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ABSTRACT 

Th® ®xcretion patt~rn of carbon-14 for mice giv(fjn ip cyanide ~c 14 was 
d~t€>ll.'min~d. OV®!' a 30-day period. Peak br~&th ~~cretion of Cll.4 OCCUl"l'®d in 
10 minut®e. At the lf<lnd of 30 days th0 inje;ded radioactivity was 9~.Zo/o excrl1)f;{!ld 
in the tnin® and f€>ces, ZS.lo/o excreted in the br~ath, and Z.7% r~main®d in ili® 
ca:rcaas. Thee® data are used to ca.1lculali:e &tt eatim~ted whoR® body ~nd kidn®if 
radiation d.ol!l!® for the ingestion of cyanide =C!4 in man. 
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CAP..BON el4-LABELED CYANl!DE~ RAD!OACTKVITY EXCRETliOl'\liN MICE 
AND EST:!\MATlON OF RADXA TXON DOSE TO HUMANS 

Bert M. Tolbert and Ann M. HugheEJ 

Radia~ion Lab@ra.to?y 
Univereity of California 
B~rkeley9 CaHfcrnia 

Th® @:l[(!i'~tion pat!;ern of radioactivity from c 14 ~iabeled CQJmpound!S) has b®®n 
studied in animals and mara for a numb®? of compounda thaG: occur naturally in 
biological syslt®lTlllll. HowevE!lr9 no da~lal. ax-e avaUaMe for l"Mi't©acti.v® cya!!llid~ 
m®tatboiiam, Sine~ thia ie a nonbioi©gicaR 9 P?mth®r r®active ionz it is poeaibl® that 

\ 

a.ri appred.aM~ fracth.m. of the radioactivity from lab®lltfld ~yaFJ.ide could b~ inca.:rpora~~d 
in tb® body in~ V®t'J Uong-Hved form. Tht1 purpose of t:hit5 etudy ia t© m®IUI\U'e:: i:h@ 
excr®tion ll')X c&?bon-14 from l~beli®d cyanide in mite® and to uee fthfH»e data to es~im&tf!!; 
radiation dose to humane from the ing®etnon of cyanid®ocl4. Some metaboUe=pathway 
interpretations are abo pl:luuibUeo 

EXPERliMENT AL PROCEDURE 

14 Ten. mice W®l'€;(1 ®&dil injected bli.t:ra~ritone<~Rly with 0,05 mg of sodium ~yanide ~ 
C (about 4 VAC~ in 0.11.5 ml of pH 8 solution" Thew® injecUonl!l\ W®l!:'® aU c~&rri®d 
out within a few ,minut®$. The Rabe~®d CJal.nid® W&:ill pr®p&r®d by Bernice Fing~rm~n 
and Richard M. Lemmon, using the eeai®dotubf ree.dion of barium carboil~te-Cl e 

a poU&ssium mh:>rorn and ammonium dtUoride. Ma..ny aUempts at pr®dse d.ir®ct 
assay of th~ carbon-!4 in the cy&Dide eo1lutio!il aU met wUh faih.A!I'~. SdntiUf.l.tion 
counting9 di?ed plating and Geiger-Mueller «::ountiD.g" Pregl combu$ti@n" tu~&.Rtld~tub® 
eombuetiollp and ion.,chamber asemy gave vdu.©s ranging from 3 ~o 6 ~C of c14 in ili~ 
injected a.li()J.uot" The probl({il:m S®®m®d t@ arise f:r©m th® voliatillHy cf miero am@un.ts 
of cyanid® in :sma.U voh1lm®iil o! sonution. Suda s@l\utions mppelliU" t@ h~s® a\ppr~i~bR® 
&mounts of activity mer®Ry on standing for a few houreJ. 

n was d®d.ded te ~6® ~h® cumu.l~tiv® urin® =feces and bl'!'e<{!;.~h carb@n=l4 ElX= 

cretion" together with a cll!l.rbon-14 assllJ of th® :reli}idual carcaf>s activitw" ~s a 
me&SUli"® of !l:be f:ota.R activity actuaUy inj®ct!fld into the mice" The r~:.dioac~iwity in 
the breath w~a m®asu:r©d for the firs~ 6 hours for four ai~.nim~&ltili in individuaR 
m~ts.bolhm cmg~sr- using c:ontin.uous ioniliUAtion .. cha:mbeii" ~~n~w of the exh~R<&d 
carbon-14. Z L<&bei®d hydl!'ogtl'ln cy~an:ilde 0 caJF.bon m@raoxid® 0 and other aueh gas®s 
a.r~ d~ted®d by i:h© a.ppara€:U.~e aa wea~ as ct?lrbon dioldd®. Th® d~~.a quoted in t:his 

·· p&~li."' are the &VollH.·age v~alu<!la for these~ four animaRes. At th® ~nd of th~ l=. 3-. and 
~.lt .. dt\y intervall.a 0 brea.th. r:.adioaetivUy wa~ measured by puUbng lou? animab in 
one es.ge &nd doirmg an arnsny uaing a. s®nsiU:w® l-lit©F i@ni:&&ti«m chamber. 3D 4 
'=-~-~~~~~-=~-c~=-·~ 

The woX'k &e(l.';c:ribed in Ud.G pa~r was spcn~Hllred by €:he Unifl:®d StateliJ Atcmie 
Energy" Ct.1wnmisah~n. 



The u:rine -f®~~:ea excxol!llti€UA d&ta W®&-e obt~in~d by placing .feu?.? mic~ in ID­

me~abolbm c&g<a ta11Mi ccR],(t!lc~f.ng th® combined pFcdu.d. The ®~r®(ca and. waeJhinjg~ 
were homtOgeni~ed in a Waring bi®nd®A" &nd diRut®d to s. cetnreni®R'At velume 
(SO to 150 mi)p ~nd ·a Z5~ to 100-~ aliquot waa eransferreH:ll to a :pleJ:ii:tum di6h. 
Thiw aHquot was ev&pe:rat~rHi ~o dryness und®r a heat Ramp ~and the eampR~ count®d. in 
e. window1~HilS fh»w G~M couni:eF with &lil effidelilcy of aboufl: 50o/o. At tb.e @nd of ili@ 
30-day ·expsrimente f.Himp~® activities W®i'® abou~ doubll.® backgEound. App:rroprl&t® 
corrections we:re made for baeksca~teringp 6lellf.-absorpti@n.0 and coinddencec 

. Wher® neC®SS&l!')r. . 

Residua]. tots.li-body radioact}.vity was det®rmi[\ed.'as foU@w§: Th® ~n.im~i 
was cut into app•Foximately l/4-cm3 piecee" ~ddfi!d t@ !00 m! N KOHv and dig®$t®d 
at 50=60°C for i!4 ho-u!!'~:~. Fi.fty rri~ of 95% ethanol Wl'M3 added to eht< digt:<tJticn · 
mixtu~n which was ~h®~ centrifuged. Tb.® supei'ns.t~nt wa.w dete~,nt®do ~h® voil.um® 
m®a.suredn th® mixture l!llh&kem. reo ®muRsify tb.® !llll.tp arnd a 50- Cit' 100 ~~ ... aHquct 
pipetted into a pla.Unum cotm&ing dish. for a.s!i&f al!l pF®vioufiJ~'W dC!51l!1l~rib@ido 

The pr~dpU:at®c pil.'esumably mcmtliw prot®in, wae redisg;,olv®d in 100 ml of 
N KOHo and HH)I\. epf th® supernatant was &sem.yed. for earbon ... Ji4L Repl?®cipUaltion 
@l this m&~€'.1rim! an:d lllUillaf of th® l'llMti.OS.divity Sb@Wii!Hd hi'f@-tb.ird_e; of the IM:fdvity t@ 
i'®main in ~:his ji)~«»tt®in fr.f,i!.di®n.o ::Ita this pl'@C®d\u:·e ~~.bones ar® not di!isoliv®d9 but 

·. 6amp1l®s of th~ bon@ a ground up &Slid c®unted on db®~r.~ pRat~Hli ·ahow®d &h&!t9 within . 
limits of t'h~ c~n~EAting E)lfl'OI'v !tlM's!'® wal1!l nodetfHCU!.l:iRe radio~ctivili:yc Sa.mpli®:t of fat» 
counted liH;!;lpi!ir~tdy b®for<!l ®multdfical:ionn Uk~wiaeJ c@ntlill.in~d n.egRigibR<e< radioactivityo 

The dlii.~a 4lln ~® e%c:retio111. rate of carhoil~l4 from mice g~ven cy&urld® ""'c 14 a.r~ 
p!'®s®nt®d. in Tabl® 1( and Figo L The p©&k bll"eath~®XCI'®ti@n i'&t® ot:cur&l! 6 ~o 10 
minutes :e,f€:tl:t.." a:h® injediOll\9 Whll'H?®&B tb.@ ma:dmum Urilltft &neil f®c®s; cl4m®:IKCl"eth~n 
rate OCCUl'B during ili® 6 ~@ 24-hour p®:!:'iodo At aU times urit:aaX''f and f@cat.l ®XCT®ti@rl 
Of the e.:arbort.-14 is m©i'@ important thll1l.n b&-®a:.th ®XCX'®tion~ aU:h©ugh an®r f:he first 
10 ds.ye tb.e~® m@d.~a li.?@ quit® ccm}m>rable in ma.gnitude. · 

Jin Ta'M.® n &r~ f£1t"®O®id:f!Hc1 th® cmmuliattiv® ®~~r®ticn da.t~ fer ca:~rb@n"=l4 from 
mic~ give~n epnide-c-x4. Jle ic int~r®sting to ru:~~t® that abou~ ZSo/o of th® cy&nid® cau·bon. 
is o:d.dimed ~o COz and app®&r3 in the br®atb. (Thelf® may b~ wome& Aab®ll.®d hifd:rog®n 
eya.nid® in lthe b:w®athe bu~ ft.h® quantHy ie p&"obablly t!1JUU:® !.'nnaU. » 

Tabi® In ll.'lummaria:~e~ th® radio~dive -m&~®ria.ll. ba.l~nc® for !the senea of 
an!mah~o The t@~aR inject®d a.cg;ivU:y preaem~ in c.&ach mouse W<'Afl cali~\&R&t®d IZ!.l'i 

4. H ~C. Furth~X'mol1."e 0 graphic ®::d:!"apolatiolDl cf fue eurrm.Uat:ive e~cr®tiou of 
carbon-14 data giveai a value appX'o~dh.ing 4. U iJ~.C. This ve.bn0 ~as !llierefore b®®R'A 
us®d as the inj~ded do~® in th® radiafti©~n@doa® c~1LcuilatiGnU) l,?ll"~s®n~®d furlli®r on 
in this pap®?.· 
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"""' ....... =- .. . 4 
DaUy ®X((;;X'@ticn :if&t® of ca:rbcn .. l4 from mi.ce giw~m, ey&nid®-C1 ' 

Interval Uz:iu® end feces Bl!'eath 
('UtrrJ/ day) (~C/day) 

0 - 6 hr o .. 36 1.64a; 

6 ~ Z4 hr L12 0.1!8Z 

1 - ld 0. 76 o. ll63 

z .. 3d 0.2!9 0.054 

3 ~ 4d <Ll9 O.Ol4 

4 - Sd 0.10 O.OZ4 

5 - 6d 0.085 0.0186 

6 - 7d o.o:u . 0.0151 

7 - fJld 0.023 O.OlZl 

8 - 9d 0.()19 0.01100 

9 - 10 d 0.015 0.0085 

10- u d 0.013 0.0074 

H - l!Z d 0.0070 0.0065 

lZ - 13 d 0.008'i7 0.0058$$ 

13 - l14 d 0.0072 0.0055~$ 

14 - !S d 0.0051 o.oo4s~~ 
15 ~ 18 d ().0042zy 0.0035$$ 

18 .. Z3 d 0.003>3$ O.OOZ3$$ 

Z3 - Z6 d o.oo3z* 0.0017$$ 

2!6 = 30 d o.oozs$ o.oou $$ 

·--
as~~ Fig. ll. fsr:t br.el~th-exc:retion.-rat® CUX'V® during thl\1! f:h·$t 6 hours. 

$Th® valu®s t:U'(i'J avtn·aged and int®rpollat®d from m®asulf®me£\te .made on the :fou:ft@®lfAth.v 
i$ven~®~nth.: r:wenty~meco~d» twenty~fi£!1:h. and tw€!lnty~ninth d.&y after inj~ei:ion. 

Tb®se value~ &l'® obtained by e:rd:X'epoliationo 
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Fig. 1. Rate of brf..fth excretion of ca!bon-14 after ip injection 
of cyanide -C in mice. The injected dose was 4.11 J.LC 
and contained about 0.05 mg cyanide. 
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l'a.bl~ll -
~-= _ ___,_ WI!& w•• ------- ---~ 

Cumulative. excretion of carbon-14 fl."()m mict~ given cyanide -C 

! Breath, urine 
Time ~Urine and f&cea Breath and fec®s 
(days) (f.LC) (p.C) (floC) 

0.25 I 0.090 0.41 0.50 

1.00 L38 0.6Z ZoOO 

z.oo Z.l4 o. 78 Z.9Z 

3.00 ZA3 0.84 3.27 

4.00 Z.7Z 0.90 3.6Z 

6.00 Z.81 0.91 3.7Z 

7.00 Z.83 0.93 3.76 

8.0 0 2..85 0.94 3.79 

9.00 2.81 0.95 3.8Z 

10.00 2.88 0.96 3.84 

11.00 l.89 0.97 3.86 

1Z.OO 2.90 0.97 3.87 

13.00 z .. 91 0.98 3.89 

14.00 Z.9Z 0.99 3.91 

15.00 Z.93 0.99 3.92 

3.00 Z.95 l.OZ 3.97 

26.00 Z.95 l.02 3.97 

30.0 0 Z.97 1.03 4.00 



,. 
$ 

Carcil.SS Analysis 

s~wmatiolll of . Breathe C 1 ~::u: reted 
Akohol precipitat~ u:dru~ s.~md plua cA4 

Time Soluble fradion fraction fecem~ in ll!litu 
(days) (e-tC) (fJ,C]i (eAC) =r~cr~--

---
8 I 0.130 O.(HO 3. 79 3.93 

15 o.uo 0.073 3.9Z 4.!0 

Z2. 0.110 0.015 3.97 4.11 

30 0.09~ o.ozo 4.00 4.U 
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D:ISCUSSKON 

An impcr~a.~At mod~ uf excretion of cyanide is ae i:hiocyan&G:e. Kn R93Z Lang 
discove:r®d. an ®l.''Ulyme. "rhooarr.eeeo 11 which catalyz<as the convel"'aion of tt:wamde to 
thiocys.n&tf;l in the pxotHJtm.ce of thlosulfat®. 5 Sa:v.md~n·s and Himwich suggest th&t the 
function of the enzyme iB to form sa ~oose combination with s2o:g "'" which then ~neRds 
sulfur in a form accepmbil.e to eN·~. Rhoda.pese conv~l"~.s cyaniile to thiocyanarce 
almost quantit~tively end with fair l'm.pidity. · 

, Thiocyanate ie iarge~ty distributed in the extra.ce~Uular nuid and does o:ot 
penetr&t6 tissue ceUlB to any signiO.cant ®Xtt!m.to 8 and i.e bound by seNm albumin. 
Jrn doget renall. seN- clearance betn·e a et:raight.»lin~ x-e~ationehip to tot811.~ eN= 
excretion" · 

··· Out- data show that 10 days after the hajec:tion. li»f cyanid.~ 6.5o/o of the injec:wd 
dose is mtiU in the animal (70o/o ha.s been ex(:ret~d in the· urine and feces ~nd Z3.S% 
has been excr~G:ed ia the bi'flath}" Shu:e. it hl unlikely that any cyanide exists li!l.e 
such at this timen and since thi©cyartuiJ.te is rath~n· rapidly ex6!r®t®d0 it W@uld seem 

. probable rma.e: this fradion of the cyanide has be®n inc~rporatt~d ~perhaps via 
thioc~mna!te) into some semipermanent body sti'uetur~. 

Since th~ urine and feces e:xcretionct:rmdioactivity;ls a Htti® Rarger th~n. the 9 
breath e:ttcretion at 30 d~ys. and ein.c~ this ie the ccnvel"se @f thtl casebr gRydne=2=d4v 
we bdive; t11.at at least pmrt of the bound 10 cyanid.<e 11 is helid as a ni!erile. or slightly 
modified CN~ group. Thus. when t.bce give!i'll holding mo~®euR®s are d1angf.ld by 

. metabolic forceeD the tt:yanid® or nitrile is reit~aeed !ID.n.d appcMu·~ i111 the urine rather 
than in the breath. Alt@rnate fates for this bound 10cyanide 0' would indude nudedc 
adds or eubsi:ancee that a:&-e metaballized in high yietd ~@urea. , A1m appr®d&M® fracti©<ll 
of this b@und radioadhrity ap~-an to be attached to pr@tein moUett:u~ew. (See Tabl® JLH. ~ 

The dat& p:rewent®d. in this pa~r are based @D. a eingne gr&vim®faic dose lf»f. 
0.5 mg of NaCN p®E' anima!.· This was tiuffidenlt cy~nide i:o cause acu!t~D but short 
(5 to 10 min). dhtres$-readion symptoms typi¢;al @f cyanid® pois:omng. Pr®Uminary 
experiments h~ ehowFl'A that 0.1 mg Na.CN per animal Wf£!111 &bou~ d1® m~ximum that · 
.could be Ui.!~d wi~hout o.a.!iAger ·of killing the anima!. We wonde:t> how diffe:r®nt the 
excretion P·Oi!.tt®?n wiU be if much lal'ger Oi' a sm~Uer ~uantity @f cyanide is us®d. 
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ESTYMA'fiON OF RAD1ATION DOSE 

lrf @fi® &S!BUmfl:ll!l uniform dbtributi©n of 3 e14 ob,oo~tld compound b. an animal!.. 
it is poaaible to cakulate ·a radiation~di13~H:J rat~e: 

(N} \}t;~ ~~» (crge/ev) (1000) 
mill'Hrad/day ~ =~-=~~·=· ---=-====··-----~~~~.~ o 

~e"E;g/ g / r:ad~ (w~;gm) 

wh~r~. N ~ numb®r of b~tas p~:~r day. 

- 14 
l'=~=~ averag® ®nergy of C ·· b®ta (50 0 000 ~v)o 

I 60 =il ergs ®V :::: L x 10 o 

®rgrJ/ g/ ra.d""' AOO 

For 100 f.l\C of C i4': in lB!. 70 =kg m~~o N :;> 3oZO x 10·n and wt ::;;; 70 9 000" SubcU.tutilllg 
thess data in Eqn (1). W® hav® miWirad/day :;;; 3.,660 

If on® ~tJsum®il that cyanide ®XCr®tioli!l iliil rn~l!:l ~nd th© m@Ufl® &\:£'~ lli® s~m©" 
W® can us® th® mo'l!B® excretion dl\\ts. to e31l.cuh~.te a s®d~e ox dot!© rmt~@ ©W(l~I' a 
period of time _foUawing tuimini,.~lilti@n @f &. gh·,~n des® of b.b~'H.®d cr~~id~" 'r~i~ h~s · 
b~a®l'iil d«»~® for ~00 QJJ.C cyanid® .. c . SAud th® dat~ eu® pr®~®ntf)d ~n TaM~ ltV ~nd Fll.gc t.:~ 
llnt~gration of th® ar~a und®r thirs doe~ =r~t® =VIS =time C11.U:'V® g:ltv®~ th@ <eu.muli~ativ® 
radiation dcs®o ~~ 

WUhin th® Umits oft'\ aseum~~ons giv®n ~bov®R w® ®®® that in 7 days ru:u,r 
ing~stio.g .100 I!J.C cyanid.(;< =C • th® C =rtmdi&ti«»n ~®W@ll i!!l the booy willl hav® ,f~flll®mi 
to natural mnd cosmk =ray ~®V®'R&L Th@ int®gr~t~d do~® ~e; t:hiG timt!!l hl @.beut 8 mi'ado 
Th® pr®e®nt W©®k~y-toR®l"llUl~® donJ® f©r rontinuous ®xposuN to whcli®=booy :!t'mdi~tio~ 
has b®0n 3®t at H)O mrep/w®®ko 

Alil important ®rror in the abov~.assumpticn is as~umption of u!:llif.ol-m di&"st:dbuti©•~­
of radioactivity. Thie ®rror may be pllrti4'!ulla)1"!\y importm:r!i: during th® fh·r.~t 2. day& o 

wh®n 50% of the radioactivity il!l b©ing ®x~et®d :in th® urin~ ~nd t®e;~~L S~nc® m©~St ~f 
thb activity is in th~ uriRMlle i.e is worth whH~ t© c~1lcu~a\te th® d@S® ft© feb.© kid.RMilya~ lin 
a norman 70~kg mac fu® kidn~ys weigh s.bmd: 2!90 go ltO U:rin® vo1lu.me ill> ll.OOO t©~ 
ll.SOO ml/dayo lf we assumt~ that ©D©=thiFd t«» CIDl®=haU of ~he kidn®y volum® contain8 
Moodo urinl§lv &lnd ©th®r fiuidt:'l fl;b.at bgjW® th® l!llam~ r~di©mcthri.ty c©n«::®ntrY.Uon 3i!ll t!1.e 
urirn® 9 th®n Oii®=Willth of the u.rinary ®XCl'tdion wi\tll b® in i:h® kidn.©ya at &tll».f Or!@ time., 

From th® data in. this pa.J)®r W® c&llculiatl!ll tb.mt th~ m~ximum ob&!®rv®d url!:!JU.•y 
~xcr®tilon riilt® is 4li% of the inj®d®d doliJ® p®:' d~y-- (a~aumll.ng nc f®c~IDJ~ ~xcreU®n)o 
This much activity wou11.d th®n px-cduce m m~mmum :r~di~&i@n :wa

4
te ©f 36 m:HHrad p€ll' 

dar to a,.~ kidn®ye f@r & 10-kg man given 100 ~tG of cyanid®=Cli • 

Tb.e1 il.noogr~ti©llll of i:h~ kidn®y d@o® r&.\fi:e ©JV®r thff firw~ 5 d~yli'l givtlH~ ~h® 
f@!ih~\llflliil,g cumunfAtiv® ·l'~diaU©n do~;ID,g~@~ 6 hre L93 mr@.dz 24 hFn Z9o6 mr~d;; 
2: drAyen 35o9 m11."ad;; 3 daye. 4!"». rnr&l!.d£; 4 day~" 46.~ mr~d;; 5 d~"f~v 48"3 mF&cL 

/ 
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T~.bl® llV 
===================================-~$======== ,_~~ 

Radiation dloeag~ from UlO e.&C cyanide =C 114 ~&k®n int€ll a 70 -kg m&n. Calicc:ulall:®d. 
by using ~xcr®ticn data fr@m mice :r.~md assuming uniform distl"f.bution of rad.i@~cU.vity. 

c!4 
Time in body Dos® ra~e: Cumulati v® dofil® 
(days) (VJ.C} (mi1ilirad/ day) (milUrs.d!lll) 

0 !OO.OQ 3.66 0.00 

1 51.3 . 1.88 ZA6 

z Z8.9 L06 4.Z2 

3 zo.s 0.75 5.41 

s lZ.O OA4 6.76 

7 8.6 o.:n 7.80 

9 1 .l O.Z6 8.20 

:u 5.7 O.Zl 9.00 

15 4.7 0.17 9.70 

30 Z.7 0.10 1~.00 

$The rad~ which b equa1l to 100 (!i;rge of radiation ®n«iirgy absorb®d P®ll? gram 
of tissue, hl approximat~liy e\liua11. to a. rep (83 &:o 93 en::ge/ g titUIU®N, 
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Fig. 2. Daily radiation dose from lOOJ..LC carbon-14 administered 
as CN- for a 70 -kg man (values estimated from mouse data). 
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