian cell.' 

VII-c. Tho General Mc-chanism of Mustard Injury. 

By F.-C.H. 

Let us frr ttif moment examine in quite general terns all rf the chem¬ 
ical reactions of penetrated mustard at the portal f ^ntrj- which could 
lead p esibly t injury. They tiro th* Mitring; 

(b) Thp avmn.w, thickness Í the mol'dn.l'-n layer is -ib^ut 200 -dcrons. 
Assuming th.the 90* f the .mal'ighlar. 1'y '• is water und 15> f dry 
weight is nitv an, c:v obtain«- 75 Tierra !• n -f fixed nust'rd per gr 
at'’". nitrofw i. Jn view r tho ap .- ximati ac this value is an ex- 
cclient chrcA 3..net the malmipr.j ur i 3 -r bnbly s-Towhat m re 
des.iica*:--! tian tn^r ‘is’uos. (70.i "-.tor vul1 give tho value In the 
text,). 

By a r-ugh runt tac number f colls 'r sn.cm. f ;ijr "alviphiun 
layer i s ulr"it £. ¡ *ÎCP. 
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(1) H - X —rHX (fixed) 
Where X denotes imperoanhlc i ’t-o uVit 'îonotituent or consult- 

uents present In tissue which rrit. e 'tp .rmjfeb'..« r-i '.us^uble when re¬ 

acted with mustard. 

(2) H - ï —>HÏ (ilAed) 
Where Y arc- perreaU.«* sub¿"tati'’- .1 cr suost-c.c - ."i y .’"'C.uu' con¬ 

stituents of lymph and Mor.:' pc ;>e-t In the Unw^ »hie bocoiu insol¬ 
uble or impermeable rhen reacted wiih 

(3) H - Z ---HZ (penieable) 
Where Z are constituents or consul tuent present in tissue, v'Mch 

are carried awry by the body fluids. 

One is interested in deciding which cf the above three reactions arc 
ultimately :e«p-nsible for injury» whether or n:t the presence of nA or 
HY or tho absence cf Z are in themselves primarily responsible for injury 
or initiato * series of reactions one or seno of which may be primarily 
responsible for injur; is not to be c:nsidored at present. 

Let us first corsider mechanisms (1) and (2)» In Section Vllt-3, 
it was demonstrated that an accumulation of 25 micromoles of fixel- 
mustard as H-equiv. per gram-atom of nitre gen suffices tc produce a 

blister in human skin. 

It is unlikely that any mclecule, large or small, reacting rith 
mustard at th“se concentrations could b* changed from a pone^ble state 
tc such an impermeabxe jta^o (b)that it would romain at the tissue.site 
for at least 7 days ».see ViH-4). Further, m large imn-irmeatle or 
insoluble m-'lccule cculd have its gross physical properties altered sc 
as to be rendered permeable by mustard at th^se concentrations. 

These ccnalderatlcnr basea n the minute ccncentrati»n -f mustard 
reacting at the skin elV immediato-ly rule out mechanism (2). Heneo the 
fixed material must bo- nr duced to' mechr-nism (lj; namely the reecti^n r 
H on impermeable or Jt.s lubli molecules pr bably protein in nature. In¬ 
cidentally a roscriction wa: nut n Z Ir. -vchantsm (3); namely, ¿ nus^ 

be permeable crrsMt-ijn'j:._______—j 
(a) The reacti ra (1),(¾. fn í (X arr mtr*]/ th atVylrtim Vy «ustsrd 
r-f the specific jioujs f .:ciue oc rti*ucrt3 * '/ir 

H f CK)' - TOOCHf-GH¿-SCJÍg-CJ r Cl' 
H t R NK = ^t’-aig-CTí-S-Uia Ch¿CI I- H -f Cl 

The p-ssibilit:' cf tht.- rtustnr 1 r?ect it r< h 'rrtaim prr-ur>£> oi t r 
ccnstituents ch:e t' the ccord'i eM«va rr(.r&*tluS r do nujtarc iulfur 
cannot be rig.rously excluded; v.tv-t nil of th - chfmift e^darce 
renders this nc-SSlbljJ t^ exfirlii U LtIJPID'IS--— 
(b) 25 micromoles rf fix-o-mustard p r mm at -i ex nioroy.n . s 
equivalent to 75 micr-m' es r - 1» cd srJ'U'í"» or il . r t 1 : roí. 
Even a substance ac ius^-u^e '.s .arcuric sut^jd. n 11 I n . -e mrreipi- 
tated cut at these c-H.centruft n~. Fi rhc - r* Jin:o nemjrane •-■tmoa- 
bility is primarily a fuictxo of meL<cu1ac t.*p add.t.ion i t one 
mustard mdecule to any ocnstituoit oou f n< t ’ os i-.’y ohnopo it fr'-m a 
} »meahle m>3ec» le to ‘.ui i;r or-t¿Me n.iiiÇ"] ?- 

OJ.M t: ja. 



CONFIDENTIAL 

76 

It is,however, somewhat more difficult to decide between mechanism (l) 
and mechanism (S) as the injury producing reaction. Due to the competi¬ 
tion factor mechanism (see section IXi for the reaction of H in skin, 
the amount of H reacting by mechanism (3) would be nroportional to the 
amount of fixed-mustard formed by mechanism (l)j thus as experimentally 
shown in section Vila, the fixed material would be an Indicator of injury 
rather than the Iniator of injury. 

Let us reexamine some of the conclusions given in section Vila, with 
the view in mind of deciding between these mechanisms. 

1 The Correlation of Fixed-Mustard to th» Severity of 
Injury in Human Skin Tissue. 

(4) It was possible to predict quantitatively from the 
amount fixed, the severity of the resulting injury as judged by histo¬ 
logical stuc|y. 

VIla-2. A Comparison of "Short-Time" and (Ice-Pack" 'ixation 
Studies in Man and Pig. 

Since the half life for fixation of mustard in pig skin 
is about 5 minutas, the sites where ice-pack treatment prevented further 
fixation of H showed no appreciable injury, while those receiving no 
ice-pack showed readily recognizab!» 1,.jury. With the human subjects, 
the short time experiments of Table aàI indicate that fixation rf mus¬ 
tard happens essentially immediately after penetration. Thus, i^e- 
treatment had no effect on reducing cither the amount fixed rr degree 
of injury. 

T&us* irrespective of the "icepack" treatment, degree 
of injury parallels the amrunt of fixed-n in brth man and pig. 

Vila-3. Fixation Studies by Means of the Repeated Applications 
of Mustard to the Same Site '-f Man and Pig. 

If skin is expo sod to repeated subinjurious dosages 'f 
mustard, there is local accretion of fixod-mustard at the application 
site and injury occurs "pari possu" with the attainment of a fixed-« 
loved crmpnrablo tc that which resulted fr^m n single anolic^ti^n *f 
an injury-producing dcsc. 

VIla-4. Rato of Disappearance of Fixed Mustard in Human Skin 
Tissue. 

Th~ rate of disappearance ^f fixed mustard tended to 
neoiing »a evidenced by microscopic sections 

and the rate sloughing off of the dond epidermis. Thus apparently the 
body could not readily metabolize fixed-mustnrd. 

CDNK1 DENTLd, 



77 CON FI mh AL 

» ssa?£srr*Ä» ¡s 
proportio"ai to ““ ~^^r^X’och“"i!" <« *3 (il)_ ( M ty nt.cha„fsi, (lh 

of 'iiecharsi sm ï« temperature coof fl ci t r«« ¿.u 

l,> “ Ms"u^ “»-“I to t^ÄX'uT"rate 

«xpoaed tiàau, 

—- »> » as»s aia-«- ».• »«»., „„ 

(1) H 4- X 
} tlX (^ixtid .-luatnrd) 

constituent prosent ? ^ ^Gn°t^s i-permeable or insolnhi* 
reacted with H. tÍ98Ufí remain impcrmoaL or wí^H^ 

teJn in nature!%h^7rC?blü or ^«oluble constituent^^^^^^l 
F".ntom of N) requi roi'1?^0 co,1Centr^tion of nuaturd (25 î probabii’ P 
were Injuries íhfl rc‘'iCt *lth those .rote« Tf5 nJcrop,oles PC 
of hi^rhlv functiL« Ster ¡>3 Jndicativf o t0 r,roíillCt' '’'odor t 
n«dV.tiï; “^b™vu‘f - ^ ,u,h 

“ ,iUe 10 • «“=«•» *,¿ S, • ^ M,t ll‘^ -*..00 of°H L¡,Z1 
4- .¿ustard 

■> R2K"CH2-CH2-S-CHrCHCl f H* 4- ci~ 
Af'iln invipwnffu^A^ 

oroducè c«.îde“^"ï„tw°f P« —too „r , 

S L h Z0 thrteV" wnÄTi,“ u touL 
»tíií X",» 'f 
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ïhie leaves two posslbllJtles for the actual cause of cell death: 
(1) The initial chain breaking ctjp aue to the formation of fixed mustard 
or (2) The subsequent prevention of a reaction or a series of reactions 
further alonp thr* raototolic c*iain. 

From the point of view of therapy, there are two important ques¬ 
tions refunding fixed-mustard, namely: 

(i) In order to alleviate the injury, how early after fixation 
takes place would it be necessary to alter or remove the mustard resi¬ 
due present in the fixed-mustard? 

Thus determinations of the rates at which these secondary re¬ 
actions take place* would bo of utmost importance. Unfortunately, the 
radioactive sulfur studios offer no solution to this oroblcm. The 
relative slowness of the appearance of cell death does afford some indi¬ 
cation that if the mustard grouping in fixed-H could bo altered or re¬ 
moved in reasonable time so that the normal metabolic processes could 
continue the injury would be alleviated.' ' 

(ii) Would the altering or removal of fixed-ri after the appearance 
of injury shorten the time of healing? i.e., Fixtd-H is intrinsically 
toxic. To date there is no real evidence rogarding this point. Exper¬ 
iments which may yield some evidence regarding this print are nrw in 

progress. 

It is unfortunate that it is necessary to leave the problems con¬ 
sidered in this section in such an inconclusive state,, 

(d) Namely a substance (T) that would catalyze the decomposition of 
fixed mustard (HX) liberating X and thlodiglycolj or a reaction such as: 

HX -t- T -}HT +■ X 

Professor P.D. Bartlett and others have suggested the oxidation under 
biological conditions of thy mustard rc-sidu,- to either the sulf-xid” 
which may runder fixod-H innocuous, or to the sulphme for which it may 
be easier to find the substance T. 

There is n^t enough inf. rmation (see .Vll-b) available at oresent 
regarding the properties of either fixed-H r the linkages t v.hich the 
mustard is attached. If there were it might be pcssiblo to make reason 
able guesses regarding the necessary prrpertJ ‘S ' f T. Certainly sub- 
stances which will penetrate cells and are mildly alkaline sh uld be 
4^4 ,./4 »» o ♦ Vi/M»n n,"4) 11 o ( SO/J VII — b—) • __ 

CONFIDENTIAL 



79 
CONFIDENTIAL 

PART VIII 
MISCELLANEOUS ANIMAL EXPERIMENTS 

Villa. Miscellaneous Control Experiments with Animals 
by H.L.B. and A.R.M. 

During the course of these studies, and particularly during the surly 
phase of the work, various experiments were undertaken to determine the 
extent to which certain biological and other variants might alter the 
chemical and/or pathological findings. 

One group of such experiments had to do with the effect of environ¬ 
mental temperature. These proved to bo of such basic importance to an 
understanding of the mechanism of vesication that they have been described 
in detail in an earlier section of the report. Others provided useful in¬ 
formation as to how experiments should or should not be performed, but 
aside from this made relatively little contribution to the problem as 
a whola. Of the many questions explored for control purposes, the follov.- 
ing have been selected for brief mention. 

Vllla-l. Pathological Studies on Pigs of Regional Vulnerability find 
of the Reliability of Early Macroscopic Changes in Estimating the Sev¬ 
erity of an Injury Produced by Mustard. 

Procedure: A white pig (505) was used and four areas of its 
body were chosen for comparative studies of skin reaction following 10 
min. exposures of 0.6 mg. por sq.cm, of mustard. Exposures were made 
in each region In such a manner that when the animal was killed, each 
region f/ould contain two one-day post-application lesions, tro 7-day 
post-application lesions, and two 14-doy post-application lesions. 

The four chosen region- were: 

(1) Mid-Abdomen. Here the epidermis is usually least compact, 
the intercellular bridges are most prominent, and the intercellular inter¬ 
stices seen in microscopic sections of paraffin embedded material are 
widest. The corium is of loose texture and is richly vascularized. 
This region is relatively hairless. 

(2) Inner Aspect of the Thigh. Hero the epidermis is slightly 
-'.ere compact than in (1),, the corium is denser and hairs are fe», in 
number. 

(3) Lateral Aspect of Abdomen. Here the epidermis is most com¬ 
pact and the corium densest and least vascular!zedj hairs arc most 
numerous. 

Experimental Results: At the end cf ?4 hours tne ms? 
appearance of the lesion in the various above-described regions <”ore 
of similar appearance. In all instare s there was a sharply deliniated, 
cup-cizo irea of intense erythema wit superficial hemorrhage in the 
'-ri .m. Eaem" re? sHght or absent. The col- r of the application 
S.t . V jH H n n t." .virpie. 
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Although the externa! 
at the end of 24 hours, there s sh“,.sd necrosis cf the entire 
The mid-abdomen unci the ^ necrotic epidemia was intact, 
thickness of the by shallow confluent lakes of 
»SÄ C.:^H f™0 Ue edema touCi Kyeeremic, aad „mer- . 

ficielly henorrhaj'ic corium. 

The lateral abdominal 
injurj’ than was observed in , ^ t the epidermis was observed. 

Buperflclal hemo«h.re Ir th. corlo,. 

At the ond of 7Äit;as 

that not only the entire ^i f thH COrium. The exposed sites were 
but also one half “jd two thir a ^ amounl of marpinal healing, 
deeply ulcerated and showed on y ^ thiphfl show.d ulceration '"hich 
The lesions on the ihner asptc ^ observed in the mid-abdomen 
»fas less severe and utera abdcminel region wor almost com- 

ä s s» 
t iho cerium »d ai®0d complote roycnarntlon 

of the epidermis. 

*t th. and of U day. the ^ 

ulcerated. The ulcers on - ooithelialised but beneath the re¬ 
laterai aspects of abdom® flrlfll layer of the corium showed consid- 
generoted epithelium the snP . , anuclear and avascular and had 
erablu residual injury, wa^ - Iciaions on the dorsum "'f 
an unusually compact hyalin appoarMj^ ^ undcrlyln? corium appeared 
the animal were completel) he tie. 
normal. 

Discussion; (1) This •"jSîS'îî gfdSSA 
impressions (a) that there art ^ .ß of the same. animal (pif) to 

^;ríU“«l.Urd »d (hfthst too ^hu^tornal ^^c^of^^^ 

Suer« “Äo‘c!,tncr.ter.hlch5th.. sx,»scd tissues hove been injured. 

/ri\ Ahr«ci of reaction .at the end of a/ 
\Z> that no simificant injury 

post-application orried ProbablJ ir‘d1'; rros9ly to be a severo in- 
has been sustnlnad. ‘o’f'T- h iers may actually tum out 

EVScM adM co'far » «.r -„ddorm.s Is concerned. 

<« ‘o c-clus.cn rc^^offect^e «XK 

prothylactic, " thófesions bclnp compared are sit- 

fsfd "n1"^ cPoÆ-hle sites of the body. 
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01 
nlli.e. The Re!.«« VUlner.«my of Pigments ^ Ro.-PiP-en^ 

Pig Skin 1° Injury Ry “ustIird' 

Procedure* See 111 (». ^ 

t black and milt., pletald pig 

non-plgnented “re“» °%^'6 "5"l5 ^d SO minute.. Th0 “XP°SU” ^1°8 
;:rr, «»in0ed TÄ «d mîcroscoplcelly et the end of S4 Kou . 

Remilts* the re,aJ.UJ®¡¡rdlfferOTc**1»..« oheerved 

ItTrXZXX^ ‘reM- 

aid not «t« ^.“«Sny^Vpis5»1*'*“» ïn^V«^^- 

trr et of ors_Fjmn9ure netnes. end Dryness on the Suscer 

tlMllty'cf a »f. -in- 1^ ^ ^d- 

Procedure* «old Results* Sec 111 («. d-*. •-'> r' 

three »•« “ ^ «nute.1/ sfhour. pnlen te 

^«Cs Ste“Ä Ä -rÄ - 
..‘o scrubbed with soap and water 000 * J. w&s scrubbed with 
„ade. Î0 minutes prior to J*****™“^ alcohol until the «r<'s^e 
other Mid alcohol and kept in ccn urtreated and unwashed skin. 
'211. The third expele «. ’J* ™ "‘^sed <md exemlned «ere. 
24 hnurs after exposure the three s b<larv ^ at all tiiree sites 
scoplcslly. “»^,r‘r."l -7.xt»tbi; eherseter of the reectlcns. 
and there were no differences an 

. ried n evidence that pre- 
Discussion* This 38lta™V;rt ik'h rits.-sd it. susceptibility 

1'sinary maceration or drying of a PKT 
t( .jury by mustard. „ 
Villb. Miscellaneous Animal Experiments involving the Use o o- 

active Mustard. 
vnib-1 The Distribution of Mustard Sulfur in the Various Organ 
Vlllbl* t ami nfttiion by Mustpftrci 

of a Pi? after a Groe ^ F.C.H., H.R.M. *md W.G.S. 

Procedure* Sec 111 (e, d-S. e-2, f-5> ^ 
rr\f> Ol li/ 

About 15 mg. of mustard 

"of ^ 
blood and certnin organs were ot,nin. 

, 1 t T t do* and tho clot and the sonoro 
The blood waf a'lowJ clo. ,.{llvgifl> The radio- 

7' ,?<yTf^îi fr'action- ond^the amouii' o<* thiodiglycol (i^ 
ï» - " - pebete - dete™^^^ 
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f the body were subjected to radiological anal- 
Certaln organs of the bo^ ^ ^ chosen 31¡aCe they 

ya;t^srepîlSt ^i'any t» ^ 

r the organs m.»»- * 

orf». «r. ^ to * ^ rr*CUOn'UO" 
scheme, namely» 

Tissue subjected 
I. Acetone 8olubleJlm°f: L^onic salt solution. . 

Acetone residue «^.ct.d «!^! ^ , 5ol (protein.) 

Ííb. * »‘=\»ÄÄ MÜ 
Isotonic suit residue >.x^ Mlublr 

nib’. -OM »»O« residue tr,ctlons. 

[lustard sulfur enalysls »ere made on ell of tn 
/% ti I ,ttiu -- * . . X 

. , ReSults: (all results in gammas of H-equiv.) 

Expe \T) Blood (estimated 1 ,a3 in the formed elements 
1.5 gamma per cc* ° ... f0rótein) portions of the 

“d ~n.titu«ts otber U,.n tModi?l„col, 

“ T“b1' \C) »MC --- . , . . 
: . a i hrs followintr mustard 

Discussion: »11 data pertain to 24 hrs. 

application. ^ ^ j n(11 tract}o„ of the »istard sulfur presen 

the blood ■^^rt'.oi'r.actlnp rith nunerous constituents 

pccsent 1« the blood.^ 

—- vÄrf --äs:.. 

constituents ond those of other . .... 0.hMl. Blood 
of Mustard from Rabbit Blood 

VlIlb-2. Thr Rate of Disappearance of 

in Vitro and Vivo. ^ ^ L>A#p. 

Procedure: (1) In ^^^^feUvflustard in .02cc of alcohol 
About 5 gamma of radioacti^^^ g cc> of pentane 

was added to lee. of h'^^^^tive mustard as cnrrlcy); 

^ *? rd'ÄÄlnC^-hlood .d 
time^ the test tubes «ere shak • experiments had shorn that 

xr. ... - 

mustard. 
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Table XXV 

['istributlon of Mustard Sulfur In Various Organs of Pig AP90 i’ollowjr.g 
Penetration of 15 mg, U 

(All activities In H-equlv,) 

Orfui Wt, of Actl- 
Organs vitv 

Pe 

- - 

rcent of Total Activity Fractionated into 

gamma/ 
gm. Acetone 

Soluble 

_ill_ 

Aceton 
.9* KaCl 
Soluble 
Alcohol 
Pot. 

_ (11a) 

c Residue 
.9* NaCl 
Soluble 
Alcohol 
Soluble 
(Jib) 

Salt Resi¬ 
due .03 M 
KaOH Sol'i- 
tle 

(111a) 

.05 H NnOH 
Per;! dee 

(111b) 

Stood 600 gm*5 1.50 
Scrum 

IC% 55* 35* 

Bone 550 gnib 0.60 
.Varro* 

8* 70% 6* 1* 15 s 

Spleen 10 gn: 0.50 30* 25;. 35* 5* 5> 

Tliymus 7 gm 0.30 10* 40* 10* 10* 501 

Xidnoj' 50 gm 1.50 15* 33* 10* 2* 40* 

Liver 25 gm 0.95 8* 43* 38* U 10?. 

Skeletal 2000 pmb 0.20 
Muscle 

45* Insuf; icient ac Ivity to fr ictlonatc 

Skin(a) (at Portal of 
j fcjitry) 

Zf. U 2* 75* 20* 

¥ 
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l„urvü. JT "«“’ 1,‘rolZ 'Lr cSt.lnire Oon-radlo«cti.e mustard. 
layar. ..s tto» determiné. 

Hosults: The results are giver in Table XVI. 

Discussion. (1) ln vitro S”«*.'0"' 
siderablo length of tlisoj ^rUin Or?ano reacted or absorbed 

mustard from the blood stream o»tromely rapidly mustara i rom u»v —____—: * 
^T-^-^TtoTe in collabo rati fui «1U. D.. lüTTüTmsbo., Dept. 
l?L^.trv. Harvard Hedlcal School. - 

T"‘ »TŒ:: Expressed*In^Gammas^of^H-erulv.j11 

In vivo 

H in i^sidual 
íiC’ti vi t,J 
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PART IX 
' CERTAIN CHEMICAL EXPERIMENTS 

by F.C.H. and L.A.P. 
IXa. The Mechanism of the Chemical Reaction which Produces Fixed-Mustard. 

Althoutrh all available chemical evidence indicated that the fixation 
of mustard was by a competition factor mechanism, there was no definite 
proof of this point. Since the best available method of interpreting 
£he mechanism of fixation is by comparing the competition factors of 
various functional groups present in proteins and other skin tissue con 
stituents, this proof is of utmost Import. 

The results of V. du Vigneaud et al(14^ showed that the intradoraal 
injection of 5£ solution of sodium thiosulfate into rat and rabbit 
immediately before a mustard application reduced the intensity of the 
resulting erythema. The findings of E. Ball et al'®’) showed that the 
intraperitoneal injection of compounds with high competition factors 
afford partial protection against the mustard systemic effects. These 
data certainly tend to indicate that the fixation of mustard in skin 
tissue in vivo proceeded according to the competition factor mechanism. 

Other evidence leading to the same conclusion has been obtained Jn 
•our laboratory. 

IXa-l. The Mechanism oT We Fiktftldh'RaáCtibn in'SRfn Tissue in Vitro. 
by F.C.H. and L.A.P 

The observation that pig skin tissue brei at 4°C in an isotonic 
salt solution containing radioactive mustard fixed about 20$ of H 
made available a method of determining whether or not the reaction in 
vitro follows a competition factor mechanism. 

Let us consider the following reaction scheme and assume for the 
moment that there is some other reaction mechanism for fixing H 
(denoted by A, [i.e. as one possibility tho rate determining step 
could conceivably be an adsorption of unactivated H on the tissue 
proteins). . ¡ 

U 

^Thiodiglycol 
Cl" Fixed H 

■) Phenthiazine 
Fixed H <• 

F denotes a competition factor path, 
H# is the F activated complex and arrows to the right denota aside 
from •leaetivatjf.n, tile three possible modes for H» to react under the 
experimental conditions. 

The following experiments were devised: (i) determination of per¬ 
cent fixed with 0.0$ NaCl, (li) percent fixed in 0.9$ NaCl and 0.1M 
aniline, (iii) percent fixed in 0.9$ NaCl and 1M SgCy, (iv) percent 
fixt-J in ?ji N-ni , and (v) percent fixed using 100> acetone as the 
* Avent. 

CONFIDENTIAL 



COKFIDOÍTIAL . 
R6 

To be consistent the variation In the percent fixed must fell« vr the 
matrix given on the left In Table XXVII, depending on whether It Is a 
F or an A reaction, x denotes the amrunt fixed In 0.9Í NaCl. 

Table XXVII 

Data pertaining to the mechanism of fixation In pig tissue In vitro 

_F A 
(I) 0.94 NaCl XX 
(II) 0.9/fc NaCl and 0.1M Aniline <x x 

(HI) 0.9» NaCl and 1M So0?= <x x 
(lv) HI NaCl •; x >x 
(v) 100,3 acetone nil ? 

Experimental Data Serins 
1 2 5 4 

18^ 22SÍ 22Í 20¾ 
A% 6* 

H 1% 
?5* 241. 23¾ 26¾ 

0* 0.2¾ 

In (11) and (111), the çompetitors, aniline and thiosulfate i^n, 
would compete with the tissue for H# by the F mechanism. Although both 
of the competitors r..-act rapidly with H% they do not increase the rate 
of formation of H* (or rate of disappearance of H), and this could not 
alter the amount fixed by mechanism A. 

In (iv) the high Cl" would reduce the H* concentrations by reform¬ 
ing H; this would not, however, by the F mechanism alter the ratio of 
the fraction hydrolyzing.to the fraction being fixed. Since this 
reduction of H* reduces many-fold the rate of disappearance of H, 
there would be more H present in a giv?n Interval of time to react by 
the A mechanism. 

In (v) since there would be n^ ii* farmed In an acetone media, mus¬ 
tard would not bo fixed by the F mechanism. It is n't kno*Ti If any 
fixed-H could be ferned in acetone by trie hyprtnrlicil A mechanism. 

Procedure: See III (&-1, g, h-2) 
In order to obtain reproducible results the epidermic and 

upper part rf the cerium rf pip skin were sliced on a frrezinr micr'-tmne 
set at 2.5 mu. 100 mg. portions were then taken and ground with fO-80 
mesh quartz, The resulting tisoue paste was placed in n ecntrifugc- 
tube and 2 cc. of the appropriate solution added. To tills ont drop of 
alcohol containing 60 ramm^f radioactive mustard was added. Th«- tubes 
were shaken continuously for 24 hrs. at 4°C. 

Any unreacted mustard (¢1¾) was extracted out ijdth petether. 
The solutions were then centrifuged and aliquots taken.The tissues 
were washed three times witn acetone. From the total amount of mustard 
sulfur in the aqueous layer and tissue, the percent of fim&Uon v/°3 
eomnut.ed. 

(a) The tissue substances dlscol.ing in 0.9¾ hsCx arid 7' a;/ pn- 
cipituted by alcohol do not appear to react apor ei illy r 14h nuslard 
undtT the above exu-vrlm ntul conditions... 

_ 

0KF1DWTIAL 



87 CONFIDQÍTIAL 

rÄ:SsE-s-c.-“ “• « "■ “ "'“1 

ä*sK?«ba££S ä 

aSSSasSS?,??««-’ 

°î t ■—- 
= h,„a„ 3kl„ alt, (sa, S,ctk„ IVc and .c)! Fr™ VttXu 
r^MnÄr-T*10" ratC f0r « Su™ •«» «» **t 1-.. 

™. C0"Centrltl“n of ^ in the Skln 

(111) 12$ of the mustnrd that penetrated became fixîdi 

pen:? ™,u?d So*.^T:ktaal“f^,rn."“,^ mc 'r ‘™=- 
ty the competí tien Lt "r m«h™ »“ “fi °0 î?/ f«™ J ™=toH 

Ä 

^here H Is nustard mi the surfner, 
Mn 18 that, penetratod, Mf is that’ 
fixed, an(t is that transprrtfld 
away. The. K's ara rate c-natants. 
Tp is the ocnotratl.n rnt'' if H. 

Thus frr a steady state, onr has p -ik j. if » u u , 
her ,,. cm./aln. «d 11^2 ^^per eÇ. cj. KÎrSîér ^ ^ ^ 

Kj. % Fixed #i2 

~ A Trans-'crtod ~ TW 

Substituting, ene obtains lAf — P.5 min. 

-insi en* ( 
rí' 7L ÍS Cî lntercst to note that a half life frr irustai-d é 7 7 ? ,'e,ca'' no^ tfiat a half life frr 
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(2) The date presented jn section IXa-1 and IXa-2to- . 
gather with that of V. du VigneaudU; and E.G. Ballfa) açd their collab-i 
orators make the fixation of mustard in human skin in vivo by the com¬ 
petition factor mechanism extremely likely. 

‘ 

IXb. The Competition Factors of Various Substances Including Amino 
Acids, Blood Plasma and Plasma Proteins. 

Since mustard presumably reacts with skin tissue constituents by 
the competition factor mechanism, a knowledge of the competition factors 
of various functional groups is of import. The usual method of deter¬ 
mining competition factors is based on the rate of hydrogen ion libera¬ 
tion in the presence and.absence of tnc competitor. This procedure is 
not applicable co numerous compounds especially weak bases and compli¬ 
cated molecules. However, it is possible to employ the radioactive 
techninue to the determination of the competition factor of these sub¬ 
stances. According to the competition factor mechanism, wo have the 
following reaction scheme. 

H* 
Competitor 
-£-) 

Thiodiglycol 

Derivat!ve 

Let 1 be the initial amount of mustard present and let T be the 
amount of thiodiglycol formed; than th‘> competition f*ct-r F of the 
competitor is given by; 

F —(1 - T)/TM where M is the molarity of the ccmpotitor 

thus iM = T (all of the mustard forming thiodi» lyccl) :i'.=■ 0 
and if T is 0 (no thiodiglycol formed) F is j/i^irute. 

Heneo in our procedure, about 60 tc 160 gam-ia of radi-irctive mus¬ 
tard was allowed to react completely in a 2 cc solution coot si ring the 
competitor. About ICO mg, cf non-radj ?acti/e thKdipl/rr J. w •’•o added 
and by the procedure described in HIj-3 and 'Tlm-li J, m p-> j t.ro- 
benzoate of thiodjglvcrl was prepared and purified. 

Thus in all cases where all of the weighable mufur (as Unzidine 
sulfate) is due to tho currier thiodiglycol, the rallo activity per mg. 
"f BzSO^j ci the original solution is a measure cf 1 end the radioactivity 
per mg. of BzSO^ cf the ourifiod thiodiglycol derivativ,, in a measure cf 
T. The value cf F for the competitor can nor be computed, in r rn»=r to 
obtain maximum accuracy, th».- .Hilarity of the cempet; L^r (whenever ri¬ 
sible) was sc chosen such that I = T approximately. 

U ~ 4.- 
V- * • 

It should bo kept in wind that th» oKr rrr* .'W <2^ V»r 
assumption thnt mustard and the Compounds investigntod rc»ct tv u c m- 
petitien factor mechanism. It is believed, that rxl nV.v- in-.egM. 
gatior. cf especially Ogatonfeters: et al^9) una Uoe-'i i«' '.esterc.U^) 
leave little doubt, regarding the correcticss rf Jhi ■ ^bU'i-t'• r v"1'* 

(a) A comprehensive presentation of the compétitif *7 i'~t ~ T^chc 77 ;s* 
present'-'d in tho Fermai Report cf Dc orlng, Linsteaj n . i h., : i.i 1. ) 
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Doering and LinsteadUS) Kav# that 

»bout 10* too high for the como^tltl™ " l,,ds 10 ,alues 
to be presented were undertaken with the view* r'°k?Vf^ üle Investigations 
activities of certain runcX^ grtpTr^L L^ ^ "‘f*1« co- 
competition factors of these groups. P ™ “ prccl3' va)u«» for 

ecprcl ally certain ami no a^1 ^ f8Ctor of Certalr. compounds, 

:t*.cor ''I " 
pour.c’ ln 2 co of an aoue^a app^rr^te smcun of th o com- 

between .0L,1 and .IV) i’ho I” °'' thc Vür*0U3 tiens 
0.1M Ht:l(r¿¡l) or q.IM KaOH(pH 1M Ztis lí ^ °lther Mter» 
oí Uc.hol containing 60 gLma ^ 
í °!fVa ,,tand 16 hrs* t0 lnsurc complete ro!cUon * "f " T 
-bi.dUlyccl wore added and the solution was n-r s 7r\? cftrr,?r 

1 ^.r. above in the Introduction. selected to the procedure 

^fec’-mined by treating l^cc ofCthp°nUl0n ^lood plasma was 

<r 100 rZ Of austard,CCThe «luS .rSi; d'^ÂÍ 

pi"T IT’ 
wltfi that described In the Intr-AioH* The r,.rccedurp is now Identical 
re-extract the thiodlgCl “T1 “ *“» "»cossu,7 to 

faring „hstance, extracted hg the chlo^Tro’» toeV»"' 

ibl'io^dSÍÜriV^ir”?;',“»^^" fcnctlrns cf human blood plasma(b) w,,re diltaL¡;::: V f/',1,tne Patern fractl 
Tc f cc of the protein solution l„Tív!? »»»“«»lly the see *Wn, r. 
tiens, ? «ig. »as dissolved ÍÍ ! cc »olid frac 
tard ln 0.05 cc of alcohol The soluti ffas *dded 150 ->f .-nus- 
fr-r 48 hrs. (1 1/2 hrs? with fihrfnî Uo*S to stand at 4°C 
120 mg. of carrier thicdlglycol were^ow addod^fM13 ^oiif,,jlutlrn)• 
extraction to remove any unreacted H no* by pet. ether 
piven In the IntrcducUcn renialnder ^ the procedure Is 

Ä ÂÂtTÂT ^ Professer 
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Table XXVIII 
Competition Factors of Various Substances 

Substance Molari ty pfi 

Methyl amine 
Methyl amine hydrochloride 
Aniline 
Diethyl amine 
Sodium Veronal 
Veronal 
Phenol 

free base 
free base 

9.9 
1.3 

1? 
Acetamide 
Imidazole 
1mldazole 
Potassium acetate 

.0£ 
free compd. 

13 

Table XXIX 
Competition Factors of Amino Acids 

Amino Acid ¡violar! ty •F* 

Lysine . 
Histidine 
H]stidine 
Methionine 
Methionine 
Methionine 
Tyrosine 
Clyoine 
Glycin» 
Arginine 
Arginine 
Cystine 
Tryptophane 13 

90 

free base 



CONFIDENTIAL 

Competition Factors of Pi*.*, Blonti plTable m 
ig s ülood Plasm« and Frartl/>nof^ u 

Plasma Proteins rftCtlonated Blood 

Fraction 

Î iibrd nopen 

I *11 Globulins 

IV Globulins 
Cipoproteins¡ 
Steroids 
Albumins 

V Albumin 

VI Residuel 
Proteins 
(mostly salts) 

Mol, 

POO, 000 

100,000 

fórSteSTlñ pro teinta 1 P,rtl<a 
i by weipht 

2.5 

10.6 

59,000 

1.5 

(10 mg./cc) 

6.8 

0.43 

3.3 

0.12 

0.85 

Total F for Human Blood Plasma 

Effective F for Pig Blood plag(nft 

U a ,<aU* fl>r “o“1* ‘o- Uiv™ In T.blo BWII 

*"0 aot»ml„ed only fooior. Of the ^(„0 nc.ds 

æo; or they catalvzp hv » » ugi,aru ic.v. veronal at nf¡ in 
of mustard to thiodiglycol fe P 0^et¡tlon mechanism the decomposition 
aro far from biol.ricaí cîni if* rate buffer^ Although ?" 

1 

. 

H 1 n m ■. " -.«l »reinlneX^’F ^^ >* W. r.rt 

^ r ’’«"C «Id hSV&V&J'. Th“f *« to witun 
I'1 .^.p. lycJne, F=:4,5) n solution as tn 
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(5) Hiatidinc as the free amino acid must react rith mus¬ 
tard on the ni trepen of the imidazolo ring (F = 67). The ni trepen cf 
the indolo ring is reactive towards mustard (Tryptophane pii 13, F»210). 

Tyrosine has an F of 1700 at pH 13. Thus the phenrlate 
ion is extremely reactive towards mustard. The tendency cf mustard to 
react with a thioether linkage to form sulfcnium salts is high (methio¬ 
nine pH 1, F =■ 510. 

Thus even though the simple amino acids do not h ve 
very high F near pH 7, the amino acids with ether reactive grams dr 
(c.g. the N of the imidizole ring of histidine, the sulfur atom of 
methionine, the N of the Indole ring cf tryptophane, and the guanidr 
group of arginine). 

(6) The effective competition faet-rs of certain human 
blood plasma proteins in a IjÉ by wt. solution show that Urn relative 
reactivities f proteins toward mustard are by no moans id'mtical. 
Thus human plasma albumin cn a weight basin is essentially unreactJvr 
towards mustard as compared tc fibrinogen. 

(7) As comouted frc.c. the ab^vn values the effective com¬ 
petition factor of hun *n plasma is 7.7 {1Z% cf rustard In human plasma 
in vitrr would form thirdiglyccl). This is not t.r different fr-m tlic- 
experimentally determined value of 15 for pig bleed plasma. 
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INDEX 

PSsüi CI 

Of PÍÍ, structure and »aceptibility to ».tard inju^, 7P 

icS^Ä’^uai^ii^CnoluMlity of fixed in, ** 

All-jmins, competition factor of, 80-J2 
Amine acids, ccmpetitlcn factors o , _ ^ id-ï.1, 2»; fer fixei 
Analytical methods: fer «trac ta bios in ^ ^ 

r^e^fot"^ Ä, U wbbi f a’ blood, , «4j in ckln si tea, 
S-a, 2», fer nitroyon, in-Pbipi» ^nucl.i. ^ 8( r. 

^‘' f^n zinker'e flild, 1«: for thlcdlflycol in akin >iton, W-l, 

pt'iiod sites, 19-20 Qf. ffect on fixation of mustard, 86 
Aniline, .»petition factor °VJ^»rk lk!Vcell«itlMtlon, U 
Anlnela: preparation ^ e;¡od), definition, iv 

Appli call on s^muctard! technique for, lb-16; preparation of cups, 14-lb 
Autoclaving, effect on fixed “»tard, 69 
Arginine, competition factor of, 96-94 

sî sÔîf absorptlon of beta parUclcs, 9, equation for, If 

Biblioyropby, fll a-. , flcrinorcn, in famed elements, in 
Blood: fixed mustard in, HI -o, .. t ^ ^8aijpftarance, 

«nim «2: frep mustard in and analysis for Its rstf* ox aas 
"""I plasms and plasm, proteins, competition fsetors of, 90-9-. 

thiodlglycol in, el-41 fractionation, 6Í-9S 
Bono marrew: fixed mustoro in, 
&jffor3, reaction with mustard, 91 

SÎ'ciu^ôfT.tfhnl mustard, 76; fixed nuatsrd in; number in 

Co°a££t?‘r.Se!4lr. mustard injury, 4«, 51-89, 69. condition of 

r Hon*factors*^acetamide; linlno acids, arginlae, cystine, glycine, r r. 
ÄÄ^’M^Hdc, imidcxolc; phenol; potassium 

coÄxSrÄ’Ä1 »> *»«•‘b*«"' 
in.lury, 48-80 ., , , ., , 7/. lenlntlnn of, 25 

Comifipd epithelial layer*, uxed .. 
Counter, Bell (Geipor), diagram of, 5 
Cystine, competition factor of, 86-9. 

ÄSSSSSÄraffir- 
Ä »ine, competition ni„ ot betrat,on of 
besare, effect on: rate of formation oi nxea ruv 

mustard, rute of removal of extractabas, 87, 40-4, 
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Edema, ln mild Injury, 47, histology of, 5?-6£; In vesicating Injury,49-50 
ElectroscciDei In measurement of radioactivity, 3-*, 9-13; absolute sensltlvlt 
' «'■ííitivjtjixV; St?, . 9’, 'IZjvcpironiison' wIUj G,lger 

counter, 12-13; diagram of, 5 
Environment, temperature of: effect on mustard pénétrât!-*,, 33: measurement 

Epidermis, mustard injury to (see human, mustard injury) 
Erythema: energy to produce by X-ray, 11; histology of In mild injury,5P; 

time of development, 46 J ' 
Excisions (see skin, sites) 

Exposure period (exposure time) (application time): definition, iv: effect 
on mustard injury, CO-61, compared to ice pack, 62-63: short time.36-44; 
in man, 36-57, 40-44; in pig, 36-38; in rabbit, 36-37, 39: comparison 
of man, pig, rabbit, 43-44: sunnary of, vi-viii 

Extraetables, amount of: comparison man, pig, rabbit, 35: effect of ice 
pack on, 41, 44, 62-63, 66: amount of, effect of post application period 
on in man, 5^., 34-35; 63, in pig, 27-29, 63; in rabbit, 29-30: amount 
of, effect of temperature, in man, 52, 54-35; in pig, 27-29; in rabbit, 
29-.0. amount of, in man, 32-, 34-55; in pig, 27-29; in rabbit, 29-30 

analysis oi, 19-t0: for mustard and thiodiglycol. 21 28 
definition of, ill ’ 
nature of, 2R-L9, 42: in Short time exposures, 42 
rate of removal: in man, 36-37, 40-44, effect of dôsa-» on. 37 40-42- 
In pig, 36 - 33; in rabbit, 36 - 37 , 29 

Extraction: of mustard and thiodiglycol from skin, 19-20; of short time 
post application skin sites, 19-20 

Eat: immobilization of mustard in, 37; radioactive sulfur in, 19-20 
Eibrinogenj competition factor of, 89-92 
Fixed H (fixed mustard) (fixed material) (see also non-extract«Me«): 

amount of: comparison man, pig, rabbit, 35; in a cell, 74: amount of. 

}n Plo7Sï(1,\^-9i ln cornlfic,i layer> 72-74, in epidermis and cer¬ 
ium, <7-29, 72-73; in epithelium, 73-74; in nalphigian layer, 72-74. 
in nuclei, 23, 72-74; summary, xii 1 ’ 

amount of: in pig skin, effect of temperature or. 27-29; in relation 
t6 ni trog n .content of palphigion laver, nuclei 73 

Skln’ 29-*°’ effecl 0f Mature on, 31-32, 34-35. 
amount of in various organs of pig; blood, serum of, fibrinogen of,' 

ÍÍ Q*tS|°f; bone !BarrowJ kldnf!y; skeletal muscle; spleen, 
thymus, 91-83; in summary of, xiii ^ 

amount required to produce vesication, 75 

SíuL°"c.rn¡:Ty orinJU,7> 
effintpig rc6-67ftd a^llcatlona» 65-C7, 76: in man,65-67; 

formation of: offpct of acetone,aniline on,96, ice pack or, 41, 44, 
, 6e*. 7f^ 3()di,Jrr- chloride, sodium thiosulfate on, 96 
h;ilf life oí : in tiûji, ^)7j in pir, 64 
I at, uf; in man, *-37, 4U-44, effect of dosage on, 57. 40-42 

in pig, 56 - 38, effect of icc pack on, G4; in rabbit, 36-37 y 
role of competition factor in, «5-86 ' 

hydrolysis of, ^4-23, 6:--71: effect of pli on, 22-23, 69-71; effect 
pH f¿n rate of, 2?, 69-71; summary, j i 

-r protein, 6«-69 
I’.'.c.r ni : in forma in vitro, 55-86 

I 
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ílxed H.¿^rtl.nx effect cf ecetcne, eei WtcclevInf, 
PTcSa »Uture, 66, «Ui eitói, 66, P«, . 

chloride, 6B thiodizlycol fron, 69-71 

ä ff! r/ffe ^ ol,," 
jrr/s ^ca^tñ;-.•«. — - 

fffÜr-faticn'L Wa^lc ^^“ifinltlcn, ii» 1« «* 

Srï,'h::ffsírrfrerffffait”r^-». « 
Ä "i-eets, fixed retard %wXftir, 5> W. 
leifer comtcr, in »eaäur.c, ^ scn3Ui,it 

rr.RT oio-.er.v,», „arfiractive aullur, - » 
irr ccuntcr, ln .^«VcJracy and seneitivity cf, 6, »-6, 

ÄThu «-XS 

ffi«, caution factor of, 89-92 

(ousterd), dcri,ri'^1("i1!,'1ts), definition, iil 

istifne.ffpetition^factornlld| TOder»te, severe, 6»-62 

effect ^«rXtf 

SSSä-SÄ*--Æ V—• - 

60-61 56-62¡ edom^ in; effect on coriu-n, 
«„«tard iniun’, histolopy of r.ild, 

«tfc5t OT ;p;7S! 
ÄT^rSSSfo^. --68. effect on e,donls, ■ 

„„SlnL'^'ft^f’^L'X'f“ f^frf.'frft 'on nuclei, 

ris nuclei, 46-47; pathology ^ ' l7 49-50, effect on epi- 
on corium, 40-50, effect on ’ rf natholcpy, viii-xi 
¿«11««, nolphifian I«»»', dä-J»- “ r»S,re on, U-S5-. fate of pen- 

ppretratlon of custard, effect of t P effect of post appH 
etretod ruetard, ao ÇXtractetl.s, * ■ ». :1-52. »-»• 
catl.n tine on, 52, Î4-M, 6«. , td*« 34.55, effect on of, 

wnrÄ “Ä 
cat.!' n time on, or., - - 31..52, 34-S&J ... 
fate of penetrated ™»tar^ ^ «»*«<1 .ppllcatl™.. ’6 
ice pack, -.1, 44, » disappearance of nxfa, ■ * 
temperature, rate of pmetreticn f 

.,c fnrmatim of, lixc0» ,,. , *a 
ra^ • .s Tc ^.r.n.arature coefiici«.t, : 
_«*r of fn-rmatim oi, - , 7I. 
rax'. '. ,, Tc tfrin-rature coeffi 1-1=.,0, - 
mustara, -1- » . _n*ai results in, T'S 

repreducihility ol 9Xh' , rr(j tr pig, rabbit, ?5 
sensitivity to mustard comoarisen with pip, ^»bit, 
sh rt time exposure perieQ in,^ ; effact of icsegc cn, 

rate rf fixation in, 36-57» ^ .0_,, effect cf drsag* 
rate of removal of extractables in, -0 45-44; 

40-42; 
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Hydrolysis, of fixed mustard (gee fixed m.;^tar.1, hydrolysis of,' 
Hyperemia: in mild injury, 47, histolopy of, 53 
Ice oack, effect on; extracUbles, 41-14; fixed mustard, ^1-44, 62-05, 

rate of formation of fixed, C4; murtard lesions, 41, -.4, 62-64, 66, 76, 
compared to short time exposure, 62-6? 

method of applicatidn', 17 
summary of, vii 

Imidazole, competition, factor of, 98-9? ^ , , , 
Injury, mustard: allegation of, 77-78; comparison oí healinp in man, nif, 

rabbit, 56; correlation with fixed mustard, 57-67, summary of, ix-x 
effect of: ice pack or. (see ice pack); pigmented skin on; pre-drying skin 

’ on; pre-wetting skin on, 81; repeated mustard applications on in man 
and pig, 65-67, 76 

histology of (see human, mustard injury, histology ofj 
in man: effect of temperature, exposure time on, 60-61 
irreversible: threshold of fixed in man and pig, C4 
latent: nrodomal phase of, 45 
macroscopic classification of in :.an, 6¿ .. 
mechanism of, 74-79: rcrle of fixed mustard in, /4-77; summary, xi i 
pathology of (sçc man, pig, rabbit, mustard injuiy, pathology of 
cuscopt;ibility to of various'skin areas vsee pig,^mustard injury; 

Irreversible injury: threshold of fixed, man, pig, 64 « 
Kidney: fixed mustard in, «1-83,'fractionation of-.protein, 92-85 

Lesions (see injury) / * 7/. 
Linkages: between mustard and tissue, stability of, /0 
Linoproteins, comoetition factor of, 89-92 
Liver: fixed mustard in, 81-85, protein, fractionation of, 82-93 
Lysine, competition factor of, 89**92 . 
Malphipian lay°r: analysis of,for nitrogen, 25, 72, 74; for thymonucleit 

acid 25,'72: effect of mustard on,-in severe injury, 46-47; in 
vesicating injury, 49-50: fix^d mustard in,number of cells in, 74: 
separation from pig skin, 25-24: thicknfiSS ÒÍ74 

Measuring disk, for radioactiv« sulfur, diagram, 5 . 
Mechanism: of fixation of mustard in vitro, 85-86'} of mustard injury, 

74-49, summary of, xii 
Methionine, competition factor of, 88-92 
Methyl amine, competition factor of, of hydrochloride, 8^-9^ 
Micropipette, 14 
Milli curio, definition, ii 
Mustard (H (alsc see desired tonic), radioactive: analysis for in skin 

sites, 19-22; effect on cells, 76-78; half life of fixation and 
transport in skin, 87; preparation of, 1-2; properties of compared 
to ordinary mustard, ii; rat? of disappearance from rabbio s blood, 
92,84; reaction with buffers, 91 

- * i ,i /e55i A&r\nWA -. 
^.usoaru suiAui ^ raajijaww vi i.jr > », -*»*■* ■■ » 

Necrosis, in man: in coagulation necrosis, 48, ol-62; in mild injury,47; 
in severe injury, histology of, 58; in vesicating injury, 47,49-50, 
necrosis in pig and rabbit, 55 

Nitrepen: in malphigian layer, 25, 7?, relation to amount of fixed mus¬ 
tard, 7-, in nuclei, 25, 72-74, r ition to amount of tixea mustard,? 

oecro,!,.« 

separation from oir skin, 2?-2h 

Hi 
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Pathology, of mustard inlurv (rt»» mnn « 
Penetration, of mustard«^lyais for'aiioiiU^r-™"13^ 

rabbit, 34; fate of in pir skin ^ 21"2fc» ,lveraf- .-, n,pi^ 
exposures, 36 -44, rate of in 36 " ’ pr'net’rat’lon: ln short tiim 

penotr*tlOT of 
•«. ef.-.^on0nT0PdliÄ,Xi0r’ I'-li 
Pherrl, ror.psti tion factor of, RP-O? 

g, murti.-d injury offset of ice pack on, 41, 44, 62-6<‘ fig 7P 
O. le» puk, Vil; effect of reneoted mustard aónlí^fí ’ 76'summ&r^ 

inc*’t r iJb'e injury: threshold of fired 64 apnllcatlcns ^,65-66,76 
nor.-/ösjcation in, 55 ’ 
pathc.lo.y of, 53-54: comparison of man, rabbit f,«, vt 
penetración of mustard: fate cf, 26-27- îf f I of*lx 

t*fff ct en extractabas "f oost anni ^H f ext^tables,27-29; 
-f tenpernture, Î7-». f.U M 
re.-ature rn fixed, 27-29- half-lirr ®tarfi, ^7-^9, effect of tf-m- 
1-usUrd, In epjdenii, and c^Huí^í?-^ 'tT™'’",'* 6<iflxp-i 

raí: T ““'/ 'T3-81-85* f«" ™ f'™«’-n î niÂ: 

"ÄÄmÄÄÄ**“™' skin.pr,- 

short time exposure periods. 36-3P- palo «♦- n 
Puto1 °f ®xt.ractab1«8 in, 56-39; summary of, vi*6' 00 mi3tard ar>r] rP!nov' 

In raboit, 29-30: effect nnf.v/ ’ * ,Jln pif,> 5?* 63, 
disappearance of fixed, 67^6^ mU ln man* on rate 

long time: chemical analysis of 21- Hufini»« » no 
erties of fixed mustard in 70-71 ' flnlUon 0i* 165 chemical prop^ 

short time: chemical analysis of 19-i-i f-«- * j 
?-82i »»id proportjftp of fiíL ii.UrdT^ 

a"?™ sl‘«. 17, technique of hondl™, 2 ^ st”r^ of 
Potassium acetate, competition factor of. ?é-92 

otein, combined with mustard: fractionation of fitwtq. c 
protein in various organs, 91-63: protein of húnH t’ fractJonation of 
factors of, 89-92 in °f bi00^ plasma, competition 

blit, free mustard: disappearance from blood 62 84 
mustard injury in: pathology of compared ^ man "’pi g 56-¾. , 

in, 55; summary of pathology, ix » pïp» 55-56* necrosis 
penetration of mustard in 29-3n- fn*„ « . 

mustard, £9-30, effect cf t^tr,.,,™ L «“îr“î““,,s ««-> 
rote cf for- 

mustard, 29-30 effëeî órT ? ^ 03 cxtractable; 
w2H,r .’/I U». etfect of temperature on fixed. 29.rn. 

—w.. w* ii*eu, 3o-0/, 39 * 

rate of penetration, 29-30: effect of temperature on ?q ^ ♦ 
ature coefficient for, 35 p x'ure on, 29-30, temper- 

of experimental results, 35 
suisitiyity to mustard compared man, pig *5 
short time exposure ooriod 36 r7• .»<->*. *4 

rate 6f fixation of îuâurf^ . P f1”0” *1'J' •». P»». 
Xu^arj- cf, »1 r'™val cl rrtractabla, i„, 36-37,19, 
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suffur) <s35): definition, ill; measurement of, 5, 
effect of sulfur concentration on, in electroscope, 7, Geiser counter 8- 

computations for measurement, 11 counter,oj 

S75 (radioactivity) (mustard suliXir), definition, iii 
Sensitivity, to mustard, of man, pif, rabbit, 35 

Short time post application period (see post application period,short time) 
Skeletal muscle, fixed mustard in, 81-83 f«riou,snort time; 

-»ki.:s decontamination of, 15-16: free mustard in, half life of 

in nfÍ0nKÜn«trrn8POKÍ4,*87c reactlon to In man, 45-52,55-66; 
in pig, 53-55; in rabbit, 55-56; effect of pigmentation, nre-d^ing, 
pre-wetting on roaction to mustard, 81 * . . ?» 

separation of nuclei from, 23 

sites: chemical analysis of, 18-22, for mustard, thiodiglycol, 19-20; 

for hí!f ? :i17î/3îtraLU0n °f’ .flxûtl‘on of» 19-20; preparation of 
for hydrolytic study, i.2, for microscopic study, 1«,45 

susceptibility of various areas to injury, 79-80; summary, xii-xiii 

JrPer^°fS Sf0Ct °n ponetratlon of mustard, 33; measurement of,14 
on °'/fíoeCt °n S0lublllty of ««d mustard and on the fixa¬ tion of mustard, 68 

Sodium thiosulfate, effect on fixation of hiustard, 86 
sodium veronal, competition factor of, hP_92 
Spleen; fixed mustard m, 81-83, protein fractionation, Pg-hs 

" Mira?n^CíiVf: f0n^ntratlf‘ 0f ComParf,d t0 ordinary, ii, metabolism 
* ii, pathological effects of, ii-ili; preparation of,ii 

Tables: competion factors.of amino acids* 90, of blood plasma and pro¬ 
teins, 91; of various substances, 90 ' 

correction factors for wt. of benzidine sulfate, 10 

«•.lôdifrlyccl 1”. 2«¡ i-Ocov0Iy cf fro, sMn 
sites, 20; separation of, 20 

fixation of mustard, mechanism in vitro, 96 

fixed,mustard: in nuclei, in separated skin layers, 73; in organs of 

hydrolysis of fixed mustard: effect of pri, 71; rate of, 71 

- VS 59; mustard vrs. fixed mustard, vrs. exposure period, 61 ’ 

POfnírHtlnr’ 5f ”ut'tapd: aerare, man, pig, rabbit, 34; in man as a 
if tci,perílture‘ Pie. 27; in rabbit, 30 

Sunter^ ConCflntratioTl* ^»ctrcscone, 7, Geiger 

rate of disappearance of mustard in rabbit's bl-ood 8'* 

^íabbít^r1^ ^ tran6pprt Cf rnU9tard' Of in man, nig, 

repeated application of mustard to pig, 6C 
sample computations of radioactive measurements, 11 
abort time exposure period and ice nock, 63 
snort tipic ft3C|)osurc period: pigs, 38, rabbits, 3D 

Tempern turo: effect on axtractables, in man, 32, 34-35, in nig 27-29 
lfl7 *»:*!> 5ff?ct cn fixed, in man-, 31-32. Ä fn II ’ 

• iaU.uic, c-.ov; exi'pct on mustard injury. GO-61 effect on 

ln.T' f-?5'in p'o ^ tTifcf onvjronm^ntil an3 ckin 14 9 
Tomo ri tu. c. ' nichent ío. ruto cf penotr-aticn of mustard 35 
^ni-ft» rd 7;, putc-pt’ tUity to mustard injur/, 7:<-'iq ’ 
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Nin site's, 19-21, IP, Jn hydrelysatc-s c 
, *rc^ hyrtrolyslp Fixed mustard, 69-71- 
-f Irr.m -nuotard, 19-20 ’ 
Bible injury, 64; definition, Jii 
in nalphij-inr. layer, 25, 72, in nuclei 

protein fractionation of, 
'f, P«-92 ' ' 
9P-92 

n, malphiyi tin layer 
Pf-’Vrrf injury, 5P; 
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