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EX--$ CLJ -- I I VE SUY.I:.!A?V 

SECTiO!I .B: HEALTH EFFECTS OF SE!IZE'E 

,The dxumented human health effects  of benzene have occ~~rred  mainly as t h e  r e s u l t  

of  exposu re  i n  occupational set t ings.  A brief exposure t o  22.000 pvm can cause 

f a t a l i t i e s  by producing intoxication and resoiratory and c i r c u l a t o r y  c o l l a p s e .  

S t u d i e s  i n  humans and an imals  have not impliczted benzene as a causs of b i r t h  

dcfects. However, human exposures in the hundreds of oarts Der n i l l ion range h a v e  

resu1 , ted  i n  varying degrees of depression of red end white blood cel l  prodl~ction 

and in sose cases have caused fa ta l  aplas t ic  anenia. Chromosomal abnormal i t i  e s  

have been documented i n  humans years a f t e r  toxic exposures in t h i s  dose range. 

Exposures of t e n s  t o  hundreds  of p a r t s  p e r  n i l l i o n  have been a s s o c i a t e d  

e p i  demiological ly with an increased incidence of leukemia. Chromosomal damaoo has 

occurred in animals a t  these levels. Recent animal cancer. b i  oassay  s have  s h o w n  

benzene t o  c a u s e  leukemia and a v a r i e t y  of other cancers. The s t a f f  of the 
L 

Department of ijealth Services (DHS) can f ind no evidence of substantial s c i e n t i f i c  

d i sag  reernen t a bout the above-mentioned effects  and agrees ri t h  the International  

Agency for  Research in Cancer (IARC) tha t  there i s  suff ic ient  evidence t o  cons i  d e r  

benzene a human carcinogen. 

The k?j issue fo r  t h i s  evaluation is whether levels  of benzene in t h e  1 ow p a r t s -  

per-mil 1 ion or parts-per-bill ion range could cause human leskemia or other cancers 

a t  rates wbich are of concern, e>*en though such r a t e s  a r e  below t h e  n laqn i tude  

detectable by epidemiological s t udy .  D I E  believes risks of adverse health otlt.comes 

other than cancer are  not expected a t  these lower dosage levels. To a d d r e s s  t h i s  

issue, the f i r s t  question which mus t  be asked is  )&ether henzene has a carcinogpnic 



threshslc!. To arsue for a thresholtl, the sta:f of the CH5 wai.11 d r e q u i r e  s t ro t ig  

p o s i t i v e  evidecce t h z t  benzene acts  oniy t.hrol~$;l mechanisms ~ h i c h  ought t o  h ~ c  2 

threshold. No positive evidsnce exis ts  for th is  nosi t i  on. O n  t h e  o t h e r  h 3 n d ,  

u n d e r s t a n d i n g  of t h e  nechanizns of benzene's action i s  n o t  sufficient  t o  prove 

e 
defini t ively tha t  there i s  n o t  a threshold. Since s t a t i s t i c a l  and m e c h a n i s t i c  - 
arguments  f o r  a benzene threshold are not convelling, DHS tonsiders t h a t  ,benzene 

should be treated as a substance without a threshold for  carcinogenesis. 

The DHS has  e s t i m a t e d  t h e  1 ow-dose carcinogenic potency of  benzene csing both  

animal and  eoidemiological data. This has  required extrapolation from inoerf ec t l  y 

e s t i m a t e d  h i g h  exposure levels  in eeidemiological studies or from well-measured 

high levels  in animal studies. Such extrapolations depend s n  many a s sumpt ions ,  

e ach  with i t s  own uncertainties. Figure A shows dose-response'curves derived frorn 

these human and animal studies. The X axis i n  th i s  f i g u r e  shcvs  t h e  1ifet.irne- 

a v e r a g e d  d a i l y  exposcre . . in parts per b i l l ion (ppb). The Y t x i s  shr~qs tv:e added 

l i fe t ime risk which woold theoretically resu l t  fr.om eech level of exoosllre. Th i s  
e 

i s  expressed i n  exces; cases of cznter per million people exposed. 

Each l i ne  i s  described below but, in sumary, the very h i g h  and vsry low es t imates  

o f  r i sk  a r e  provided by the !,!antel-Bryan and Probit models resoectively which tCle 

DHS does not advocate fo r  reasons given in the text.  

1 Animal and er~idemlological studies provide risk estimates which are within n factor 

1 of 10 of each other, and the DHS reconmends using t h e s e  e s t i m a t e r  t o  , rovi  de a 

' range of risk. 



I . The benzene r i s k  assessment c a r r i e d  o u t  hy EPA's Carcinorlen Assessment 5ro110 ( C A C  l 

I was based on data from three eoidemiological  studies. Hore recent ly  LAG reanalyzed 

dsta from one o f  these, the Rinsky re-eva1uation:of the In fan te  study. I n  F i g u r e  

A ,  we p r e s e n t  t h e  t h e o r e t i c a l  dose resnopse curve der ived,from the more recent  
i 
j Rinsky estimate ( l i n e  5 )  and  t h e  c u r v e  b a s e d  o n  t h e  a v e r a g e  o f  t h e  t h r e e  
. . 
! epidemiological .s tud ies ( l i n e  6). ! 

' L i n e  4 shows the theo re t i ca l  dose-response c u r v e  d e r i v e d  f r o m  1 ymohomas a n d  : 
l e u k e m i a s  i n  m i c e  e x p o s e d  t o  benzene by gavage. T h e m l t ' i s t a g a  ex t rapo la t ion  

8 

' procedure o f  Crum was used f o r  t h i s  maximum l i k e l i h o o d  estimate. T h i s  e s t i m a t e  ; 
j f o r  m i c e  i s  s i m i l a r  t o  t h e  human epidemiology estimates and i n  t h i s  o a r t i c u l a r  

graph ove r l i es  the R insky  r i s k  1 i n s .  These  human l e u k e m i a  and  t h e  a n i m a l  

t ym~homa/ leukemia  r i s k  assessments thus suggest a  t heo re t i ca l  added l i f e t i m e  r i s k  I 

i c f  around 22 t o  50 cases per m i l l  i o n  f o r  a  l i f e t i m e  exposure t o  l pph. 

I 
T h e  model  t h z  t i s  se lected t o  ext rapolate animal h igh dose exposures t o  low dose 

crpasures humans w i l l  encounter i n  ambient a i r  can prsduce estimates o f  r i s k  w h i c h  

v a r y  b y  many o r d e r s  o f  magnitude. L i n e  1 shows the Mantel-Bryan procedure f o r  

es t imat ing  r i s k  for  the  most sens f t i ve  s i t e  i n  animals, t h e  o r e o u t i a l  q l a n d  i n  

mice. L i n e  2 shows the  95% upper confidence l i m i t  f o r  r i s k  estimates based on t h e  

mu l t i s tage  model f o r  t h i s  same s i te .  

L i n e  7 shows t h e  p r o b i  t m o d e l  f o r  p r e p u t i a l  cancers which l i e s  f a r  below the  

others. There are t h e o r e t i c a l  reasons for  ~ r e f e r r i  ng the  mu1 t i s t a  ge model w h i c h  

a r e  d e s c r i b e d  i n  t h e  t e x t .  M ice  show evidence f o r  a  v a r i e t y  o f  cancers a f t e r  

exposure t o  benzene. These inc lude  rrammary and ovary cancers which have n o t  b e e n  



( a d e q u a t e l y  s t u d i e d  i n  man.' The theore t i ca l  r i s k  f o r  these cancers combined are 

shown by l i n e  3. 

S i n c e  evirfemiology has not  determined whether humans as we l l  as animals run a r i s k  

of mam>ar-y o r  ovar ian cancer, and since it i s  comon p rac t i ce  t o  use the  95% upDer  

c o n f i d e n c e  1 i m i  t b a s e d  on the  most sens i t i ve  s i t e  and species t o  ca lcu la te  the 

IlPper bound of r i s k ,  the s t a f f  o f  the DHS suggests t h a t  t h e  ARB c o n s i d e r  dose-  

r e s p o n s e  c u r v e s  w h i c h  l i e  between the EPA estimates based on the data from the 

In fante.  O t t ,  and Aksoy epidemiologic studies (22 X 1f6 /1  D D ~ )  ( l i n e  6) and  t h e  

95% u p p e r  confidence l i m i t  based on the  mast sens i t i ve  s i t e  i n  r a t s  and mice, the 

p r e p u t i a l  gland (170 X l o " / l  ~ p b )  ( l i n e  2): 

1 . I n  sunary ,  the DHS d r t e n i n e s  that:  

i 
I ( 1 )  T h e n  i s  s u f f i c l e n i  evidence t o  consfder benzine a5 a human carcinogen. 

I I 

i 

i ( 2 )  F o r  1 ack o f  p o s i t i v e  evidence t o  the  contrary,  henzene soulrl be t r ea ted  

I as if i t  had no th reso ld  for  carcinogenic e f f e c t .  

i 
( 3 )  B a s e d  o n  ava i l ab le  evidence i t i s  s c i e n t i f i c a l l v  defensahle t o  consider 

t he  l i f e t i m e  r i s k  from continuous exposure t o  1 poh of henzene i n  a i r  t o  

be between 24 and 170 excess cancer cases ner  m i l l i o n  persons. 

I ( 4 )  Other hea l t h  e f f ec t s  are not exoected t o  occur a t  usual anbient leve ls .  I 
1 ( 5 )  Benzene should be l i s t e d  as a t o x i c  a i r  contanfnant. 



INCREASEDLIFETIME RISK (per million) 





I I .  Absorption. ~ i s t r i b u t i o n ,  and l i e tab~l  ism - 

'l= The absorp t ion ,  d is t r ibut ion,  metabolism, a n d  excretion of benzene 

I 
have b??n reviewed for  both hucans 2nd animals t e s t  s p e c i e s  by t h e  I A R C  

i I .  (1982). The purpose of the review was to  identify information tha t  would b e ,  

of value in determining the human health impact of benzene exposure. Thi s  

i n f o r m a t i o n  would be part icularly important for  the understanding of the 

mechzni sm of benzene induced carci nogenesi s  and the development of a  do s e-  

response relationship. Data on the absorption and metabolism of benzene are 

c r i t i c a l  for  the application of pharmacokinetic models used i n  low dose ex- 

t r a p 0 1  ation of cancer risks. After reviewing the available l i t e r a t u r e ,  the 

position of the s t a f f  of the DHS i s  as follows: 

1) The exi s t ance  of the, proposed carcinogenic metabolite of benzene, 

benzene oxide, i s  still  only speculative (Goldstein, 1983). 

2 )  Although animal studies have demonstrated several benzene metabolic 

pathways, t h e r e  i s  i n s u f f i c i e n t  d a t a  w i t h  r e s p e c t  t o  phar -  

m a c o k i n e t i c s  ( e . g . ,  t h e  r a t e  d e t e r m i n i n g  s tep ( rds)  fo r  the 

formation and inactivation of the c a r c i n o g e n i c a i  l y  r e s p o n s i b l e  

species, r a te  and equilibrium constants for the rds, information on 

the inducability of the c r i t i c a l  enzymes, e t c . ) .  t o  model metabo- 

lism even in animals (Anderson, e t  al . ,  198' ).  

3 )  There i s  insuf f ic ien t  human data with respect t o  the  d i s t r i b u t i o n  

or metabolism of benzene to  apply any pharmacokinetic model derived 

ir, 
from animal studies t o  humans risk assessment. 





. . I L .  Short-Term Tests and Chrnmosonal Studies 

1. Introduction 
L" 

IARC has reviewed research on the genotoxic e f f e c t s  of ben- 

zene  pub1 i  shed u p  t o  1981 (IARC, 1982). The work they reviewed includes 

resul ts  of studies on gene mutations or  t h e  D N A  damage i n  b a c t e r i a  and 

f u n g i ,  gene mutations or the DNA damage i n  mammalian c e l l s  in v i t ro  and - i n  

viva and chromosomal aberrations detected i n  animals aild humans. The s t a f f ,  - 
i n  the following section on short-term t e s t s  and chromosomal studies on ben- 

zene, emphasized discussion of studies published subsequent to tile 1932 IARC 

document. S t u d i e s  reviewed by IARC were generally not.discussed in our 

document unless: 

1) The s t u d y  was f e l t  t o  be a n  i m p o r t a n t  example of a specif ic  

category of s h o r t - t e n  test; o r  

2 )  The study needed fur ther  evaluation than given by the IARC working 

group. 

Infcrnation concerning the validation, s t rengths ,  and limitations, qua l i  t a -  

t i  ve and quan t i  ta t ive  character is t ics  of individual sho r t - t en  t e s t s  w i l l  

not be discussed here, b u t  are available i n  review publications by Brus i ck ,  

1980; Bridges e t  a1 . , 1982 and by Hsu: 1982, t o  c i t e  a few examples. 



Some of the  s tud ies  revieded were reported 3s a b s t r a c t s  c f  p r e s e n t a t i o n s  

g i v e n  a t  r e c e n t  m e e t i n g s .  A b s t r a c t s  a r e  d i f f i c u l t  t o  evalua,te and a re  
1 
f t he re fore  denoted in our t ex t .  I 

2. Gene Mutations or  DNA Damage i n  Bacteria 

IARC ( 1 9 5 2 )  reported t h a t  benzene was not mutagenic i n  bac- 

t e r i a l  po in t  mutation assays such as  the Salmonella typhimur i  um m i  c r o s o m e  

t e s t  of Ames e t  a l .  (1975). However, i n  a few of the  s tud ie s  c i t ed ,  f o r  ex- 

ample, Shahin and Fournier (1978) and  Lyon ( 1 9 7 6 ) .  a c l o s e d  s y s t e m  t o  

min imize  evaporation of benzene during incubation was not used. T h i s  makes 

i n t e r p r e t a t i o n  of the  r e s u l t s  d i f f i c u l t .  

The  study by Shahin and Fournier (1976) reviewed by I X R 3  was I 
bas i ca l ly  an inves t iga t ion  of t he  tnutagenicity of t a r  sand f r a c t t o n s  u s i n g  

b e n z e n e  a s  a so lvent  i n  the  Ames assay. Benzene, however, has very l im i t ed  

s o l u b i l i t y  i n  zqueous systems such as  t he  Ames assay, and a c l o s e d  s y s t e m  

was not used. 

Benzene oxide, a proposed reac t ive  metabolic i n t e rmed ia t e  o f  

benzene, was t e s t e d  by Kinoshita e t  a l .  (1981) i n  a c losed-l iquid incubation 

systen.  They reported an increasing mutation frequancy f o r  TAlOO ( increased  

h i  s - p o s i  t i v t  r eve r t an t s  per mill ion v i ab l e  c e l l s )  with increasing doses of 

benzene oxide without  t h e  need f o r  an  a d d i  t i o n z l  m e t a b o l  i c  a c t i v a t i o n  

I s y s t e m .  The absolute  number of rever tan ts ,  however, increased by l e s s  than 

a f a c t o r  of two and  t h e r e  was no ' l i n e a r  d o s e - r e s p o n s e  r e l a t i o n s h i p  



I d e ~ a n s t r a t e d .  T h i s  non-linearity may, in pzrt ,  be due to toxici ty of ben- 

zene oxide to  bacteria.  I A R C  noted t h a t  t h e s e  s t u d i e s  needed t o  be 

'u repeeted. . 

Jung e t  a1 . (1981) tested a variety of related oxides of ben- 

z e n e  u s i n g  t h e  s t a n d a r d  Ames a s say  o r  a modified assay which exposed 

Salmonella t o  the t e s t  agent i n  a d e s i c c a t o r  ( c l o s e d  s y s t e m ) .  Twelve 

o x i r a n e s  o u t  of 1 7  t e s t e d  were weakly t o  moderately mutagenic in s t ra in  

TAlOC) without the addition of metabolic enzymes. Bznzene o x i  de , however, 

was not mutagenic us ing  e i ther  of the procedures. The actual dose-response 

curves and numbers of bacteria surviving treatment were not reported for the 

ox i  r a n e s  which were mutagenic. Only the slope of the l i ne  from the l inear  

portion of the dose-response curve was reported. 

3 .  ~ e n e  ~ u t a t i ' o n  and DNA Daaage i n  Manmal ian Cell s 
G' 

Studies reviewed by IARC (1982) regarding the mutagenicity of 

benzene i n  mammalian ce l l  gene mutation assays have generally been reported 

t o  be negative. 

C r e s p i  and Penman (1984, abs t ract )  and Crespi e t  a l .  (1984) 

have reported tha t  benzene a t  1. mg/ml (28 hrs exposure time) was mutagen ic  

i n  a new human lymphoblastoid cell  assay and which has an endogenous netabo- 

l i c  act ivation system. The paper describing the assay and i t s  validation i s  

i n  p r e s s  ( C r e s p i  and Thilly, 1984). The authors are  current ly  repeating - 
t h e i r  i n i t i a l  work and incorporating more doses t o  es tabl ish  dose- r e s p o n s e  

c u r v e s  (Crespi  , personal coanunication) . Staff be1 ieved t h a t  the data are 
iui 

very limited for t h i s  study. because the response reported was only about two 



t i m e s  b a c k g r o u n d  arid there was only one dose tested. The ressarchers i n -  

volved be l ieved t h a t  t h e  r e s u l t s  w c r e  s i g n i f i c a n t  ( C r e s p i ,  p e r s o n a l  

communication) . 

4. Chromosomal E f f e c t s  i n  Animals 

I 
4.1 S i s t e r  Chromatid Exchanges (SCEsl 

Hook e t  a l .  (1984, abst ract )  and Erexson e t  a 1  . (1984 ,  

a b s t r a c t )  r e c e n t l y  reported t h a t  benzene induced SCEs i n  v ivo i n  mice ex- 

posed f o r  4 h o u r s  a t  concentrations o f  2815 ppm (Hook e t  a1 . ) and f o r  6 

hours a t  10, 100, 1000 ppm (Erexson e t  a1 .). The DHS s t a f f  notes t h a t  these 

and other  s tud ies which are repor ted a t  meetings and are present ly  publ ished 

i n  abs t rac t  form are d i f f i c u l t  t o  evaluate. 

I 4.2 Micronuclei  

One t e s t  deve loped  f o r  detect ing poss ib le  c lastogenic  

(chromosome-breaking) e f f e c t s  o f  compounds i n  animals i s  the micronuc le i  as- 

say (Schmid ,  1975;  Hedd le ,  1973). Micronuclei  are thought t o  be broken 

fragments o f  chromosomes or  chromatids which l a g  behind i n t a c t  chromosomes 

d u r i n g  c e l l  d i v i s i o n .  They a r e  convenient ly detected i n  polychromat ic 

e ry th rocy tes  which general ly expel t h e i r  nuc leus  b u t  1 eave  b e h i n d  t h e s e  

f r a g m e n t s  o r  micronuc le i .  IARC has reviewed a number o f  these s tud ies  i n  

d e t a i l .  The s tud ies  general ly cons is ted o f  t r e a t i n g  animals ( u s u a l  1 y m i c e  

o r  r a t s )  w i t h  benzene, usua l l y  by t he  o ra l  rou+,e o f  admin is t ra t ion  f o r  1 o r  

2 days, and s a c r i f i c i n g  the animals a few h o u r s  t o  days  a f t e r  t h e  l a s t  

t r e a t m e n t .  Bone marrow i s  obtained and examined for  n ic ronuc le i .  I n  most 0 



o f  t5s studies reviewed by I A R C ,  t h e r e  were s i g n i f i c a n t  i n c r e a s e s  i n  

micronuclei. Some of the studies included dose-response relationships. 
W 

Erexson e t  al.  (1984, abstract)  have conf  i rmed t h e s e  

e a r l  i e r  s tud ies  and reported effects  a t  relat ively low levels  of brief  ex- 

posure periods. They reported that  there were dose-response re1 a t  i ons  h i p s 

fo r  mice ex?osed by inhalation to  10, 100, and 1000 ppm benzene f c r  6 hours. 

Benzene caused 0.9 - + .06, 1.03 - + .07 and 2.81 - + .08 percent micronucl e i  a t  

10, 100, and 1000 ppm, respectively. The control value was 0.21 - + -03. T h s  

e f fec t  a t  10 ppm was s t a t i s t i c a l l y  signif icant .  . 

T i c e  e t  a1 . (1984, abstract)  examined s l ides  from i n -  

halation studies previously conducted w l t h  ~ 5 7 8 ~ / 6  nice and found t h a t  mice 

exposed to 10, 25, 100, and 400 ppm benzene for  9 days and sacrif iced .l  day 

L l a t e r ,  had signif icantiy elevzted micronuclei in a dose-dependent menner. 

4.3 Chromosomal Aberration 

Studies reviewed .by IARC (1982) on the chromosomal aber- 

rat ions in bone marrow c e l l s  of animals have shown that:  

1) benzene induces chromosomal aberrations i n  a number 

o f  a n i m a l  s p e c i e s  from d i f f e r e n t  r o u t e s  of 

administration; 

2 )  some o f  t h e s e  a b e r r a t i o n s  p e r s i s t  fo r  days and 

weeks. 



S t y l e s  and R i c h a r d s o n  (i984) have recently reported 

r e s u l t s  of t h e i r  cytogenetic s tud ies  of r a t s  exposed t o  1 ,10,  100 e n d  1000 

ppm benzene f o r  6 hours. Animals were s a c r i f i c e d  24 hours a f t e r  t he  end of 

exposure and ana lys i s  was ca r r i ed  out  on 250 netaphases per animal from bone 

marrow c e l l s .  There were s i g n i f i c a n t  increases  i n  t he  percentase of c e l l s  

w i t h  abnormalit ies based on the group mean percentage data of a v a r i  e t y  of 

a b e r r a t i o n  ca tagor ies ,  including o r  excluding chromosomal o r  chromatid gaps 

f o r  animals exposed t o  100  and  1000  ppm b e n z e n e .  The c a t e g o r i e s  of  

chromosomal damage examined were: chromosome o r  chromatid gaps, chromatid 

breaks, chromosome breaks o r  fragments, minutes and i n t e r c h a n g e s  . 1 he  r e  

were  e levated l e v e l s  of chromosomal abnormali t ies  (group m a n  percentage o f  

c e l l s  w i t h  abnormalit ies)  i n  r a t s  exposed t o  1 and 10 pFm, b u t  these  l e v s i s  

were  n o t  s t a t i s t i c a l l y  s ign i  Ficant. A pos i t i ve  d?se-response re la t ionsk ip  

f o r  mast ca tagor ies  of abnormalit ies was exhibi ted e t  bsnsene concenzrztisns 

froxi 1 t3 1000 ppm i n  this study. 

5.  Chromosomal E f fec t s  i n  Humans 

I Numerous inves t iga to r s  have reported t h a t  benzene causes DNA 

damage i n  mammalian c e l l s  i n  c u l t u r e .  F o r  e x a m p l e ,  Mor imoto  ( 1 9 8 3 a )  

r e p o r t e d  t h e  induc t ion  of s i s t e r  chromatid exchanges (SCEs) i n  human lym- 

p h o c y t e s  a f t e r  t h e  a d d i t i o n  of b e n z e n e  a t  9 . 2 ,  1 ,  o r  5 x M - 
c o n c e n t r a t i o n s .  Metabolic ac t iva t ion  from an exogenous source ( r a t  l i v e r )  

was required t o  induce the  SCEs. Reduced glutathion prevzntod induc t ion  c :  

SCEs from benzene and two metabolites of benzene, catechol and hydroquinone. 

Morimoto and co inves t iga tors  have published other  repor t s  on the  i n d u c t i o n  



I of SCEs i n  human 1 ymphocy ' t e s  t r e a t e d  with benzene (!!orinoto and Uol f f ,  

1950a, b; Morimoto e t  a1 . , 1983). 

Var i o u s  i n v e s t i g a t o r s  have reported t h a t  workers exposed to.  

' benzece had s i g n i f i c a n t  i nc reases  i n  chromosomal aber ra t ions  ( f o r  ex  amp1 e , 

c h r a n a t i d  f r a g m e n t s  a n d  chromosome b r e a k s )  i n  bone  marroH c e l l s  o r  

lymphocytes. The reader  is r e fe r r ed  t o  review papers by Dean ( 1 9 7 8  and  

IARC (1982) f o r  discussion.  Accurate dat3 on benzene concentrat ions  i n  t h e  

work environments a r e  l i m i t e d  but reported t o  range from about 10 t o  a few 

h u n d r e d  ppm. Many of t h e  workers examined had gross  c l i n i c a l  symptoms of 

benzene poisoning. However, t h e r e  a r e  repor t s  of groups of ind iv idua ls  with  

i n c r e a s e d  chromosomal abe r r a t ions  ( f o r  example, d i c e n t r i c  chromosomes) who 

were asymptomatic with r e s p e c t  t o  acute  benzene t o x i c i t y  (Tough  and  C o u r t  

Brown, 1965; Tough e t  el., 1970; Funes-Cravieto, 1977). 

S t a f f  was aware t h a t  confounding f a c t o r s  s u c h  a s  smok ing  

I h a b i t s  c o u l d  a f f e c t  t h e  r e s u l t s  of these cytogenetic s tud ies .  The reader,  

I i f  i n t e r e s t ed ,  should eva lua t e  t hese  f ac to r s  i n  each publ ica t ion  reviewed by 

I Dean (1978) and by the IARC working group (1982). In t h e  following study by 

I Sa r to  e t  a l .  (19841, t h e  i n v e s t i g a t o r s  reported the use of matched c o n t r o l  

I s u b j e c t s .  M a t c h i n g  was  t o  t h e  " e x t e n t  possible" and included smoking 

habi ts .  

I S a r t o  e t  a1 . performed a cytogenetic study on 22 ma1 e fac tory  

workers exposed t o  'low concent ra t ions  of benzene. N o r k e r s  (mean  a g e  o f  

41.5+ 9.6 yea r s )  were exposed t o  benzene concentrations between 0.2 and 12.4 - 
I 

ppm during d i s t i l l a t i o n  of coal t a r  (i4ean time of ex?osur?, 11.4 + 7 years )  . - 
L 



E x p o s u r e s  t o  chemica's other  than benzene msy a l so  h?ve occurred. The oc- 

currence i n  worhers' l y m p h o c y t e s  of  chromosome b r e a k s  and d e c e n t r i c  

f r a g m e n t s  was s t a t i  s t i c a l l y  higher i n  r w k e r s  exposed to  benzene thsn i n  

control sub jec ts  matched for  sex, age, smoking hab i t s  and s i t e  of res idence,  

6. Other Tests  f o r  Genatoxicity of Benzene 

6.1 DNA binding 

L u t z  and Sch la t t e r  (1977) reported t h a t  a benzene meta- 

b o l i t e  covalently bound t o  t he  DNA of r a t  l i v e r  c e l l s  i n  v i v o .  T h e r e  was 

a p p r o x i m a t e l y  1 . 5  umoles of 1% benzene bound per mole of DNA phosphate. 

Tsta? benzene adininistered i r t o  the  c losed inha la t ion  chamber cF ? 1 i t e r s  

was cpproximately 21 mg (average exposure time of 10 hours!. Concentrations 

of bepzene within t he  chamber were not meaiured o; reported and thhere was no 

dose-response i n f o n a t i o n .  The riumber o f ' r a t s  used f o r  the  exgeriment, both 

f o r  exposed and unexposed r a t e s ,  a p p e a r s  t o  b e  l i m i t e d .  The a u t h o r s  

reported that t h i s  level  of binding i s  about 3000 times lower than t h e  bind- 

ing of N ,)I-dimethyl ni trosami ne t o  r a t  1 i v e r  DNA. 

G i l l  and Amed ( 1 9 8 0 )  r e p o r t e d  t h a t  1 4 C  b e n z e n e  

covalent ly  bound t o  nucleic acids  i n  bone marrow c e l l s .  This t i s s u e  i s  o f  

i n t e r e s t  s i n c e  i t  is the s i t e  of ac t ion  f o r  benzene. The DHS s t a f f  f e e l s  

t h a t  the  authors  do not c l ea r ly  demc i s t r a t e  covalent binding of 14C b e n z e n e  

t o  nuc l  e i c  a c i d  f r ac t ions  of bone marrow. There was very l i t t l e  radioac- 

t i v i  ty  detected in  20 femurs tes ted .  



I r o n s  e t  a1 . ( 1980) repor ted t h a t  benzene me tabo l i t es  

cova len t l y  bound i n  the bone marrow o f  r a t s  (bound t o  f i n a l  r e s i d u e s  t h a t  

b a r e  1 e f t  a f t e r  o r g a n i c  so lven t  e x t r a c t i o n  o f  bone marrow). The s p e c i f i c  

b ind ing  o f  benzene o r  i t s  metabol i tes  t o  bone marrow DNA was no t  studied. 

6.2 Drosophi la 

Benzene was 'not  mutagenic i n  D r o s o p h i l  a  me1 a n o g a s t e r  

u s i n g  a s e x - 1  i n k e d  g e n e t i c a l l y  u n s t a b l e  system i n  which mutat ions are 

measured by no t ing  changes i n  eye pigmentat ions (Ny 1 a n d e r  e t  a1 , 1 9 7 8  ) ., 

Kale and Baum (1983) repor ted t h a t  there  was s i g n i f i c a n t  induc t ion  o f  cross- 

i n g  over i n  t he  spennatogonia o f  male Drosophi la t r ea ted  w i t h  27,000 ppm o f  

benzene f o r  45 minutes. No dose-response in fo rmat ion  was presented. 

6.3 Transfonnation 

w Benzene was tes ted  f o r  i t s  a b i l i t y  ' t o  induce morphologi- 

ca l  t ransformat ions i n  Syr ian hamster embryo c e l l s  i n  t h e  absence  o f  any  

exogenous  s o u r c e  o f  m e t a b o l  i z i n g  enzymes (Amacher and Z e l l j a d t ,  1983). 

Transformation i s  o f  i n t e r e s t  because t h e  progeny o f  t ransformed c e l l  s  c a n  

u l t i m a t e l y  p r o d u c e  tumors i n  synergenic hosts  (9ema ld  and Sachs, 1965). 

Benzene induced p o s i t i v e  morphologic t ransformat ion i n  the hamster t r a n s f o r -  

m a t  i o n  assay. I n  t h i s  study no assessments o f  dose-response r e l a t i o n s h i p s  

were made due t o  the  l i m i t e d  number o f  c o l o n i e s  s c o r e d  - f o r  any  one -Ye3 t  

chemical . 



Benzene i s  n e g a t i  ve i n  bacterial and fungal mutzgenicitjf assays. 

Whether t h i s  result  i s  due, i n  part,  to  tes t ing cond i t i ons  needs t o  be f u r t h e r  

invest igated.  Also, the mechanism of action of benzene and i t s  metabolites may be 

such that  these t e s t  systems could possibly be insensit ive t o  the reactive agent. 

Benzene i s  no t  mutagenic in one published mammalian cell mutation 

assay. Unpublished work suggests that  benzene is positive i n  a n o t h e r  mammalian 

c e l l  a s s a y  which used hurcan lymphoblasts, which contain endogenous metabolizing 

enzymes. 

Benzene i s  c l  a s t o g e n i c  ( i  .e., damges chromosomes) i n  animals as 

determined by the micronoclei tes t .  One study reported a s t a t i s t i c a l l y  signi f i c a n a  

i n d u c t i o n  of mic ronuc l e i  a t  a dose of 10 ppm (6-hour exposure t l ~ i l i ? ) .  eenzene 

I induces SCEs i n  nice in v i v o  and I n  human c e l l s  i n  culture. 

Benzene c a u s e s  c h.romosoma1 aberrations (chromosome and chromatid 

I breaks, marker chromosomes [for  example, d i c e n t r i c s ] )  i n  animals  and humans. 

I S t u d i e s  i n  humans and animals indicate tha t  chromosomal damage can persist. The 

I lowest dose a t  which damage occurs i s  d i f f i c u l t  t o  determine i n  human studies, b u t  

i n  animal studies there appears to be elevated chromosomal aberrations a t  doses as  
I 

low as 100 ppm (6-hour exposure time). Elevated levels of chromosomal aber ra t ions  

o c c u r r e d  a t  benzene conc.entrations of 1 and 10 ppm, b u t  the results  a t  these dose 

1eve:s were not s t a t i s t i s a l l y  different from unexposed anirflal s. Studies which 'in- 

d i c a t e  weak c o v a l e n t  b i n d i n g  of benzene or i t s  metabolites t o  the DNF\ or other 

nucleic aci 6s need t o  be confirmed. 



111. Acute and  Chronic Heal th E f f e c t s  

1. Acute T o x i c i t y  

1.1 Experimental Animzl s 

I nha la t i on  exposure o f  r e l a t i v e l y  h i g h  doses  can  

. p r o d u c e  a c u t e  benzene  i n t o x i c a t i o n  and  d e a t h  i n  labora to ry  ~ n i n a l s .  

Carpenter e t  al.  (1944) described t h e i r  observat ions o f  t en  r a b b i t s  undergo- 

i n g  anesthesia w i t h  35,000-45,000 ppm o f  benzene vapor i n  a i r .  The average 

t ime requ i red  f o r  l i g h t  anesthesia was 3.7 minutes, 5.0 minutes f o r  e x c i t a -  

t i o n  and t r e m o r s ,  w h i l e  d e a t h  ensued i n  approximately 36 minutes. The 

n a r c o t i c  threshold concentrat ion i s  approximately 4,000 ppm, and concen t ra -  

t i  o n s  above  10,000 ppm are usua l l y  f a t a l  a f t e r  several hours o f  i nha la t i on  

[Leong, 1977). The l e t h a l  concentrat ion f o r  50Y, o f  the  a n i m a l s  ( L C s o )  i n  

L f e m a l e  Sprague-Dawley r a t s  was repor ted as 13,700 ppn a f t e r  a s i n g l e  four-  

hour exposure (Drew and Fouts, 1974). 

The t a b l e  below i s  a summary o f  o r a l  t e s t s  t o  deter- 

mine the  l e t h a l  dose f o r  50% o f  the animals ( L D S o l  t e s t s  as repor ted  by I A R C  



Year Author( s) Animal Dose 

1965 Cornish 8 Ryan Ma1 e 0.93y/Kg bw 

Sprague-Dawl ey r a t s  

same 

1971 Kimmura Young adul ts  3.4 g/kg bw 

01 der adu l ts  4.9 g/kg bw 

1956 Wolf e t  a1 . Wister r a t s  5.6 g/kg bw 

1975 Withey 8 Ha l l  Ma1 e Sprague-Dawl ey 5.96 g/kg bw 

Benzene i s  n t e d  as mctderately t o x i c  by ingest ion,  i nha l  a t i o n ,  and 

s k i n  absorpt ion (Hawley, 1981). 

1.2 Humans 

As an acute tox in ,  benzene i s  a centre1 nervous system 

depressant. The l e v e l s  necessary t o  e l i c i t  t h i s  e f f e c t  are many t imes h i g h e r  

t h a n  l e v e l s  used  t o  study chronic t o x i c i t y .  One author ( F l u r y l  i s  c i t e d  by 

IARC (1982, p 116) as s t a t i n g  t h a t  s i ng le  exposures to benzene v a p o r  i n  t h e  

atmosphere a t ,  20,000 ppm may be f a t a l  w i t h i n  5-10 minutes. 

Fa ta l  cases have occurred when workers entered enclosed 

spacr  s such as tanks where there was res idual  benzene. E f f e c t s  obser ,ed f o l -  

l ow ing  severe exposures are convulsive movements and p a r a 1  y s i  s f 01 1 owed by 

unconsciousness. i - l i lder  f o n s  o f  acute i n t o x i c a t i o n  produce an i n i t i a l  s ta te  

o f  euphoria fol-lowed by giddiness, i r r e g u l a r  hear t  beat, headache, d i z z i  n e s s  , 

nausea ,  a s t a g g e r i n g  g a i t ,  and unconsciousness i f  the  i n d i v i d u a l  i s  no t  



removed from exposure. Breathlessness, nervous i r r i t a b i l i t y ,  and unsteadiness 

i n  walking may pers i s t ,  and delayed e f fec t s  may ar ise  and pers is t  long a f t e r  - the acute incident (NIOSH, 1974). Autopsy findings i n  the case of acute ben- 

zene p o i  soning include extensive petechial hemorrhage i n  the brain, pleurae, 

pericardiun, urinary t r ac t ,  mucous membranes, and the skin. Ingestion of l i q -  

u i d  benzene c a u s e s  l o c a l  i r r i t a t i o n  of the mouth, throat ,  esophagus, and 

stomach. Subsequent absorption into the blood l e a d s  t o  s i g n s  of  s y s t e m i c  

po i son ing .  Pneumoni t i s  and bronchit is  can also be present caused by the 

d i rec t  action of benzene as i t  is excreted from the lungs (NIOSH, 1974). 

L iqu id  benzene may cause erythema and bl is ter ing of the s k i n ,  

and a dry scaly dermatitis may develop on prolonged o r  r e p e a t e d  exposu re .  

Inves t iga t ions  have shown t h a t  benzene is  poorly absorbed through i n t a c t  s k i n  

. (NIOSH, 1974). 

'L 

2. Hematotoxicity 

2.1 Experimental Anima1.s 

Benzene causes myelotoxicity i n  animals and man. The 

severi ty i s  related to  the dose, duration of treatment, and the t e s t  s p e c i e s .  

I A R C  (1982, p 110) c i t e s  reports which describe decreased leukocyte levels  i n  

rabbits ,  r a t s ,  and.mice, and decreased uptake of r a d i o a c t i v e  i r o n  i n t o  r e d  

c e l l  s ( an i n d i c a t i o n  of decreased erythrocyte production). Marrow apl:asia, 

leukopenia, lymphocytopenia, anemia, and neutrophi 1 i a were a1 so r e p o r t e d .  

Ooses i n  these experirnents ranged froril 44 to  '1000 ppm. 



2.2 Human 

I t  has been known since the ea r l i es t  reports t h a t  hen- 

zene can cause a p l a s t i c  anemia. A p l a s t i c  anemia i s  c h a r a c t e r i z e d  by 

peripherzl blood cytopeni a and decreased marrw cel lu la r i ty  due t o  acquired or 

congenital hematopoietic progenitor ce l l  fai lure.  The hypocel lul  a r i  ty v a r i e s  

g r e a t l y  from c o n d i t i o n s  in which the marrow i s  completely devoid of recog- 

nizable hematopoietic precursors t o  those i n  which the precursors of only one 

c e l l  l i n e  a r e  a b s e n t  o r  a r r e s t z d  i n  t he i r  development (Goldstein, 1977). 

Aplastic anemia has many causes. The etiology i s  uncertain i n  most cases. In 

a number of cases ap las t i c  anemia may be preceeded by viral infections,  drugs, 

o r  industr ial  toxins. Leukemias are said t o  follow benzene-i nduced apl  a s t i  c 

anemia. The more serious cases of aplas t ic  anemia succumb within three months 

' o f  diagnosis d.de to infection or hemorrhage (Rappaport and Nathan, 1982). 

P ancytopenia i s  the classical cl inical  finding in beil- 

zene h e m a t o t o x i c i t y .  T h i s  i s  d e f i n e d  a s  a d e c r e a s e  i n  c i r c u l a t i n g  

e r y t h r o c y t e s ,  g r a n u l o c y t e s ,  and platelets.  I t  i s  an indication that  the 

hematopoietic marro* i s  damaged. Pancy topen ia  a s s o c i a t e d  w i t h  benzene 

t ox i  c i  t y  of t e n  is characterized by the presence of erythrocyte macrocytosis 

a n d  leukopenia. Cytopenia of one cel l  l i ne  may also occur. 

I n addition t o  quantitative decreases, quali tat ive a b  

n o w a l i t i e s  i n  c i rcula t ing c e l l s  are  also produced, i n c  uding macrocytic red - . 
blood cel ls .  Shortening of red cel l  l i f e  span, abnormal morphology, and func- 

t i o n  of granulocytes, a l tera t ions  of porphyrin pathway coepounds in red c e l l s  

and  u r i n e ,  a l ower  l e u k o c y t e  alkaline phosphase ac t iv i ty ,  and changes in 

p l a t e l e t  morphology and function (Goldstein & Snyder, 1962) .  



O f t e n  t h e  c l  i n i c a l  and  h e m a t o l o g i c a l  f indings of 

pancytopenia improve considerably o r  t h e  blood appear nomal on exami n a  t i  on 
L 

once the individual has been removed from a benzene environtxnt.  

The mechanism of act ion of benzene on t h e  hematopoietic 

s y s t e m  i n  bone  m a r r o *  i s  unknown. I t  i s  a l s o  important t o  emphasize t h a t  

t he re  is  no d is t inguish ing  f ea tu re  t h a t  cha rac t e r i ze s  benzene-related a p l a s t i c  

anemia  o r  pancytopenia and t h a t  the  evidence f o r  benzene exposure r e l i e s  upon 

h i s t o r i c a l  data. 





, . 

I V .  Effec ts  on Reproduction 

I. Background 

1.1 Animal 

A s i n g l e  subcutaneous in j ec t ion  of 3 ml/kg bw benzene on one 

of days 11-15 of ges ta t ion  t o  CFI mice p r o d u c e d  c l e f t  pa l  a t e ,  a g n a t h i a ,  and 

m i c r o g n a t h i a  i n  2.7 percent  of f e tu ses  (Watanabe and Yoshia, 1970).  No cont ro ls  

were used, and IARC reported (1982, p 111) t h a t  i t  is  l i k e l y  t h a t  t h e s e  e f f e c t s  

w e r e  p r o d u c e d  by t h e  s t r e s s  of t h e  i n j ec t ion  and t h a t  t h e  relevance of t he  sub- 

cutaneous rou te  t o  inha la t ion  exposure is  doubtful. 

O t h e r  s t u d i e s  i n  pregnant mice u t i l i z i n g  o t h e r  rou tes  of ad- 

min i s t r a t i on ,  i .e . ,  o r a l l y  a t  0.3-1.0 ml/kg bw (Nawrot and S t a p l e s ,  1 9 7 9 )  o r  by 

i n h a l  a t i o r r  a t  500  ppm f o r  7 hours/day (Murray e t  al . ,  1979) f a i l e d  t o  show any 
L 

t e ra togenic  e i f e c t .  Maternal and f e t a l  t o x i c i t y  and e m b r y o l e t h a l i t y  w e r e  ob- 

servsd. 

Inha la t ion  s t u d i e s  have been  done  i n  o t h e r  s p e c i e s .  No 

te ra togenic  e f f e c t  has been reported i n  r a b b i t s  exposed t o  500 ppm f o r  7 hourslday 

on days 6-18 of pregnancy (Murray e t  a l . ,  1979). 

I n  r a t s  i n h a l  a t i  on s tud ie s  have shown embryolethal i t y  and 

t o x i c i t y  but  only one r epo r t  of t e r a togen ic i ty .  Kuna a n d  Kapp, 1 9 8 1 ,  e x p o s e d  

Sprague -Oawley  r a t s  t o  1 0 ,  5 0 ,  o r  5 0 0  ppm f o r  7 hourslday on days 5-15 of 

ges ta t ion .  Eenzsne vapor was f e t o t o x i c  a t  concentrations of 50 a n d  5 0 0  ppm and 

n a n i  f e s t e d  a t e r a t o s o n i c  p o t e n t i a l  a t  500 p73. Offspring of dams exposed t o  

-2 5- 



503 pp? demonstrated exencephaly, angulated r i b s ,  d i l z t t e d  l a t e r a l  and t h i r d  

ven t r  i c l  e s  of t he  brain and' lagging o s s i f i c z t i o n  (no t  c o n s i d e r ~ d  spontaneaus 

t h i s  r a t  s t r a i n ) .  

N e g a t i v e  i n h a l a t i o n  s t u d i e s  in pregnant r a t s  include ex- 

posures a t  10  o r  40 ppm for  6 hours/clay (blurray e t  a1 . , 1 9 7 s  1 ; 313 ppm f o r  24 

hours /day  (Hudak and Ungvary, 1978); 313 ppm f o r  6 hours/day (Green e t  a l . ,  1978) 

and 125 opm f o r  24 hoursfday (Tatrai  e t  a l . ,  1980). 

T a t r a i  e t  81.  ( 1 9 8 0 1  r e p o r t e d  t h a t  b e n z e n e  i n h a l a t i o n  

destroyed the f e r t i l  i r e d  ovum before o r  during implantation. Pregnancy r a t e s  f o r  

mated CFY r a t s  exposed t o  500-1000 ppm benzene were only 75 t o  80 percent compared 

w i t h  pregnancy r a t e s  i n  unexposed con t ro l s  of 93 percent. * 
R e p o r t s  o f  t e r a t c n i c  e f f e c t s  of benzene i n  an ina ls  sre few 

and the  coacentrat ions  used a r e  high. The e f f e c t  on development appears t o  be :e- 

l a t e d  t o  f e t a l  and maternal tox ic i ty .  

1.2 Human - 
Uomen may be more suscept ib le  t o  benzene tox ic i ty  than men. 

Since benzene is a l i p o p h i l i c  solvent,  women m-ay h a v e  g r e a t e r  u p t a k e  and f a t  

s t o r a g e .  S a t o  e t  a l .  (1975) suggested a slower elimination of benzene in  women 

due t o  l a r g e r  body f a t  s torrge.  In t h e i r  inha la t ion  study, 5 ma1 e and  5 f e m a l  e 

v o l u n t e e r s  i n h a l e d  25 ppm benzene f o r  2 hours. Early blood concentrations were 

always higher i n  men. After cessation o f  i n h a l a t i o n ,  however ,  b l o o d  l e v e l s  

decayed  f a s t e r  +n males. Lower blood l e v e l s  i n  women during inhalat ion were f e l  

t o  be due t o  t he  g r e a t e r  d i s t r i bu t ion  volume in  the f a t .  



Mukhametova and Vozovzya (1972) have studied nenstrual func- 

L 
tion i n  female gluing operatives in a mechanical rubber product factory who Mere 

exposed to  petroleum and chlorinated hydrocarbons, petroleurn being a major source 

of benzene. Menstrual disorders occurred i n  26.1 percent of the exposed g r o u p ,  

coinpared w i t h  15.2 percent i n  the control group. There was a d i rec t  relationship 

between length of service and disturbances of menstrual cycle. 

The s t u d y  by Mukhanetova and Voiovaya (1972) analyzed the  

pregnancies of 510 pregnant women and the i r  previous chi1 d-beari n g  h i  s t o r y .  Of 

t h e s e ,  250 were gluers exposed to  petroleum and chlorinated hydrocarbons and 260 

served as  the control group. Comparing the reproductive h i s t o r i e s  of t h e  gl ue 

workers  Oef o r e  and a f t e r  they s ta r ted  worlc a t  the factory .showed a 3.4-fold i n -  

crease in spontaneous abortions and a 3.7-fold increase i n  premature b i r t h s ,  t h e  

frequency increasing w i t h  duration o f  employment. In the control graup tnere was 
L 

a rnarked reduction i n  those two t y p e s  of  e v e n t s  a f t e r  s t a r t i n g  work i n  t h e  

factory . 

Dowty e t  a1 . (1976) demonstrated tha t  benzene c r o s s e s  t h e  

hman placenta. Levels i n  maternal blood and cord blood are similar. 

Holmberg (1979) published a study of 14 children w i t h  centra l  

ne rvous  system defects and the i r  matched normal controls. Case mothers had been 

exposed t o  organic solvents during the f i r s t  trimester of pregnancy s ign i f i can t1  

more often than controls ( p  0.01). 



Chronic benzene poisoning i n  humans i s  p r o b a b l y  due t o  i 

a c t i v e  tnetabol i t e ,  b2nzene oxide. The evanescent benzene oxide can exer t  i t s  e f -  

f e c t  mainly a t  the  s i t e  o f  production, such as . the  l i v e r  o r  bone marrow,  w h i c h  

c o n t a i n  the mixed func t ion  oxidases necessary f o r  i t s  production. Mixed func t ion  

oxidases appear i n  the r a t  fe tus near t ho  end o f  gestat ion,  w h i l  e i n  t h e  human 

f e t u s  t h e y  f i r s t  appear from about t he  n i n t h  to the t h i r t e e n t h  week o f  pregnancy 

and continue. Thus the  human fe tus i s  exposed t o  the  mutagenic and c a r c i n o g e n i c  

p r o p e r t i e s  o f  benzene oxide f o r  a g rea te r  p a r t  o f  i t s  development gestat ion than 

the  r a t  fetus. 

Issues and Recommendations 

Data on f e r t i l i t y  are inadequate f o r  complete assessment. 

h a s  n o t  been shown t o  be teratogenic  i n  animals a t  nontoxic doses. 

may r e t a r d  f e t a l  development. There i s  some evidence t h a t  high and prolonged ex -  

p o s u r e  t o  benzene may a f f e c t  menstrual and reproduct ive funct ion.  There are no 

data concerning e f f e c t s  o f  benzene on male f e r t i l i t y .  There are i n s u f f i c i e n t  data 

on e f f e c t s  on pregnancy and a l ack  o f  data on t ransplacenta l  carcinogenesis. I f  

there i s  any reproduct ive e f f e c t  o f  benzene, it would be many orders o f  magni t u d e  

above the  h ighes t  ambient concentrat ions.  



'i . Carci nogcnici ty  - 

1. The Identification of a Carcinogen 

1.1 General Concepts 

A comprehensive  discussion of the major concepts re- . 

l ? t ? d  to  carcinogenicity is beyond the scope of th i s  report. However, three  

fundamental concepts relevant to carcinogenicity will be briefly addressed. 

T h ~ s r  are: the def ini t ion and identif icat ion of a carcinogen, the def ini t ion 

of t he  disease cancer, and the mechanisin by which the carcinogen r e su l t s  i n  

the production of cancer, carcinogenesis. 

A carcinogen is generally understood to be a substance 

or  agent, .that increases the frequency (age-specific incidence) of cancer  i n 

humans .or i n  o t h e r  animal species. The i den t i f i ca t im  of chemical sub- 

stances t ha t  pose cancer risks t o  humans is complex and requires integrat ion 

.of information from several sc ien t i f i c  discipl i nes. 

Cancer is  a malignant disease characterized by t h e  i n -  

a d e q u a t e l y  c o n t r o l l e d  p r o l i f e r a t i o n  and growth of abnormal c e l l s  that 

conpress or invade neighboring t i ssues  o r  that  spread to other parts  of t h e  

body. Cancer  actually is  a collect ion of many di f ferent  diseases because 

cancers i n  d i f ferent  orgdn; of the body behave i n  d i f ferent  ways. Many fac- 

t o r s  con t r i  b u t e  t o  the development of cancers, including external fac tors  

such as c igare t te  smoking and chemical carcinogens, internal fac tors  such a s  

g e n e t i c  suscep t ib i l i ty ,  hormonal balance, or a decrease i n  the immune sys- 

turn's a b i l i t y  t o  recognize and destroy abnormal ce l l s .  



With respect to czrcinogenesis, the rechanisns by which 

che~nicals induce canter and those by which chflnicai s czuse o:hc?r t y p e s  of 

i n j ~ r y  d i f f e r  i n  s e v e r a l  important ways. Most noncarcinogenic e f fec t s  

dlpend on a continuing interaction between the toxic chemical and  the c e l l  s 

o r  t i s sues  of tlie body. The severity and extent of the ensuirtg reaction i s  

generally related t o  the amount of the chemical present, but there may often 

be a " threshold"  dose be lw which no adverse e f fec t  takes place. Further, 

elimination of the b x i c  chemical from the body resu l t s  i n  the cessa t ion  of 

addi t ional  damage. In contrast ,  cancer, a t  l e a s t  in theory, can be induced 

by exceedingly small doses or  short exposures t o  a carcinogen and, once i n -  

i t i a t ed ,  the disease continues to develop in subsequent generations of c e l l s  

even when the carcinogen is  no longer present. To summarize t h e  mass of 

data dealing w i t h  cattinogenesis, DHS agrees with and w511 paraphrase a por- 

t.icn of tke consensus report issued by the Office o f  Science and Technology 

Pol icy (OSTP, 1Sa4),  representing 10 federal agencies, dealing with a nuinber 

of important s c i e n t i f i c  issues: 

1) Cancer can be induced by radiation, biological. "physical", and/or 

chemical agents. 

21 O n  a b i o c h e m i c a l  and mo lecu l a r  l e v e l ,  t h e r e  a r e  impor t an t  

sirnilari t i e s  among mammalian species. 

3 )  An estimate of the potency of carcinogens may never be exact and may 

vary with l i f e  s t y l e ,  habits, age, sex,  i n d i v i d u a l  g e n e t i c  d i f -  

f e r e n c e ,  e t h n i  c background, t e s t  s t ra in  and/or sbecies d i e t ,  dose 



ra te ,  rou te  o f  ad mini strati or^, veh i c l e  07 so lvent  used ( i f  a n y )  as  

w e l l  as the presence o r  absence o f  o ther  agents, and the environmen- 

t a l  cond i t ions  p r i o r  to ,  during, o r  a f t e r  exposure. 

4 )  Cance r  d e v e l o p m e n t  i s  a mu l t i s tage  process t h a t  may i n v o l v e  the  

genome, both i n d i r e c t l y  ( f r equen t l y  tcr;i:?d e p i g e n e t i  c e v e n t s )  a n d  

d i r e c t l y ,  w h i c h  may i n c l u d e  t h e  p a t i c i p a t i o n  o f  chemicals o r  

v i ruses,  and which may be modulated by h igher  order  func t ions ,  i .e.  

a t  t he  organ and organismic l e v e l .  (To t h i s  statement DHS would add 

t h a t  t he  t ime requ i red  f o r  t he  development o f  c a n c e r  t h r o u g h  a1 1 

s t a g e s  i s  v a r i a b l e .  I t  o f t e n  takes a major p a r t  0 f . a  l i f e t i m e ,  

though sometimes it i s  much more rapid. For  most o f  t h i  s p e r i o d ,  

the  p a r t i a l l y  transformed c e l l s  are l i k e l y  t o  be undetectable. Th i s  

phenomenon, i.e. the t ime between i n i t i a t i o n  and d e t e c t i o n ,  i s  t h e  

1 atency per iod.  ) 

5) Numerous f a c t o r s  may a l t e r  the  frequency o f  cancer induc t io r i  b y  a l -  

t e r i n g  one o r  more o f  these stages. 

6) The genesis o f  a cancer appears t o  r e q u i r e  a n  a l t e r a t i o n  i n  t h e  

a b l l i t y  o f  a c e l l  t o  elaborate i t s  appropr ia te  genet ic  program i.e. 

i n  i t s  i n fo rma t i on  processing capacity, w i t h  t he  subsequent f i x a t i o n  

and propagat ion o f  t h a t  a l t e r a t i o n .  

7 )  We s t i l l  l ack  an in-depth understanding o f  the mechanisms and stages 

o f  cancer i nduc t i on  and expression. 



8 )  Gnly by u n j e r s t a n d i n ~  t h e  s t a g e s  0: t u n o r i g e n e s i s  and c a r -  

c i  nogeces i  s ,  the -substances an3 processes which modclate then, and 

I!JW t'os? di f fe r  anong c e l l s ,  o r g a n s ,  i n d i v i d v e l s ,  s t r a i n s  and 

species *,iill we u l  t i sa te ly  understand the role of s~bs t ances ,  radia- 

t i o n s ,  viruzes and/or l i f e - s ty l e  factors i n  human cancer. 

1.2 Elethods or' iderlti Fication 

1.2.1 Molecular Structur? Analysis 

Th'i s ana lys i s  may show that  a  chemical shares 

s t ructura l ,  chemicnl , o r  p h y s i c a l  c h a r a c t e r i s t i c s  w i t h  e s t a b l i s h e d  

carcinogens. This approach can provide evidence that  further tes t ing nay be 

requircp; however, a t  present these s imi la r i t i es  are nst a s u b s t i  t~ te f a r  

biolsgical eridsnce o f  carcinogenic e f fec t s .  

1.2.2 Short-term Tests - 
These t e s t s  are so caned because of t h s  rela- 

t ively short  t i n e  needed to conduct the experiments. An appropriate battery 

of theise t e s t s  can show the a b i l i t y  of the chemical t o  cause mutations or 

damage t o  chromosomes or t o  the genetic material of c e l l s  and can p rov ide  

s u p p o r t i  ng evidence that  chemicals have the potential t o  i n i t i a t e  cancers. 

Although there i s  an excellent correlat ion bebeen the demonstration cf car- 

cinogenicity in animals and the positive resuits from a se r ies  of short-term 

t e s t s ,  short-term t e s t s  can now only augment eviuence for carcinogenicity i n  

appropriate animal bioassays. 



When a p p r o p r i a t e l y  c o n d u c t e d ,  these t e s t s  

provide unequivocal evidence t h a t  chemicals a re  carcinogenic i n  t h e  a n i  ma1 

s p e c i e s  t e s t e d .  The v a l i d i t y  o f  us ing  animal bioassays to i d e n t i f y  sub- - stances t h a t  pose cancer  r i s k s  t o  humans h a s  b o t h  a t h e o r e t i c a l  a n d  

empi r i c a l  basis. Animal bioassays w i t h  benzene have shown t h a t  benzene i s  

carcinogenic f o r  several organ systems (See Sect ion V1.3) 

I 1.2.4 Case Studies - 
These s tud ies  a re  an important source o f  d a t a .  

I n d i v i d u a l s  w i t h  a disease are diagnosed by c l i n i c i a n s  who i n  t u r n  use the  

p a t i e n t ' s  h i s t o r i c a l  data t o  es tab l i sh  an assoc ia t ion  between e x p o s u r e  and  

h e a l t h  e f f e c t s .  T h i s  type o f  study i s  necessary t o  car ry  out  subsequent 

epidemiological inves t iga t ions .  

1 1.2.5 Human Epidemiological  Studies 

L These s tud ies  o f f e r  the  m o s t  d i r e c t  e v i d e n c e  

t h a t  a substance i s  a human carcinogen. It must be recognized t h a t  because 

o f  severe l i m i t a t i o n s  o f  epidemiological  s t u d i e s ,  e.g. t h e  l o n g  l a t e n c y  

per iod f o r  the  development o f  human cancers, t he  d i f f i c u l t y  o f  i d e n t i f y i n g  a 

l a rge  appropr iate study population, determinat ion of pas t  exposures, e t c  . . 
e p i  demi 01 o g i c a l  s tud ies are o f  l i m i t e d  usefulness as a m a n s  o f  carcinogen 

i d e n t i f i c a t i o n .  



I The laboratory  animal bioassay i s  nor widely used t o  l n d l  ca t e  
I 

t h e  c a r c i  n o g e n i  c p o t e n t t a l  o f  a chemical. Bioassay procedures have been 0 
standabdized i n  recent years, and (except f o r  minor de ta i l s )  there i s  now s 

I 

g e n e r b l  acceptance  o f  t e s t  procedures. An expert  panel has recent ly  been 

conven+d by the Nat ional  Toxicology Program (NTP) t o  review and comment on 

I these /mcedures. (NTP, 1984) 

A recommended design o f  a cancer bioassay o f  a c h e m i c a l  i n -  

cludes l (~on tag ,  19761: 

- two species o f  t e s t  animals (usua l l y  r a t s  and mice  o f  b o t h  

s e x e s ) (  t e s t e d  a t  two, o r  preferab ly  three, dose l eve l s :  a high-dose l e v e l  

(roughl) the estimated maximum to le ra ted  dose, MTD) and a lower dose 1 eve1 I 

- d o s i n g  and observation for  most o f  the animals' natura l  

- adequate numbers of animals ( a t  l e a s t  50 animals per sex) I n  

- adequate concurren* controls;  ! 
! 

- deta i  1 ed pathological examination o f  t issues; and 



Evidence t h a t  can l ead  t o  a conclusion o f  carcinogenicity from 

anlmal experiments includes: 
L 

- s t a t i s t i c a l l y  s i g n i f i c a n t  i n c r e a s e s  i n  ma1 i g n a n t  t u m o r s  

r e l a t i v e  to the c o n t r o l s  a t  one o r  more o f  the  dose l e v e l s  tested; 

- a s t a t i s t i c a l l y  s i g n i f i c a n t  dose-related increase i n  ma1 i g- 

n a n t  t umors  i n  an ana l ys i s  t h a t  makes appropr ia te  use o f  data on the  t imes 

a t  which tumors were detected; 

- a n  i n c r e a s e  i n  t h e  o c c u r r e n c e  o f  r a re  malignant tumors 

( those having a zero o r  low spontaneous incidence r a t e  among h i s t o r i c a l  con- 

t r o l  s) ; and/or 

'v - an e a r l y  appearance of cancer i n  the t r e a t e d  animals. 

3. Human Carc inogenic i ty  o f  Benzene 

3.1 Benzene As A Leukemogen 

There i s  evidence t h a t  benzene  i s  a leukemogen i n  

humans. (Goldstein,  1977; Goldste in  & Snyder, 1982; van ' ~ a a l t e  and Grasso, 

i932; IARC, 1982; Ma1 t o n i ,  1983b; EPA, 1984) Leukemia meets the d e f i n i  t i  o n  



o f  a c a n c e r  as defined i n  Chapter V.1.1. The evidence i s  der ived fran ac- 

cumu1ate:d case reports,  ep idemio log i ca l  s t u d i e s ,  and  b a s i c  b i o l o g i c a l  

knowledge. 

There are two important b io log i ca l  reasons why benzene 

m i g h t  be expected to cause leukemia. The f i r s t  i s  t h a t  benzene i s  be l ieved 

t o  be a n  e t i o l o g i c  agent o f  ap las t i c  anemia. I n d i v i d u a l s  w i t h  a p l  a s t i c  

anemia  due t o  known o r  unknown causes  a r e  a t  a greater  r i s k  o f  acute 
I 

myelogenpus leukemia (see Chapter 111.2.11. The second reason i s  t h a t  ben- 

zene  ha6 been shown t o  produce chromosomal abnormal i t ies i n  bone marrow and 

c i r c u l a t i n g  lymphocytes i n  experimental animals and i n  workers w i t h  benzene- 

i ndu c e d  bone marrow t o x i c i  t y .  Abnormal i t i e s  p e r s i s t  a f t e r  t he  workers have 

been rempved from exposure to benzene (see Chapter 11.5). 

3.2 Leukemias 

Leukemia can be def ined as the  p r o l i f e r a t i o n  o f  a c lone 

of abnomal hematopoietic c e l l s  t h a t  has the fo l low ing  cha rac te r i s t i cs :  (1) 

Poor resl)onsiveness t o  normal regu la to ry  mechanisms, (2) a tendency t o  have  

a d i  m i  n i  shed capaci ty f o r  normal c e l l  d i f f e ren t i d t i on ,  (3) the  a b i l i t y  t o  

expand a? the expense o f  normal nryeloid o r  lymphoid l i n e s ,  a n d  ( 4 )  a p o s -  

s i b 1  e a b i  1 i t y  to suppress o r  impa i r  nonnal nryeloid c e l l  growth. Leukemias 

are named and grouped according to t he  k i n d  o f  hematopoiet ic c e l l  t h a t  i s  

p r i m a r i l y  involved. Mye lop ro l i f e ra t i ve  disorders d f f e c t  the descendents o f  

ntyel o i  d qte~n c e l l s  ($1 ate le ts ,  erythrocytes,  and granulocyte*) , w h i  1 e 1 y m-  

phocy t i c  leukemias invo lve  abnormal i t ies  i n  the lymphof d c e l l  l i n e .  b f i thout  

treatmend even the chronic disorders a re  usual ly f a t a l  (Schr ier ,  1984). 



The type o f  leukemia most commonly associated w i t h  ben- 

zene  i s  a c u t e  mye logenous  l e u k e m i a  and i t s  v a r i a n t s  i n c l u d i n g  

e r y t h r o l e u k e m i a  and myelomonocytic leukemia. Other leukemias have been 

repor ted b u t  the associat ion i s  n o t  as strong. Table V-1  summar izes  c a s e  

r e p o r t s  o f  hemo-lympho-reticular neoplasias (leukemias) and co r re la ted  d is-  

eases observed i n  i n d i v i d u a l s  e x p o s e d  t o  b e n z e n e  as r e p o r t e d  I n  t h e  

s c i  e n t i f i c  li t e r a t u r e  u n t i l  1977. 



Table V - 1 .  Case repor ts  of human c a r c i n o g e n i c i t y  r e l a t e d  t o  benzene 

exposure. 

-- 
TYPe No. o f  cases No. o t  repor ts  

Acute welogenous leukemia 

Erythroleukemia 

Acute m o ~ o c y t i c  1 eukemi a 

Chronic lnyelogenous leukemia 

w e l o f i b r o s i s  and w e l o i d  metaplasia 
Thrombocytopenia 

Acute lyq~phoblast ic  leukemia 
Chronic lymphocytic leukemia 
Lymphomaq and co r re la ted  disorders 

TOTAL 143 7 1  

Source: \Ma1 ton1 , 1983b 



A d e t a l l e d  case-by-case l l s t l n g  i s  gfven by Goldstein 

( 1 9 7 7 ) .  These cases  r e p r e s e n t  i n d i v i d u a l s  i n  groups examined b y  - hematologists who subsequently invest igated the anamnestfc data glven by the 

pat ient .  The case repor ts  established the re la t ionsh ip  between benzene and 

1 eukemi a, pr inc ipa l  l y  acute nlyelogenous. 

3.3 Lymphomas 

The IARC repor t  (1982, p 127) states, "Host case reports 

and case series have described the associat ion of leukemia with exposure  t o  

benzene . . . and some lymphomas have been noted." I n  a recent monograph. 

Go1 dste in  (1983) has reviewed .addi t5onal reports describi  ng excess lymo homas 

i n  workers exposed t o  solvents inc luding benzene. while there may be an as- 

soc ia t ion o f  benzene w i t h  lymphomas, the evidence i s  not as strong as tha t  o f  

the association o f  benzene and leukemia. . 

w 



3.4 Epidemlological Studies .-. - --- 
Case studies of workers ex.posed t o  benzene were respon- 

s i  b l e  f o r  gene ra  t i  ng t h e  hypothesis tha t  benzene causes leukemia. These 

studles resul fed in a s e r i e s  of epldemlologlcal studies being per formed t o  
e 

t e s t  t h e  hypothesis. The r e su l t s  of many of the epidem4ologlcal lnvestlga- 

t ions  haq supported the causal nature of the benzene-leukemi a a s  s a c  i a t  i on. 

A summaty o f  some of the more s a l i e n t  features from 23 major epidemiologic 

studies appears i n  Table V-2. 

The study by the  Environmental Health Associates (1983) 

is another large-scale epidemlologlc investigation of the associatlon between 

benzene and cancer. Since i t  was completed following the publication of the 

IARC docupent i t  is br ie f ly  described hefe. The s t u d y  was an h i s t o r i c a l  

prospectlve investigation of 4602 Inale chemical workers from seven plants  *ho 

were occupationally exposed to benzene f o r  a t  l e a s t  6 months between 1946 and 

197 5 .  Cause-speclf i c  standardized mortal l t y  ra t io  (SMR) analyses were con- 
0 

ducted covparing the workers' experience t o  that  of t h e  g e n e r a l  (ma1 e and 

fenale) U$ population. In addition, the mortality of the exposed workers was 

compared ys ing  both SMR and odds r a t i o  ( O R )  analyses t o  that  of a c o h o r t  of 

worke r s  from t h e  same plants  during the same the period who were never oc- 

cupatlonal ly exposed to benzene. Compared w i t h  those for the US popul a t i  on,  

t h e  exposed w o r k e r s '  SMRs f o r  lymphatic and hematopoietic cancers were 

elevated fhough not s ignif icant ly .  Their SMRs were considerably greater  than 

t h o s e  among the nonexposed wo 'kers. The OR analysis dhmonstrated tha t  cart- 

t im~9usly  exposed workers had a 3.20-fold increase i n  the risk of lympha t i t :  

o r  h e m a t o p o i e t i c  c a n c e r  compared w i t h  their  nonexposed counterparts ( p  < 

0.05). Also, the association between con t inuous  benzene e x p o s u r e  z r t  e 
-kg-  



I ~ U L ~ I I I I ~  w a s  S K ~ K I S S I G O I  1 y  S I ~ I I I T ~ G ~ ~ K  ~p s u.u>). None or me leunemlc 

deaths, however, were o f  the acute myelogenous type. The study a lso  showed a 

s t a  t i r t i c a l l y  s i g n i f i c a n t  dose-response re la t i onsh ip  between cumulat ive ex- 

posure to benzene and m o r t a l i t y  fronl both a l l  lymphatic/hematopoietic c a n c e r  
L. 

combined and leukemia. Thus, the s t a f f  o f  DHS considers t h a t  the  f ind ings  o f  

t h i s  study are no t  i n  c o n f l i c t  w i t h  those from o t h e r  m a j o r  e p i d e m i o l o g i c  

i nves t i  gations. 

Leukemias and lymphomas are d i s t i n c t  and r a r e  cancers i n  

humans, and s t a t i s t i c a l l y ,  it i s  r e l a t i v e l y  easy t o  show a small added r i s k  

aga ins t  the low background o f  disease. A small increase i n  t he  r a t e  o f  more  

common cancers would be more d i f f i c u l t  t o  detect  ep idemio log ica l ly ,  however, 

several epi  demiologic inves t iga to rs  have looked a t  cancer m o r t a l i t y  r a t e s  a t  

s i  t e s  o t h e r  t h a n  the  hematopoietic and lymphocytic systems. Elevated SMRs 

have been reported f o r  cancers o f  t h e  k i d n e y ,  t e s t i s ,  b r a i n ,  p a n c r e a s ,  
I 
I stomach, l ung l resp i ra to ry  t r a c t ,  bladder and uterus (Hanis, 1982; Monson and 

% Nakano. 1976; Monson and Fine, 1978; McMichael e t  a1 . . 197 6 ; O t t  e t  a1 . , 
I 

197 8 ; Environmental Heal th  Associates, 1983). While many o f  these Findings 

d i d  n o t  reach s t a t l s t i c a l  s ign i f icance a t  the  5% l eve l ,  cau t j on  u s t  s t i l l  b e  
i 
I exercised i n  the i n t e r p r e t a t i o n  o f  these studies f o r  several reasons. F i r s t ,  

i s t a t i s t i c a l  s i gn i f l canc?  i s  dependent on sample s i ze  and s i n c e  many o f  t h e  
I 

1 e p i d e m i o l o g i c  s t u d i e s  i n v o l v e d  a r e l a t i v e l y  small number o f  exposed i n -  

I div iduals ,  the s tud ies may lack h e  power t o  detect  small i n c L a s e s  i n  t h e  

c a n c e r  r a t e .  Second, data on benzene exposure l e v e l s  were de f i c i en t ;  quan- 

t i r a t i v e  measurement o f  benzene concentrations dur ing the  pe r i od  o f  exposu re  

w e r e  n o t  made on i n d i v i d u a l s  but, a t  best, were der ived from general a i r  

moni tor ing o f  the work s i te .  Generally, q u a l i t a t i v e  assessments were used t o  



Table V-2. Epidemiologic studies of carcinogenici t y  i n  humans I 
Year Author Populatlon Studied Duration Results -- 

- 
1974 Tabershaw Cooper Assoc. Petrol lndus workers 

1974 Thorpe Petro l  indus workers 1962-1972 

1914 Aksoy 
1977 

Shoemakers exposed t o  1967-1975 
210-650 ppm benzene 

1975 McMichael e t  al. Rubber indus workers 

1976 V ig l ian i  Patients ui t h  benzene 1942-1975 
henopathy Exposures 1959-1974 
est  a t  200-500 ppm 

1977 Infante e t  a1 748 rubber lndus workers 
followed to 7/75 

1978 O t t  Benzene workers IDOW) 1938-1970 
594 workers followed 

t o  1973 

1~g7-*~ ~-. ~ ~~ 

Fishbeck e t  al. 10 chemical workers 1953-1963 
exposed t o  benzene 

Increase i n  ra te  of lymphomas 
but  not stat .  s ignl f .  (NS) 

Leukemia SMR-121 (NS) 
(SMR i n  worker controls = 60) 

Annualized crude ra te  o f  acute 
leukemia 2- fo ld greater than 
expected 

Excesses i n  mor ta l i ty  from: 
chronlc lymphatic leukemia 
myelogenous leukema - 
lymphosarcoma 

Leukemia incidence: 11/66 
13/135 

Estlm re la t i ve  r i s k  (RR)= 20 

1940-1949 7 cases o f  nlyeloi d/monocy ti c 
leukemia. 

SMR= 506 (US & l i e  males) 
SMR- 474 (norker controls) 

2 dths from anemla: one perntcious, 
one aplast ic  

3 dths from leukemia 
Mortal1 ty resu l ts  NS but  leuk 

rates exceed TNCS expectatl on 
(.p<~ ~ , !  -~ ~ - - ~  ~ - - ~ ~- ~ ~~~ ~~~~ -,~ ~- -- 

Changes i n  blood but '...no 
Pers ist ing s lgn l f  i cant  adverse 
health effects. ' 



Table V-2 (Continued) Epidemlologlc studles of carci nogenlcl t y  i n  humans. 

YFa r Author Yopulatlon Studied Duration Results -.-- - 

1978 Brandt e t  a l .  Case-control study o f  1969-1977 H i  story o f  exposure t o  petroleum 
50 acute nonlympho- products among cases 
c y t l c  leukemia 

1979 Vianna 6 Polan 

1979 Greene e t  a1 . 

Workers i n  NY State 
exposed t o  benzene 

US Gov't P r in t lng  O f f i c e  
workers' 

Case-control s tudy of 
138 leukemics 

RR = 2.1 lyaphosarcoma 
RR - 1 6 reticulum c e l l  sarcoma 
RR m 1.6 Hodgkin's Disease 
For workers older than 65, the 

observed number o f  cases was 
s t a t  s tgn l f  (SS) greater than 
the expected number 

Significantly higher p--portion of 
deaths from mu1 t weloma, 
leukemia, 6 Hodgkln's disease 
and re lated t o  exposure to 
benzene 

4 cases found, 3 were chronic 
lympho t l c  leukemia. 

RR = 3.3 

1981 Flodln e t  a1 . Case-control study o f  SIX-fo ld (SS) Increase In r l s k  re- 
42 acute niyeloid leukemia la ted to exposure to solvents 

includlng petroleum products. 

1981 Schottenfeld e t  al. Worker cancer reg ls t ry  Incidence o f  lymphocytic leukemia 
complled by h e r l c a n  Petrol Inst. & mult weloma increased (SS) 

1981 Rushton and Aldrrson Petrol  ref inery workers Risk o f  leukemia increased 2- fo ld 
i n  hlgh 6 laedlufll benzene exposed 
vs low exposed (ps 0.05) 



Table V-2 (Continued) Epldem~iologlc studies o f  carcinogenlci  t y  i n  humans. 

- Year Author Popul a t l o n  Studied Durat ion Resul t s  -- 
1981 Rlnsky e t  a1 Cont lnuat ion o f  fo l low- ' SMR = 560 leukemia 

up o f  I n fan te  study SMR = 2100 leukemla i n  workers w i th  
5 o r  more y r s  exposure 

1902 Thomas e t  al .  Ref inery workers 

1982 Hanis e t  a l .  Ref inery 6 chemlcal 
workers 

PMRs f o r  ml t  alyeloma 6 other  
lynpholaas elevated (SS) 

SMR f o r  cancer o f  the lymphopoietic 
t i ssues  elevated b u t  NS 

1983 Decoufle e t  al. Chemical p l a n t  workers 1974-1960 SMR - 377 (SS) lymphocytlc 6 
259 men fol lowed hematopoletic cancer (L 6 H)  
through 1977 SMR = 682 (SS) leukemia 

1983 Tsal e t  al. 

1983 Arp e t  al. 

1983 Wong e t  al. 

454 r e f i n e r y  workers 

Rubber lndus workers 

I 
No dths observed from L 6 H cancer; u u 

0.42 expected (NS) I 

For  l y rphocy t ic  leukemia: 
RR = 4.5 (NS) benzene exposure 
RR = 4.5 (NS) other  solvent expos 

Chemical workers 1946-1975 SMRs elevated (bu t  NS)for L6H cancer 
leukemia, non-hodgkin' s lymphoma. 
RR = 3.2 (SS) L 6 H cancer I v s  

worker con t ro l  1 
Dose-response t rend found 
SMRs f o r  lung cancer and several 

o ther  cancers elevated (NS) 



c a r e g o r r z e  exposure. Further, exposure t o  substances other  than benzene Oc- 

/ cur red i n  many instances. Third. the choice o f  the  general popu la t ion  as t h e  

c o n t r o l  g r o u p  may not  have been appropriate thereby underest imat ing cancer 

ra tes  because o f  the "healthy worker e f fec t " .  To summarize, b e t t e r  e x p o s u r e  

7 measurement ,  1 a rge r  sample s t res.  and the c o n t r o l  o f  p o t e n t i a l  confounding 

I fac to rs  are necessary t o  con f inn  o r  r e f u t e  the  p & s i b l e  causal r e 1  a t i o n s h i p  

between benzene and non-hematopoietic/lymphocytic cancers. However, the  con- 

s is tency o f  the r e s u l t s  from d i f f e r e n t  i n v e s t i g a t o r s  s t u d y i n g  d i f f e r e n t  

p o p u l  a t i  o n s  u s i  ng var ious epidemiologic study designs strengthens the  pur- 

por ted causal r e l a t i o n s h i p  between benzene and leukemia. Overal l ,  t he  human 

I data i m p l i c a t i n g  benzene as a carcinogen t s  good. 

4.  Conclusions Regarding Benzene as a Human Carcinogen 

I n  1981, IARC met and reviewed data regard ing the  carcinogenic 

r i s k  o f  benzene t o  humans. IARC concluded t h a t  the  ep idemio log ica l  s t u d i e s  
L 

h a v e  es t a b 1  tshed the  r e l a t i o n s h i p  between benzene exposure and the develop- 

ment o f  acute inyelogenous leukenia and t h a t  there i s  s u f f i c i e n t  evidence t h a t  

benzene i s  carcinogenic to  man (IARC, 1982 p 127). The s t a f f  of the  3HS con- 

curs  w i t h  t h i s  conclusion. 





I 
1. I n t r o d u c t i o n  

The goal o f  dose-response assessment i s  t o  determine the  amount o f  

/ d i s e a s e  t h a t  w i l l  r e s u l t  f r o m a g i v e n e x p o s u r e l e v e l .  Th is  goal c a n b e  

I achieved by reviewing the  experience o f  humans exposed to the s u b s t m c c  i n  

( quest ion o r  by examining animal bioassay s tud ies  and making in ferences about 

e f f ec t s  i n  man. I n  the  case o f  benzene, human - and animal data arc  a v a i l a b l e  

I t o  p e r f o r m  a dose-response assessment, and t h e  r e s u l t s  o f  bo th  assessments 

w i l l  be provided i n  t h i s  section. However, it shou ld  b e  n o t e d  t h a t  e a c h  

s o u r c e  o f  in fo rmat ion  has l im i t a t i ons ,  which necess i ta tes invok ing a se r i es  

of assumptions t o  quan t i f y  the  r e l a t i o n s h i p  between e x p o s u r e  t o  t h e  sub-  

s t a n c e  and the  subsequent hea l th  e f f ec t ( s ) .  Therefore, p r i o r  t o  present ing 

, the  actua l  dose-response assessment, the  major  assumptions the  DHS has u s e d  

\c/r' n p e r f o r m i n g  the  assessment w i l l  be discussed. The dose-response assess- 

ment based on human data w i l l  be presented f i r s t  fo l lowed by t he  assessment 

based on .animal data, and f i n a l l y ,  a sumnary o f  t he  dose-response assessment 

resu l t s .  

2. Dose-Response Assessment Based on Human Data 

As n o t e d  f n  C h a p t e r  V o f  th i s  document, t he  epidemiologic 

s tud ies  h a v e  p r o v i d e d  s u f f i c i e n t  e v i d e n c e  t h a t  benzen'e i s  a human 



' carc inogen.  However, these studies have l i m l  t a t i o n s  which a f f e c t  t h e i r  use i 
I i n  dose-response assessment. Since epidemiologic s tud ies are d e s i  r a b l  e t o  

j u s e  i n  q u a n t i f y i n g  the  dose-response re la t ionsh ip .  we w i l l  t i r s t  s u m r i r e  
i 
: the problems encountered and our r e s o l u t i o n  o f  these issues and then present  
i 

the dose-response assessment. 

i 2.2 Assumptions Used i n  the Human Dose-Response Assessment 

2.2.1 Exposure and Dose 

The major issues r e l a t e d  t o  the exposure and dose  com- 
I 

I p o n e n t  o f  the  assessment are the  rou te  o f  exposure, the  per iod  o r  du ra t i on  
I 
' of exposure, the concentrat ion o f  the  exposure, t h e  amount absorbed and t h e  

/ amount retained. 

a) Route. Epidemiologic studies on benzene completed t o  

date are occupational studies where the  m a j o r  r o u t e  

o f  exposure t o  benzene i s  inhalat ion.  Since t h i s  i s  

the  rou te  o f  concern i n  t h i s  assessment, no assump- 

t i o n s  need be made regarding the route o f  exposure. 

b) Durat ion and Concentration. Since the  mechan ism o f  

c a r c i n o g e n e s i s  i s  no1 known. i t  i s  d i f f i c u l t  t o  

s p e c i f i c a l l y  address the  issues o f  i n t e r m i t t e n t  ve  r -  

sus  c o n t i n u o u s  exposure o r  the q f f e c t s  o f  t r a n s i e n t  
- - . - 

h igh- leve l  exposures. Theref ore, the dos e- r e  s p o n  se 

a s s e s s m e n t s  p e r f o r m e d  use the cunulat ive exposure 



averaged over the i n d i v i d u a l ' s  l i f e t i m e .  T h i s  as -  

sumption i s  based on pragmatism, and i t  i s  recognized 

t h a t  i t  i s  n o t  known i f  a one-time h igh  exposure t o  a 

chemica l  carcinogen i s  equiva lent  t o  a time-weighted 

average l i f e t i m e  exposure. Also, s ince the  r e p o r t e d  

occupatjonal concentrat ions o f  benzene range frm low 

ppm concentrat ions t o  several hundred ppm w h i  c h  a r e  

s e v e r a l  orders o f  magnitude g rea te r  than ambient a i r  

exposures, i t  i s  necessary to use a model t o  extrapo- 

1 a t e  t h e  observed dose-response r e l a t i o n s h i p  t o  the  

exposure l e v e l s  o f  concern. The model u s e d  w i  1 1 b e  

d i  scussed below (sec t ion  2.2.3). With regard t o  ex- 

posure leve ls ,  epidemiologic s t u d i e s  h a v e  n o t  been  

a b l e  t o  d i r e c t l y  measure benzene concentrations. 

Instead, estimates o f  h i s t o r i c a l  concentrat ions h a v e  

b e e n  u s e d  f o r  dose- response assessment purposes. 

These estimates are based on such f a c t o r s  as employee 

j o b  c l a s s i f i c a t i o n  o r  t h e  p r e v a i l i n g  recommended 

standard f o r  the period($) o f  empl  oymen t .  Thus. a 

w o r k e r ' s  exposure p r o f i l e  i s  assumed t o  c l ose l y  ap- 

proximate the  i n f e r r e d  levels.  

c )  A b s o r p t i o n  and retent ion.  No adjustment i s  m d e  f o r  

absorp t ion 'o r  t h e  d u r a t i o n  o f  r e t e n t i o n  o f  t h e  

s u b s t a n c e  ; t h e  assessment i s  .based on the  exposure 

dose. 



2.2.2 Thresholds 

As i n d i c a t e d  i n  Chapter I V ,  acute ef fects and ap last ic .  

. anemia have no t  been documented to occur a t  exposures below tens to hundreds 

o f  p a r t s  pe r  m i l l i o n  o f  benzene. This i s  thousands b f  times above ambient 

exposure leve ls .  There i s  t heo re t i ca l  reason t o  bel ieve, however, t h a t  t h e  

c a r c i n o g e n i c  e f f e c t  o f  benzene o r  indeed o f  any carcinogen could convey a 

low p r o b a b i l i t y  o f  causing cancer a t  very low doses. A s m a l l  p r o b a b i  1 i t y  

appl ied t o  a l a rge  populat ion can produce an unacceptable number o f  cancers, 

hence the  cgncern w i t h  the  possible "no threshold" p roper t ies  of carcinogens 

1 i k e  benzene. 

T rad i t i ona l  toxicology incorporates t h r e s  h o l  ds i n  t h e  

dose-response re la t ionsh ip .  These are dose l e v e l s  below which a tox ico log i -  

ca l  response i s  no t  observed. This i s  not  t o  imply t h a t  c e l l u l a r  o r  t i s s u e  

damage does  n o t  occur below the "threshold" l e v e l  b u t  ra the r  t h a t  the or- 

ganiSm e i t h e r  has the reserve capaci ty t o  wi thstand damage o r  i s  a b l e  t o  

a d a p t  to the  t ox i co log i ca l  stress. For t o x i c o l o g i c  e f f ec t s ,  a  threshold i s  

s a i d  to occur a t  dose l e v e l s  t h a t  are I n s u f f i c i e n t  to cause damage. For ex- 

amp1 e, i f  a t o x i c  substance k i l l e d  nonrep l i ca t ing  o p t i c a l  neurons, s i g h t  

would n o t  s u f f e r  u n t i l  a  s u f f i c i e n t l y  l a rge  number ( p e r h a p s  m i l  l i o n s )  o f  

c e l l s  had died. 

Bu t  t he  p r o c e s s e s  o f  c a r c i n o g e n e s i s  appea r  t o  be 

q u a i  i t a t i v e l y  d i f f e r e n t  from those i n  c l a s s i c a l  tox lco logy.  I n  cont rast  t o  

the t o x i c  e f f e c t s  described above, which invo lve  impairment o f  func t ions  a t  

the organ o r  organism leve l ,  the i n i t i a l  " t a rge t "  f o r  carcinogenic ac t ion  i s  



bel ieved t o  be extremely small.. As we develop a  be t te r  understanding of t h e  

mec han t sms o f  carcinogenesis and mrtagenesis, i t appears l i k e l y  t h a t  many 

carcinogens i n t e r a c t  w i t h  DNA o r  o ther  t a r g e t  macromolecules. I n  a d d i t i o n ,  
L. 

t h e r e  i s  e v i d e n c e  t h a t  t h e  occurrence o f  such events i n  a  s ing le  c e l l  can . 
, produce cancer (Fa i lkow,  1974,  1 9 7 7 ) .  The chance t h a t  t h e  c r i t i c a l  

mol e c u l  es  w i l l  reach the  c r i t i c a l  c e l l  a t  t h e  c r i t i c a l  t ime i s  a f f ec ted  by 

t he  i n t e r p l a y  o f  a  v a r i e t y  o f  p r o t e c t i v e  defense systems w i t h i n  t h e  body .  

However ,  there  i s  some f i n i t e  p r o b a b i l i t y  t h a t  a  few molecules would evade 

these defenses and produce an event t h a t  t r i g g e r s  c a r c i  n o g e n e s i  s  . T h i  s  

scenario, so d i f f e r e n t  f rom c l a s s i c  t o x i c o l o g i c  processes, makes a  thresh01 d  

l e s s  l i k e l y  f o r  carcinogenesis. 

T h e r e  a r e  hypothe t i ca l  mechanisms such as c y t o t o x i c i  ty 

o r  in te r fe rence  w i t h  DNA methy la t ing  enzymes which t h e o r e t i c a l l y  wou l  d  n o t  

invo lve  d i r e c t  ac t i on  on the  genet ic mater ia l  and might display a  threshold.  
L 

A t  t h i s  po in t ,  the  means f o r  recogniz ing t h i s  subclass o f  c a r c i n o g e n s ,  i f  

i n d e e d  i t  e x i s t s .  i s  n o t  c o n s i d e r e d  b y  t h e  IARC t o  be *exhaustive o r  

definit ive"(1ARC. 19831. F o r  t h i s  reason the  s t a f f  o f  the DHS assumes as  a  

g e n e r a l  r u l e  t h a t  a n  i d e n t i f i e d  carcinogen has no threshold and does n o t  

d i s t i n g u i s h  between *genet icY ( d i r e c t l y  a c t i n g  on DNA) and 'epigenetic" ( n o t  

d i  r e c  t l  y ac t i  n g  on DNA) carcinogens f o r  Ute purposes o f  i d e n t i f i c a t i o n  o r  

dose-response assessment (See Appendix A). 

A  p h a r m a c o k i n e t i c  argument has also b-een made f o r  t he  

existence o f  p r a c t i c a l  operat ional  thres'holds. For example, the  observat ion 

o f  a  .plateau o f  response a t  t he  high-dose l e v e l s  of the v iny l  ch lo r i de  dose- 

response curve i s  i n t e r p r e t e d  t o  mean t h a t  t h e  enzyme sys tem(  s )  t h a t  

V 



a c t i v a t e  v i n y l  c h l o r i d e  t o  i t s  ca rc inogen i c  species are overloaded o r  

saturated. The argument i s  then made by analogy t h a t  p ro tec t i ve  enzyme sys- 

tems t h a t  deact ivate carcinogens and a re  reasonably e f f e c t i v e  a t  low doses 

may l i kewise  be saturated and hence be l e s s  p r o t e c t i v e  a t  t h e  h i  gh doses  

encountered i n  animal bioassays (Gehring e t  al.. 1977, 1978, 1979; Watenabe 

e t  a1 . , 1977 ; Rei tz  e t  a1 . , 1980). 

S e v e r a l  k t n e t i c  models which produce a th resho ld  i n  the 

dose-response curve have been developed. These models are based on the  con- 

c e p t  t h a t  h i g h  doses  o f  c a r c i n o g e n s  c a n  overcome p r o t e c t i v e  systems. 

However, the models produce a threshold by requ i r i ng  t h a t  the carc inogen be 

instantaneously deactivated, which i s  u n l i k e l y .  I f  d e t o x i f i c a t i o n  reac t ions  

are n o t  instantaneous, a small amount o f  the  agent may escape d e t o x i f i c a t i o n  

b y  p r o t e c t i v e  enzymes and .interact w i t h  the  DNA. I n  t h i s  instance, the 

p r o t e c t i v e  e f f e c t  o f  de tox i f y i ng  enzymes would decrease t h e  s l  ope o f  t h e  

dose -  r e s p o n s e  c u r v e  b u t  would no t  produce a c lass ica l  threshold (Ha t t i s ,  

1982 1 . 

Even i f  thresholds cou ld  be determined f o r  i nd i v i dua l s ,  

es tab l i sh ing  a populat ion threshold i s  more d i f f i c u l t  because o f  t h e  ob-  

served v a r i a b i l i t y  o f  the  human populat ion.  This v a r i a t i o n  i s  a Consequence 

o f  extreme genet ic heterogeneity and d i f fe rences  i n  phys io log ica l  s t a t e  as-  

soc ia ted w i  h age, sex, reproduct ive a c t ' v i t i e s ,  n u t r i t i o n ,  and exposures tu  

environmental and occupational stresses i nc lud ing  other carc inogens.  E v e n  

i f  i t  i s  assumed t h a t  each i n d i v i d u a l  i n  the populat ion has a th resho ld  

def ined a t  any one time by h i s  o r  her  phys io log ica l  s ta te ,  the popu la t ion  i s  

1 i k e l y  t o  be charac te r i zed  by a very wide d i s t r i b u t i o n  o f  thresholds such 



t h a t  there may not  be an absolute lower bound o r  populat ion threshold ( N C R ,  

1977;  R a l l ,  1979; Brown, 1976). Since the threshold dose f o r  the  human 

L ropu la t i on  should be the  threshold dose f o r  the  most sens i t i ve  i n d i v i d u a l  ; 

t h i s  dose  may be so l o w  as t o  be e f f e c t i v e l y  zero. By analogy, the  

threshold dose f o r  an i nd i v i dua l  o r  organism i s  the threshold dose f o r  t h e  

m o s t  s e n s i t i v e  c e l l ,  and t h i s  may a lso be extremely low (Crump e t  a l . , '  

1976). Operat ional ly  these var iab le  threshold models are d i f f i c u l t  t o  d i f -  

t i n g u i s h  from nonthreshold motels t h a t  are concave upward a t  low doses. 

Var iab le  t h r e s h o l  d  m o d e l s  w o u l d  p r o d u c e  a b s o l u t e  

t h r e s h o l d s  o n l y  u n d e r  t h e  assumptions o f  instantaneous deac t i va t ion  and 

r e p a i r .  O t h e r  mode ls  ( W e i s s b u r g e r  a n d  U i l l i a m s ,  1 9 8 3 )  p r e d i c t  

n o n l  i n e a r i  t i e s  i n  the  dose-response curve t h a t  w i l l  l ead  to prac t i ca l ,  b u t  

n o t  absolute, th resho lds .  The p r e s e n c e ,  o r  absence,  .of an a b s o l u t e  

h r e s h o l d  o r  even  a p r a c t i c a l  threshold remains unconfinnable. The EDOl 
L 

study i n d i c a t e d  t h a t  the 2-AAF mouse e x h i b i t s  a n  a p p a r e n t  t h r e s h o l d  f o r  

b l a d d e r  cancers a t  low doses. However, reanalys is  o f  t h i s  low-dose data a t  

g rea te r  r e s o l u t i o n  i nd i ca ted  t h a t  the  threshold was more apparent than rea l :  

t h e  I n c i d e n c e  o f  b ladder tumors increased w i t h  dose even a t  the low dose, 

and no th reshb ld  l e v e l  could be determined (US Congress ,  1 9 8 1 ) .  Thus. 

s c i e n t i s t s  are now l e s s  concerned w i t h  the  existence o f  thresholds than i n  

t he  degree o f  non l i nea r i t y  o f  the  dose - response  c u r v e  i n  the l o w - d o s e  

region. 

Another f a c t o r  which argues a g a i n s t  t h e  e x i s t e n c e  o f  

t h r e s h o l  ds  f o r  c a r c i n o g e n s  i s  the substant ia l  "background" incidence 'of 



cancer i n  humans. Unless each carcinogenic substance operates by  a u n i q u e  

mechanism, an add i t i ona l  small exposure t o  a substance may supplement an i n -  

d iv tdua l  ' s  exposure t o  o ther  carcinogens operat ing by a s i m i l a r  mechani  sm. 

The h igh  incidence o f  cancer o f  unexplained e t i o l ogy  demonstrates t h a t  human 

exposure i s  we l l  i n  excess o f  any poss ib le  populat ion threshold f o r  a t  l e a s t  

some o f  these mechanisms. Therefore, s ince we cannot know which of the pos- 

s i b l e  carcinogenic mechanisms are already o p e r a t i n g  a n d  c o n t r i b u t i n g  t o  

b a c k g r o u n d  inc idence ,  we w i l l  assume t h a t  no add i t i ona l  exposure, however 

small. may be considered f ree  o f  r i s k .  

T h e r e  has been e x t e n s i v e  d i s c u s s i o n  a t  the federal 

regu la to ry  l e v e l  o f  poss ib le  evidence re levan t  to a benzene  c a r c i n o g e n i c  

t h r e s h 0 1  d a1 t h o u g h  t o  d a t e  t h i s  evidence i s  no t  considered conclusive. 

These threshold arguments are wel l  summarized i n  the Federal Register (EPA, 

1984,  A p p e n d i x  C)  i n  w h t c h  t h e  EPA responds t o  pub l i c  comments on the 

proposed regu la t i on  o f  benzene f o r  the N a t i o n a l  E m i s s i o n  S t a n d a r d s  f o r  

Hazardous A i r  Po l lu tan ts .  

The pub l i c  comnenters have advanced  t h r e e  p i e c e s  of 

e v i d e n c e  to suggest t h a t  benzene has a threshold. F i r s t ,  they propose tha t  

c e r t a i n  epidemi 01 og i  c a l  studies (Thorpe, 1974; Tabershaw Cooper Associ a t  es , 
1974;  S t a l l o n e r  and ~ ~ b l f c ,  1977) f a i l  t o  show a s t a t i s t i c a l l y  s i g n i f i c a n t  

e f fect ,  and t h a t  t h i s  must represent a threshold. The EPA c o n c l u d e d  t h a t  

t h e s e  s t u d i e s  s i m p l y  do n o t  have t h e  s t a t i s t i c a l  power t o  i d e n t i f y  a 

threshold. IARC was c r i t i c a l  o f  the Thorpe study (1982. p 123). Next, cow 

menters suggested t h a t  benzene works only a t  h igh  doses by causing cytotox ic  

a p l a s t i c  anemia fo l lowed by regeneration w i th  occasional defects i n  t h e  DNA 



d u p l  i c a  t i  on which can r e s u l t  i n  leukemia (EPA. 1984). The DHS agrees with 

the  EPA t h a t  although t h i s  i s  possible, there i s  no c o n v i n c i n g  p o s i t i v e  

w e v i d e n c e  t o  show t h a t  t h i s  has happened. The epidemiological s tud ies do n o t  

provide the in fo rmat ion  to determine i f  a l l  leukemia cases were preceded by  

a p l  a s t i c  anemia o r  n o t  (Goldstein, 1977). The €PA po in t s  o u t  t h a t  s tud ies  

i n  workers suggest chromosomal e f f e c t s  o f  benzene a t  1 to 25 p a r t s  pe r  m i l -  

l i o n  ( K i l l  i a n  and Daniel .  1978; Picciano, 1979). These exposure l e v e l  s are 

below those corisidered t o  be associated w i t h  c l i n i c a l  symptoms o f  t o x i c i t y .  

They (EPA, 19841 f u r t h e r  po in t  ou t  t h a t  chromosomal damage and cancer have 

occurred a f t e r  r a d i a t i o n  (8loom e t  al., 1970) and a f t e r  c e r t a i n  chemical ex- 

pos  u r e s  ( M u l v i h i l l  , 19751, and t h a t  chromosomal damage my l ead  t o  cancer. 

If t h i s  were t rue,  chromosomal damage due to low- level  exposures t o  benzene  

could cause cancer. 

The s t a f f  o f  the  DHS a d d i t i o n a l l y  n o t e s  t h a t  b e n z e n e  
L 

causes cancer a t  a v a r i e t y  o f  s i tes  i n  r a t s  and mice i n  add i t i on  t o  leukemia 

(Chapter V 1 . 4 ) .  These other  cancers do n o t  invo lve  an ap las t i a  anemia s t a g e  

i n  t h e i r  na tu ra l  h i s to ry .  

Commenters to the  EPA have a lso p o i n t e d  o u t  t h a t  b a c -  

t e r i a l ,  fungal, and o ther  i n  v i t r o  t e s t s  have n o t  proven t h a t  benzene o r  i t s  

metabol i tes  i n t e r a c t  w i t h  the DNA and suggest t h a t  t h i s  i s  e v i d e n c e  t h a t  

benzene ought t o  have a threshold The'DHS staf f  agrees w i th  the  EPA (1984) 

t h a t  i n  general t he  f a i l u r e  t o  detect  an e f f e c t  w i t h  i n s e n s i t i v e  t e s t s  i s  

n o t  p o s i t i v e  e v i d e n c e  o f  no e f f e c t  on DNA (See a lso Appendix A o f  t h e  

present the  DHS document). Add i t iona l l y ,  f o r  benzene some o f  t h e s e  t e s t s  

-<e re  done i n  open systems where benzene might  evaporate. As po in ted  o u t  i n  

'W 



Chapter 11, more recent experiments on benzene oxide i n  b a c t e r i a l  a s s a y s  

( K i  nosh i t a  e t  a1 ., 1981 and Jung e t  al. ,  1981) and benzene w i t h  human c e l l s  

(Crespi e t  al., 1984) and w i th  DNA b i n d i n g  ( L u t z  and S c h l a t t e r .  1 9 7 7 )  

p r o v i d e  w e a k l y  p o s i t i v e  resu l t s  which, wh i le  not d e f i n i t i v e ,  suggest t h a t  

fu r ther  research i s  needed before any degree o f  ce r ta in t y  a b o u t  b e n z e n e ' s  

carcinogenic mechanism can be achieved. 

A f t e r  reviltwing the  l i t e r a t u r e  and i t s  e x t e n s i v e  d i s -  

c u s s i o n  a t  t h e  f e d e r a l  l e v e l .  the  s t a f f  o f  DHS agrees w i th  EPA s t a f f  i n  

concluding t h a t  there i s  no strong p o s i t i v e  experimental o r  e p i d e m i o l o g i c a l  

e v i d e n c e  t h a t  benzene has a carcinogenic threshold and t h a t  i t  should be 

t rea ted  as a substance without a threshold.  

). 

k 
fi 2.3 Dose-Response Assessment Based on Human Studies 

2.3.1 Avai lab le  Data 

Few epidemiologic s tud les  have been able t o  s u f f i c i e n t l y  

document benzene exposure l e v e l s  f o r  q u a n t i f y i n g  a dose-response r e 1  a t i on-  

s h i p ,  a1 t h o u g h ,  as p o i n t e d  o u t  i n  C h a p t e r  V, numerous s tud ies have 

( qua1 i t a t i v e l y  demonstrated an a s s a i a t i o n  between benzene and leukemia. The 

i n i  t l a l  Ca -c inogen  Assessment  Group  (CAG) assessment i d e n t i f i e d  th ree  

s tud ies which it f e l t  provided adequate data. These were the s t u d i e s  con -  

I d u c t e d  b y  I n f a n t e  119771. Aksoy  (19761 .  and O t t  119781. Exposure 

( measurements and the choice o f  c o n t r o l  group were heav i l y  c r i t i c i s e d  i n  t h e  
I 

I 
Aksoy  s t u d y  w h i l e  mu1 t i p l e  chemical exposures among the leukemic cases i n  



I i n i t i a l  C a r c i n o g e n  Assessment  Group (CAG) assessment i d e n t i f i e d  three 
I ' s tud ies which i t  f e l t  provided adequate data. These were the s t u d i e s  con-  

d u c t e d  by I n f a n t e  (19771 ,  Aksoy ( 1 9 7 6 1 ,  and  O t t  ( 1 9 7 8 ) .  Exposure 
' Q h d  

1 measurements and the choice o f  con t ro l  group were heav i l y  c r i t i c i s e d  i n  t h e  

! Aksoy s t u d y  w h i l e  m u l t i p l e  chemical exposures among the ,leukemic cases i n  
I 

! the  O t t  study obscured the i n t e r p r e t a t i o n  o f  these data. I n  1981 R insky  e t  
I 

1 a1 ( 1 9 8 1 )  p r o v i d e d a d d i t i o n a l  fo l low-up i n f o m a t i o n  on t h e w o r k e r s  i n  the  

I I n f a n t e  study as wel l  as a d e t a i l e d  p r o f i l e  o f  benzene exposure leve ls .  The I ' r e s u l  t r  o f  both the Infante-Aksoy-Ott s tud ies and the  Rinsky re-evaluat ion I ' 
o f  the  I n fan te  data have been used by CAG i n  i t s  benzene dose-response as- I 

I sessment (EPA, 1983; EPA, 1984). 

j 
a .  
! 

i 
1 2.3.2 EPA Dose-Response Assessment Model 

! 
! . . 

I   he CAG r i s k  assessment fo r  benzene (EPA,CAG, 1979, Appendix 
I 
'L 1 D) used a l i n e a r  nonthreshold model t o  est imate t he  leukemia r i s k  t h a t  would 
I 

r e s u l t  f rom e x p o s u r e  t o  t h e  low ambient benzene l e v e l s  t h a t  the general 

populat ion i s  exposed to. The model ,a1 so assumes t h a t  the r e l a t i v e  ri sk  o f  

l e u k e m i a  f r o m  benzene  e x p o s u r e  i s  i d e n t i c a l  i n  workers and the general 

populat ion and i s  independent o f  the  leng th  o f  exposure o r  age a t  whtch ex- 

p o s u r e  o c c u r r e d .  To use t h i s  model, estimates f o r  the  background r a t e  o f  

leukemia, the  r e l a t i v e  r i s k  o f  leukemia i n  an exposed group o f  p e o p l e ,  and 

t h e  l e v e l  o f  benzene i n  the  exposed group m s t  be obtained. The background 

leukemia r,te was based on v i t a l  s t a t i s t i c s  data f o r  t h e  e n t i r e  U.S. popula- 

t i o n  ( I n fan te  and Rinsky s tud ies)  o r  on a general Western populat ion (Aksoy) 

wh i l e  s p e c i f i c  data from each o f  the s tud ies were used t o  est imate the re la -  

t i  ve  r i s k  and e x p o s u r e  parameters of the model. These data were used t o  



der ive the  slope parameter o f  t h e  mode l ,  l . e . ,  t h e  i n c r e a s e d  r i s k  o f  

leukemia  per u n i t  concentrat ion of benzene. A lgebra ica l l y ,  the estimate o f  

the slope o f  the CAG model can be expressed as 

Slope (Background Disease Rate)(Relat ive Risk - l)/(Exposure Level)  

I The DHS d i d  no t  modify the model f o r  purposes o f  t h i s  assess-  

men t  and therefore uses the potency est imate f o r  benzene as der ived by CAG 

I 

i based on the  Rinsky re-evaluat ion (EPA. 1983, Ch 13. p 165) o f  

slope = 5.2 X l~-~(rng/kg-day): l  

I 
I 

Th is  corresponds t o  a l i f e t i m e  (70-year) r i s k  from a l i f e t i m e  

I average exposure t o  1 ppb benzene i n  a l r  of :  

i -- 
48 X 10'~ (see VII.2). 

The f o l l o w i n g  values were subs t i t u ted  i n  the  equation above t o  

ca l cu la te  t h i s  slope estimate: background r a t e  o f  leukernla = 0.006732, r e l a -  

t i v e  r i s k  = 21 (based on workers wi th  a t  l e a s t  5 years of benzene exposure), 

and a l i f e t i m e  average exposure leve l  o f  2.81 ppm (taken as t h e  g e o m e t r i c  

mean o f  the  estimated h i g h  and l o w  txposure l e v e l s  based on i n  8 hour day 40 

hour week time weighted averages of 40.36 ppm f o r  35 years and 23.7 ppm f o r  

25 years).  



By cont rast ,  the  slope based on the  three s tud ies was c a l  c u -  

1 a t e d  by  CAG as the  geometrlc mean o f  each .;study's estimated slope. Th is  

y i e l ded  an fircrease i n  r i s k  o f  22 X 10'~ f o r  a continuous l i f e t i m e  e x p o s u r e  

t o  1 ppb benzene. 

It should be noted t h a t  these slope estimates respresent  p o i n t  - 
e s t i m a t e s  o f  the increase i n  leukemic r i s k  associated w i th  benzene; they do 

n o t  r e f l e c t  the s t a t i s t i c a l  u n c e r t a i n t y  r e l a t e d  t o  t h e  r e 1  a t i v e  r i s k  

p a r a m e t e r  f o u n d  4n the worker populations. (The range o f  r i s k  associated 

w i t h  these epidemiologic data could be determined by u s i n g  t h e  u p p e r  and 

lower confidence l imSts o f  the  r e l a t i v e  r i s k  estimate i n  the model. Fo r  ex- 

ample, the data from the Rinsky re-evaluat ion are compatible w i t h  a r i  s k  o f  

32 X 10'~ t o  120 X 10'~ based on a 95% confidence in te rva l . )  
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Figure 771-2. Dose-Response Curves f o r  Benzene Comparing Bioassay 
and Epidemiologic Stud3 ?s of Le .kemia 

Shcun are t h e  curves  f o r  t h e  95% upper confidence 
l i m i t  of r i sk  ( U a )  f o r  t h e  National  Toxici ty 
Program (NTP). lymphoma and leukemia ( L W L m )  
d a t a ,  t h e  maximum l ike l ihood  es t imate  (ma) of 
r i s k  from t h e  same NTP study,  and EPA-CAG es t imate  
of  r i s k  based on Rinsky's d a t a  and t h e  o r i g i n a l  
s tudy using the d a t a  of In fan te ,  Aksoy, and OTT. 
The NTY curves a r e  base l  on t h e  unaC;usted at tack 
r a t e s .  



2.3.3 Review o f  Cr i t iques o f  the CAG Dose-Response Assessment 

C r i t i c i s m  o f  t h e  C A G  r i s k  assessments has tended t o  

focus on three areas: the model and some o f  i t s  a s s u m p t i o n s ,  t h e  ap- 

p r o p r i a t e n e s s  o f  t h e  data used t o  est imate parameters, and an inadequate 

discussion o f  the uncer ta in ty  surrounding the leukemia r i s k  conveyed by ben- 

zene (Environ Corporation. 1983; H a t t i s  and Mendez, 1980). The assumptions 

o f  the model which have been challenged are those o f  no-thresh0.1 d and 1 ow- 

dose l i n e a r i t y .  T h e  s t a f f  o f  DHS sees  no r e a s o n  t o  question these 

assumptions f o r  the  case o f  benzene. The model assumes t h a t  t h e  benzene-  

i n d u c e d  leukemia i s  independent o f  age and t h a t  the r i s k  associated w i th  a 

given dose i s  a f u n c t i o n  o f  the c u m u l a t i v e  dose were  a1 so q u e s t i o n e d .  

R e v i e w e r s  o f  t he  CAG document tended t o  accept these assumptions b u t  noted 

t h a t  they cannot r e a d i l y  be tested, and the  d i r e c t i o n  o f  the bias on the es- 

t i m a t e  o f  r i  sk ,  if the  assumptions are wrong, i s  n o t  simple t o  determine. 

Since there are o the r  reasonable assumptions which cou ld  be s u b s t i t u t e d  i n  

t h e  mode l ,  i t  i s  argued t h a t  the CAG r i s k  assessment contains more uncer- 

t a i n t y  than the  document conveys .  M o s t  o f  t h e  c r i t i c i s m  o f  t h e  CAG 

document, however, focuses on the data used t o  est imate model parameters. 

I n  a d d i t i o n  to the c r i t i c i s m s  noted above f o r  the Aksoy 

and O t t  s t u d i e s ,  t h e  u s e  o f  the e n t i r e  U.S. popu la t ion  t o  ca l cu la t  the 

background r a t e  o f  leukemia was questioned i n  the  Rinsky re-evaluation. The 

p o i n t  o f  content ion i s  t h a t  the r e l a t i v e  r i s k  est imate comes from a popula- 

t i o n  o f  whi te  working males whi le  the expected number I s  based on the e n t i r e  

U . S .  populat ion and the  two are not compatible. It i s  argued, f o r  example, 



that  since women experience a leukemia ra te  that  i s  57% of t h e  ma1 e r a t e .  

the background ra te  i s  too low. T h i s  will  be reflected i n  a slope parameter 

that  is a lso  too low. Another cri t icism focuses on e s t i m a t i n g  t h e  s l o p e  

pa rame te r  from a1 1 types of leukemia rather than non-lymphatic leukemia. 

Had CAG cons i s t en t ly  based t h e  s l o p e  c a l c u l a t i o n s  on non- lymphat ic  

1 eukemias, as  mny of the epidemiologic studies suggest is appropriate, the 

slope would be s l ight ly  lower than CAG reported. 

Much o f  t h e  c r i t i c i s m  of the CAG r i sk  assessment related di rect ly  t o  the  

quality of the benzene exposure data; specif ical ly,  the exposure period and 

t h e  exposure  levels.  For .example, the exposure period i n  the Rinsky study 

i s  taken t o  be 35 years, an estimate some consider t o  be 1onger.than the ac- 

t u a l  e x p o s u r e  t ime .  The use  of this exposure period has the e f fec t  of 

increasing the  cumulative exposure dose and hence y i e l d s  a s l o p e  t h a t  i s  

Llower t h a n  t h e  a c t u a l .  Further, since no routine monitoring of the work 

place was performed during the periods workers i n  this study were exposed ,  

much controversy has arisen as to the  level of benzene workers were exposed 

to. 'Here i t  is argued that  exposure level used for  the assessment substan- 

t i  a1 l y  u n d e r e s t i m a t e d  t h e  t r u e  exposure level thereby result ing i n  an 

overestimate of the slope. 



3. Animal Dose-Response Assessment - 

3.1 In t roduc t ion  

, 
I n general, lack o f  oppor tun i ty  , eth ica l  considerations, con- 

founding factors,  sample s ize,  measurement o f  exposure, and l a t e n c y  p e r i  o d  

are among the problems r e l a t e d  t o  conduct ing and using epidemiologic data t o  

quant i f y  a dose-response re la t i onsh ip .  Notwithstanding the d i f f i c u l  ti es  o f  

ex t rapo la t ing  animal hea l t h  e f f e c t s  t o  humans, bioassays can provide support 

f o r  epidemiologic s tud ies o r  o f f e r  f u r t h e r  i n s i g h t  I n t o  a chemical's p o t e n -  

t'i a1 human hea l th  e f fec ts  because animals can be useful pred ic tors  o f  human 

cancers. Review o f  data on carcinogenic e f f e c t s  i n  rodents demonstrate t h a t  

mot t chemica ls  which increase the  cancer Incidence i n  one species a l so  i n -  

crease the  incidence i n  a second species ( h e s  e t  a l ,  1975; Purchase. 1980; 

Toma t i s e t  al., 1973; Griesemer and Cueto, 1980; Chu e t  al., 19811. Thus, 

i n  i t s  review o f  a l l  the data r e l a t e d  to benzene's carcinogenic i ty,  t h e  DHS 

w i l l  provide dose-response assessments based on animal data. 

I n  t h i s  sec t ion  we w i l l  f i r s t  discuss the m a j o r  a s s u m p t i o n s  

DHS h a s  Invoked t o  perform the  dose-response assessment using animal data. 

Th is  w i l l  be fo l lowed by a b r i e f  d e s c r i p t i o n  o f  the animal s tud ies  and  t h e  

r e s u l t s  o f  the assessments. 



3.2 Assumptions Used i n  the Animal Dose-Response Assessment - 

3.2.1 Use o f  Most Sensi t ive Species and Si te .  

I To reduce the in f luence o f  e x t r a n e o u s  f a c t o r s  i n  t h e  

b i  oassay , genet ica l  l y  homogeneous animal s are used and externa l  environmen- 

t a l  fac to rs  are minimized. Th is  i s  i n  d i r e c t  con t ras t  t o  t h e  g e n e t i c a l l y  

I 
d i  v e r s e  human p o p u l  a t i o n  which i s  exposed t o  numerous environmental con- 

I taminants some o f  w h i c h  may g r e a t l y  i n c r e a s e  s u s c e p t i b i l i t y  t o  t h e  

i n c r e m e n t a l  a c t i o n  o f  carcinogens. DHS concurs w i t h  IARC (1978) and U.S. 

Interagency Regulatory Liason Group (IRLG) (1979) i n  t h a t  it i s  a p p r o p r i a t e  

I t o  use  t h e  m o s t  s e n s i t i v e  species. sex, and tumor s i t e  i n  i t s  assessments 

/ because there  i s  o f t e n  l i t t l e  co r re la t i on  between tumor types o r  t a r g e t  o r -  

( g a n s  h e t w e e n  s p e c i e s  w h i c h  may i n  p a r t  b e  due t o  b o t h  phys io log ic  

i f fe rences  between species and di f ferences i n  t he  cond i t ions  o f  t h e  b i  oas-  

say and a c t u a l  human exposure. Addi t ional ly ,  i f  two o r  more tumor s i t e s  

/ show a s t a t i s t i c a l l y  s i g n i f i c a n t  increased tumor rate.  DHS may comb ine  t h e  

number o f  animals w i t h  tumors a t  each o f  the s p e c i f i c  s i t e s  under considera- 

t i o n  and use t h i s  i n  t h e  r i s k  model. 

3.2.2 Exposure and Dose 

As w i t 5  t he  human dose-response assessment, severa l  as-  

I sumptions regard ing the  dose component o f  the assessment warrant  discussion. 



a) Use o f  Studies w i t h  High Dosage Schedules.  Due t o  

t h e  h i g h  cos t  o f  animal bioassays, studies are con- 

ducted w i th  r e l a t i v e l y  few animals ( u s u a l l y  50) p e r  

dose  group.  Th is  r e s u l t s  i n  a very low s t a t i s t i c a l  

power t o  detect  small increases i n  disease rates.  To 

compensate  f o r  t h i s ,  h igh  dose schedules are used. 

Th i s  assumes t h a t  chemical ly i n d u c e d  c a r c i n o g e n i c  

r e s p o n s e s  a t  h i gh  doses w i l l  a l so  r e s u l t  i n  s i m i l a r  

responses a t  low doses. 

b )  Use o f  L i f e t i m e  Cumulative Average Da i l y  Dose. The 

d a i l y  dose o f  benzene a v e r a g e d  o v e r  t h e  a n i m a l s  

1 i f  e t i m e  i s  u s e d  i n  the  assessment. This assumes 

t h a t  the cancer r i s k s  f r o m  s h o r t - t e r m  h i g h  dose  

s c h e d u l e s  a r e  e q u i v a l e n t  t o  cumulative l i f e t i m e  

doses. As k n o w l e d g e  o f  t h e  mechanisms o f  c a r -  

c i n o g e n e s i s  become known and spec i f i c  biochemical, 

intermediate metabolism, and pharmacokinetics are es- 

t a b l i s h e d  f o r  - b o t h  humans and t e s t  animals, t h i s  

assumption w i l l  no longer  be necessary. However, a t  

p r e s e n t  t h i s  i s  t he  s ta te-of - the-ar t  i n  r i s k  assess- 

ment and DHS i s  cons is ten t  w i t h  m a j o r  f e d e r a l  and  

s t a t e  agencies i n  ma1 i n g  t h i s  assumption. 

C) A b s o r p t i o n .  I n  t h e  absence o f  evidence t o  the con- 

t r a r y ,  i t i s  assumed t h a t  the  t e s t  s p e c i e s  a b s o r b s  

the  same percentage o f  benzene as do humans. 



d) Route o f  exposure. DHS may inc lude assessments based 

on routes o f  exposure other  than i n h a l a t i o n  recogniz-  

i n g  t h a t  t h e  c a r c i n o g e n i c  r e s p o n s e  may d i f f e r  

a c c o r d i n g  t o  t h e  mode o f  a d m i n i s t r a t i o n .  DHS 

bel ieves t h i s  i s  l e s s  l i k e l y  t o  be a p r o b l e m  f o r  

dosages p rov id ing  systemic exposure (e.g. inges t ion ,  

gavage.  i n h a l a t s o n ,  a n d  i n t r a v e n o u s  o r  i n -  

t r a p e r i t o n e a l  i n j e c t i o n )  and there fo re  some non- 

i nha la t i on  animal s tud ies  can p r o v i d e  i n f o r m a t i o n  

a p p l i c a b l e  t o  human exposures. Moreover, un less 

there i s  s p e c i f i c  o r  compell ing in fo rmat ion  t h a t  me- 

t a b o l i c  and phatmacokinetic d i f ferences occur between 

humans and rodents f o r  e l  t h e r  t he  same o r  d i f f e r e  n t 

routes o f  exposure, a1 te rna te  systemic routes w i l l  be 

considered equivalent.  

3.2.3 Thresholds 

The assumptions regard ing t h r e s h o l d s  i n  a n i m a l  s a r e  

i d e n t i c a l  t o  those presented i n  the  human dose-response assessment sect ion.  

3.2.4 Use o f  Benign Tumors 

Where b o t h  b e n i g n  and malignant tumors a re  induced a t  

the  same s i t e  and the malignant tumors are s i g n i f i c a n t l y  increased, DHS may 

comb ine  t h e  d a t a  on b o t h  types o f  tumors as the basis f o r  d o ~ e ~ r e s p o n s e  

assessment. Th is  i s  cons is tent  w i t h  I A R C  (IARC, 1980a) and NT? (NTP, 1984). 

L 



The r a t i o n a l e  i s  t h a t  the induc t ion  o f  benign tumors i n  the experimental 

animals r e f l e c t s  the b io log i ca l  a c t i v i t y  o f  the carcinogen, which may w e l l  

be manifested as the induc t ion  o f  mal ignant tumors i n  other species. I n  ad- 

d i t i on ,  benign tumors i n  several t i s s u e s  may p r o g r e s s  t o  m a l i g n a n c i e s  

(Tomat i s  e t  al., 1973; Tomatis e t  al., 1978; Griesemer and Cueto, 1980; Chu 

e t  al.. 1981; Tomatis, 1979; IARC, 1980a; IARC,  1972-1983; IARC, 1980b). 

3.2.5 ln terspec ies Scal ing Factors 

There are three genera l l y  used  methods  f o r  r e l a t i n g  

a n i  ma1 dosages t o  humans: mg/kg-day , mg/surface area-day, and mg/l i f e t ime .  

To date no study has been e x p l i c i t l y  undertaken w i th  the ob jec t i ve  o f  deter-  

m i n i n g  what  u n i t  b e s t  expresses equivalence o f  carcinogenic potency across 

mammalian species. Studies which have looked a t  t h i s  p r o b l e m  have  shown 

t h a t  t h e  c h o i c e  o f  sca l i ng  f a c t o r  w i l l  d i r e c t l y  a f f e c t  r i s k  ca l cu la t i ons  

w i t h  the r i s k  increasing i n  the f o l l o w i n g  o rder :  mg/kg-day < m g / s u r f a c e  

a r e a - d a y  < m g / l i f e t i m e .  F o l l o w i n g  t h e  s u g g e s t i o n  o f  M a n t e l  and 

Schneiderman, 1975; EPA. 1980; a n d  Crump. 1981. t h e  OHS b e l t e v e s  t h e  

m g / s u r f a c e  a rea -day  f a c t o r  i s  most appropr iate because i t f a l l s  near the 

middle o f  the range o f  measures t h a t  have been proposed. 

3.2.6 Low Dose Ex t rapo la t i on  Models 

Because dose l e v e l s  i n  b ioassays  a r e  g e n e r a l l y  much 

h igher  than the l e v e l s  to which the  human population i s  exposed i t 1s neces- 

sary to ext rapolate downward to  est imate the  heal th e f f e c t s  i n  the  range  o f  



exposure t h a t  we are in te res ted  in .  Several mathematical models are a v a i l -  

ab le  and newer models cont inue to be developed. The models f a l l  i n t o  t h r e e  

\ci broad categories: 1) quanta1 o r  dichotomous response models which base t h e i r  

r i s k  estimate s t r i c t l y  on whether o r  n o t  the animal a c q u i r e d  t h e  t u m o r  o f  . 

i n t e r e s t  by t h e  end o f  i t s  "na tu ra l "  l i f e t ime- - they  are n o t  corrected f o r  

competing r i s k  o r  independent background cancer incidence, 21 t ime - to - tumor  

models which are sens i t i ve  to the t ime o f  tumor onset ( i n  prac t i ce ,  t he  t ime 

t o  tumor detect ion i s  used), and phamacokinet ic  mode ls  w h i c h  r e 1  a t e  t h e  

ca rc inogen i c  response t o  biochemical i n t e r a c t i o n s  between the  exposure sub- 

stance and components o f  t he  body. Time-to-tumor and phamacokinet ic  models 

a r e  b e l i e v e d  t o  p r o v i d e  more v a l i d  estimates o f  r i s k  b u t  it i s  o f t e n  no t  

' poss ib le  t o  apply these models because the  cancer onset d a t a  h a s  n o t  b e e n  

reported i n  s u f f i c i e n t  d e t a i l  o r  metabol ic pathways and ra tes  are no t  known. 

Although a l l  models tend to f i t  the dose-response data equa l l y  we1 1 i n  t h e  
L 

obse rvab le  range o f  exposure, low dose estimates o f  r i s k  can vary by orders 

o f  magnitude. It i s  n o t  poss ib le  t o  v a l i d a t e  any o f  these models i n  the  low 

dose  r a n g e  w i t h  e i t h e r  animal o r  epidemiologic data so se lec t i on  of a par- 

t i c u l a r  model i s  somewhat a rb i t r a r y .  However, i n  s e l e c t i n g  a model, DHS i s  

guided by t he  genera l ly  accepted understanding o f  carcinogenesis i n  which i t  

i s  assumed t h a t  chemical carcinogens con t r i bu te  t o  t h e  already e x i s t i n g  car-  

c i  nogenic  mechanisms. Th i s  imp1 i e s  t h a t  an exposure w i l l  incrementa l ly  add 

t o  the e x i s t i n g  r a t e  o f  cancer which i n  t u r n  i s  c o n s i r t e n t  i t h  a l i n e a r  

r e s p o n s e  a t  low doses (Crump e t  al., 1976). ( I f  t he  carcinogen acts by an 

independent mechanism, t h e  response w i l l  n o t  necessar i l y  be l i n e a r )  . W i t h  

t h i s  b a s i s ,  a b r i e f  d e s c r i p t i o n  the  more s a l i e n t  features o f  the  major 

models and our reasons f o r  e i t h e r  using the  model o r  n o t  recommendi  ng i t  

L 



f o l l o w s .  I t  s h o u l d  a l s o  be n o t e d  t h a t  here, as i n  the case w i t h  the 

epidemiologic based assessment, the models y i e l d  a  p o i n t  e s t i m a t e  o f  r i s k  

b a s e d  on t h e  d a t a  a t  hand. While t h i s  value may be i n te rp re ted  as the  

"best" estimate o f  r i s k ,  s t a t i s t i c a l  theory t e l l s '  us t h a t  t h e  " t r u e "  es -  

t i m a t e  o f  r i s k  c o m p a t i b l e  w i th  the data a t  hand i s  contained w i t h i n  the 

range o f  a  lower and upper confidence l i m i t  a r o u n d  t h e  p o i n t  e s t i m a t e .  

Pub l i c  hea l t h  prudence d ic ta tes  t ha t  we be concerned w i t h  the h ighest  amount 

of r i s k  a  substance ma:! pose so i n  add i t i on  t o  the  p o i n t  es:imate, t he  up- 

per  95% confidence l i m i t  o f  t h i s  r i s k  est imate w i l l  a lso be given. 

a) Quanta1 o r  dichotomous response models. 

i O n e - H i t  o r  l i n e a r  Model (Krewski e t  a1 ., 1981) - The bas is  

o f  t h i s  quanta1 model i s  t he  c p n c e p t  t h a t  t h e  r e s p o n s e  

( c a n c e r )  can be induced a f t e r  a  s i ng le  suscept ib le t a r g e t  

has been h i t  by a  s ing le  b i o l o g i c a l l y  e f f e c t i v e  u n i t  o f  

dose. T h i s  model I s  o r i g i n a l l y  de r i ved  and received 

v a l i d a t i o n  from rad ia t ion  theory. The form o f  t h i s  model 

i s :  

Where: 

P(d)  i s  the p r o b a b i l i t y  o f  r e s p o n s e  a t  a  p r o v i d e d  

dosage. 

6 i s  the slope o f  the dose response cuwe, 



d i s  the provided dose, and 

do i s  the background ra te ,  i f  one ex is ts ,  when d=O. 

A t  l o w  doses (i.e.. 6d c 0.07) the dose iesponse curve 

becomes l i n e a r  w i t h  dose. 

ii M u l t i s t a g e  Model  (quanta11 (Armitage and Do l l .  1961) - 
Th is  model. assumes t h a t  t h e  carcinogenic response i s t h e  

r e s u l t  o f  an ordered se r i es  o f  b i o l o g i c a l  events and t h a t  

the  occurrence o f  each event i s  dose related. Th is  theory  

was d e r i v e  t o  account f o r  the  fac t  t h a t  i n  many types o f  

cancer, the logar i thm o f  the cancer m o r t a l  i t y  r a t e  i n -  

c r e a s e s  i n  d i r e c t  p r o p o r t i o n  t o  the logar i thm o f  age. 

Th is  suggests t h a t  a c e l l  may go t h r o u g h '  a s e q u e n c e  o f  

s p e c i f i c  changes  (stages) i n  order t o  become mal ignant.  

The t r a n s i t i o n  between stages ( i )  i s  d e p e n d e n t  on t w o  

c o n s t a n t s :  a c o n s t a n t  t e r m  al which i s  r e l a t e d  t o  t he  

background r a t e  and a term bi which ind ica tes  the  p o t e n c y  

o f  t h e  agent a t  t h e  i t h  stage. The t o t a l  response, P(d), 

i s  an exponential p roduc t  o f  each stage: 



where ai - > 0 and bi - > 0 and k i s  the number o f  s t a g e s  o r  

e v e n t s  r e q u i r e d  b e f o r e  c a n c e r  i s  o b s e r v e d .  More 

general ly. 

where the exponential term i s  a p o l y n o m i a l  f u n c t i o n  o f  

dose w i t h  zero o r  nonnegative coe f f i c i en t s .  The node1 i s  

f i t t e d  using maximum l i k e l i h o o d  theory t o  est imate qi and 

t h e  number o f  stages t h a t  best f i t  the  data. A r e s t r i c -  

t i o n  i s  placed on k such t h a t  i t  i s  n o t  g r e a t e r  t h a n  t h e  

number o f  dose l e v e l s  i n  the  bioassay. DHS used a version 

o f  the mu l t i s tage  k d e l  developed by Crump and Watson 

(197 9 1 . Th i s procedure assumes the number o f  stages i s  

equal t o  the number o f  dose groups minus one. I n  estimat- 
j 

.: i n g  t h e  u p p e r  confidence 1 . i m i t  o f  r i s k ,  e i t h e r  a l i n e a r  

! 

i 
t e n  i s  forced i n t o  the  model i f  one' does n o t  e x i s t  o r  the  

. . 

i e x i s t i n g  l i n e a r  term i s  maximized which assures t h a t  the 
I 
! model w i l l  be l i n e a r  a t  low doses. 

I 
I 
I iii Gamma M u l t i - h i t  Model  (Rai and Van Ryzin. 1981) - This 

! . 
i model can be der ived from the assumption t h a t  t h e r e  i s  a 

d l  s c r e t e  change, c a l l e d  a h i t ,  which has t o  occur several 

times i n  order  t o  produce a response. The expected number 



o r  n l r s  i s  propor t ional  t o  dose and i s  bd. The probabi l -  

i t y  o f  k o r  more h i t s  o c c u r r i n g  i s g i v e n  by  a P o i s s o n  

d i s t r i b u t i o n :  

P(d) = 1 (bd l x  exp (-bd) 
x=k 

x! 

Th i s  can be shown t o  equal: 

More general ly,  f o r  a r b i t r a r y  k: 

bd 
P(d) = Q xk-' exp (-x)  dx 

rlk) 

where r(k1 i s  the gamna f u n c t i o n  which s a t i s f i e s  

I 

r ( k )  = (k - I ) !  

i 
a f o r  i n t e g e r  values o f  k  > 1. - 

i v  P r o b i t  Node1 Results o f  t o x i c i t y  t e s t s  have o f ten  shown 
i 
I 

i t h a t  t h e  proporti 'on of responders monotonica l ly  i n c r e a s e s  

1 w i t h  d o s e  and e x h i b i t s  a sigmoid r e l a t i o n s h i p  w i t h  the 



l ogar i thm o f  the exposure leve l .  This l ed  .to the develop- 

ment o f  the p r o b i t  o r  l o g  normal model. The dose-response 

func t ion  i s  given by the  cumulative normal p robab i l i t y :  

where u and a represent the  mean and standard dev ia t ion o f  

the d i s t r i b u t i o n  o f  the l o g  tolerances (B l i ss ,  1935) 

I 
I 

i 
v  Mantel-Bryan Model (1961)- Th is  model assumes a  log-normal  

I 
! d i  s t r i  bu t i on  o f  i n d i  v i dua l  s e n s i t i v i t i e s  t o  a  carcinogen i n  

I a population. That i s ,  i f  a  p o p u l a t i o n  i s  exposed t o  a  
! 

g i v e n  dose  r a t e  d, t hen  response t o  the l og  o f  the dose 
I 

w i l l  f o l l ow  the normal (Gaussian) d i s t r i b u t i o n  function: 

. I 

P(d) = $ (a  + b  l o g  d l *  

where $ I s  the  standard normal densi ty evaluated a t  a  + b  

l o g  d. I n  t h i s  f o r m u l a t i o n ,  a ( a  > 0)  i s  the i n t e r c e p t  - 
(background incidence) w h j l e  the  parameter, b  ( b  > '  0 )  . i s - 
the  slope o f  log-prob i t  d i s t r i b u t i o n .  The slope i s  assumed 

t o  be 1.0 i n  the Mantel-Bryan model though other values a re  

poas  i b l  e. Mante l  and Bryan proposed t h i s  "conservative" 

I -  
*The normal dens i ty  i s  given by: ((x) = t (111)-~'~ e i p  (-u2/2) du. 



slope because i t  was l e s s  steep than slope e s t i m a t e s  t h e y  

had observed i n  t o x i c i t y  tes t ing .  The purpose o f  t he  model 

was t o  estimate a sa fe  dose  f o r  a g i v e n  l e v e l  o f  r i s k  

r a t h e r  t h a n  t o  e s t i m a t e  t h e  t r u e  d o s e - r e s p o n s e  

re1 at ionship.  However, susequent research has shown t h a t  

i n  t h e  1 ow-dose reg ion  the  use o f  the lognormal d i s t r i b u -  

t i o n  tends t o  produce r e l a t i v e l y  h igh " ra fe  dose" est imates 

(Crump e t  al., 1976). 

v i  L o g  L o g i s t i c  ( L o g i  t )  (Worcester and Wilson 1943, Berkson 

1944) - This  m d e l  i s  a l so  based on an assumed t o l e r a n c e  

d i s t r i b u t i o n  w h i c h  i s  s i g m o l d a l  i n  shape. The dose- 

;esponse f u n c t i o n  i s  g iven by: 

where a and b a r e  parameters estimated from the  data. The 

c u r v e  i s  s y m m e t r i c  about the  50% response l e v e l  b u t  ap- 

proaches the  extremes, OX and lOOX response, more  s l  o w l y  

than does the  p r o b i t  model. 



b)  T~me-to-Tumor Models 

Many o f  the prev ious ly  desc r i bed  d i cho tomous  r e s p o n s e  

model  s can  be mod i f ied  t o  express cancer r i s k  as a func- 

t i o n  o f  both dose and t ime ( d u r a t i o n  o f  e x p o s u r e ) .  A 

s i m p l e  mode l  which considers r i s k  only as a func t ion  o f  

t ime only i s  described here It can be shown t h a t  i n  many 

s i t ua t i ons  the p r o b a b i l i t y  o f  occurrence o f  cancer by time 

t can be given by: 

i 

i 
0 

I 
! 

I 
I 

i 
! 
! 
i 
I 

I 
! 

k 
P ( t )  = 1 - exp {- b ( t  - a) 1 

f o r  .t - > a, r > 0, b > 0, and k - > 1 (Pike, 1966). 
i . I 

The c o e f f i c i e n t  b represents the potency o f  the carcinogen; a 

a 
i s  r e l a t e d  t o  the  latency per iod o f  the carcinogen; and k i n  

s o m e  a p p l i c a t i o n s  . r e f e r s  t o  t h e  number o f  s t a g e s  o f  

carcinogenesis. This model has been shown t o  represent human 

i m o r t a l  i t y  d a t a  f o r  c e r t a i n  cancers where t represents age 
i 

(Armitage and Do l l .  19611. Furthermore. t h i s  f u n c t i o n  has  

I 
been incorporated i n t o  nu l t i -even t  models t n  order t o  descrjbe 

! 
i 

t he  r e l a t i o n s h i p  between cancer occurrence and b o t h  dose  and 

time. 
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An empt r i  c a l  r e 1  a t i  onship between t ime and dose [Druckrey , 

1967) and two time-to-tumor models w h i c h  i n c o r p o r a t e  dose  

(Weibull  [Pike, 19661; Har t ley  and Sielken, 1977) fo l low:  

i Druckery: An empir ical  r e l a t i o n s h i p  between dose ( d )  a n d  

med ian  t ime o f  tumor appearance (t) was found i n  data from 

animal cancer s tud ies o f  t he  form 

d tn  = constant 

where n i s  usua l l y  between 2 and 6 (Druckery, 1967 ) .  The 

response t imes were assumed t o  be a lognormally d i s t r i b u t e d  

i n  a manner analogous t o  t he  populat ion t o 1  e r a n c  e mode l  s 

d i s c u s s e d  e a r l i e r .  Th js  re la t i onsh ip  has been app l ied  t o  

s e v e r a l  d a t a  s e t s  f r o m  b o t h  a n i m a l  e x p e r i m e n t s  a n d  

epidemiologic studies (AI b e r t  and A1 tschuler,  '1973). 

Use o f  t h i s  re la t i onsh ip  f o r  low dose e x t r a p o l a t i o n  p u r -  

p o s e s  was p r o p o s e d  b y  Jones and Grendon (1975). A f t e r  

examining data of t h e i r  own and o f  Druckrey, they p r o p o s e d  

the  genera l i za t ion  t h a t  till? median time-to-tumor appearance 

i s  p ropor t iona l  t o  the one- th i rd  power  o f  t h e  dose, a n d  

s u g g e s t e d  t h a t  t h i s  r e l a t i o n  r e f l e c t s  t he  average t ime 

needed f o r  t w o  a f f e c t e d  c e . 1 1 ~  t o  c o a l e s c e  t o  f o r m  a 

c a n c e r o u s  clone.. However, several s tud ies hdve i nd i ca ted  

t h a t  Jones and Grendon's model i s  no t  appropr iate f o r  l o w -  

dose ex t rapo l  at ion.  



ii Weibull Model (Pike, 1966) - I n  t h i s  model, 'response can be 

re la ted  t o  both t i n e  and dose by the expression 

k ~ ( t . d )  = 1 - exp { g ( d ) t  j 

where  g ( d 1  i s  some f u n c t i o n  of dose (l.e., g(d) = a + 

One study ind icated t h a t  the Weibull model y i e l ded  a bet -  

t e r  f i t  t o  various sets  o f  animal c a n c e r  d a t a  t h a n  d i d  

o t h e r  mode ls  ( P e t 0  e t  a l ,  19721.  Fur thermore .  the 

re1 a t ionsh ip  observed by Druckrey can be derived f rom t h e  

Wei b u l l  model (Carlborg, 1981 1. 

iii Har t l ey  and Sielken (1977 - A general model was developed 
e 

which has the expression: 

The Weibull model i s  a spec ia l  case of the general product 

model i n  which 



Although i t i s  o f  t h e o r e t i c a l  i n te res t ,  use o f  the general 

product model would requ i re  p r i o r  s e l e c t i o n  o f  t h r e e  o f  

i t s  p a r a m e t e r s ;  therefore,  the e f f e c t  t h a t  these essen- 

t i a l l y  a r b i t r a r y  choices have on estimated r i s k s  needs t o  

be s tud ied (Crump, 19811. 

3.2.7 R a t i o n a l e  f c r  S e l e c t i o n  o f  a Low Dose Ex t rapo la t i on  

Model 
7 

The probi t ,  Mantel-Bryan, and l o g i t  models are - not based 

on mechanisms o f  carcinogenesis. The f i r s t  t w o  m o d e l s  a r e  b a s e d  o n  t h e  

cumul  a t i  v e  d i  s t r i  b u t i o n  t h a t  a r i ses  assuming a lognormal d i s t r i b u t i o n  o f  

to lerances i n  the  exposed population. The  l o g i t  mode l  i s  d e r i v e d  f r o m  

r e m i c a l  k i n e t i c  theory. Since these models are n o t  based on the  genera l l y  
L 

accepted cu r ren t  understanding o f  carc inogenic  p rocesses  and  no t i  n g  t h a t  

t h e s e  mode ls  are not  l i n e a r  a t  low doses, t h e  DHS does n o t  recommend t h e i r  

r o u t i n e  app l i ca t i on  f o r  dose-response assessment. The o t h e r  mode l  s d i  s -  

c u s s e d  i n  the  previous sect ion are based on mechanist ic arguments b u t  some 

have l i m i t a t i o n s  t h a t  are discussed below. 

The one-hit model i s  a spec ia l  case o f  the  m u l t i - h i t  and 

mu l t i - s tage  models. By i t s e l f ,  the  one-hSt model har only one parameter t o  

e s t i m a t e  and  t h e r e f o r e  may n o t  f i t  experimental data as we l l  as o ther  

models. I n  addi t ion,  since it assumes a l i n e a r  response 3n the  observed ex- 

p o s u r e  r a n g e ,  t h i s  model w i l l  produce very h igh  estimates o f  r i s k  f o r  a 

g iven  exposure r e l a t i v e  t o  other models. 



A major w i t h  t he  galma m u l t i - h i t  model i s  t h e  

1 i n t e r ~ r e 4 a t i o n  o f  the parameter r e f l e c t i n g  the number o f  h i t s ,  k. Since k 

1s determiqed by the  data and i s  no t  r e s t r i c t e d  to i n teger  values, it i s  n o t  

; b i  01 o g i c a l l y  in te rp re tab le .  Moreover, depending 'on i t s  value, the model i s  

i not  necess4ri ly l i n e a r  a t  low doses. Las t l y ,  the OHS does  n o t  recommend ' 

1 
1 t h i  s modeb because i t  has been demonstrated t h a t  the  model w i l l  "produce" 

background irates o f  cancer where none e x i s t  (Haseman e t  al., 1981). 
I 

I 
The DHS w i l l  p r e f e r e n t i a l l y  use time-to-tumor and phar- 

: macokinet ic  models given adequate data. Such data were n o t  ava  i 1 a b l e  f o r  

t h e  benzehe assessment.  I n  general. a cons t ra in t  on the use o f  time-to- 

tumor model4 i s  t he  d i f f i c u l t y  o f  determining the actua l  response t i m e s  i n  
1 

an  exper iment .  I n  most cases, i n t e r n a l  tumors .are d i f f i c u l t  t o  observe i n  

l i v e  animal9 and t h e i r  presence i s  usua l l y  detected only a t  n e c r o p s y  . I n  , 

a d d i  ti on, the  app l i ca t i on  o f  these models f requent ly requi res making a dt s- 
I 

t i n c t i o n  betkeen whether the tumor was the cause o f  death o r  was found o n l y  

c o i n c f d e n t , a l l y  a t  n e c r o p s y  where  d e a t h  was due t o  some other  cause; 

patho log is ts l  are r e l u c t a n t  to make such d is t inc t ions,  

Thus, o f  the  models general ly used today, t he  DHS agrees 

w i t h  the EPAI  (1980) i n  t he  use o f  the  nu1 t i s t a g e  model. Th is  model i s  con- 
I 

; s i  s t e n t  w i f h  b i o l o g i c  theor ies  o f  carcinogenesis and has been shown to f i t  
I 

several sets \ o f  experimental data fir animals (Brown. 1978; K rewsk i  , 1 I83 

and humans J ( ~ e t o ,  1977). It i s  a f l e x i b l e  m d e l  i n  t h a t  t he  form of the 

model i s  n o t  determined a p r i o r i .  thus it may take on some o f  t h e  c h a r a c -  
I 

t e r i s t i c s  o f  t h e  other  models depending on the  number o f  stages used and the 
I 

correspondi n i  parameter values. 
I 
\ 



Assessment 

A d d i t i v i t y  and l i n e a r i t y  a t  low dose are assumed as p a r t  

o f  the  mechanism o f  carcinogenesis. 

Animal data are app l i cab le  t o  humans. 

There need not  be an exac t  correspondance be tween  t h e  

h i  s t i  o p a t h o l o g i c a l  d i s t r i b u t i o n  o f  animal and.human cancer; the  use o f  

most sens i t i ve  animal species, sex, and tumor s i t e  t o  p r e d i c t  human e f -  

f e c t s  i s  j u s t i f i e d .  

High dose bioassays a r e  appropr ia te  f o r  determining 1 ow 

dose responses. 

L L i f e t i m e  c u m u l a t i v e  a v e r a g e  d a i l y  dose i s  t h e  ap- 

. p r o p r i a t e  dose t o  use f o r  dose-response assessments. 

The rou te  o f  exposure need no t  b e  i d e n t i c a l  be tween 

a n i m a l  and man i f  the tumors o f  i n t e r e s t  appear d i s t a l l y  to the p o i n t  o f  

exposure contact. 

i 
I A threshold f o r  benzene's carc inogenic  e f f e c t  i s  no t  es- 
: 

j tab1 ished. 



I 

i The mu1 t i  stage theory most appropr ia te ly  describes the  
i 
I phenomenonof carcinogenesis and t h e  l o w  dose e x t r a p o l a t i o n  p r o c e d u r e  

I 
deve loped ,  by Crump based on the m i l t i s t a g e  theory i s  an appropr iate method 

fo r  dose-rqsponse assessment. 

' 

I 

3.b Dose-Response Assessment Based on Animal Data 

! 

Ben{  gn and ma1 i gnan t  tumors may be combined f o r  dose- 

response assessment. 
I 
I 

Doses on a s u r f a c e  area basis are equivalent between 

species. 

I 3.3.1 Long-term Animal Bioassays Avai lab le  f o r  ~ o s e - ~ e s ~ o n s e  

, Assessment . I 
I 
I 

a) H i s t o r i c a l  Experimental Data .  The a v a i l a b l e  ex -  

pe r imen ta l  data p r i o r  t o  1976 has been summarized by 

Mal ton i  e t  a l .  (1983al and i s  shown i n  T a b l e  V I - 1 .  

These e a r l i e r  works did n o t  p rov i  de evidence f o r  car-  

c inogenic i ty  i n  animals. The IARC (1974) concl uded, 

"Benzene has been tes ted  only i n  mice by subcutaneous 

i n j e c t i o n  and s k i n  appl icat ion.  The data reported do 

n o t  permit  the conclusion t h a t  ca. cinogenic a c t i v l  t y  

( i n  animal bioassays) has been demonstrated." I n  a n  

updated version when Ma1 t0n i 'S  e a r l y  bioassays became 
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avai lable,  IARC (1982) reported, "Benzene has been 

tested i n  r a t s  by i n t r a g a s t r i c  admin is t ra t ion  and in -  

ha la t i on  exposure, and i n  mice by sk in  a p p l i c a t i o n ,  ' 
i 

i nha la t i on  exposure and subcutaneous i n j e c t i o n .  Oral , 

I admin is t ra t ion  t o  r a t s  resu l ted  i n  an increase i n  the  
I 

i n c i d e n c e '  o f  Zymbal gland carcinomas .. . . and an i n -  

creased incidence o f  lymphoid tumors occurred i n  male 

! 

I m i c e  exposed  by i n h a l a t i 0 1 1  t o  benzene ....lo IARC 
. i 

I 
I concluded, "There I s  l i m i t e d  evidence t h a t  benzene i s  
) 

c a r c i n o g e n i c  i n  experimental animals." (IARC 1982). 
1 
I These were studies t h a t  were ava i l ab le  through 1981 ; 
! 
I 

s u b s e q u e n t l y  t w o  s i g n i f i c a n t  ser ies  o f  bioassay 
I 

I 
s tudies have been reported, those o f  Ma1 t o n i  e t  a1 . 

I 

( 1 9 8 3 a )  and t h e  N a t i o n a l  Toxicology Program (NTP, 
I 
I 1983). 
I 

, e 
I 

I 

I b) Recent Bioassay Studies. Mal ton i  e t  a l .  (1983a) con- 

1 ducted carcinogenesis bioassays o f  benzene ( 99.93% 
I 

! 
I p u r e ,  w i t h  0.06% p a r a f f i n  and 0.01% toluene) ad- ~ 
I m in i s te r i ng  the  t e s t  chemical e i t h e r  by i nha la t i on  o r  

I 
o r a l  1 y v i a  stomach tube (gavage) using ex t ra -v i rg in  

I o l i v e  o i l  as the dose vehicle. Two d i f f e r e n t  gavage 
I 

s t u d i e s  were  done. I n  one s t u d y  ( E x p e r i m ~ i t  1, i 
UBT901) groups o f  35 male and 35 f e m a l e  Sprague-  

Dawley r a t s  were  a d m ' i n i s t e r e d  doses o f  250 mg 

i benzenelkg body weight; g r o u p s  o f  30 ma le  and 30 

'I female Sprague-Dawley ra t s  were administered doses of 



50 mg benzene/kg body weight; and groups. o f  30 ma1 e 

and 30 f e m a l  e Sprague-Daley r a t s  were administered 

o l i v e  o i l  alone (con t ro ls ) .  Animals were dosed once  

d a i l y  f o r  4-5 d a y s  p e r  week f o r  52 weeks. A l l  

animals were t o  be kep t  under observation u n t i l  spon- 

t a n e o u s  death. M o r t a l i t y  was higher i n  the  benzene 

t rea ted  groups and was c o r r e l  a t e d  t o  dosage.  The 

a u t h o r s  s ta ted t h a t  the  increase i n  m o r t a l i t y  corre- 

l a t e d  t o  the d i r e c t  e f f e c t s  o f  the  t r ea tmen t  i n  t h e  

f i r s t  per iod  o f  t he  experiment, and l a t e r  both t o  the 

e f f e c t s  o f  treatment and to t he  higher i n c i d e n c e  o f  

ma1 i g n a n t  t umors  caused by the  compound. The body 

weights o f  the  t e s t  animals genera l ly  were lower than 

t h e  c o n t r o l  g roup ,  and  t h ' i s  a p p e a r s  to be dose 

re la ted.  The r e s u l t s  o f  the  gavage study a r e  shown 

i n  Table VI-2. 

I n  t he  second gavage study (Experiment 3, BBT902-906 

t h e  a u t h o r s  s t u d i e d  benzene, toluene, xylene and, 

ethylbenzene, also admin is tered. in  o l i v e  o i l .  Groups 

o f  40  ma1 e and  40 female 7-week-old Sprague-Dawley 

r a t s  were given doses  o f  500 mg/kg f o r  4-5 d a y s  

weekly f o r  104 weeks. The con t ro l  group consisted o f  

50 male and 50 female r a t s  t h a t  were given o l i v e  o i  , 

a1 one  o n  t h e  same dosing schedule: This study was 

s t i l l  i n  progress a t  the date o f  pub l i ca t i on  ( 1 9 8 3 )  , 
b u t  the authors provided the  92-week i n te r im  resu l ts .  



I 

Only benzene resu l t ed  i n  a s t a t i s t i c a l l y  s i g n i f i c a n t  

i n c r e a ~ e d  number o f  tumors (Zymbal gland o f  the o ra l  

! cavi ty;  see Table VI-2). 

The a u t h o r s  a lso  studied the e f f e c t s  o f  benzene i n -  

ha la t ion  on SpraguerDawley r a t s  u s i n g  13 -week -o ld  

f e m a l e  breeder  r a t s  and r a t s  f i r s t  exposed i n  u tero 

as 12-day embryos and then exposed immediately a f t e r  

b i  r t h  (Exper iment 2, RBT4004 and XBT4006). The i n -  

ha1 a t i on  studies used two d i f f e r e n t  exposure pe r  i ods 

o f  15 and 104 weeks. Groups o f  140 12-day embryo 

r a t s  and 54 13-week-old breeder r a t s  were used f o r  

t h e  104-week study. The animals were exposed t o  in -  

ha la t i on  by benzene a t  concentrations o f  200-300 ppm, 

4-7 hours da i ly .  The 15-week study used 129 ra t s  ex- 

posed as embryos from the 12th day o f  pregnancy and 

e x p o s u r e s  o f  2 0 0  ppm benzene f o r  4-7 hours da i ly .  

The control  group consisted o f .  218 12 -  day embryo- 

exposed r a t s  and 60 breeder r a t s  kep t  i n  inha la t ion  

chambers w i t h  no benzene. A1 1 a n i m a l  s were t o  be 

k e p t  u n d e r  observation u n t i l  spontaneous death. The 

r e s u l t s  o f  the i nha la t i on  s tud ies are a l s o  shown i n  

T a b l e  V I -2 .  T h i s  study begun i n  1979 was s t i l l  i n  

progress as o f  the date o f  pub1 i ~ a t i o n  (1983). 

A 1  t hough  Zymbal gland carcinomas, "leukemias", o ra l  

cav i t y  carcinomas, and mammary g l a n d  ca rc inomas  0 



Ma1 t o n i  e t  al.. Benzene Rat Bioassay Summary 

Tumor Route of 
O r g a n  ( s i t e )  Type B o s u r e  -- Sex -- Dosage 

Di f ference i n  Cancet 
Cochran-Armi tage F isher  Attack Rate per 10C 

Linear Trend Test -- Exact Test (Dose - Control) - 
Zymbal G l  dnd Carcinomas Gavage Female P < 0.001 

P = 0.25 ( IS) 6.7 
P = 0.003 25 .O 

Hemolympho- "Lwkenii as" Gavage 
1 Ma1 e 

r e t i c u l a r  
13.9 mglkg-day 
66.7 " "  " 

Carcinoma Gavage Female 

13.9 mglkg-day 
66 7 " I' " 

Zymbal Gland Carcinomas Gavage Female N/A ( s i ng le  dose l eve l )  
321.4 mg/kg-day P = 0.007 15 .O 

I ,I I* M & F  N/R ( s i n g l e  dose l e v e l )  

Oral Cavi ty Carcinomas Gavage 2 Male N/A ( s i ng le  dose l e v e l )  
321 4 mglkg-day P = 0.003 

I, 00 I, . M  & F N/A ( s i ng le  dose l eve l )  

321 4 mglkg-day P < 0.001 13.7 ....................................................................................................................... 



Table VI-2 (Continued) 

Mal ton i  e t  a1 Benzene Rat Bioassay Sumary 

I -. ~~ ~ W-f f e rence ln -  -Cancer 
o r  Route o f  Cochran- Anni tage F isher  Attack Rate per 100 

Exposure Sex Oryan ( s i t e )  Type -- - Dosage L inear  Trend Test Exact Test  - (Dose - Control) 

Zymbal Carcinoma 1nhalation3 Female NIA ( s i ng le  dose l eve l )  
Gland 17 mg/kg-day P = 0.27 (NS) 3.9 

Zymbal Carcinolna 1nhalation4 Male and N/A ( s i ng le  dose l eve l )  
61 and Female 

16.4 mglkg-day P = 0.002 5.1 

I 
....................................................................................................................... 
L i v e r  H e p a t o ~ S  inhalation5 Female NIA ( s i ng le  dose l eve l )  

1.42 mg/kg-day P = 0.022 5.1 

I NS - Not S t a t i s t i c a l l y  S ign i f icant .  P > 0.05. 
N/A - Not Applicable. 

Experiment 1:(#BT901), animals dosed f o r  52 weeks. 
Experiment 3:(#8T902). 92-week i n t e r i m  resul ts .  dosing t o  be ca r r i ed  ou t  f o r  104 weeks. 118-week i n t e r i m  resul ts .  - 
Experiment 2.(#BT4004), i nha la t i on  exposure o f  13-week o l d  breeder r a t s  f o r  104 weeks, 118-week i n t e r i m  resu l t s  

Experiment 3: (#BT4004), i nha la t i on  exposure o f  12-day o l d  embryos f o r  104 weeks. Dose i n  u te ro  n o t  c o n s i  dered .  118 
week i n t e r i m  resul ts .  
Experiment 3:(#BT4006), i nha la t i on  exposure o f  12-day o l d  embryos f o r  15-weeks. Dose i n  u t e r o  n o t  c o n s i  d e r e d .  118 
week i n te r im  resu l ts .  



demonstrated pos i t ive,  trends w i t h  r e s p e c t  t o  dose ,  

o n l y  t h e  Zymbal g l a n d  carcinomas (one- ta i led  p < 

0 001), the  "leukemias (one- ta i led P = .  0 . 0 0 5 ) .  and 

t h e  o r a l  c a v i t y  c a r c i n o m a s  ( p  = 0.028) reached 

s t a t i s t i c a l  s i on i f i cance  by t h e  C o c h r a n - A r m i  t a g e  

l i n e a r  t rend  t e s t  (see Table VI-2). 

TLe Zymbal glands (audi tory  sebaceous g l  ands ) a r e  

1 a r g e  modi  f l e d  sebaceous glands which surround the  

externa l  ear canal o f  ra ts .  Neoplasms o f  the Zymbal 

g l a n d  u s u a l l y  begin a t  the base o f  the  glands then 

o f t e n  invade the  ear canal. Humans have no g l  ands  

homologous t o  the  rodent's Zymbal gland (A1 tman and 

Goodman, 19791,. 

Ma l ton i  e t  a l .  (1983a) concluded tha t :  

"1) Benzene i s  carcinogenic i n  r a t s  when given by gavage 

and by inhalat ion.  

2 )  Benzene produces d i f f e r e n t  types o f  tumors i n  d i  f - 
f e r e n t  organs, and therefore i t  must be considered a 

mu1 ti po ten t i a l  ca rc i~ .~gen .  

3 )  Benzene i s  a po ten t  carcinogen, since i t  not  only 

enhances the  incidence o f  tumors f requent ly  o c c u r -  

r i  n g  i n  unt reated animal s o f  the tested colony bu t  



a l s o  p r o d u c e s  in f requent  o r  unusual tumors i n  the 

animals used. 

4)  There  appea rs  t o  be a d i r e c t  r e l a t i onsh ip  between 

the dose of benzene ( c o n c e n t r a t i o n  o r  l e n g t h  o f  

treatment) and tumor response." 

The National Toxicology Program (NTP) conducted a 2-year 

toxicology and carcinogenesis gavage study o f  benzene on 

50 r a t s  (F344/N) and 50 mice (B6C3F1) o f  both sexes p e r  

dose group (NTP, 1983). The NTP establ ished dosages f o r  

t he  chronic s t u d y  b a s e d  on a s e r i e s  o f  s u b c h r o n i c  

( s i  ng le -dose ,  2-week, and 17-week) t o x i c i t y  studies. 

Doses used f o r  t he  2-year studies were selected based on 

c l i n i c a l  observations (tremors i n  higher dosed mice) and 

on c l i n i c a l  pathology (lymphoid d e p l e t i o n  i n  r a t s  and 

l e u k o p e n i a  i n  mice). The study design used four dose 

leve ls :  a zero dose veh ic le  control ,  a low dose a t  20- 

30% o f  t h e  maximum t o l e r a t e d  dosage (MTD), a middle 

dosage o f  50% o f  the  MTD, and a h igh  dosage a t  the  MTD. 

Male and female mice and female r a t s  i n  the 2-year study 

were administered 0, 25, 50 o r  100 mg/kg body we igh t  o f  

benzene ( p u r i t y  o f  > 99.7%) i n  a corn o i l  veh ic le  by 

gavage r days per week fo r  103 weeks. Ma1 e r a t s  we re  

a d m i n i s t e r e d  doses  o f  0, 50, 100, o r  200 mg/kg body 

weight o f  benzene by gavage i n  c o r n  011 f o r  5 days  a 



week f o r  103 weeks. Mean body weights o f  the 200mg/kg 

male r a t s  which survived t o  the end o f  t h e  s t u d y  were  

23% l o w e r  t h a n  those o f  the  veh ic le  controls,  the 100 

mg/kg dose males were 17% lower, and females, 14%. Th is  

s t u d y  e s t a b l i s h e d  a s t a t i s t i c a l l y  s i g n i f i c a n t  dose- 

r e l a t e d  increase (one- ta i led  P < 0.05) i n  the  i n c i d e n c e  

o f  neoplasms a t  m u l t i p l e  s i t e s  f o r  male and female r a t s  

and f o r  male and female mice (see Table VI-3). O f  p a r -  

t i c u l a r  s i g n i f i c a n c e  i s  the induc t ion  o f  Zymbal gland 

squamous c e l l  carcinomas i n  male and f e m a l e  m i c e  and  

r a t s  and  p r e p u t i a l  gland carcinomas i n  male mice. Both 

the Zymbal and p repu t i a l  gland carcinomas a r e  r a r e  i n  

u n t r e a t e d  mice and prov ide convincing ev i  dence f o r  ben- 

zene's carcinogenic e f f e c t  (see Table VI-4). 

The p r e p u t i a l  glands i n  the  m l e  are slender, f l a t t e n e d  

glands t h a t  l i e  j u s t  beneath the  sk in  o f  the  prepuce and 

open i n t o  i t s  c a v i t y .  I n  t h e  female the  p repu t i a l  

glands ( b u l b i  v e s t i b u l i )  are located i n  t he  p r e p u c e  o f  

t h e  c l i t o r i s  (Altman and Goodman. 1979). The are both 

be1 ieved t o  be l u b r i c a t i n g  glands. 

NTP conc luded,  "Under the  condi t ions o f  these studies,  

there  was c' ear evidence o f  carc inogenic i ty  o f  benzene  

f o r  m a l e  ~ 3 4 4 / ~ ' r a t s ,  female F344/N rats ,  male B6C3Fi 

mice, and female B6C3F1 mice." 



Table VI-3. 

Sunnnary o f  NTP Bioassay fo r  S i g n i f i c a n t  Neoplasms 

Dif ference i n  Cancer 
Cochran-Armi tage F isher  Attack Rate per 100 

Organ ( s i t e )  - - Tumor Type Species Sex Trend Test Exact Test* (High Dose - Control) I - 
Z p b a l  Gland " Squamous Ce l l  Rat " ,I 

Male P < 0.001 P < 0.001 
Carcinoma 

I, I " Female P < 0.001 P < 0.001 

I, 
Mouse 

I I 
Male P < 0.001 P < 0.001 

Female P = 0.022 P = 0.121 (NS) 

Skin Spuamous C e l l  Rat Male P = 0.007 P = 0.003 16 
- -- Carcinoma Mouse Ma1 e P = 0.028 P = 0.121 (NS) 6 

Squamws Ce l l  Rat Male . P = 0.012 P = 0.003 16 
Carcinoma 

Tongue Squamous C e l l  Rat Male P = 0.078 P = 0.059 8 
Carclnana " Fenal e P = 0,078 P = 0.059 8 

Oral Cavi ty Squamws C e l l  Rat Male P = 0.006 P = 0.006 14 
I Carcinoma Female P = 0.011 P = 0.028 10 

Hematopoietic Ma1 lgnant Lymphomas Mouse Ma1 e P = 0.006 P = 0.005 23 
Sy s t e ~ n  o r  Leukemia 

- --- 
Harderi an C a r d  nana Mouse Female P = 0.004 P = 0.059 8 

Gland 



Table VI-3 (Continued) 

Summary o f  NTP Bioassay f o r  S i g n i f i c a n t  Neoplasms 

Dif ference i n  Cancer 
Cochran-Ami tage F isher  Attack Rate per 100 

Organ ( s i t e )  - Tumor Type Species - Sex Trend Test Exact Test* (High Dose - Control)  

Lung A1 veol ar/Bronchiolar Mouse Male P = 0.028 P = 0.020 
I1 

19 
iarcinoma Female P = 0.021 P = 0.013 12 

Preput ia l  Gland A l l  carcinomas Mouse Male P < 0.001 P < 0.001 63 

L - -  
w 
C; Mammary Gland 

I, 
Carcl nomas Mouse Female P < 0.001 P < 0.001 20 

H Carci nosarcoma P = 0.006 P = 0.059 (NS) 8 

Harderi an Gland Adenoma o r  Mouse Ma1 e P = 0.001 P < 0.001 27 
Carci noma 

I, I, Carcinoma I Female P = 0.004 P = 0.059 (NS) 8 

Ovary Granulosa c e l l  tumor blouse Female . P = 0.003 P = 0.017 15 
o r  Carcinoma 

- - 

* 
comparison of 'highest dose group w i t h  cont ro l ,  one- ta i led test .  Mice of both sexes and female r a t s  dosed a t  
71.4 mglky-day. male r a t s  dosed a t  143 mglkg-day. 



Table V I - 4  

Rare Tumors 

A. H i s t o r i c a l  Incidence o f  P r e p u t i a l  G l a n d  Tumors i n  M a l e  B6C3F1 M i c e  

Administered Corn 01 1 by Gavage: 

* 
1. H i s t o r i c a l  Incidence a t  B a t t e l l e  Columbus Laborator ies : 

No tumors observed i n  100 animals. 

2. Overal l  H i s t o r i c a l  Incidence: 

Number o f  Number 
Animals a t  Risk - o f  Tumors Type Percentage 

1,090 1 Adenoma, NOS 0.09 % 

B. H i s t o r i c a l  I n c i d e n c e  o f  Zymbal G l a n d  Tumors i n  B6C3F1 Ma le  M i c e  
0 

Administered Corn O i l  by Gavage: 

1. H i s t o r i c a l  Incidence a t  B a t t e l l e  Columbus ~ a b o r a t o r i e s -  : 
f 

No tumors observed i n  100 animals. 

2. Overal l  H i s t o r i c a l  Incidence. 

Number o f  Number 
Animals a t  Risk o f  Tumors TY pe Percentage 

* 
The Laboratory t h a t  conducted the benzene study f o r  the  NTP. 



3.3.2 Discussion o f  Bioassay Results 

Benzene administered by gavage and by i n h a l a t i o n  i n  t h e  

Ma1 t o n i  s t u d i e s  resu l t ed  i n  Zymbal gland cancers i n  both sexes. Both the  

Maltoni  and the NTP stud ies demonstrated t h a t  the female r a t  i s  l ess  s e n s i -  

t i ve  t o  benzene than the  male f o r  Zymbal gland carcinomas. I n  the  Ma1 t o n i  

i nha la t i on  studies a s t a t i s t i c a l l y  s i g n i f i c a n t  increased incidence o f  Zymbal 

g l a n d  c a n c e r s  cou ld  on ly  be demonstrated by combining r e s u l t s  i n  male and 

femzle r a t s  t h a t  were f i r s t  exposed as embryos on the  t w e l f t h  day o f  p r e g -  

nancy  and t r e a t e d  f o r  104  weeks a f t e r  b i r t h .  The only gavage study 

r e s u l t i n g  i n  s t a t i s t i c a l l y  s i g n i f i c a n t  female r a t  Zymbal g l a n d  c a r c i n o m a s  

was Mal ton i 's  i n  the  h igh dose experiment 3, XBT902. I n  t h i s  study the  com- 

bined male and female at tack r a t e  was 14/10Q a t  a dose o f  321.4 mg/kg-day.  

The a t t a c k  r a t e  f o r  t h e  comb ined  male and female i nha la t i on  study was 

5.8/100 a t  a dose o f  15.7 mg/kg-day. 

B o t h  Ma1 t o n i  s t u d i e s  are i n t e r i m  r e s u l t s  o f  l i f e t i m e  

bioassays. The i n h a l a t i o n  study went f o r  118 weeks, whi le  the  gavage s t u d y  

f o r  o n l y  92 weeks. These s tud ies w i l l  cont inue u n t i l  spontaneous death o f  

a l l  animals. The observed 8 - f o l d  h igher  a t t a c k  r a t e  i n  t h e  i n h a l a t i o n  

s t u d i e s  v e r s u s  t h e  gavage s tud ies (response per mg/kg-day: i n h a l a t i o n  = 

0.369/100, gavage = 0.0436/100) may be an a r t i f a c t  of the  shor te r  p e r i o d  o f  



i 1 
f o l l o w - u p  and exposure f o r  the gavage studies. Maltoni does no t  provide 

data on the l i f e t i m e  o f  the average r a t ;  however, the l i t e r a t u r e  v a l u e  f o r  

t h e  a v e r a g e  l i f e t i m e  f o r  r a t s  i s  2 .5  t o  3 years w i t h  a mean o f  2.75 years 

(Baker e t  a1 ., 1979). 2 

Nonfatal ,  i nc iden ta l  tumors t h a t  may have already developed w i l l  n o t  be-  

come apparent u n t i l  death and the e a r l y  incidence r a t e  w i l l  underestimate 

the  t r u e  r i s k .  

I See Table VII-1 f o r  assumptions o f  rodents' l i f e t i m e  f o r  the purposes o f  

r i s k  assessments. 



i 
I t  i s  p o s s i b l e  t o  e s t i m a t e  the  l i f e t i m e  cancer r a t e  

1 using the  method i n  the EPA repo r t  (1983) which incorporates a f a c t o r  i n t o  

t h e  model  t o  r e f l e c t  t h e  l e n g t h  o f  observation r e l a t i v e  t o  the species 

average 1 i fe t ime:  

I 
Let: 

i L = the  average r a t  l i f e t i m e ,  i n  weeks. 
t 

Lo 
= t h e  observational period, i n  weeks. 

Then: 

I Hence f o r  these studies: Corrected 

Attack Rates 

Since these were single-dose studies, the  provided r a t e s  are essent i  a1 1 y 

low dose slopes and since i f  x < 0.1, values o f  (1 - e-') are equal t o  x. 

Thus, these values are equivalent t o  the exponent q t h a t  CAG d i s c u s s e s  

fo r  adjustment f o r  non l i f e t ime  observational periods. 



The corrected ra tes suggest a p o s s i b l e  4 - f o l d  h i g h e r  

Zymbal g l a n d  carcinoma r a t e  f o r  benzene exposures by inha la t ion .  Thus, i t 

would be f a i r  t o  say t h a t  benzene exposure v i a  i nha la t i on  i s  a t  l e a s t  as, i f  

no t  more potent than gavage exposure. 

The r a t  may provide an e f f e c t i v e  model f o r  human b r e a s t  

c a n c e r .  Mammary g l  and tumors, both benign and malignant, occur as spon- 

taneous and induced les ions  i n  both male and female rats.  The inc idence o f  

mammary tumors  var ies g rea t l y  w i t h i n  and among d i f f e r e n t  s t ra ins.  Female 

Sprague-Dawley r a t s  have been reported t o  spontaneous1 y d e v e l  op mammary 

tumors a t  ra tes ranging from 14/100 t o  57/100. Eighty-eight percent o f  them 

are benign fibroadenomas (Baker e t  al., 1979). The h i s t o r i c a l  inc idence o f  

mammary gland carcinomas o r  adenocarcinomas i n  female B6C3F1 mice t h a t  were 

administered corn o i l  by gavage a t  B a t t e l l e  Columbus Laborator ies ( t h e  i n -  

S t i  t u t i o n  t h a t  performed the bioassy f o r  the NTP) i s  1.3% w i t h  a standard 

dev ia t ion  of 1.55% (NTP, 1983). 

The NTP and Maltoni studies both resu l ted  i n  s i g n i f i c a n t  

noncarcinogenic adverse tox ico log ica l  responses. Animals i n  b o t h  s t u d  i es 

had  d o s e - r e l a t e d  i n c r e a s e d  m o r t a l i t i e s  and dose-related weight losses. 

Although i t could be argued t h a t  these chronic t o x i c o l o g i c a l  i n s u l  t s  f r o m  

h i g h  doses o f  benzene could be responsible f o r  the carcinogenic response t o  

benzene, the s t a f f  o f  DHS be l ieve t h a t  the evidence support ing t h i  s t h e o r y  

( c y  t o t o x i c i  t y  i s  i n s u f f i c i e n t  and a t  present there does not  appear t o  be 

convincing sc i 'ent i f ic  o r  pub l i c  heal th  grounds t o  j u s t i f y  incorpora t ing  t h e  
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more de ta i led  discussion o f  c y t o t o x i c i t y  .) 

3.3.3 Dose-Response Assessment Based on Recent Bioassays 

A summary o f  t he  ca lcu la ted  low-dose r i s k  assessments i s  

shown i n  Table VI-5. The tab le  presents r e s u l t s  f o r  mouse and r a t  data i n -  

c lud ing  several t a rge t  s i t e s  and gavage and i n h a l a t i o n  routes o f  e x p o s u r e .  

The r e s u l t s  o f  the CAG epidemiologic based assessments are a lso inc luded i n  

t he  tab1 e f o r  comparative purposes. 

I The e x c e s s  r i s k  o f  cancer associated w i t h  exposure t o  

benzene i s  estimated t o  be i n  the range o f  20-340 X f o r  a l i f e t i m e  ex -  

p o s u r e  t o  1 ppb benzene i n  a i r .  These estimates are given i n  the  l a s t  

column i n  the  table,  e n t i t l e d  "Mul t is tage Model f o r  Human Equivalent C a n c e r  

R i  s k/ppb Benzene," which may requ i re  some explanation. These values repre- 

sent the l i f e t i m e  (70-year) t h e o r e t i c a l  e x c e s s  c a n c e r  r i s k  t o  a human 

p o p u l a t i o n ,  based  on t h e  i n c i d e n c e  of spec i f i ed  animal cancer, from a 

l i f e t i m e  (continuous) exposure t o  a time-weighted average o f  one p a r t  p e r  

b i l l i o n  (ppb) o f  benzene i n  the ambient a i r .  Thus, i f  a cohort  o f  one m i l -  

l i o n  i n d i v i d u a l s  were exposed t o  an a v e r a g e  c o n c e n t r a t i o n  o f  1 ppb o f  

benzene i n  t h e i r  resp i red  a i r  from b i r t h  t o  death, one might expect t o  see 

the  s ta ted  the  cancer r a t e  i n  excess of t he  "normal" background r a t e .  The 

t h e o r e t i c a l  y e a r l y  r i s k  f rom t h i s  l i f e t i m e  exposure t o  1 ppb i s  ap- 

proximately 1/70 o f  t h a t  number. Since the  r i s k  model i s  1 i n e a r  a t  l o w  



doses,  t h e  t h e o r e t i c a l  r i s k  i s  d i r e c t l y  p r o p o r t i o n a l  t o  the benzene 

concentration; e.g., a 10 ppb l i f e t i m e  exposure t o  benzene would convey t e n  

t i m e s  the r i s k  l i s t e d  i n  the l a s t  column. The r i s k  estimates provided rep- 

resent the maximum l i k e l i h o o d  estimate (MLE) o f  r i s k  which i s  the best p o i n t  

e s t i m a t e  and t h e  95% u p p e r  c o n f i d e n c e  l e v e l  (95% UCL) f o r  t h i s  po in t  

estimate. 

Two t y p e s  o f  tumor r a t e  analyses are presented f o r  the 

(NTP) studies, the at tack r a t e  (unadjusted ra te )  and a l i f e  tab1 e a d j u s t e d  

r a t e .  The a t t a c k  r a t e  i s  the simple percentage o f  the number o f  animals 

w i t h  the s ta ted s i t e - spec i f i c  tumor d i v i ded  by t h e  number- o f  a n i m a l s  i n  

which t h a t  s i t e  was examined. The l i f e  t ab le  adjusted ra te  attempts t o  cor- 

r e c t  f o r  animals which d ie  during the 2-year course o f  the experiment e i t h e r  

due t o  benzene t o x i c i t y  o r  due t o  natura l  causes, and thus are not ava i lab le  

t o  develop cancer. Accounting f o r  t h i s  l o s s  would increase the cancer r i s k .  

As can be seen from Table VI-5, t he  imp l i ca t i on  o f  t h i s  cor rec t ion  i s  a 2-4 

f o l d  d i f fe rence  i n  the estimated r i s k  from a 1 ppb e x p o s u r e  t o  benzene.  

However,  s i  nce  DHS now only  has an attack-rate-based Crump model, a t tack 

ra tes  w i l l  be used. Since the epidemiologic data were not  adjusted f o r  com- 

p e t 1  ng causes  o f  death, the r i s k  l e v e l s  based on these data would a lso be 

underestimates. 

I t  s h o u l  d be no ted  tha t  although the male mice Zymbal 

gland tumors provide the h ighest  cancer a t tack ra tes i n  t h e  e x p e r i m e n t a l  

s t u d i e s ,  t he  low-dose ex t rapo la t ion  ra tes  f o r  both the male mice p reput ia l  

gland carcinomas and lymphomas o r  leukemias a r e  g r e a t e r  t h a n  t h e  Zymbal 



Table VI-5 . 

Summary o f  Benzene Low Dose Risk Assessments 

Mu1 t l -Stage Model 

Route o f  li fetimea Type o f  f o r  Human Equivalent 
Study ---- -. Exposure TWA Dosage Tumor Type Specles - Sex Analysls 'Cancer Risktppb benzene 

NTP (19U3) Gavage 17.9 mglkg-day Zymbal gland Mouse M Crude Attack ME - i.4 x 
Carcinomas Rate 95% UCL - 34 X 

L l  f etab le  A d j  . K E  - 6 . 9 X 1 0 ' ~  
Rate 95% UCL - 47 X 

NTP (19U31 Y I I Preput ia l  gland " M Crude Attack WE - 78 X 10'~ 

Carcinomas Rate 95% UCL - 170 X 

L i f e t a b l e  Adj. MLI! - 140 X 10-6 
Rate 95% UCL -' 340 ' X ' 

NTY (19U.f) II II I n Lymphoma o r  I H Crude Attack MLE - 49 X loa6 
Leukemia Rate 95% UCL - 81 X 

L i  fe tab le  Adj . MLE - 170 X 10-6 
Rate 95% UCL - 230 X 

ItTP (19114) n n n Mannary I, F Crude Attack M E  - 32 X los6 
Carcinomas Rate 95% UCL - 57 X . 

L i f e t a b l e  Adj. ' MLE - 61 X 10-6 
Rate 95% UCL - 92 X 



Table VI'S ' (Continued) 
Multi-Stage Model 

Route o f  Li fet imea Type o f  f o r  Human Equivalent 
Study --- Exposure TWA Dosage Tumr Type Species S i  Analysis Cancer Rlsklppb benzene - 

13.9 mg/kg-dayc Zymbal Gland Rat F Crude Attack WE - 26 X 
Carcinomas Rate 95% UCL - 42 X ' 

d 
Hal to" i  e t  a1 Inhalati,., 16.45 mg/kg-daye Zymbal Gland Rat M 6 F Crude Attack WE - 6.4 X 10'~ 

(1983) Carcinomas Comb1 ned Rate 95% UCL - 12 X - 

Aksoy e t  a1 Inha la t ion  4.22 ppm Leukemia Human M Fata l  Tumor 20 X 10'~ f 
(1974.76.77) (4.49 nglkg-day) 

--------__---------------------------------------------------------------------------------------------------------------. 

Infante e t  a1 Inha la t ion  . 2.81 ppa f Leukemia Human M Fata l  Tumor 
(1981) (2..99 -/kg-day) (Myelocytlc o r  

15 X 10'~ 
L i f e  Table 

Monocy t 1 c) 

f Rinsky e t  a1 Inha la t ion  2.81 ppm Leukemla Human M Fata l  Tumor 
(1981 (2.99 nglkg-day (Myelocytic o r  

48 X 10'~ 
L i f e  Table i - 

Monocy t i c )  

f Ot't  e t  a1 Inhd la t lon  0.171 ppn . Leukemia Human M Fata l  Tumor 
( 1977 (0 .I82 ilglkg-day) 

CAG In l ia la t lon  
(EPA, 1984 ) 

Leukemia Human M Fata l  Tumor 



I 3 
Assumptions: 60 kg  person, human i nha la t i on  a t  20 m /day 

I MLE - Maximum l i k e l  ihood estimate 
95% UCL - 95% upper confidence l i m i t  on r i s k  f o r  provided dose. 

I a ~ o s a ~ e s  provided wi thout  sca l ing factors.  

Lowest dose used i n  three dose r i s k  assessment, Cochran-Armitage l i n e a r  t rend t e s t  f o r  these tumors: P r e p u t i a l  g l a r  ( P 0.001, Zymbal Gland, P < 0.001; Lymphoma o r  Leukemla. P = 0.031; Maflary Carc lnaa .  P < 0.001. 

I Lowest dose used i n  two p o i n t  r i s k  assessment, Cochran-Amitage l i n e a r  t rend t e s t  f o r  these tumors P < 0.001. 

P r e g n a n t  Sprague-Dawley r a t s  from the t w e l f t h  day o f  pregnancy a t  a concentrat ion o f  200 ppm, 4 hrlday. 5 daylweek 
de l ivery ,  then o f f sp r i ng  assumed t o  be exposed t o  200-300 ppm 4-7 hr/day. 5 dayslwk f o r  104 weeks. Exposure i n  utc 

.not  ca lcu la ted f o r  t o t a l  l i f e t i m e  dosage 

Provided f o r  comparative purposes. 

Estimated l i f e t i m e  dosage by the €PA-CAG (EPA, 1979). 



g l a n d  l ow-dose  e x t r a p o l a t i o n s .  Th is  i s  because the Zymbal gland dose- 

response curve drops o f f  more r a p i d i l y  t h a n  t h o s e  o f  t h e  o t h e r  t u m o r s .  

Hence the dose-response curves cross a t  moderate doses 0.1-2 mglkg-days. 

F igure V I - 2  i l l u s t r a t e s  t h a t  the MLE and the 95% UCL un- 

a d j u s t e d  l e u k e m i a  i n c i d e n c e  rates, based on the mast sens i t i ve  species, 

s t ra in ,  and sex, are o f  a s i m i l a r  magnitude as those based on t h e  o b s e r v e d  

human occupational exposure ra tes despi te the numerous d i f f e r e n t  assumptions 

made i n  the assessments from each source o f  data. This rough agreement be- 

tween  t h e  human and animal bioassay estimates suggest t o  the  s t a f f  t h a t  i t 

would be inappropr iate t o  choose an animal bioassay t h a t  was l ess  s e n s i t i v e  

than the EPA leukemia estimate. 

As noted previously,  t he  resu l t s  o f  animal bioassays i n -  

d i c a t e  t h a t  benzene causes cancer a t  s i t e s  other than the hematopoietic @ 
system. The mul t is tage model was appl ied t o  mouse data from the NTP b i o a s -  

say and y i e l d e d  t h e  fo l l ow ing  human equivalent excess cancer r i s k s  f o r  a 

l i f e t i m e  exposure t o  1 ppb benzene: 

Data Used (Sex and S i t e )  ~i skl X 10'~ 

ML E 95% UCL 

Male-Lung Cancer 42 76 

Female- 

Mamnary Carci nomas 32 57 

Ma1 e-Oral Cavi ty  Tumors 100 130 



Femal e-Ovari an Tumors 19 77 

Female-Mammary - or 

Ovarian Tummors 63 92 

Dose-iesponse curves are l i n e a r  i n  the low dose range so r i s k  es- 

t i m a t e s  f o r  d i f f e r e n t  doses would be mu l t i p l es  o f  the values 

given f o r  1 ppb i n  a i r .  

s i m i l a r  (i.e., d i f f e r i n g  by l ess  than an order o f  m a g n i t u d e )  t o  t h e  es- 

t i m a t e s  de r i ved  from both the  epidemiologic data f o r  leukemia and the most 

sens i t i ve  species, sex, and s i t e  animal data. 

I Tab1 e V I - 6  shows the r e s u l t s  o f  the  assessments using 

d i f f e r e n t  ex t rapo la t ion  models. The resu l t s  are as expected: t h e  mu l t i s tage  

models provide a l i n e a r  dose-response re la t i onsh ip  i n  t he  low dose range and 

r i s k  estimates t h a t  are intermediate r e l a t i v e  t o  t h e  o t h e r  mode ls .  The 

Mantel-Bryan and the l o g i s t i c  models y i e l d  r i s k  estimates s i m i l a r  t o  t h a t  o f  

the  mu1 t i s t a g e  model though the  Mantel-Bryan i s  s l i g h t l y  more c o n s e r v a  t i  ve  

wh i l e  the  l o g i s t i c  shows s l i g h t l y  less r i sk .  The p r o b i t  model i s  non-l inear 

and p red i c t s  a r i s k  t h a t  drops o f f  qu i te  dramat ical ly i n  t h e  r a n g e  o f  am- 

b i e n t  a i r  concentrations. 



For i l lustrat ive  purposes three different i n t e r s p e c  i e s  

s c a l i n g  f a c t o r s  were applied to the male mouse preputial gland data. The 

estimates of human risk per exposure to 1 ppb benzene in a i r  are as follows: 

mg/kg-day 14 X 1 0 ' ~  

0 

mg/surface area-day 170 X 1 0 ' ~  

mg/l ifetime 580 x 10-6 

0 



I s  Table VI-6 

Benzene Crum~ - -  - 
Concentration 95% uc 

i n  A i r  o f  M-S 4 2 )  ~ - 4 ~ )  M-d4) L o g i i 5 )  Probt t 
(6) -- 

0.1 ppb 1.7 x 10'~ 7.8 x 10'~ 3.2 x lo" 4.7 x 10'~ - 
0.5 ppb 8.5 x lo'5 3.9 x lo-= 4.8 x lo-4 2.4 x lo-5 - 
1.0 ppb 1.7 x loe4 7.8 x 10'' 1.4 x 4.7 x 10" 1.3 x 1 0 - l ~  

5.0 ppb 8 . 5 x 1 0 - ~  3 . 9 ~ 1 0 ' ~  1 . 1 ~ 1 0 ' ~  2 . 4 ~ 1 0 ' ~  2 . 9 ~ 1 0 ~ ~  

10.0 ppb 1.7 x lo-3 7.8 x lo-4 - 4.7 2.1 

50.0 ppb 8.5 x lo-3 3.9 x lo-3 - 2.4 x lo-3 3.4 

(1 )  L i f e t ime  excess cancer r i s k  from a l i f e t i m e  exposure to benzene a t  t h e  
s t a t e d  c o n c e n t r a t i o n s ,  b a s e d  on NTP bioassay r e s u l t s  f o r  male mice 
p reput ia l  gland cancers. 

( 2 )  Crump e s t i m a t e  o f  95% upper  confidence l e v e l  o f  r i s k  f o r  mu l t i s tage  
(M-S) model. 

3 Mu1 ti stage model 
1 

(4) Classical  Mantel-Bryan model using 99% UCL f o r  response fo r  lowest  dose  
and assuming a p r o b i t  slope o f  1.0. Th is  model was developed to find a 

v i r t u a l l y  safe dose (asswed t o  be a r i s k  l e v e l  of 1 X 10"). The model 
uses  a p l o t  o f  the l o g  dose versus the  normal equivalent dev ia te  (NED) 
t o  es tab l i sh  t h i s  leve l .  

(5 )  Log of the l o g i s t i c  model weighted by the  inverse o f  the variances: 

Incidence = 1 + exp-(a + bd) 

C o r r e c t e d  f o r  model generated 'background cancer Incidence by use o f  
Abbott 's correct ion.  

(6 Unweighted P r o b i t  model f o r  l o g  dose versus the NED 



CANCER R I S K  FROM BENZENE 
Ref: NTP Gavage Study 

- - - - - 
- 
- 

1110.0, 

- - .  

1 Mantel-Bryan Mouse Preput la l  Gland 
'i' 

- 2 Mouse Preput ia l  Gland, 95% UCL, Mul t is tage Model 
/- 

3 Mouse Mammary and Ovary, I.1LE t iu l t ls tage Model 
1.0 - 

/- 
- 4 Mouse Leukemia 6 Lymphoma, MLE MultlstageModel - . . 5 lluman Leukemia, Rlnsky Data 

i 
- - - 6 Human Leukemia, CAG Assessment - 7 llouse Preput la l  Gland, Probft  Model 
- 

n. 1 

L i 
I I I L L - L - I ~  ----A 1-.I- 

a. 1 1.0 
i 

10.0 

LIFETIME-AVERAGE DAILY EXP. (ppb) 

m 0 a 



* 
Legend f o r  F igure VI-3 

Cancer Risk From Benzene Using D i f f e r e n t  Low-Dose Extrapol  a t i o n  Models 

Animal data are based on the  National T o x i c i t y  Program (NTP) gavage study i n  

mice. 

L ine 1: Mantel- Bryan procedure appl ied t o  male p r e p u t i a l  gland cancers. - 
Line 2: 95% upper confidence l i m i t  (UCL) from the  Crump procedure f o r  the - 

mu1 t i s t a g e  model a lso  f o r  male p repu t i a l  cancers. 
C 

Line 3: Maximum l i k e l i h o o d  estimate (MLE) using Crump procedure w i th  mouse - 
mammary and ovar ian cancers. 

L i ne  4: MLE from Crump procedure w i t h  mouse leukemia and lymphoma. 

L ine  5: A l i n e a r  ex t rapo la t ion  based on the  Rinsky reevaluat ion of 

In fante 's  epidemiologic study. Th is  l i n e  has been c i t e d  by EPA- 

CAG . 
+ 

L ine  6: A l i n e a r  ex t rapo la t ion  model using epidemiologic data from three 

studies. Th is  l i n e  has a lso been c i t e d  by CAG. 

L ine  7: The p r o b i t  model appl ied t o  mouse p r e p u t i a l  g land cancer. 



4. Summary o f  Dose-Response Assessments 

; 

Epidemiologic studies are i n t u i t i v e l y  the bes t  source o f  in format ion t 

f o r  use i n  es tab l i sh ing  dose-response re la t ionsh ips  s i  nce  t h e  s p e c i e s  o f  

c o n c e r n  i s  b e i n g  s tud ied and, i n  t h i s  p a r t i c u l a r  assesment where exposure 

v i a  I nha la t i on  i s  t he  paramount concern, t h e  route o f  exposure i s a1 so t h e  

r o u t e  o f  c o n c e r n .  However, the studies reported t o  date are not wi thout  

problems. Exposure l e v e l s  and exposure periods are poor ly  documented, mor- 

t a l  i t y  ra ther  than incidence I s  reported. the number o f  exposed i nd i v i dua l s  

tends t o  be small, appropr iate cont ro l  groups are n o t  always used, r e s u l t s  

a r e  o n l y  d i r e c t l y  appl icab le t o  white employed males--effects. in women and - 
ch i l d ren  have not  been s u f f i c i e n t l y  studied, and few confounding factors  are 

con t ro l l ed  for .  However, using the ava i lab le  data and making reasonable as- 

sumptions w i t h  regard t o  the unknown factors ,  a r i s k  estimate o f  22 X 
0 

Per ppb benzene can be derived. 

Animal studies a lso have advantages and disadvantages f o r  use i n  e s t i m a t i  ng 

human dose-  response relat ionship.  Experiments tend t o  be perfomed under 

con t ro l l ed  condi t ions and exposure l eve l s  are known. However, t h e  dosage 

u s e d  i s  . t y p i c a l l y  ve ry  high, the route o f  exposure my not  d i r e c t l y  cor- 

respond to t h a t  i n  humans, dnd, to over s imp l i f y ,  animals used i n  b ioassay  s 
' 

a r e  d i f f e r e n t  frm human . Again, making reasonable assumptions i t  i s  pos- 

s i b l e  t o  use animal d a t a  t o  p r e d i c t  e f f e c t s  i n  man. The human r i s k  

a s s o c i a t e d  w i th  the most sens i t ive species, sex and s i t e  y ie lded  a value o f  , 

I I70 X 10.' per ppb - i n  a i r  whlch i s  only 3.5-7 times as great as the rfrk es- 

I t i m a t e a  from human leukemia mor ta l i t y  data. Given t h a t  t h i s  r i s k  value i s  



the expectation o f  the h ighest  r i s k  and i s  a surrogate f o r  - a l l  cancers t h a t  

might r e s u l t  from exposure, the  DHS considers t h i s  value t o  be comparable t o  

the r i s k  estimate based on the epidemiologic data. Since women and c h i l d r e n  

are exposed t o  benzene i n  ambient a i r  and since there have not  been adequate 

epidemiological studies t o  e s t a b l i s h  i f  t h e r e  a r e  r i s k s  f o r  mammary, 

o v a r i a n ,  o r  other cancers, t he  DHS recommends t h a t  the r i s k  o f  benzene i n -  

duced cancer from ambient a i r  exposure be taken as f a l l i n g  i n  t h e  i n t e r v a l  

w i t h  t h e  cur ren t  epidemiologic s tud ies as a lower bound and the animal es- 

t imate above as the  upper bound. 





V I I .  Computations f o r  Risk Assessment 

1. General Assumptions f o r  Risk .Assessments f o r  Animal Bioassays 

1.1 The average weight o f  a person from b l  r t h  u n t i l  death f o r  both 

sexes combined i s  assumed t o  be 60 kg. 

1.2 The average human l i f e t i m e  i s  assumed t o  be 70 years. 

3 1.3 The average a d u l t  inha les  20 m o f  a i r  p,?r day. 

1.4 1 t i s assumed t h a t  a l l  benzene g iven by gavage i n  the  animal 

b i oassays i s  absorbed. 

1.5 The a b s o r p t i o n  o f  inha led  benzene i s  assumed t o  be the  same 
? 

f o r  a l l  species. 

1.6 It i s  assumed t h a t  t he  l i f e t i m e s  o f  bo th  r a t s  and mice are 104 

weeks. Th is  i s  cons i s ten t  w i t h  the  terminal  s a c r i f i c e  pe r i od  f o r  1 i f e t i m e  s tud ies 

used by t he  NTP and t h e  EPA-CAG calcu la t ions.  

1.7 A sca l i ng  f a c t o r  based on s u r f a c e  a r e a  p r o v i d e s  t h e  b e s t  

e s t i m a t i o n  o f  e q u i v a l e n t  doses between species. Since the  surface area i s  a p  

prox imate ly  p ropor t iona l  t o  t h e  t w o - t h i r d s  power  o f  t h e  w e i g h t ,  e x p o s u r e s  

e x p r e s s e d  i n  mg/kg-day  i n  one species a re  assumed t o  be equal t o  exposures i n  

2 I 3  o t h e r  species when expressed as mg/(kg) p e r  day. 

1.8 I n  e x p e r i m e n t s  i n  wh ich  dosing i s  n o t  given f o r  t he  e n t i r e  

1 i fet ime o f  the  animal, the t o t a l  amoung g iven i s  averaged over t h e  1 i f e t i me o f  

t h e  animal. 

1.9 The Crump mul t is tage r i s k  model (Crump and  Watson, 1 9 7 9 ) ,  

which assumes no p r a c t i c a l  threshold, i s  used. Dosages were entered using surface 

a rea  corrected doses f o r  t h e  gavage studies and mg/m3 f o r  i n h a l a t i o n  s t u d i e s .  

L 



Both the maximum 1 i k e l  ihood estimates and 1 inear ized 95% upper confidence 1 i m i  t o f  

r i s k  f o r  a spec i f ied  dose are presented. 

2. Human Epidemiological Studies 

The EPA (EPA, 1979) has updated t h e i r  r i s k  assessment o f  benzene 

using the Rinsky e t  a1 . re-evaluat ion (1981) o f  the I n fan te  e t  a1 . o c c u p a t i  o n a l  

s t u d y  ( 1 9 7 7 ) .  C A G  provides a potency estimate f o r  benzene as a low dose slope 

(EPA, 1983, Ch 13, p 165) : 

This  slope can be converted i n t o  a l i f e t i m e  r i s k  from a l i f e t i m e  exposure ' t o  

1 ppb benzene i n  a i r  as fol lows: 

1 P P ~  benzene = 3.195 X 10'~ mg/m3 

CAG used  an a v e r a g e  a d u l t  weight o f  70 kg f o r  workers and i f  the average 

3 a d u l t  inhales 20 m /day, the average dose i s :  

dose = (3.195 X 10'~ mg/m3) X (20 m3/day) X (1/70 kg) 



Hence the l i f e t i m e  human excess cancer r i s k  from a l i f e t i m e  exposure t o  1 ppb 

o f  benzene i n  the  ambient atmosphere i s :  
L 

Risk/ppb benzene = (9.129 X X 15.2 X 10'~ (mg/kg-day)-l] 

3. Animal Bioassays 

3.1 S t a t i s t i c a l  Methods 

3.1.1 F isher  Exact Test 

a. NTP suppl ied values for the  Fisher exact t es t ,  comparing 

t h e  number o f  tumors i n  each dose group w i t h  those i n  the veh ic le  con t ro l  group., 

L 
b. The p a i r w i s e  c o m p a r i s o n  o f  each dose. group w i t h  the  

con t ro l s  t o  es tab l i sh  a one- ta i led P value was calculated by DHS f o r  t h e  Ma1 t o n i  

e t  a1 study (Sokal and Rohlf, 1969). 

3.1.2 Cochran-Armitage Linear Trend Test 

a. NTP suppl ied values fo r  the  Cochran-Armitage L inear  Trend 

Test  f o r  each tumor type f o r  each t a r g e t  organ. 

b. For the  Ma l ton i  studies the Cochran-Armitage L inear  Trend 

Test  was ca lcu la ted by DHS according t o  the procedure o f  Peto e t  a1 . ( 1980). 



3.2 Maltoni  e t  a1 Bioassay Studies 

These bioassay s tud ies provide scant i n f o r m a t i  on on t h e  

exper imenta l  methods and protocol  employed, and thus t o  quant i ta te  t h i s  data 

a number o f  assumptions must be made. These w i l l  be discussed i n  d e t a i l  f o r  

each route o f  benzene administrat ion.  

3.2.1 , Dose Cal c u l  a t ions 

a.  Gavage (Experiment 1, UBT 901) - female ra ts .  

(1). It i s  assumed t h a t  t he  animals were dosed  4.5. 

(2) .  The authors only provide average weights a t  26 

a n d  52  weeks d u r i n g  the  dosing period. The best  est imate f o r  the  animal's 

average weight dur ing t h i s  pe r i od  should include the  animal ' s i n i  t i  a1 (13 -  

week)  w e i g h t  so as no t  t o  overestimate the dosage. The weight o f  a 13-week 

o l d  Sprague-Dawley r a t  was estimated from the  average weight o f  r a t s  suppl ied 

b y  two separate l abo ra to r i es  (see Table VII-1). Sensi t i v i  ty analys is  o f  t h i s  

method suggests t h a t  using on ly  the  26-week average weight o f  the  an imals  as 

a b e s t  e s t i m a t e  w i l l  r e s u l t  i n  an approximate 1% d i f f e rence  i n  dose a t  a 
i 

s p e c i f i e d  r i s k  leve l .  



U Table VII-1 

Weights o f  Sprague-Davley Rats 

1. Simonsens A lb ino  Rats Sprague-Dawley derived: 

Week - 
10 

Females 

240 - 260 g 

Simonsens ~ a b o r a t o r i e s  Inc. 
1180-C Day Road 
G i l r o y  , CA 95020 

2. Outbred Sprague-Dawley Rats 

Weeks - 
12 

Females 

250 - 275 g 

H i l l t o p  Lab Animals Inc. 
H i  11 top D r i v e  
Scottdale, PA 15683 

Average 13-week age: 

Simonsens: 280 - 290 g av. 285 g 
Hi1 1 top: 275 - 300 g 287.5 

ove ra l l  average: 4 



If: W t l  - The average weight f o r  13-week o l d  female 

f r o m  two d i f f e r e n t  l a b o r a t o r y  a n i m a  

suppl i e r s .  

Wt;! - Average weight a t  26 weeks. 

t3 - Average weight a t  56 weeks 

D - Dose r a t e  (mg/kg). 

Then: 

(Wtl+ Wt3) 
Tota l  dose = 1/2[ + W t 2 ]  X D X 4.5 timeslweek X 52 weeks 

2 

. ( 3 ) .  The average l i f e t i m e  weight f o r  each dose group wa 

ca lcu la ted  from the mean o f  the average weights f o r  26, 52, 78, and 104 weeks. 

The average l i f e t i m e  weights are: 

Low Dose = 0.3584 kg 

High Dose = 0.3689 kg 

(41. The l i f e t i m e  average d a l l y  dose was c a l c u l a t e d  by 

d i v i d i n g  t h e  t o t a l  l i f e t i m e  dose by 728 days / l l fe t ime and the l i f e t i m e  average 

*eight: 

Low Dose = 13.9 mg/kg-day 

High Dose = 66.7 mg/kg-day 



( 5 ) .  The ca lcu la ted  l i f e t i m e  surface area (SA) corrected 

dosages are: 

Low dose = 9.87 mg/SAday 

H igh  dose = 47.9 mg/SAday 

b. I nha la t i on  (Experiment 2, #BT4004 and ffBT4006) 

The r i s k  assessment was based on male and female r a t s  t h e  

e x p o s u r e  o f  w h i c h  began i n  u te ro  on the  t w e l f t h  day o f  pregnancy and continued 

a f t e r  b i r t h  f o r  104 weeks. It i s  assumed t h a t  t he  t o t a l  exposure pe r i od  does n o t  

i nclude t h e  approximately 1.5 weeks o f  i n  u t e r o  exposure. 

(1). The dose i n  mgikg o f  p a r t i a l l y  so lub le  v a p o r s  [ t h e  

L o c t a n o l / w a t e r  p a r t i t i o n  coefficient o f  benzene i s  135 (chiow e t  a l ,  1977) j  i s  

p ropo r t i ona l  t o  oxygen consumption, which i n  t u r n  i s  p ropor t iona l  t o  ~ t ~ / ~  a n d  i s 

a 1 so p r o p o r t i o n a l  t o  the  s o l u b i l i t y  o f  the gas i n  body f l u i d s ,  which i n  t u r n  can 

b e  expressed as an absorption coe f f i c ien t ,  r, f o r  t he  gas. Therefore, e x p r e s s i n g  

t h e  O2 c o n s u m p t i o n  as  O2 = ( k ) ( ~ * / ~ ) ,  where k i s  a constant independent o f  

species, i t  fo l lows  that: 

If: 

m' - the  average dose/day i n  mg dur ing admini s t r a t i o n  

o f  t h e  agent. 

v - the  average l i f e t i m e  concentrat ion o f  benzene i n  

t h e  i n h a l a t i o n  chambers. 



Then: 

m dose = - = k v r  

$I3 

I n  t h e  absence  o f  e x p e r i m e n t a l  informat ion o r  a 

sound theo re t i ca l  argument t o  the  contrary,  the  absorpt ion f rac t ion ,  r, ' i s  assumed 

t o  b e  t h e  same f o r  a l l  species. Therefore, f o r  these substances a ce r ta in  con- e 
c e n t r a t i o n  i n  ppm o r  i n  mg/3 i n  ekperimental animals i s  e q u i v a l e n t  t o  t h e  same 

concent ra t ion  i n  humans.( EPA. 1983) 

( 2) The ca lcu la ted  t imeweigh ted  average da i  l y  benzene 

3 exposure i s  26.24 mg/m (8.21 ppm). 

( 3 )  The l i f e t i m e  average body weight f o r  each sex and 

t h e  l i f e t i m e  average body weight f o r  both sexes combined (ue igh t ing  by the i n i t i a l  

number o f  male and f ~ m a l e  animbls) i s  shown below: 
. . 



Males average l i f e t i m e  weight = 0.50780 kg 

Female average l i f e t i m e  weight = 0.32072 kg 

L i f e t ime  average body nef ght  

f o r  both sexes combined = 0.42094 kg 

(4) The d a i l y  1 i f e t i m e  average dose f o r  both sexes 

combined i s  15.73 mg/kg-day. 

3.2.2 Attack Rate Calcu la t ions 

The a t tack  r a t e  i s  the  r a t i o  o f  the number o f  those 

animals w i t h  a spec i f i ed  tumor d iv ided  by the number o f  animals a t  r i s k .  The 

numerator o f  the a t tack  r a t e  i s  the  number o f  animals w i t h  the spec i f ied  tunor. 

The denominator (animals a t  r i s k ) ,  which Maltoni  c a l l s  the  corrected number, was 

provided by the  authors and i s  the  su rv i v i ng  number o f  animals when the f i r s t  

L.+ tumor o f  any type was observed. These times were: 

a. Gavage (Experiment 1, RBT9Ol) - Number o f  animals a l i v e  a t  

20 weeks ( type o f  tumor n o t  spec i f ied) .  

b. Gavage (Experiment 3, NBT902) - Number o f  animals a l i v e  a t  

5 2  weeks f o l l  owing f i r s t  appearence o f  Zymbal gland t m o r .  

. Inha la t i on  (Experiment 2, dBT4004 and BT4006) - Number o f  

animals a1 i v e  a t  22 weeks fo l low ing  f i r s t  appearance o f  mammary tumor. 



3.3 NTP Bfoassay Studies 

3.3.1 Dose Calculat ions. 

a. The average l i f e t i m e  weight o f  mice are shown below and 

were ca lcu la ted  by summing the provided ind iv idua l  34-35 weekly average weights 

f o r  each dose group. 

( 1 )  ~ a i e  r i c e .  ' 

Low Dose Group = 37.1 g std. dev ia t ion  = 5.8 g 

Mid Dose Group = 37.2 g " 0, = 5.3 g 

High Dose Group .=  35.1 g " I 1  = 3.9 g 

(2)  Female mice. 

Low Dose Group = 31.8 g std. dev ia t ion  = 7.9 g 

Mid Dose Group = 33.8 g I1 = 9.2 g 

High Dose Group = 32.2 g " I, = 7.6 g 

b. The average 1 i fet ime d a l l y  dose was ca lcu la ted  by d i v i d i n g  

t h e  l i f e t i m e  average weight o f  the animals by the provided concentrat ions and then 

by mu1 t i p l y i n g  by 517 ( the  weekly dosing schedule). These values are sl Jwn be1 ow: 



Male and Female 

Low Dose Group = 17.9 mg/kg-day 

Mid Dose Group =, 35.2 " I I, 

High Dose Group = 71.4 " ' " 

c. The average surface area corrected d a i l y  l i f e t i m e  dosages. 

are shown below: 

Ma1 e Female 

Low Dose Group = 5.96 mglSA-day 5.66 mg1SA-day 

Mid Dose Group = 11.9 " * " 11.6 " " " 

High Dose Group = 23.4 " " " 22.7 " " " 

3.3.2 Ca lcu la t i on  o f  Adjusted L i f e t a b l e  Rates 

The NTP provides the  l i f e t a b l e  adjusted r a t e  as a 

decimal f r a c t i o n  whi le the  Crump Global 79 program t h a t  the  s t a f f  o f  DHS uses t o  

ca l cu la te  the  low dose r i s k  requ i res  data i npu t  as a simple tumor r a t i o ,  i .e. f o r  

7 tumors ou t  o f  50 animals the  Crump i n p u t  i s  7,50. I n  order  t o  u t i l i z e  t he  

program, the t o t a l  animals i n  each dose group (50) were nu1 t i p 1  i e d  by t he  f rac-  

t i o n a l  l i f e t a b l e  adjusted incidence r a t e  and rounded t o  t he  c loses t  whole number. 

Confidence i n t e r v a l s  thus der ived by t h e  Crump model w i l l  more d i r e c t l y  r e f l e c t  

t he  s t ; l t i s t i ca l  uncer ta in ty  f o r  t he  number o f  animals per dose group. 



E s s e n t i a l  l y  t h e  Crump program i s  merely used t o  generate the maximum 1 i ke l ihood 

polynomial t h a t  bes t  f i t s  the  data. Since the 95% UCL i s  l i nea r ,  t h i s  use o f  t h  @ 
p r o g r a m  s h o u l d  co r rec t l y  estimate t he  response. However t h i s  i s  - n o t  a standard 

use  o f  the  program and thus the l i f e t a b l e  ra tes der ived by t h i s  method a r e  i n -  

c luded f o r  comparative, i l l u s t r a t i v e  purposes only. 

4. Mu1 ti stage Model 

T h e  mu l t i s tage  theory o f  carcinogenesis was derived t o  account f o r  

t h e  f a c t  t h a t  i n  many types o f  cancer, t he  logar i thm o f  the cancer m o r t a l i t y  r a t e  

increases i n  d i r e c t  propor t ion t o  t he  logar i thm o f  age. This suggests t h a t  a c e l l  

may go through a sequence o f  s p e c i f i c  changes (stages) i n  order t o  become ma1 i g -  

n a n t  (Brown. 1978; Peto, 1977). 

Mu1 t i s t a g e  models assume t h a t  a carcinogen can act .  t o  increase any 

0 f t h e  e v e n t  r a t e s  ( t h e  r a t e  a t  r h i c h  a c e l l  passes from one stage t o  another). 

Fur ther ,  each t r a n s i t i o n  (1) i s  dependent on two constants, a c o n s t a n t  t e r m  ai , 

d e p e n d e n t  on t h e  'background rate,  and a term b i ,  which ind ica tes  the potency o f  

t h e  agent a t  t he  i t h  stage. The t o t a l  response, P(d), i s  an exponent ia l  p r o d u c t  

o f  each stage: 



where  ai > 0 and bi? 0 and k i s  the number of  stages or 'events  requ i red  before 

c ancer i s  observed. More general ly, 

L 

k 
where: 4 0. p ( d )  = 1 - e x p - (  1 qid 1, 

i =O 

Thus, t h e  response, P(d), i s  a polynomial f u n c t i o n  o f  d0s.e w i t h  

nonnegative coe f f i c i en t s .  The model i s  f i t t e d  us ing  maximum 1 i k e l  ihood theory and 

t h e  c o e f f i c i e n t s  and k (number o f  stages) i s  es tab l i shed  by the  b e s t  f i t  t o  t h e  

d a t a .  A l t e r n a t i v e l y ,  k c a n  b e  assumed t o  be no more than t h e  number o f  dose 

l eve l s .  

The  s t a f f  o f  DHS used a vers ion  o f  t he  mu1 t i s t a g e  model developed 
L 

b y  Crump and Watson (1979). This vers ion se ts  t h e  number o f  s t a g e s ,  b ,  t o  one  

1 e s s  than t h e  t o t a l  number o f  dosage groups used i n  the  bioassay. It a l s o  fo rces  

a l i n e a r  t e r m  i n  t h e  e s t i m a t i o n  o f  t h e  u p p e r  c o n f i d e n c e  l i m i t s  o f  t h e  

c o e f f i c i e n t s .  F o r  most data sets, therefore.  P(d) based on the  upper conf idence 

1 i m i  t s  f o r  t h e  Crump mu1 t i s t a g e  model w i l l  g i v e  approximately t h e  same 1 ow d o s e  

e x t r a p o l  a t i  o n  a s  t h e  o n e - h i t  model. I n  Crump's program, c o e f f i c i e n t s  f o r  t h e  

model and i t s  upper c o n f i d e n c e  1 i m i t s  o f  r i s k  a r e  o b t a i n e d  u s i n g  maximum 

1 i k e l  l h o o d  es t ima t i on .  The presence of a l i n e a r .  t e r  1 i n  the  model insures  near 

1 i n e a r i  ty f o r  t h i s  confidence 1 i m i t  i n  the  1 ow dose range. 
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APPENDIX A 

fener ic  issues r e i a t i n g  t o  

Thresh01 ds i n  the  Action o f  

"Epigenetic" o r  "Cytotoxi c" carcinogens 

1. "Epigenetic" vs "Geneticn Carcinogens 

The f a c t  t h a t  some carcinogens do n o t  cause mutations o r  other evidence 

o f  DNA damage i n  short-term tes t s  has prompted some authors (Weissburger and 

W i l l i a m s ,  1983) t o  s u g g e s t  t h a t  t h e y  may be act ing by an "epigenetic 

mechanfsmn. Furthermore. i t  has been proposed t h a t  these substances wou ld  

have "thresh01 d" dose 1 eve1 s be1 ow which no carcinogenic e f f e c t  would occur. 

As a consequence, safe l eve l s  could be d e r i v e d  f o r  t h e s e  subs tances  by  

L 
d i v i d i n g  t h e  no-ef fect  l eve l  observed i n  a cancer bioassay by some srfety 

factor. 

E p i  g e n e t i  c mechani  snis are t heo re t i ca l l y  possible. An agent, f o r  ex- 

ample, which suppresses o r  enhances t h e  a c t i v l t y  o f  an oncogene by 

I n t e r a c t i n g  w i th  DNA-methyl a t l n g  enzymes would not  d i r e c t l y  act  on genetic 

material.  Such an agent might, i n  theory, have a 'threshold. A1 te rna t i ve ly  , 
c h a n g i n g  t h e  t e r t i a r y  ( t h r e e  d imensional )  s t ruc tu re  o f  the DNA may be 

another example o f  an epigenetic mechanism o f  carcinogenesis (IARC. 1983). 

i ne methods t h a t  are used t o  detect  "epigenetic" agents. "Epigenetic" 

agents are operat ional ly  defined as subs tances  t h a t  f a i l  t o  p roduce  a 



response i n  a DNA-binding assay or i n  other short-term tests. To place con- 

ftdence i n  a method o f  t d e n t i f i c a t i o n  t h a t  i s  based on negative evidence, we 

must know the frequency o f  fa lse  negatives, and k i s  frequency must be qu i te  

low. 

Unfortunately, negative resu l ts  may be produced t n  many o f  these methods fo r  

reasons other t han  t h e  assumpt ton  t h a t  an agent  i s  o p e r a t t n g  by an 

' ep i  g e n e t t  c n  mechani  sm. For example, these methods gave fa lse  negative 

response f o r  geno tox t c  c a r c t n o g e n s  b e f o r e  m e t a b o l t c  a c t t v a t t o n  was 

i n t r o d u c e d .  These carcinogens would have been i nco r rec t l y  designated as 

"epigenetic* agents. Improvements i n  t e s t  systems have demonst ra ted  t h a t  

t h e y  are,  i n  f a c t ,  mutagenic and are carctnogens whtch operate by genetic 

mechanisms. False negattve resu l t s  may ar ise i n  a DNA-btnding assay even 

though  thousands o f  molecules o f  a carctnogcn are bound t o  the DNA because 

o f  the  l i m i t s  o f  s e n s l t i v l t y  o f  t h i s  assay ( i  .e., l i m i t e d  spec i f i c  a c t i v i t y  a 
o f  the radioacttve carcinogenic species). Because o f  the d i f f i c u l t y  o f  con- 

c lus ive ly  i d e n t i f y i n g  epigcnettc agents, IkaC has stated ". . .at present . no 

c l a s s i f l c a t t o n  o f  carctnogens according t o  mechanism could be exhaustive or 

def in t t tve.  On th- other hand, c l a s s i f i c a t i o n  o f  mechantsms. has con- 

siderable value f o r  pa r t t cu la r  s c i e n t i f i c  purposes!' (IARC, 1983). 

Some authors ,(Weissburger qnd Will iams, 1983) have a l l u d e d  t o  dose- 

response data f o r  several "epigenettc" , strbstrnces, inc ludt  ng sacchartn and 

phenobarbital, t ha t  they bel ieve p r o v i d e  ev tdence  f o r  t h e  p resence  o f  

b i  01 ogical  thresholds. Relevant experiments include those o f  Nakant shi  , e; 

al.  (1980); Peratno, e t  a1.(1977); I to ,  e t  at. (19831; and Kunz, e t  a l .  

( 1983) .  On examining the o r i g t  nal data f o r  these chemicals, the D l 6  s t a f f  



concluded tha t  the f a i l u r e  o f  these studies t o  produce a s t a t i s t i c a l l y  S ig -  

n i f i c a n t  increase i n  cancer incidence i n  the low-dose grouns i s  a r e f l e c t i o n  
L 

of the l i m i t e d  s e n s i t i v i t y  o f  the bioassay designs ra ther  t h m  an i nd i ce t i on  

of a "threshold" dose-level. The lack o f  response i s  what w u l d  be expected 

for  any study t h a t  used a small number o f  animals i n  the low-dose groups and 

i n  w h i c h  t h e  ca rc inogen  acted by a - nonthreshold mechanism. As a general 

p r inc ip le ,  an apparent zero slope f o r  the dose-response curve i s  not neces- 

s a r i l y  e v i d e n c e  f o r  a b i o l o g i c a l  threshold unless the s ize  o f  the study 

af fords s u f f i c i e n t  power t o  r u l e  out  the nonthreshold model. 

In summary, because short-term tes ts  and/or the shapes o f  dose-response 

curves from anima.1 bloassays cannot r e l f a b l y  d is t ingu ish  between "gene t  1 c *  

and " e p i  g e n e t i c u  carcinogens, we ape in'agreement w i t h  IARC t h a t  there i s  

not, a t  present, s u f f i c i e n t  s c i e n t i f i c  basis t o  warrant t h e  s e p a r a t i o n  o f  

carcinogens i n t o  two d i s t i n c t  classes f o r  wt~ich separate methods of r i s k  as- 
L 

sessment are used. 

2. Cy to tox lc i t y  

The concept o f  cy to tox ic l  t y  (chronic c e l l u l a r  damage and regenera  t i  on ) 

as  a mechani  sm o f  carcinogenesis l s  one that,  i f  supported i n  fact ,  would 

have important implications f o r  r i s k  assessment. The theo ry  p a r t l c u l  a r l  y 

s u g g e s t s  t h a t  t h r e s h o l d s  e x i s t  f o r  agents t h a t  operate by 'a  cytotox ic  

mechani sm.' 

The theory states t ha t  h igh doses o f  a cytotox ic  chemical can cause c e l l  

death and st imulate c e l l u l a r  regeneration a t  a r a t e  t h a t  o u t s t r i p s  t h e  



capacity o f  the c e l l  t o  repa i r  the DNA damage. The r e s u l t  i s  t h a t  e r ro rs  i n  

t h e  DNA go uncorrected and are incorporated i n t o  the rep1 i c a t i  ng DNA.  I n  

t h i s  f a s h i o n  carcinogenesis f s  promoted. A cy to tox ic  agent thus acts as a 

promoter t o  enhance e i t h e r  i t s  own i n t r i n s i c  i n i t i a t i n g  a c t i v i t y  o r  t h e  i n -  

i t i a t i n g  a c t i v i t y  o f  background carcinogens. Tumors t h a t  a r i se  from chronic 

exposure t o  a cytotox ic  - noncarcinogen would a r i se  from the  i n t e r a c t i o n  be- 

tween  t h e  c y t o t o x i c  agent and background carcinogens. I n  t h i s  case, the 

theory would p r e d i c t  the  existence o f  a threshold f o r  the c y t o t o x i c  a g e n t  

b e l o w  which ne i ther  c e l l  death nor carcinogenic e f f e c t  would be expected t o  

occur. On the other  hand, a cy to tox ic  agent w h i c h  i s  a l s o  a c a r c i n o g e n  

w o u l d  p romo te  i t s  -- own i n i t i a t i n g  a c t i v i t y .  As a consequence, i t s  dose- 

response curve would be expected t o  be d i s p r o p o r t i o n a t e l y  s t e e p  a t  h i g h  

doses bu t  would no t  have a threshold. 

Unfortunately, l i t t l e  evidence I s  ava i lab le  t o  support the n o t i o n  t h a t  @ 
c e l l s  exposed t o  cytotox ic  substances experience a decreased e f f i c iency  o f  

theDNA repair. Thus, there i s  l i t t l e  reason t a  assume t h a t  r a p i d  c e l l  

t u r n o v e r  would necessari ly overload the  c e l l ' s  capaci t y  t o  repa i r  the  DNA. 

Furthermore, acc. rd ing t o  theory. l o w  doses o f  a c y t o t o x i c  a g e n t  t h a t  

p r o d u c e  no s i g n i f i c a n t  c e l l u l a r  damage should produce no tumors. However, 

da ta  avai lab le  t o  support t h i s  assumption are not  convincing. Re i tz  e t  a l .  

(1980) concluded t h a t  chloroform acts as a cytotox ic  agent. This conclusion 

was based on studies t h a t  demonstrated t h a t  tumors were produced only a t  t he  

h i g h  doses t h a t  produced c e l l u l a r  damage. However, t h i s  cancer bioassay had 

1 i t t l e  s t a t i s t i c a l  power t o  detect  a carcinogenic' e f fec t ,  espec ia l ly  a t  1 ow 

doses ,  so the s ign i f icance o f  the negative r e s u l t  i s  open t o  question. I n  



both i n  ra t s  and mice a t  dose leve ls  t h a t  d id  not produce c e l l u l a r  damage i n  

+ an N C I  bioassay on chloroform (NCI, 1976, Hooper e t  a1 ., 1979). It appears  

t h a t  i f  c h l o r o f o r m  does ac t  by some cytotox ic  mechanism a t  high doses, i t  

can also ac t  as a carcinogen a t  lower doses. Therefore, i f  a carcinogen i s  

c y t o t o x i c  , i t s  dose-response curve nay climb steeply upward a t  h igh doses 

bu t  w i l l  not  e x h i b i t  a threshold. 

To d e m o n s t r a t e  the lack o f  carcinogenic a c t i v i t y  o f  cy to tox ic  agents, 

one must design a cancer. bioassay such tha t  the power of the t e s t  t o  d e t e c t  

p o s i t i v e  ef fects  i s  maintafned a t  successively lower doses by the inc lus ion  

o f  l a rge r  numbers o f  animals as the dose decreases. If carcinogenic e f f e c t s  

and c e l l  d e a t h  were found t o  occur i n  the high-dose groups bu t  no t  i n  the 

low-dose groups, i t would provide evidence i n  s u p p o r t  o f  t h e  c y t o t o x i  c 

argument. Such experimental data, i s  however, unfortunately absent, and the 

L argument f o r  a cy to tox ic  mechanism f o r  carcinogensis remains h y p o t h e t i  c a ?  . 
A t  present there do not  appear t o  be convincing s c i e n t i f i c  o r  pub l i c  heal th  

groutrds t o  j u s t i f y  incorporat ing the cytotox ic  theory i n t o  the r i s k  assess-  

ment process. 
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BENZENE 

This wbstanca was midorEd by r p v k u a  Workhg Qrwp. In June 1974 (IARC. 
1974). Slnm that Ume. new data haw) beaina av.UW, and thew haw been hmrpon- 
ted hto th. monopraph a d  tnlwn Into conaldaratlon in tha pnrent wakmtlan. 

1. Chmrnical and Physicai Data 

I 1.1 Synonym and brde n r m a  

Uwm. Abstr. Sewha Rw. No.: 71432 

Synonyms: (S)-AnnU*m: b*uhl; tawblot: bmzok bmzd% balmbm blcubua 
ofhydm!pn:arbonoi l :mr lnrpkth l :~~- ruphl tp : -  
- :Fhw*v l~ :PY-mKd; -  

I 1.2 StNchnrl and molwular fonnuk. and mokcuLr waighl 

can, .o W. wt: 78.1 
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(0 S-y data: 1, 243, 249, 258 and 261 nm (ln ath.mc) (Wenst, 1978); 
maw apectra ud cattm-13 nuclear magnatlc m m a m  rpeclm haw b m  
Wllatad (NIHIEPA Chemical lntonnetlon Syslem. 1980). 

@) /&mnfy and puMy &st: Cmvmlon to MtadInlhObsrum, whka h reuysta 
rd ud found to be identical Wh a strndatd runpb In nmltlng-poht nstl, 

(h) SOkbMy: SllghUy soluble In wstw (1.8 911 al 25oC); misdble w m  u&ic pdd. 
owtono, chloroform, d'ithyl other ud ethanol (WIMt, 1979) 

b m n a  la lvlHIble in me US h mru p & a :  mtlnd, nitration gndr md hduw 
q.dr. .tl of m a t  be Im of h- .ulpMd. and ~ulphur dlax)QI. Only tha 
nnnd grade I8 rt to mnWn no mwr than 0.16% mmtb and 1 mgkg 
UtbphM. Tho mRnwl ud nltnllongmda producb must have a dlsUlbUm of not 
mon than l°C Wudlnp BO.lF, r wvHy of 0.88204.8880 ( 1 6 . 5 8 1 1 6 ~  and 
m W  no troca of addity. The mirwmun rdl4nicrtbn pdnts am 5.35% (dry bas&) ta 
Uu mrhd grade and 4.8912 (mhydrwa bask) hr nitration grade. Th. inaimid 

must have a dishnation range of not more than 2% Mudlfg 80.1% and I apdfic 
fpvr ty  ol 0.8750.888 (Purcell, 1978). One mMulaclwrr lkts tha fchdq rypicll I 
cOmWUm hr its nitrathtqaua benzene: 9B.9+% puMy, 0.0% n c n ~ m t b .  0.02% 
mtw. 0.01% toluee. 0.1-0.2 mgkg thbphem ud no xyke  (USS Chan~&, 1980). 

B u m m  av*l.b* in JIpln has Mo tollowlng apedflcatkM: bdllngnngo. 60.1 * 1%; 
w t ,  a mmcmum a( 5 . W ;  rpedRc gfavHy, 0.882-0.888 (1514.C): r max!mm d 
0.001 Q lhbpheM w 100 ml; md a maximum of 0.0005 Q carbon d i i  per 100 nrl. 



I BENZENE 

2. Production, Use, Occurrence and Analysis 

L 2.1 Ploduc(lon and use 
! 

~ - ( ~ o n ~ ~ ~ b y H ~ ( l 9 7 5 ) . n d ~ ( 1 ~ &  

Bmume wm nnt bolatad by Famday b 1825 hwn r llguld ccmdanad by wnwmabq 
od gu: MlUctwdkh fint aynUmbd il h 1833 by atUling bmuok rdd WIh bw: 
B*uwrwmfi?S-- (ran Vght oll d a h d  (ran corCtr h 1#0. 

I md hwn palmhum in 1941 (PuIW. 1978). 

P y m y r g w * w b ~ t o b . W ~ ~ ~ o f ~ h J I p n m d  
~ ~ d m , D W a p c l y b b w s d o n W u w O i ~ ~  
C o r # r h n d ~ i r M t b 7 m M m ~ m h a s ( h m 1 o % o f m , t a U  

~ & t a h d c r t a ~ U S p o d u c ( l o n o f . I I ~ o f t # c o a b y 3 3 m m p r n i g  
h 1980 tomllad 1SS3 miRbn gUkm (5217 (1#lrand tomes) (US lntanr(iaul T n g  
C a m k k m .  1901). In 1970. 31 US campmh mported a total pduaim of 1. d P 

(wNh fdhd, niE8tlon'md mlfial m) oJ 5351 harurd 
( U S i n ( w n r t l o r u l T ~ ~ 1 0 d 0 ) . t I & M t b 7 m M t h a t l b n a t ~ m u e h . d w a w l  
b a u w m t ~ h b o m ~ M w n r n o t ~ h a n m , v l r l o u ~  
( ~ ~ ~ , . l e ) ~ ~ W u J ~ W ~ .  

US W of bOnZUla h 1980 toWbd 94.7 IIWOII gaibns (316 mouund tauuo) (US 
of -. 1901a). .), ad- 11.8 mYUan gUka  (30.4 Opurrd 

(US ol -, 1901b). 
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1 An ~ t lma ted  4800 thourrand t a m  of benzene w n  pmdugd In wcaim E m p  in 
I 1979. Annual production capaclfy in 1960 is mtlmatd to have been at leaat 6877 
L Utousand tonnes. l h s  unnpwnd is producsd by 66 companies in 11 westom European 

muntm. tho malor producers bang Me UK (nine prod-), the F w a I  Rep~Wc of 
Q o r m ~ y  (16) and The Netherlands (four). Recent pmductlon of hmim In W s o n d s  of 
mnea by COMECON countries Is estlmatad to have been aa tok~ws: USSR, 1538 (1977): 
Cmhoslwak~a, 195 (1979), Romania, 162 (1979); Bulgaria, 61 (1979); Hungsry, 34 (1979) 
md Poland. 15 (1979). 

About 2170 thousand tonms of benzene wen produced In Japan h 1979, .ppmxlm- 
Wy 185 Marsand t o n m  of which were derived fmm mi. The ccxnblned annual 
pmductm capaoty of the 22 Japanese producera In 1980 la estimated to have bean 2882 
mowlnd tonnes. Japanese exports of benzene h 1979 w m  about 173 thousmd @nm. 

W#ld poductlm of b e n r m  in 1917 h estlmaM to have b a n  over 12 mUHon tuum~, 
M l n g  ll the fourth or fifth largest v d u m  organic dwmlul  produced on r wMwi& 
W. Th. snw wlm the largest productton, apati fmn the US, Europe .nd Japan. u a  
Clll@a and South America. 

(b) UW h 

Tha uae panwn for recowred benzene In t m  US in 1978 warn .I lollowe: a(hylbNI. 
H e ~ n e ,  over SO%; urmlphonol ,  dose lo 20% ~ x a n e ,  15.18%; nbot@& 
ZWIMULns, 44%; and inpldc anhydride, ch lorotam~, detergent dkylate and omcf 
uan. 2 . u . m  nch. 

OW 87% ol eu US pmdmion oi e m y m u m  ir tam on m arlkyiauon or mm 
rvlth W!dne; an but minor rmountr ol tho e t h y b n s a ~  prodwad m dahydrogenated 
0 slymm. Tha Imu, an hnpwtant monomer for a variety of porvmra (bath pluUg urd 
UaStomm), was the 8ubJect of m .orlC IARC monopraph (IMIC, lS7Sr). PnHmkuy 
drtl Miat. VIat US pdudlon of s t y m  in 1980 toWW 3135 mUikm kg (US 
lfItrm8Uonrl Tnde Commlbsm. 1881). 

I 

6#lWU ir rkylftbd WlUl m m  0 produo Mwnr -1. M 
mkcc quunttles of which m oxldlzed to  MUM hydmpnox#r, wMch b @l Mo 
phmol and acetorte. Phaol. w e n N W  Ui of wMch ta Wved from c u m  in th US. 

b*r ol epoxy rrslna), and c~~ IVn aubj,lM of an eer!k IARC monograph, IARC, 
1079bl. Acetone (60% of wMch we8 derlved trom annw In Me US In 1979) la m 
Imwrt.nt solvent and ch.micrl htemwdlate. lta mwt lmmtant dehWlva In (hr US h 
mithyi methacrylate. a monomu for .cryk malnr. wt~Wi w u  tM aub)rct ol an wik 
IARC mncgraph (URC, 1979~). 

Apgmxtmrteiy 85% of 8U cyck4wxam pmclusd In U u  US ir nu& by the atl lytk 
h#oQcmation ol ofme. Cydobxana b a dmdcd Intmmdiate for bm chmnlm 
wd in tha rmnutactum of nybn llbm and rims: olpmllctlvn [nee IARC, 187SbJ, diplc 
rold and hexsmethyle~iafr.:m. 

Of (hr other uumia ls  darlved horn b n z w ,  ltm (ollowlng have bmn the wbjecu of 
IARC monwnphs: MIHM IIARC. 19828), and 1 ) 1 n d l ~ z a m a  (this VOIU~IW), 
h n u c h l o r o 6 n k  (IARC. '1970d), heuchbraydors&m (IARC. 197981, i n d  ma twb 
QhydmxybenwMs. hyd roqu im and mmrdnol (IARC. 1977). 
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I In Um past, benzene was usod wlddy as a solvent, but Um amcuna uwd now for lhta , am be~~evad to be rdatl~ly mu and draaaalng. 

Tabla 1. Natbnal oaupatlcml expOaum Umltcr for t a n z W  

TWAa 
TWA. 

- 
TWA 

R W M  
Remmal 

M 
Mo 
US. 
QI 

tot 
RC, 
ml 
; b * 

MubMn (15 min) 
TWAa swltraiand 

USA. 
OSHA TWA 

-'"o 
puk. 
W A  
m a  

w mh) 
-w 
Whr 

NlOSH 
USSR 
Yupalrvir 

r From Amrrlun Confemme of Qov8mnmnt.l IndustrW Hygkdsts (ACQIH) (1881); 
fmunrtlwr Labour OWm (1980); Natlmal Institute far OcuipaUo~l Sabty and Hdth 
(NIOSH) (1080); US OapaUonU Safety and Hdth AdmbwtraUm (OSHA) (l&W) 

b W A .  t i m ~ l g h t e d  average; STEL, rhaGtnm expoam Umil 
c SWn Munt mtrtlon added 
d M a y b e X W 5 ~ p r ~ u l o n p ~ a ~ ~ m t ~ v U  

Pukllrnlt~gll lng-10mlnuma 
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mcognued as bang cuanogenk by Jx counmes (Finland, thr Federal R o p w u ~  of 
-my. Italy, Japan, Swedan and SwlmflanQ) and la designated as bdng a suapeoted 
a&opm in two others (Australia and the USA) (Internatknai btour  Omce. 1980). 

A bm on all oonrum~ prcducta (exwpt garollm a d  Mlvents or magenta tor 
labmtwy use) ~OnWdf!g benzw as an lntentlonal hgmdlant or as a contamlnmt 
constlNtlng 0.1% or more by volume was proposed by the US Consumer Pmductl Safety 
Coinmisson in 1978. In 1981, the Commlarrlon withdrew Its proposed ban on the bask 
of hbmatlon that bcmrene, as wnentty uwd in mumar products, did not p m m t  a 
ripnlficanl rlsk to amsumera. Data from conurn h Industry and infomut!en obtatned 
hun mmuhcturera, importen and IaWIka of nuch products Indicated that benzene is 
not currently used intentionally in consumer pfuducts (US Consumer Pmdm S a w  
~ l o n .  1981). 

fhe US Envimnmentnl Protectton Agency (EPA) (1979) requires Mat notificatLon be 
given wimnever d~schsms mntainrng 454 kg or morel of benzene m made into 
Mt*waya. In 1980, the EPA propow a r t b n r l  standard for bmmm mlmlulonr from 
Mhlc mhyclrlde plants W t  WWU prohibit dotmable emissions trun new acurcaa and 
Unit emiaaha from existlng scums to 0.3 kg per 100 kg of M n z m  fed to Um functor 
(US Envimnmcmtal Protedlm Awncy, 19801). 

The €PA hm alao @antifid beruem M a toxic waste and mquvrr that pemm who 
gmmta, ua~pon ,  mat, atom or dlsporr of It comply with the regulatlona of a Fdml 
huudaor weate m m a ~  pmgramm. Bottom medlment aludge from the t r ~hmt  
of w ~ t w a t m  tmm wua&pmarvlng prowam Involving uw of cnorom a m  
pntwhlmphond, water or oranc cleaning w-a ?ram patnting .qulpmrnt, tank 

kom palnt nunufactm. unlsalon ccntrol dm1 or sludge from pahn mauhoc- 
lun, md dlaUllattm OI hctlmatlng column bottums (mm the production of chbmLmc 
mm am included h a list of hazardous wartea In whlch mzana was IdanMbd u om 
of tho hazardous anstthrenta (US Environmental PmtecUon Agency, 19ECb,c), However. 
h ruly 1981, me rurcond end mhd of thew four vmatss wem m v e d  from the Ikt. and 
(h ddlowlng wastes were addd: tho m b l W  waste-water stmama generated tmm 
I!&&mmlaMrn prcduab ud the separated aqwoua emam kwn lha maem 
PmdW waahlng m p  h tho produ*lon of ch&r&muems (US Enwmnmental Rotectlon 
Mw, 1981s) 

n* EPA p JPOA a national emirrlon atanduE for lupitlva aniuam' (hwn 
waled kuubtima) of bwumw in early 1981, whlch wo& prohibit detectabk 

brnune emlssms han pwmahg .quqmmnt (0.g.. pumps, v-) mat mntavu 
IMWnta whlch have a mztm cmwntratbm of 10% a more by welght (US Emimn- 
mantat Pmtectlon A g ~ c y ,  1081b). The €PA ha also propcad a regutanon to llmn 
Oftluont discharges into publWy owcad WatmMn works of benzene from benhlve 
cukwbng operattans. TIM proposed knit b 63.8 mg ansene per MowMd kg of 
product J 0 . W  ppml (US Envmmenul Pmtectka Agency. 1981~). 

fhe Bureau of AIcohOl. Tobaaa and Fimans of the US Department of the TmMuy 
(1981) Uats amuena among W a  approved dnuturantr for t h m  of Me p f o w b d  fotmutrr 
br dmrtU* rrconol. 

A8  par^ of m US Depnrhnrnt of TnnsponrUon (1980) Harrrcloua MnrrWa Ikpb 
Uons, rhpmntr of M n z m  a n  wbJM to a varbty of labelling, wckrging, quantlty and 
mpplng mstnctw consktont wlrn Ita deslgnatlon as a huardoua mrurlal. 

The Commlruon of tho European CMMuniUa (1980) prohlblb the urn of brnsm in 
peQIcta ~ntondd for UM u toys (e.g., chlldmn's ballons). 
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BENZENE 

I (I) Naiunl 

B.nrm Is a natural conrtltwnt of aude oil ( E M  &.I.. 1980). 

mom Is or has been occupational exmum to bsnzene m numeraa Wusmerr 
basuse of its presence as a component of many M l s  Md as m unplnty in o r g w  
c k n d s  made from it. For example. lt IS present in stratght-nm petroleum dlalWtea 

l and in -tar bsnllates (Ayefa and Muder. 1964). It has teen &mated that abaR two 

I 
i milllcn worrcen in the US a n  potcmheny exposed to benzene (Bnef et (11.. 1980). 

I 
i 

Tho early u m  of beuene. partlculady as a advent. r e a d  qdarly in anmm- ' 

tions in workpaw alr of about 1600 mglm) (SO0 ppm] and aomtmaa camntmUom in 
agsr of 3200 mgm' 11000 ppm). Table 2 g ~ 8  exampk of aambatkms of bQwne 
mported in workplace sr in v m w a  induntries m a ,  1935. 

Gmmntmtions of benzene M . h  tlm alr around c m i n  opatlom, h wlour US 
r~bba tyre factories are given in Taw 3. 1 

I In farr d i l f m t  wntral tdephom oMca h tlm US. benzene was pnscnt h Um 
workplaca alr in conwntrattona r a m  tmm 1.3 to 28.8 p g / d  10.41-9 ppb]. When bwta 
at Uma of me ofkea were 58, 16 and 2.6 rg/m) (18. 5 and 0.8 ppb]. cute& ak mntrCled 1 

i 3, 9.6, and 0.8 pg/m) [I. 3 and 0.2 ppb] of bmzmw, rarpect~vsly. In om US td@mm 
bushaan offb. 8 level of 18 p w  [5 ppb] was land (Oblas et .I.. 1980). 

I 
I 

I 
R v l l ~ q w n d ~ w a ~ o f ~ e n e h . v r ~ ~ t o r M g l J t m m 0 . 3 - ! j 4  

(0.1-17 ppb]. n has ##n auggeatcd these em nlatad to b#oglul 
-; for example. amkent bauam -dbns hweaae after bwat and ail 
neps (Brlef at .I.. 1960). Tha gemrat urban abwapham mporWy onWnr 0.05 mg 

i 
bmzme/m) 10.02 ppm] of air. Aamlng 8 daily of 24 I+ of rir md 8 bawm I 
Tabla 3. Conmntrations of bcmzam h tlm US tyre industry, 19731977' 

1 r From VM ER et 11. (1980) 
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m m  of 50%. human Mngs would tnhalo 0.8 mg of bonzeno par day (NatlorUI 
Rswarch Candl, 1980). T W  4 b a summary of W e  mul& d severcll stwAes am&cW , 
8ima 1403 on cwcmm(loM of bmZwm in amb~ant air. EaUmated mnucrl emW&M of . 
~ t o m a W h ~ U S t r o m v P a r s ~ ~ w m m u b d h T ~ 5 .  

-- 

ba Angelas Basin. USA (1965) 

caw b a  Allaebs. USA (1Q63) 

ba Angaba Bash. USA (1988) 

la Aqaka, dSA (1977) 

-, Wl(wnlr. USA (1975) 

Daao. TWM, USA (ISTI) 

-, M d 8 .  USA (len) 

Tomnm, On(ulo, Cuudr (1973) 

V M Q M I .  B.C. Cuudr (1985) 

Howard and Durkin 
(1974) 
WardMdDvrkh -- - 
11 9x1  
i+ow;d and ~urkh 
(1874) , - 
Mam a d. - 
(lseo) 
HowadMODwkin 

(1 
B IH  oral. 
(loso) 
W o r d .  

- - 
(1980) 
HcvudrwlDukk 
(1~74) 
Bmtetd. 
(1880) 
w e t & .  
(1 980) 
mabunad 
Corwn (1979) 
CdavmMd - ( 1 M )  
ThabVnMd 
carrnm ( Ion) 
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Tabla 5. Annual emissions of benzene to alr from varicus sources* 

swlw I%a&!on (lhwsand tanner) 

Canponent Of gasoliw 40.0-80.0 
Reduction of other ch&~:als 44.056.0 
lndksa pmduotion of b l u c M S  23.0-79.0 , 

Ptaductkn of benzene (mrn pelmkurn 1.8-7.3 
SQ1HMtS and rniswlIm00~1s swr- 1.5 
lmponr of benzene 0.013 

- 

8 Fmm JAB Assoaates, Inc. (1980) 
b Reduction. storage, tranmrt, wndlng and annbuatfon 
c Coke ovens. oil splllr, nonhmus metals manufacturing, ON mining, wood prrxmaing, 

corl mlning, a d  textile Industry 

CancWmUo~, of b b m m  h ik at vrrloca lcuibna In Texas, USA, wam (wnd to bb u, 
fdlow% In an dl-%Id. 9.6412 PO,@ 13160 ppb]: near r uudwU tank hrm. 12.841.6 
WIIP 14-13 ppb]; near an OH nftwry. 8.U1.6 rg/m' 12-13 ppb]; in r remote. nm-indmal 
ma, 9.6126 @mS [3-4 ppbl (Oldham et .1.. 1979). In a survey of 17 US states, five m i l l i i  h 
~ ~ p b  were =timated to bb axposed m 0.3-3.0 pg/ma 10.1-1.0 ppb] bamm fmm 
pbWann m, ud 3000 pdopk 10 3-13 pdm' 11.14.0 ppb] (Sm, 1980). 

A w q a  brrwnr ammtmUona in ZChov, Ur mmpkr m e n  mar m k e . ~ ~ ~  
at a r t a l  plant k Penne.ylvanl8, USA, w r e  h me range of 4.19 [ l a  

ppb] (Famlman et 81.. 1979). In 8 urrvey of 12 US stater. 300 OM) mpb wtl~ted 
to ba ex- to benzene In the air from cnkeavm opexlr, (Suta. 1980). 

Tlblo 8 la r summary of oocatrations d bmzme Fwnd k air s m p ~ ~  wm nw 
US bumiccll tact* wham benzene was uaed. 

Tabh 8. Buuene cc m(nUonr in tha air mar US Chrmlcrl manut- fa- 

soum 
I 

cwlcanmtlon Retumnm 
ppb 

~~~~ 3.1 1 1 4  hntlmul et .I. 
(1979) 

Cunnr manufaun W 1  9-1 9 -man m i  8l 
(1979) 

Wdc mhyydnde nwufachne 2-32 1-10 FmUman et rl. 
(1979) 

- " m g ~ r  8.35 2-13 Fmhman eta/. 
(1979) ! 

lhiUgUlt &Mte M.nRaclufa 2.755.4 1.18 FmtIman eta. 1 
(1979) 

olhar fauofies using bwucm. 1.9-108.6 0.644 SuU (1980) 
I 
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In a swvey of 22 US states. It wu est~matd mat about alx milkon wem expeed 
to 0.3.3.0 re /d  r0.1-1.0 ppb] bwma tmm chemical factorma. aOout OM mlWon to 3.0- 
13.0 pgld (1.14.0 ppb], akut 200 000 to 13.0320 pglnP 14.1-10.0 ppb] and about W 
000 ~ ~ J I E  to more men 32.0 pg/nP[l0.0 ppb] (SUU 1980). 

The benzene uvitsnt of amtnent rlr aampbd h W mnky ot om wlvant mdmmtlon 
plant was found to be 74 mg/nP (23 ppm] (Howard md Dutkh. 1974). 

US garollm m t u n  an awmga d 0 . m  Bmzm and European garollrwa contrn an 
average d 5% (US En- P m k k m  Agency, 1980d). Several studma lhat haw I 

~ m p d e o t m ~ e ~ o t b a t m t n ~ s i r a t ~ n e r e m o e r t s ~ u l d l ~  
facilities am summanzed in Tab& 7. Sutr (1080) hu eatlmamd that 8 mYlon pmpb h 
W U S m e x p o w d t o ~ h W W t r o m ~ - ~ g a s o k r m t D n r .  

Bu~~ma ewnpriaea . b a ~  2.15% d tota~ hydrournon ambbm trom gsadhe i 
engum. w .bout 4% of rutmoth extuuat (US bmmnmanw~ protection m. 1 9 8 0 ~ .  
Data on lmume (ound h ambmnt sir h afaaa assmated With .ULOmOb% we M 
~ d h T W 8 . B M M . I . ( l 9 8 O ) W ~ t h l W d b e m h m . i r  
new major roadwsya mrwate wim mmc I W O ~  n hu r m  mporw ma older 
wtano#br !1975 and e a ~ W  fnwla) anit hrgar qurnmw d banme h oxhuml man 
do -, c s ~ t ~ u i ~  a- (Bngps M 1 , l S n ) .  

Id) w8tW Md S&~?WI?~S I 
I 8 * u r n , h u ~ ~ ~ h , ~ e . ~ m d m l l m t n . m w m d f i ~ d l n k l n g .  

w a t e f , m d h ~ t s t m m o l l ~ ~ p o a a i n g , ~ ~ , m w ~ m d  
#WW WB&WI~ (~~ and KdUl, 1S76: Husha, st J.. 1980). 

c i m w m ~ d ~ h ~ w a m t m m c D ; I I ~ ~ h r w ~  
maW to bn h Um range of 0.- p@ (R.ndolph st J., 1979). bnanmtlau h 
~ f t ' C i l l ~ ~ h i c h ~ ~ ~ g . b Y U W h . W ~ ~ t o b . h ~  
fang8 01 el-179 pg~l: r im md maam water mu th. plants antmad ~ 1 . 1 3  p& w m  
~ W m ~ d o w n r m ~ 1 ~ 2 ~ a ~ ( ~ d . ~ . i S 7 9 ) .  

I (6 Fwd, lwYW.0.r. Iwd 

i h m a  h u  bum h award toodr: -. 50&1900 W g :  Jururvl nm. 120 
Wkg: h b a t d  W. 19 &: hut-trscltd U CMmd M, 2 (US 
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T P * 7 . h a w h h ~ r ~ ~ ~ u h t c ( l H h M ~ r a a x . h h ~ m d . . o p  

SunpUnO rite A W r w  CMC(Hllrrtbn 
m m '  ppn 

wemnw 

Sefvica atattons 0.4 0.113 
0.6102 NRC (1 080) 

0.242 NlOSH (1980) 
o .~ato  0.0242 atiet n .I. 

(leeo) 
0.0014.007 O . m . 0 0 2 3  at .I. 

R-al w 7 ~ ~ ~ u m o o d  0.004-0.008 . 0.00130.002 (1979) 
upwind Of aowlce statton Fentlmm at at, 

DOwnwlnd 01 S0MW 0.0324.069 0.014.024 (1979) 
a h h  dwlng refueUIng Feflthnon et .I. 
0( undarground tanka (1979) 

& d k - k ~ ~ n g  tadl~tim 0.344.8 0.1-7.7 
4 9 1 . 7  

NIOSH (1974) 
1.44.9 B M  ei rl. 

brdhg md dlacharglng 4.530.1 1.4-9.4 (1980) 
of mad tankars NlOSH (1974) 

Lording of nil tankus 
~llrnamon facility 58 

1.625 
O.W.032 0.0014.01 

NlOSH (1974) 
Oldham et a/. 
(1079) 

l NCR* N a w  R*.m SM1; NIOSH. Na- lnPU C m1&1~ S a m  r. 
Heanh 

In * urocirtd With ;lutomo#b 

Sunpling site boc.nIratlon 
rolw 

Refvmna 
ppb 

R W ~ U I l n e i g  ) b o w  5 1.5 Feflthun Oi 81. 

COfml bu~kuu dltm 12 3.8 
(1979) 
hnUmn et rl. 

highway leading 628 M.6 
(1979) 

hto businaaa dtstn* h t k u n  et .I. 
Roadway m(asch2lon 16150 647 (1979) 8uyunr a rl. 
HlOhway 490 163 (1980) 

Thorbum and 
Urbrn wlth much 393 123 

C#aMI (1979) 
blMc Thorbum and 

urban stmala. parklng 25600 7.8-190 
Cabnun (1979) 

Omgas, W mwlr cnopa, Jaamn Md Berg 
h i d a  rutomoblias. (1980) 



BENZENE 

T&k 9. ANual benzene m s a i o n s  to water ~n US* - I 
I 

Sarce ErmSslonS(t0nnes) 

- i Indim P ~ W  Of benz& 2oo.11 wo 

i Solvent and mt~Uaneous u r n  1450 
ProducUon of chem~cal~ other than befume loo0 

I Pmductlon of benzens from peMleom 630 
knpao of benzene 13 

! 
i a F m  JRB Assodam. Ine. (1980) 
I b Colte ovens, oil spillr. nontenous metal mcmnuk~l~6. ore mining, wood praaosing. 

coal mining and textile nunhctm 

TaM 10. B- axreentratloM h water S W Y b S  

~aam -bation (~rgn) R- 

(UK) 8.6.8.9 Cdenutt and 
momm (1 Sao) 

s- (UK) 18.8 Comlltmd 
Thorbum (1980) 

R h  (UK) 0.8 cdmuttMd 
thorbum (1980) - (UK) 672 COlenntMd 
Thabum (1 980) 

lklnklnPWta (-1 0.1 EPA (198W) 
Ddnkh+ww (us) 0.143 EPA (19846): 

NCR (lgn, 1980); 
Cdanunetal. 
(1978) 

Qmundwater (US) > 100 EPA (1980d) 
6ubaurtacs m 10 OOO Ochwretu 

H Q7Q\ 

8 EPA. US EnvironmW PmtecUon A m :  NCR. Nalbnd R m  Carndl 
b Taken near extonaive gaa and oil depooltr 

RDtecWon &ency. 19846). In U Y ) ~  study. b d a  h imdhted'bwf w m  eO.1 mgkg 
(F&OWotI Of Socish ta ExpcrrlmenW BLology. 1979). Bern- ha?r &O 
bmn MeCtrd (no bv- f8Pat.d) in th8 to(lowing toads: haddock, cod. f8d m. 
r o u t e d N b s c t r m d ~ a n u t r , p o t . t o ( u b e n , b h r , ~ ~ ~ , C P ~ ~ .  
abawbmba. black amante. hoUmum tMutom. soy6  be^ milk, amked chldcen, bcikd 
M ud CRNW b d  S~OW (Chang PaaM. ISTI; US finwmmmW 
Awmy. 1 9 m .  

CunmUcf~~I amkq may an h u e  h me benzene W n M  of bod (Ghang L 

ud PeEnOn. ISTI; ~ t l o n  d Amrlcu, SOdemea tor tixpwhmtal BLoiogy, 1979). 1 
I 
t 
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The Natiaul Rasearch Fh (1980) Mltnutd PYt Um a m g e  Us WbUl dw&r 
may ncaiva .bout 850 fig of benzene daily lrun locd and air and that the diitay intake 
of bnzene may .be as high u 250 ~O/day. b w l s  of 24 to 60 r g / m ~ m e n e  16-20 ppb] 
Iuvr bO(M found in Me bream of indivkluats withart rp&ific tamurn' exposure. 
-ling mat the murco may be the &I. 

Ebrurn h u  been identified in cigarette Mloke at W s  of 4744 ppm (150-204 mg/m'] 
(Uuweryr. 1979). 

h e n e  Is cns of ma vdatib mponmta multlng from Me timing of v u i a u  
shipboard metensla: th. following wnmntratlon tuw man mpmad: wad hurlrtlon 
matrw, 80 mgW [18.8 ppm]; polyvinyl M d a  cabb jackot, 9 mg/W [2.8 ppn]; and 
hydmullc nuid. 800 mg/m' 12.50 ppmj (Zinn rt a/.. 1980). 

Buuma h u  bean reported to be a WrmU dogradah butt of po)yvinyl chlwide 
nmd.wwing Rlm when It is cut vdth a hot w i q  amcentrations maasund during thQ 

.-. owtation n n g d  fmm 5 to 20 ng per cut ( B w m  vld Ball. 1980). 

2.3 Aruiy.* 

Swml fmWd8 for Me rndyrh of War war &aalbed A Um errlirr monograph 
M C .  1974). 1-1 motbad8 for the m@y&r of benzene A v u b w  matrims ue 
WmnUrizedhTm 11. 

9. Biologlcrl D-ta Relevant to the Ev8lu8Uon of Carcinogenic Risk to 
Human8 

m ~ h r w g r o u ~ o t 3 0 o r a s ~ m d 3 o w ~ s ~ ~ s ~ ~ ~ n m , 1 a ~  
cU, m&md 50 or 250 mgMg bw t m z m  [purity unspecifted] dlswhmd in pum oRvr dl 
By rtomrctl tube onco daily on 4 or 5 drys .ach weak durlng 52 weeks. Qmups of 30 
nub and 30 Mnab onbela narlwd olive dl only, Tho nta w m  . I l d  to iive until 

~rpanmmm &am w wem kllied at 144 weeks, Um and nd Um axpmimat: awmw 
urulval #mar wsn umpdfiod. OI h m r k  oi the wnWe4, low- and hlghdose gmups, 

.- 

I Tho Wwkhg Qmuv w u  a m  d a study in p r o ~ n u  o( oral mdmmhtntkn of 
bwww to rats and mica (IARC, 1981). 
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0130. 2/30 and 8/32. mpectlvely, developed Zymbal gland cardnwnrs [CafdrnrrAnnltr* 
teat for positive trend: p = 0.001; fisher exact test for control vsnus hlghdom group: 
p - 0.0031: 3/30. 4/30 and 7/32 developed mammary gland cardnomas; and 1/30. 2/30 
and 1/32 developed bukaemias [type unspajfied]. No such twnoun were found !a mabs, 
except that leukaemiaa occurred in 4/33 high-dose males [Cochran-Armitage test for 
mi t lve  trend: p = 0.008: Fisher exact test p < 0.0891. Th8 background inddmm of 
ZymM gland carcinomas in several thousand male and female rats of the same strain 
waa sdd by the authors to be about 0.7%. The average latent period of the mammary 
gland catsinomas was 88 weeks in each of the test groups vsnw 110 weeks in the control 
grow. In the highdora group, two females had a akin cardnoma, wn, mab had a 
hapatoma. and one male had a subcutaneous anglorercoma; no such t u m r  w u  awn 
in tho mMrol or lowdom gmup (Meltoni and Surnato. 1979). 

In many expehents in which a variety of chmlcak wen applbd to the skin of mica 
u rolutlom in benzem. a large number of M n M l  animals mn mated with banzen~ 
alone. In Mfm has there bB(M any indiutlon thal benzene hes induced akin tumours; 
howaver, not all posslble t w r  srteo were examlned In all of the e x p m t s .  Some of 
tha m a t  W n e n t  atudbs were carned out by B u r m e  and Smng (1941), Kinchbaum - 
and Sbmg (1942). Neukomm (1982). Coombs and C d t  (1986), L n m m  (1973) and Fukuda 
et d. (1981). 

Mour: Anaemia, lymphocytopsnls and bOrunilrmw hypoplula w m  knmd h 50 
nub AKWJ m b ,  6 vuwka of age at the atart of tha study, wMch wem expo& to 300 
mg,& 1100 ppm] benzene for 6 hourslday, S dayaMa&, for life. The exposure ended at 
m05p m me deem oithe last t ~ t  a i n u l . r n ~ ~ ~ ~ ~ ~ ~  or induct~m tinmot ths 
VbaUndumd lymphomas mfnmonly aeon in this strain of mica was nd Muancad by 
oxpaam to benz ne, Um I- Baing 29/49 and 24/50 in Um teat and axml gmup. 
mpactiv&y (Snyder et a/.. 1980). 

Two gmupa of 40 nula CSirBUW m b ,  6 wda old. mn expoud to a l m o q h m  
mntainlng 0 or 900 mg/nP [300 ppm] benzene for 6 hourslday, 5 daya/wwk, for Me. The 
upoaum ended a e u  488 days with the d w m  of tho last test mouse. In DMitlon to 
anamin, lymphocytopenla, .neutmphilia and bone-mumw hypmplasia, 6 oi 40 mica 
exposed to Benzene davebpd lymphocytb lymphoma with thymlc lnv&emcmt (p < 0.01 
for lymphomas, acwfdlng to Pato's ,log.rmk method), 1 plasmacytoma and 1 lumutocy- 
W u t i c  kukaemk. m a  averqe swivel tima of the 8 tumour-beuing mice WM 282 dap. 
Two of tho 40 mnW mima$ died hom lymphocytk lymphoma with no mymk 
kvolvement after 282 and 608 days, nspactlwly. The dlffennces in lno#ncr and 
hductlon tim. of tumwn batwean the group mn atrtldlully algnlficrnt (Snydu rt a/., 
1080). p Wofklng Gmrp noted that the thymw w u  not examined rwtlnly.) 

Mab C h a M  Riwr CD-1 mlm [number unapoUfWl w e  ex- for 8 hounlday, 5 
drysAvmk, for IIb to atmospheres ccntalnlng benzene at bvele of 0 (control), 100 ppm 
p20 mglnP] or 300 pprn (958 mglm"]. Two mim in the hlgh-exporun grwp d m @ A  
my.logemxls (myeloid) bukaemia (Snyder at a/., 1978a). 
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Rat: There was no evldena, of a leukaemlc response In 45 male & w & d  Smgua  
pawley rats e x p m  to m amrosplwro amtauung 900 mgm' (300 ppm] bcmune for 6 
-day, 5 davs/wwk. fu Uh. Extxxure waa twmrnated at weak 99 wtmn tha M &st 
-& aad. The c o n W  warn 27 maIe6 of tho ram s W n  and age (Snyder rt .l. 1978b). 

(6 Subartanow8 and/or in tnmdw .dmb?Istratim 

Mwae: Ltgnac (1932) tha occumma of d l f f m t  types of leukacnnis in 8/33 
mala and f m a b  albmo mica injected S~bWta- wlth 0.001 ml btnr(nw [O.W mglkg 
bw] (ctmin~cally pun. MlopMwtne) h 0.1 ml obve oil wmkly ta 17-21 meks (total -. 1 mgncg bw). The t h e  be- (Int Injection and deatJ~ of tho 8 hmoiv- , . . 
bearing mltx rangad from 4 to 11 months. Wuklng Oroup notad mat no cOnaols 
ware used and that Me study could thwfom not be w8Iuated.l 

U 2 0 ~ ~ o x ~ o f t h o N g h k ! u k r c n n l l l F r t n i n ~ ~ s x : i n ~  
of 0.001 mi bemm [purity umpdhdl h aeaama 011 (0.86 w k g  bw], 6 (30%) dow3l0~ed 
lwkamla at 200300 days of 8ga. U 212 untmted mice. 29 (14%) &&wecI irrukscnril 
b o b  300 &ya of age (KincMum and Strong. 1942) exact test: p = 0.06.1 i t 

Q I W ~  of 30 male AKR, DSAl,. C3H a C57BL6 mlg wa8 given weekly 8s. hpcUat8 
of 0.001 ml benzene ( p i t y  mspcdtW in 0.1 ml dlhn oil p.86 mgkg bw] tor life. No 
b m o u n ~ m m t h o # I t u t c c M m ~ h i n a ~ w e n ( w n d i n m l g o f U I O  
DW,. C3H or CJ78l.6 stmkm. UIO lw muknump~ bay 730 days. Lwkmh was 
wnnhbothtraated.ndontrolAKRmlg(Ambl.1geg 

W w W g  nmk C578UBN mlo w m  r.c i n j d l ~ f t ~  of can oil (20 mica) a of a 
S M l o r ~ o f ~ ~ p x r ) b c a n a R ~ m i p ) , a ~ n o t m M ( 2 0 m l g ) .  
fh InJaeUona were ~ f v m  twka weakly (or 44 weeks, and h n  am wedfly unUl54 
wwka. Mice givon tho 30% bnzam sduhon nahnd 0.05. 0.1. 0.1 and 0.2 ml tor UIO 
cht 4 wka. mapehdy,  tollowrd by 0 2  ml Wtil th. Inat hjaal (tow dass of 
bwa**, about 4.9 glanlml). Vahk4a wnbda nahnd 0.015. 0.05. 0.05 and 0.1 ml hx . 
UIO hn 4 wedfa, mpectMy, Mlovnd by 0.1 ml WIUI tha laat k m .  At 104 weaka 
attor tho h t  injeeh all wvWg mia u e ~  killad. Tha numbers of brrou.te6dg 
m b  WIU 26145, 10118 ud 12/20 h Um hr, whkla control md untreated grows. 
mspdhdy. ma b&anma of gnnulocylic lmAald0 mn 8/45, 1/18 and 2/20, 
rmpddy;  and of iymphmw, W45. 4/16 and 3/20. Tumoun Jlo ocanred in Um hw. 

I 
i 

r t o n u e h u d ~ . b u t l h e m m r n o ~ ~ h o m m n t r o l s i n b m o u r ~  
a ~ o f t u m a r r ( W u d 8 t U .  1975). 

T1# MU LDm of nagm-grada bonzw h malo SpguaDawby mta waa mportad to K 
be 0.93 (0.71-1.23) glkg bw (Cmhh and Rym, 1965); howwar, Khnum of a. (1971) 

,- 
npaWd mI L D d  in mab SprsguMawIey nta of 3.4 ~ / k g  bw in yumg .dr~tr (80.180 
g) md 4.9 gkg bw h oldr amas (300-470 0). An oral LD, d 5.6 ghg bw w u  mporw 2 
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h Nk, W~star rats (won at (11.. 1956). withey and nail (1975) reported an ora~ LO, in 
main SpragusDawley rats of 5.96 glkg bw (95% mnfidanw limits. 5.00-7.00). The 1.p. 
LO, of benzaM In mica was 0.34 mllkg bw (0.299 glkg bw) (95% confldenm Umfh. 0.28- 
0.42 mVkg bw (0.250.37 g/kg bw]) (Kocsis at a/.. 1968); the 1.p. LO, In female Spragus 
Dawley rats was 2.94 g/kg bw (95OA Eontidema Iimlts. 2.453.53) (Drew and Fwts. 1974). 

In acuta inhalation expeflrnents. 318 male Lmg Evar, rats died m l n  24 hours after 
exposure to 130 000 mg/nP [40 000 ppm] benzene for tim 2Q35mln psriods. Dealh also 
-ad In 2/10 rats exposed to 33 000 mglm' (10 000 ppm] lmnzene for 12.530 mln 
dally tor 1 or 12 days (Furnas and Hine. 1956). The LCm In female SpragubDawky rats 
was 13 700 ppm (95% m f i d m m  llmits. 13 050.14 380) 143 770; 41 69045 940 mg/m)J 
fonowing a single fourhwr exposure (Drew and Fouls,.1974). 

Decreases in circulating blood cells of animals treated with benzene have 
.mprted fmqwntly (Snyder and Kocsis. 1975): Docmaad leucaqta lawla hew bwn sean 
in W t s  (Santesson, 1897; Wdskotten et II.. 1915: Selling, 1918; Kissling md Speck, 
1972). rats (Latta and Davias. 1941; Nomlyama. 1982: Qerarde and Ahlstrom. 1966) and 
m b  (Nomiyarna and Mimi, 1969) given ~ n n m o  subcutanaously. Uptake ot r.dloactiw 
iron hto md cells, as a maasure of erythrocyte pmducth, was also decread following 
8.c. administration ot tenzene (Lea et el., 1974). 

T h  sawttty of mye!otoxldty is related to the d m ,  duration of t m a M  md test h 

apacias. Doses of 0.4-2.2 glkg bw p r  day am dlmw from wlthln a fw day (higher 
doses) to wwks (repaatad lower doses). Rats are tha most realatant awetea; Rb#tr and 
mica u e  reiaUwly more aansltiva (Ise at at., 1974; Andmwa et a/., 19TI; S@ et a/.. 
197&, Andnwa et d.. 1979: Sammett e l  a/.. 1979: Longam at a/., 1080. 1981a). b n g a m  
at (11. (1980, 198la.b) haw ahown that DEAL2 and CP1 am mon ~ J t h  than C678U6 

* 
mica. 

SalUng (1916) produced marrow aplasla k nbUm by glvhg benzana ruboutuwwdy. 
h mdiea that wao i m a l  h Inltlatlng tho concept of chemlully induead aplastlc 
afwmda. Later, W n g  a d  Spedc (1972) auccaded h rspoducing the30 rswlta. 

Wekkottan O i  (11. (1920) Urat drmonatmW that hlhalaUon of 240 ppm llgl mg/n+] 
bruene b r  l t  hounlday (a 2 waeks auld Indug lowopmh In mWb. Slight 
buwpenia was reported in rats, guima-plgn md rabbits expoaed to 280 mg/+ (88 ppml 
tcf 7 houn/day tor up to 269 d m .  Lwcopenla w u  also man in mta g ~ m  132 dally oral 
doses of 10 mglkg bw during 187 days (Wdf at aL. 1956). No effect on the blood pctum 
was seen in rats, gulnea-plgs and dogs expaad antlnuwrly to 56 mgl+ (17.6 ppm] 
tor up to 127 days (Jenklns et d,  1970). Sl~ght iawo~enla has been repattad in rats 
expored to 140 mglrns (44 ppm] benzene for 5 hounlday on 4 dayahveek for 8 weeks 
(Dachmann e l  a/.. 1963). Leueqxn~a has also baen produced h rats expored to 400 ppm 
(1270 mgln+] for 7 houmlday for 14 weeks (8qe et (11.. 1970) or to 1000 ppn  P195 ms/m'J 
for 2 weeks (Ikada and Ohtsuj~. 1971). . 

SpraguaDawby rats and AKR mim axpowd to b a n m  (300 ppm [958 mg/m for 6 
hanlday. 5 dayr/week lor Wla had lymphocylopaua, M h  lltlle evvdanw of maamla. 
AKR mace were mom mr i t lve  to banzene-mduced laucopafna than wcm rats (SnyUer ef 
U. 1970b). Li(et~m exposun of C57BU6J mnr  to 100 or 300 ppm (320 or 950 mgld] 
benzana pmdums aneemla, lymphocylopanla and neutrophllla amclated with a relative 
hPrasa n the numbar of lmmatum I(Hlcocytu uld a decreaw In mature kmcytw in 
dreulation (Snyder et (11.. 1980). SuburtmnaOtmly r c l m ~ n l ~ t ~ e d  bcmzme lad to a &active n 
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hk.lEtlOn studies In rats haw shown embryobthallty and rodumd htal w d g M  but Only 
ocuslonal teratogenic affacts: Sprague-Dawley rats e x p o w  to 10, 50 or 500 ppm [32. 
160 or 1800 mgm" for 7 hwrslday had a low i n c i d m  of brain and skaletal defacta 
but no embryolethality at 50 or 500 ppm, and no abnormaliiy or embrydemality at Me 
brwr bvels (Kuna and Kapp, 1981). No terntogenic effect was 'seen In pregnant rats 
exposed to 10 or 40 ppm (32 or 128 mg/ma] for 6 hwrsldey (Mvnay at a/.. 1979), to 313 
ppm [I000 mg/m3] for 24 hwralday (Hudak and UngvPry, 1978) or for 6 hanr/day ( O m  
at rl., 1978) or to 400 mgm' [I25 ppm] for 24 hounlday rratrai et a/.. 1980). 

No bratogenic effect has bean reported In rabbi& InJocted suiubcutllmouaiy wim 0.25 
mllkg of a 40% benzene solution dally during pregnancy (Desoille et rl.. 1963) a In 
rabbits exposed by inhalation to 500 ppm [I800 mglnf] for 7 houralday #I days &I8 of 
pmgnency (Murray et a/.. 1979). 

AbsorpDbn, disbibution, exwetion and rnetatdiun 

Luurw et U. (1931) dahed mat nbb~ts rbaubed benzene mrwgh me m. 
Exhalation h a major mute of excretion of unchanged banzone in dogs (Schmk at d., 
1941), rabbits (Parka and Williams, 1953a), mice (Andrews et a/.. 1977) and tats (Rldtert 
et a/... 1979). In rats, excretion via me lung hallows a biphasic pattern, suggesting a hv& 
cawwtmmt W e l  tor MsVibutiw, wiln an initial f 12 Of 0.7 hour (Rickerl e l  el., 1979). 
Slmultwoua administration of bentem wlth toluene (And- at rl., 1977;. Sato a d  
Nakajhna. 1978) or with piperonyl butoxide (TlrnMIII and Mitchell, 1977) M a r e s  the 
u m t i o n  of unchanged benzene in the -8th. pmuma#y b e c a u ~  of intedmnm wlth 
benzene mlabdlsm. 

MeIlborirm occurs moot rapidly h the Uuar, w h h  bonzeno h mnwmd to bwmm 
oxide (Jerhu and Daly, 1874) by mixabfunctlon oxidma (Oonam at U., 1073). emuone 
ox& thm reamnges spontaneously to twm phenol. reacts enzymatbaQ wlth Ol(c 
tathiom to yield a pmmercapturlc add (Jdna et II.. 1W8), or h hyerated vt8 epoxw 
hydmtaw (Oesch at a/.. 1977) to the dihydmdiol (Sam r t  aL. 1963). w h M  is then oxidked 
to atachol (Ayenga~ at rl.. 1959; Jerlna at 81.. 196% Vogd at U.. 1980). A n a M  major 
metabolite, hydmquinons [we IARC, l S m ,  may .be fommd by turVlu macticn of p h d  
with the mixed-function oxidme: but mat pathway tua yet to be clarified. Omar 
mataMUtea, such as blhydmxytnted t enzm (Puke and WUliam. 1953r; Qrwnk et A. 
1981) m d  muconic reid (Pnrke and Williams. 19530). a m u  to be formed by M yet 
mmohd pathways. 

CMjugaM phendc rnetabolltw of knzm a p p u  In the udm mainly as othmrl 
wlphates and gIuuon~Ces (Pallte and Willhms. 1953b; Williams, lSS9). In lasted rets. 
lormrUon of ethereal suiphate conjugates is dsacraaed (Cornish and Rym, 1985). ism 
than 5% of rmtakbtes M recovered in tho urine as phenyimcncaptunc add (Puke and 
WlUNms, 19530; -am at $1.. l981b). 

The metabdim of beranm In llver haoganatrr can b 8tlmulaMd by tm8tlng mmJI 
wl(h wrynu-Inducing agents. Bentam, phnoba~Wtal. 3.rnathykholanthm, dimahyl 
aulphoxlde, chbrdiazepam, diazepam and oxuepam all Induce benzene hydroxylase adi. 
vlty (Snyder and Remmer. 1979). Carbon monoxide. sniline. mlyrapone, SKF-525A. aml- 
nopyrine, cytochme c (Qonasun s el.. 1973). aminotflazere (Hlmkawa and Normya~. 
1962) md toluene (Andrews et a/. , 1977) inhibit benzene metabolism in vi(m. 
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BENZENE 

Mydotoxic effects of benzene were alleviated by pretreating rats with 'a l  
(Itcede and Ohtsuji. 1971; Gill et a/.. 1979) or wim either of two pdych lor ina t%$%3:  
2,4,5.2'.4',Shexachlombiphqyl a 3,4.3',4'-Wlrachlorobiphenfl (Greenlea d Im. 
1981). m e  availablt, evidence suwcits tho Cmeept that bwme toxicity is caussd by 
on, er m m  metablites of benzene (Snwr et U.  1981.1982). P a m n t i i  and Dustin 
(1948) demonstrated that benzene metabolites ataiming two or Wee hy(Voxyl groups 
hhlbited mitosjs. Toluene, whlch Inhibits bwenc metabolism (Ika8a et a/.. 1972: Sato 
and Nakajima, 1979), protected animals agaiMt bweneindumd myeiotoxidty (Andnm 
rr d,. 1977). Benzene. toxidty could te cwrelated with the rppoarana, of benzene 
nmtabeiltes In bone marrow (Andnwr at .I.. 1977; Rlcken et .I.. 1979; Qrmnb0 at .I.. 
1981: Longam et a/.. 198la.b). Although it is deer that benzene can be ~~ in 
t a m  m ~ ~ w  (Andrew rt U.; 1979; lmnr at el.. 19801. me obwnratlon (SuMwn et U., 

' 1979) that pmtlal hepatwtomy protects against benzene toxidty suggHW that a 
metabolite famed in Uver is ~ n t i a l  fW benuns texisny. 

I m M d ~ m h a ~ o f ~ ( m b e l o w ) h a w s ~ w d m e  
ot polyhydmxylatod ~ v a t w e s  of baram and their wmlguinrnss (Imns et %% 
They haw atwm that inhikt0 rat bnin mkmtubt#e p- ( I m  
and ~eptm.  1980); mat hydroqu~naw, and ~ n z o q u m  am me moat potent 
wr#twr of 1- md &lymphocyte tunotlon. as measwed in mouse splaen ceUS in culture 
(Wlwdr rt d., 1981); that Wlibi(s bctbbatimulated agglutina- 
WI h n t  pnpMWna &I Wm (PWw a d  Im. 1981); and that p8m- 
b * u o q u l n o n e k t h 0 m a ~ m O s t U ~ t o t e ~ S ~ l o r ~ o t  

traMtwMtlon and rmcmhlb*o m M y  In rat sple8n calls h cJbn, (Im 
rt Y., 1982). Howrvrr. .6mWttnWI of these canpovlds to Wnrh c h a  not podug 
Um cyplar pMun of banana toxIdty. la., buamda. anaemia, thmmbocymmh Md. 
wmlully, rplutic anaemia. EngeWwg and 8- (1982) haw administered Ute m a p  
~ o f ~ t o m i c a a n d h i k d t o ~ d e c r e ~ k r e d E s l ( ~ ,  

the wuk uptake.tbchniqw of lee at d. (1974.1981). toldsteln et el. (1982) have 
qgwted that ring.openlng pmdu*r may play a role h benzene toxidty. T w k  at a/. 
(loel) npated that h rmg amzam tmtmnt auppmmd wt44wm C W  fomutlon 
Iran b o n u n a m  cells h vftm. Tmtlng Ute udrnala wlth phenol, hy&mWma or 
b*am dhydrodiol hlM lo ruppnu CFUC. Thur, tho roxlc mrt.bortr 01 b*rar* 
h m y * t o t e m w d .  

~ a n d S c h ( a t t e r ( l 9 7 7 ) ~ t e d n d l o r c t M t y h a n ~ r d d ( r a c ( l Q I ~ m t  
hnr Mlowing admhistmtbn ot 01 %. or 'wabemd tauam. It has bra, - 

I that bwene binds covalently to protmn In liwv, tone m a m ,  kidney, lung, spbm. blood 
and rnusde (w et a, 1976% bmgaw at d.. 198la.b). i m a  covabnt bCldkg w u  
~ ~ t o m e ~ p o o t ~ b o c # , b l o o d . a n d a ~ o t C S 7 B U 6 ~ , w N c h m  
mon resistant to ma be- dfects on red cdl producbon, man to Opl of 
r*lsithn DBAI2 mice (Longam et .I.. 1981b). lmaa et .I. (1980) dmcmtratod covabnt 
HndIng ol bmmne to protein h pwhmed bmenww prepwattam. Tun& .t d. (1978) 
h m u g c n d m r t a ~ o t ~ b l n e a O E v c a ~ m a s ~ m u , d g o  
banmm orlde. and they haw ~~ aapwated hapa* protcms lo which 
b m z # ~  ~ t i s l l y  Mnds (Tundc .t d., 1979). 01 Md A h W  (1981) agm that 
mvalent aMing to mHachondh la a pmmimnt feature of tenam metmdbm. They 
m p o r t e d h l r n l e f t h a l m c H l , b ~ m w ~ h a ~ r o l d r l c h ~  
o f a b e n z m e m ~ t e W a t e d t m n m a m e D r r m u r o w g l l r ( h n h 8 ~ ~  
tmn mr. 
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WZOIM is not mutagenic in bacterial systems. In 0 detalbd study wlth SahmdIa 
fyphimwium strains TA98 and TAlOO. benzene was lasted at concentrations of 0.1 to 1.0 
III pr plate, with and without microsomal fractions obtained from liver homogmates of 3- 
mthykholanthrene or phenobamilal-treated rals. In some expmiments, 1,l.l.blchlw~ 
2.3.epoxypropane was added to the liver hOmOgenat0 mixture in the activated bacterial 
Plate assay in an anempt to b k k  the posslbie biodegradation of an epoxide metabolite. 
Borumafrow homogenates from 5methylchoianthnne-treated rats were llro tested in 
place of liver homogenates. Finally, a hostmediated assay was p e M  wlth Sahnw 
W S l r h  TA1950, in which mice were given two S.C. injections of 0.1 mllkg benzene. 
In none of these studies was there on increase in the revenion rates (Lyon, 1976). 

Ths lack of a mutagenic effect of benzene has since been confirmed with e large ran@ 
of tester strains. Betuene showed no mutagenic activity m assays with SaImmYa 
fyphurlum (Dean, 1978; Shahin and Foumk, 1978; l.abowtlz et a/., 1979) or BadUur 
wrbtllk (lanooka, 1977). no resistance to &azaguanine or, a mafker in S. Qphhwlum 
(Kaden et a!.. 1979), and no mutagenicity to S a ~ y o s s  canvisiae (Cotruvo at 81.. 
1977). It was aizo negative in the Escheridria ooli pol A test (Rosenkranz and Ufer. 1980). 
A preliminary study suggests, however. that benzene oxide, a postulated lntefmejiery 
Mlataii le of benzene, may be mutagenic in S. fyprumufum (Kinorhila et a/., 1981). [The 
Working Omup msiderad that me data of Me last a W y  are equivocdi and must be 
confirmed.] 3 '  

NO tWtagl(lb e(h* of bemeno was wen m Dm@Ra d a ~ t a r  in a rxJinked 
g*wUcaHy unstabh test ayatm involving a truupasnbk gmotk Uamnt, in whlctl 
mutrgcmhty wM In8aaUnd by th8 frequency of aomatlc mulaWw for eya ptgmntatlon 
(md rectors). Newly hatched larvae were placed ln e medium containing 1.0% or 2.0eh 
bMsm (Nylander et a/., 1978). 

k u u m  waa not mut8genk h the mouse I- forward muletbn -y h l5178Y 
( T K 9  c) (Lebowitz et a/., 1979). Clutogenic albcta of benrena on mammalian 
dmnomnm have teen obwwad in vltm. A statbticdlly aignnlcant incream in c h m  
MIMI -rrstions, clainly chmmatld-type d d e l h s  and gaps, has W n  w e d  in 
h u m  lymphocytes (Itoizuml et a!.. 1974: Mwhoto. 1976) and in HeLa cdia (Kofiwni et 
d., 1974) exposed in v i m  to 0.23.0 mM benzene. &ma-Smidt and Friedrich (1978). who 
uulyred only 80 calls, cwM &&ct no tncream in chmnosomal aberratma h human 
lymhcqta treated k vim with similnr concantratbm of m z m .  

In expcNimwns parallel to tho80 desuibed above. Germ-Smidl ml FdWich (1078) 
bund ma enn.ncsment in the fmqmncy of aister chromatid exchange In tmnzNlbnatad 
aflhm. D i u  of al. (1979) mpoftad that when I x n m  was prwent d w W ~  me nrat 24 
hwra of culture, but not later, the fmquency of stater chmmatid exchange was enhancsd, 
W1UI benzene treatmant was uM oul in the presents of matabolii activation by rat 
I*r mbxmes, a iurther increase in sister chromatid exchangolcdl was obmved. 
Morlmoto and WGM (1980) fcund that a 72hwr  incubation with up to 5 mM benzem did 
mt b a s e  tha frequency of sister chromatid enchamp or aft& coil cycle kinetia. 
where- its principal mtabolitos, cat- and hydroquinone, i n d d  high bvab 01 
r*tu chmmattd exchange at much lower c o r i ~ t r ~ t l c m .  Phenol pmdumd on)y a weak 
effect. The sum of these nrultr suggests that Me apparent dastoqmk eftem of bentem 
h VlhO may result from Its bioiogiully active Mtamlites rather than from b c n m  itae4f. 
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BENZENE 

Treatment with 0.2-1.0 mM tenzene sign~bntly enhanced me number ot rblga me 
6lcMrin ~nducad in chromox~nes ot h u m  lymphocytes by nemlniatratbn of 100 nQ 
(1 Oy) of y rcldiallon (Morlmoto. 1976). 

In mar rats, no domlnrnt IotttaUty was lnducad by a dn@ i.p. InJdJon of 0.5 mVkg 
bw benzene (Lyon, 1976); however. a posltiva eifflect uas observed in m b  glvan 3000 
mg/kg bw (Pavlenko et 81.. 1979). [Due to the expenmanta1 desgn. the Waking Group 
Iwnd i t  ddfhlt to interpret the latter fewlt.] 

An hcnase In polychromattc -s wlth m(Quwh (mudas  test) has 
men 03se-W in benzene-treated animals h four separate mvestlgations (Lyon. 1976; 
Diu at al.. 1980; Hie at a/., 1900; Meyne and Legator..l980). HI@ a( al. (1880) gaw 0.0625 
to 2 0  mVkg bw per day of of h h daily oral doses to mala and femak Charles 
A W ( C P l ) m ~ . T h o m w a m ~ a t h o m 6 h o u r ~ t e l 8 d a ~ a t t a r ~ ~  
done, and bone murow was obtained. h m r r l o  aecmcad 6 hours to 5 days after lmbnent 

EZ22.iPG Lm*rmA*A*~22a2sdF~l2i~tl*m,* 
rramEed 6 harn after a wQnd &M of 0.05-0.5 mUkg bw per &y of 
8dwdniated ~~; and by Dias at d (1980) In male mice (F, hybries horn me 
w w  CSd x CS No. 1) 8adlmd 6 or 30 hours after S.C. drmnntntim of 02-2 mmg 
p dry. A rcgnl~lc~t eomnra cormrm m tound h born of w - (LW. 
1976; Mu at .I., 1980). In ~ o U m r  audy (Mqm and Legam, 1980). d admhbmtm 
o f b w w n ~ a ~ ~ o f ~ i n f e m a b . n d ~ S w b n ( C & 1 )  
nJommQdhlr~h~ofwrur*doM. 

M ~ r m 9 m m ~ ~ ~ t o ~ I n d u c ( l o n o f m l c r o M c W b v ~  
rdmWstrnd *Ih.r orally or htwwltam.Uy (Myn and Legator. l9BO; Slou .)-&., 1980). 
o . t n l i o n o l ~ n d ~ m * r ~ m m t ~ h r r u * r ( s i o o a t ~ , 1 9 8 4 ) .  

N u n m o a t u d b a t u w ~ t r d i h . h Q e t b n o f d w a a a J l b m t l o n s h  
hmnamu mUa hwn &e (Mqm .nd L.grlor, 1978, 1980). rat8 (Dam. 1889: PWp 
nd Kmgh JHuuI. 1970; LyrpkJo. 1973: Lym, 1978; DWoWmm and Enikwv, 19T. 
Andwrcn .nd WhdM& 19V) and rabbits Wsahg and S-. 1971) 
~ a m W p * r * l l y ~ o f ~ ~ h a n c l b a ~ 0 2 t o 2 D ~ p w ~ y  
r d O t H n ~ a u W m m W y o r ~ . M ~ t o f o f m o ~ I i o n s  
m n E h m m r t i d ~ a ~ s u t ~  ' a laoom~t~d  
(KlgpIo Ud S*. 1971; Lw. 19761, pWkukr(y attw =exposum, when 
~ , m M i h M b y ~ ~ h ~ h . ~ ~ a t . ~ ( W l i n p  
.nd % d c .  1971). Tho fnu8Istenw of U m o  chmges has v a r i d  A &@kmuy dewat& 

t M ~ ~ w u m r g , 0 8 ~ . h n a & g b I . p . h ~ o f 0 . 5 m g b w i n  
( L p .  197@, vdaa Slp lh f l t ly  haclefad k miso 24 houfa M 
7 dWS a rmYu doso (0.5 W g  bw) (Meyne and Lagator, 1978). In 

ih. (omu a* (LW. 1W@, &utb - (!mall aqmwmmy mmmwomd 
Ingmam)wrnrmupto70eayr~t lav .am(rw~t .  

~ * ~ o f ~ t r a t i o n m y h f i w r r r s e m ~ ~ m u t . g e ~ ~ d ~ .  
-tsd#whwamOw-m-.bow-w 

of - abrmUonr a* rm and 1.p. trsamwrnt wntl bmzNm 
EM ld9atw. 1980). Expouur of adult fmb and tetmb DBAl2 m l a  0 3100 pym 

[lo 000 bauaw by MIlrltkn for 4 hour slgnlffcant(y lnmaed tha tnquafy 
o f r h * ~ l l d ~  Mnot ofchmmolarul .bantlons h bonemumwds.  

m m  lnNWd myrow: d k d u  p~~ but only A mr* M. 
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Tmtnmt with sodlum phanobarbltd prior to benzene exposure enhartcad tho frcqumq 
of slster chmmat'i exchange in female mka, and led to a significant yield of chrunotid- 
type abenatims in animals of both sexes. The authors suggested mat diirent 
mtabolites of benzene might be involved In Merent biologic endpoints (Tm et a/.. 
1984). 

(b) Humans 

Sing80 bxposunnr to rnmtratlons of 68 000 mo/m' (20 000 ppm] wrnmnfcial beruem 
hlw Eeen raporred to be fatal in man wtmln 5.10 minutes (fluy. 1928). At lower bvds, 
baa of con#lousmss, irregular heart-bat, d lnMw,  headache and nauwa am olmmed 
(DBU~WM F~ngsgemeirnchatt ,  1974). In cnws of acute poaoning, inflammation of 
the mpwatoy tract. haemorrhages of the lungs, congestion of the kidneys and awabral 
adwna haw b8 i l 0b~ fVed  at autopsy; Wt w With kd8 h blco6 01 Up to 2 Ing/lW 
ml, no changes wbre observbd in the Mood plctura (Wimk and Collom, 1971). 

n tw twn k m  sin= me ear~icnn rapom, of smtewn  (1897) and %ling (igie), 
ltut Ebmm can cauw aplastk anaemia: and the namt reports of Akwy at d. (1972) 
fwthm support t t w a  observations. Eady stages h the progression to pamytopenin have 
bgn stated to be anaemia (Hunter, 1939: Goldwater, 1941; Helmer. 1944). leu- h 
tMct~ lymphocytopsnia predominated (Grwnburg of a/.. 1939; Goldwater. 1941), lwcopo. 
r h  In wNeh Mutrapenia predomlnatbd (Hamilton-Patemon and Browning, 1944) md 

(Ssvilahtl. 1958). 

Of 60 LldlvldUs (58 w m  and 2 m) who had dkp4aybd signs of benzmo toxldty 
and ma malwted 16 mIrr anw we of ~~IZNIO In ttm t a c t q  whsn may m a d  
had bebn terminated. 46 had .dvered, 12 atlll exhibited signs of benzene toxldly and 
2 hul dled (Hdmr. 1944). In worrtbra b x m  to rbout 26 ppm (80 mg/m)] bmmm o w  

, amrai yam, imam h mban wrpuswlar volume a d  mWMl & c r e a m  in m a n  
hwnogloEln md Mamatodt bwla m wen. Thoan values retumod to n o m i  e m  
aurncn of expowre (FlshEW et .I.. 1970). HOWMI, It h u  not Ewn poulbb to 
atlbllah with mr ln ty  me degm of mposurb bslow which no adverse h . m a m  
mkx8 of buuw II sumam would occur. . - 

Smoluc md wworkm (Lange et d., 1 0 7 3 ~  Smolk 8t LT.. 1973) rtudi.d b Wga number 
Of worlm expowd to but not awbdy MDxicrtod Q M e w  and found that rrrum 
-t teve~s. I ~ G  and I~A .  wen docmaw tut mat I ~ M  bva~a d~d not 60p and 
m In la slightly Mgher. I r n m u n o t o x ~ a l  aaudim ol benzene had not pnvkuclly 
cammd workan, since early warts on -bits had deadEcd i m a m  s u m n y  
0 ~ s i a  (White and Gammon. 1914) and pamonla ( H ~ ~  and Win- 
1913; Wintemitz and Hirschfdder, 1913), docmasad production of red call tyalns. 
agglulhins for klibd typhoid Dacllli and opsonina (Simonds and Jonas, 1915) end 
mdwAbn w ababnm of mtlbacterial UltiEodima (Camp and Baumgartnor. 1915; Hbktoan. 
1916). RewnUy. Wierda bt rl. (1982) have demonstrated hat adminlstrstion of baum 
to W B U 6  rma k vivo InhiElts the Mi of 8 and 1-lymphocyte8 studlbd k vlh. 
ltmn omwations. take? together with the wokknown ability of Mfwm to doprow 
kmcytba, which themrehrea M y  r aignlfiunt d o  h prctWon agalnst lnfecuam 
Wb,  may explaln why benrenr-intoxlslted Mividuals madlly sucsumb to lnfrction 
and why the terminal event In aevem benzem mxlcity la ofmn an acute, overwhdmlng' 
bltbwm. 



BENZENE 

h g e  et a. (1973b) also fwnd that levels of leucocyte agglutlnhcr wefa elevated in 
rsbcted indlvlduals exposed to benzene. They suggested that In some people h w m  
tox#ty my Ee c lao~ ted  for in put by an allergtc blood dylvarta. 

I Imw in md-mll bamlndaarul~nic and wm found in 18 of 27 workers expaad 
to banzm (Mhn and Muzyka. 1973). Smlar results were observed in animals ( W n  and 

1 Muryk.. 1873). Inhibition of retlarlocy(e hrcn was observed in vfim m a n  M rcl.. 1978; 
i -n et rcl.. 1977). 

ElYbcto onrepDductlonondparut8l toxhjfy 
I 

Bmzene m s w s  the human placenta. and bvals h cord blood am hllar to l h o ~  h 
rnatcrmal blood (Dowty ef a/.. 1976). Menstrual dlsturbams have been repwtd mon 
-Uy in w o r n  expod IndualrWly to b.mcnr rod oUmr mhentn than h 
umpead EQIUWS (Mlchon, 1WS; Mlkhalba rt.l.. 1971). 

T h r m o r t t n q u M n m u t b b y w M c h h u m c v l r m e ~ t o ~ ~ h v k ~ .  
Toxlc Meeta In human8 haw orton brrn rtmbuteu to amtatad exposun by bom 

I nrphlion and through lhe akin: rg.. mtognvum walcm w& h k  kan M r  hands h 
cpn vah of bnmm (Hunm. 1978). 

I ~ h m ~ w u ~ o n t h o ~ m u n d r r r ~ c u p n w n ~ r t a m  
c4 0.4 mglcm' p.r how (HuW rt U, 1981). a rate equal to 2% of that of &yibmmm 
(Mkbwkz and Tym. 1967) and 23% of that of toluem (DuWmkz and T y m .  1968). 

~ . x p o w n m ~ n b ~ 1 . d ~ ~ h e ~ B ( S l b o M ~  
a, 1850: Hunter. 1968: Shewmad and Cuter, 1970: Nomiyama md Naniyama. 197419: 
&to and N m ,  1079). In man and w~mrn expowd lo 5242 m (166.198 mglmr] 
bmmma lor 4 houm. r mom of 46.W was trlan up. 30.2% wu rerainad and lhe 

I mmhhg 18.8% oxatad u umhmgad benzw h expbrd ak. Phamawkhak plots 
o f ~ . H m c I p ~ ~ ~ M k d i a ~ i h . 1 ~ ~ m n e ~ t o  
i h e ~ , ~ b y ~ m l r ~ . m m s y * I M u m d m ~ b t w w n  

8ub)rctr who inhaiad ~~ ol 340 WnP [lM) ppm] benzene in B lor 5 
kan -tea 29% u phmol. 3% u atechi urd 1% u hydropuhm~ kr ~IWJ m, 
mortty u enmm~ rulphatrs. ~ o r t  of ihe p i m i  and atadol WM uaew w m  24 
ban. and tM W k i W  ~lthh 40 howS CT.islnQW .t 01.. 1952). A anmlatb~ hu 
b m r h o w n h r m n a W n n u n k r o l w o c k w a b a w n n t h . ~ ~ o ( ~ h . C  
ama rCharr mPowm and ihe 0- of Phrnd h crmr (Rlbrrkfd M d  uoyd 
Davlrr. 1W). 

Thrprantc lwof imrn lcau lphmtehWanmbdumbd-  
oxpwm ( H m  and HemNnn, 1960). I 
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MutagmWty and ~ m m o s ~ r n a l  e m s  

NW~B~OUS Studies have bean c a m  out on the chromosomes of bonemanow alb 
and peripheral lymphocytes from people known to have bmn exposed to benzene (Dean. 
1978). The populations included in these studies fall into two general categaies: (1) 
patients with either a cunent or a past history of benzeneinduced Mood dyscrasias 
('bonzena haemopathm'), often asmated with extensive exposure to benzene: and (2) 
wurkers wlth known current w past exposure to benzene but with no obvious dinlcal 
effects. In many of these studies, significant increases in chromosomal aberrations have 
been seen. Wtch in swne cases have persisted tor years after masetion of exposure. 

Polllni et a/. (Pollini and ColomM, 1964a.b; PolHnl. ef (11.. 1964, 1969: Pollini and 
Biscn!di. 1976, 1977) examlnee bonemanow cells and peripheral lymphocytes hwn 
wurkers with current seven blood dyscraslas, m d  tollowed mversl workers by repeated 
cytogenetic stud~es up to 12 yean after recovery from benzmdnduwe panc)nopanla. 
Q m  chromosomal ebnwmalltiea were characteristic of thew cells: 70% of the bone. 
murow &Is and lymphocytes in patient8 with acute polaoning show& kuyotypic 
.bnwmalltlas (Pollini and ColomM. 1964e.b). The auMors m l d  not Mate me trsquency 
Or type of chromosomal alterations to Me wventy ot the Mood dyecrasia (Pollimi I el.. 
1964). F~ve yean after poisoning. all of five pstientsstudied still showed stable (CJ and 
unstabk (CJ chrwno~omal aberratiis in their lymphocytes, although only 40Sb of the 
a l l s  wen now abnormal (Pollini s t  a/., 1969). By 12 years (Pollini and Biecsldl, l977), no 
cytogcwtic abnormalities nmainee in the four patbnte studii. 

Fanl Md collaborators ( F m i  e l  .I., 1971aB) examinad two gmupa of workm wlm 
dronic bemane poisoning; one g a p  included 25 subjects who had n c o v w d  from 
banza~ haampathy oru, to 18 yeam pnviouaty (plus tour others showing acute toxlcity 
at the tlme o f  f i t  cmMlawme examination); and the other group comprised 34 workam 
h a mtogravun plant who had bean expo& In 1852-1953 to concentrations ot 125532 
ppm (400-1700 mg/mJl b w e n e  in air, w h i i  had lad to toxic efkcb. Lymphocytes from 
born gmups s h o M  signiRcently higher levels of C. and C, than those trom agwnatchcld 
Eamols. Although In me tint gmup C. and C. ware pfesent -a1 p a n  after wasation 
of benzene exposure, follow-up cytogcwtic ctudlw i n d i t e d  a tendency toward a 
damam in C. and 2 persiatmw or tncnuo in C. (Fomi at a/.; 1971a). 

llm finding of a i m  lnaun8 in atarrationa in blood a d  bom 
m m w  (Fomi and Moreo. 1967. 1969) and in lymphcqtes trom cliniuHy symptomatic 

ex~osed to bazene h n  bean confinned in mvaral other lnwstlgatlona (Hartwich 
el d, 1969: Sellyal and K h m ,  1971: Erdogan and Akroy. 1973: Hudak and Gomboai, 
1 9 m  Van den Bsrghe e l  .I., 1979). Foml and Mofm (1967. 1969) hypothesized that auch 
ahmations am Involved in the rvcmtual devrlopmm.01 b u k m i a  h banzmwxpo#d 
CldMdUak. 

Twgh and o t h m  (Tough and Court Brown, 1965: Tough at .I.. 1970) s t u d i i  workers 
h three different fectoMa who had been axpaad to m z e m ,  In the armorphae for 
amoximately oru, to 25 pars. Tha worken wen apparently aaymptomstio as far as 
midem ot acute benzem toxldty war con-. The Rrst two groups wnslsted of a 
total of 38 wWkers who had beon exposed to 25150 ppm [EM60 mg/nPj benzene untU 
two to (our years prior to sampang: the incidence of cells with unstable chromosomal 
ahrations (C.) in thew groups was higher Man was expected hom the genera) 
popllatlon. Workers in the third factory had bmn axposed IntEtsrmIttently to appoxlmately 
12 ppm [38 mg/M benzene for 226 years; their lymphocytes showed no I m a w  h 
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hawam lcc 10 years, disd horn acute my.bblastic leukamia (Hunter. 1939). Mallory er 
U (1939) r e w e d  on 19 cases of proton@ exposum to corn- benzene. Two cases 
of leukaemia wem described: that reporled by Hunter (1939) and a lyrnphoblastic 
bukaemia in a 12-year old boy who had Ylequentlf used a paint remover known to 
mtnh cunfnerdal benzene. 

W i n  (1963) mpwled that m indcor hntre pahner who hrd thinned his pahta with 
hzene  (or 13 yean developed aplastic maemla: although he was not wbseqwntly 
exparedto tsnzena, he developad acute mydoid iwkaamia 15 years irtcv. 

TamU et #I. (1963) dssdimd 16 c a m  of lwkaemia (8 acute and 10 hrmic) In 
worken h the USSR oocupatlonally expoaed to knzane tor 627 y e ~  (average. 15 
pm). In 316 acute urea, a latent pcwlod of 25 yean between tho maantion d axpaurn 
md tha dewlopmant of lwkwmla was noted. 

Vigl&nl a@ Salta (1964) reported 6 c a m  of iwkamia man at tb Cllnlca da Lowfa. 
Milan. betwmn 1942 and 1963. The pamtr, included a spreaber and glenw operator 
at a kathaKbth l a c t w  (9 years' exposure), an assistant operator in a rotogmvun finn 
(5 yrm' exposure), a spray varniaher (8 yearn' expaaura)). a mtogmwm opefator (11 
pars' expoaura) and two worken wing g 1 w  contdinlng benzene (19 and 3 yam' 
uporm). At tha I ~ t l t u t e  of Ocaipational Health in Pavia. 5 cwm of W a r n l a  were 
amn batwwn 1961 a d  1963 in shoemakers ax& to glues containing bwene. 

Duhg tho F&A 10501885, 50 caaaa of kukaamia were oWand In workua with 
aaMmid exposure to b m e ~  in induatdas kt th Paris mgion (Qogwl et d.. 1967). 
C W d  dam w m  QIVUII lor 44 m y  unpubiirhed cares (37 nrm and 7 woman), 
which comprised 13 maas of chmnk myaldd bukamia. 6 casaa of chmio lymphoid 
*ukMmla md 23 cawa ol acute bukaemla, of which 2 were ~ f y t h m l e u k a ~ s .  
M ~ ~ v n r e m a d . o t ~ z ~ k ~ W o o d i w 1 9 o f ~ ~ a : k 7 o l ~ . m e  
IWd W a  high. 

Fan CaSaS of UUtE k h d a  were npaMd k w a k a r a  k lrmnbul expoand to 
bemane lor &14 yeam. Three of ttm u s e s  wefa ol the myeloblastlc and the tourm 
a nmcqtc tya, (Akroy r t  (11.. 1972). The concentration of benzane In tb waking 
mvimnnrmt wa, reported to range Between 1540 ppm (46-86 mw wiside w i n g  
houn and rose to a maximum of 210 ppm 1870 mg/nP] when adhaslves mntahlng 
benzene were Wng wed (Akaoy etal., 1971). 

Ludwig and Wmhmann (1862) d e w b d  am, aw of mydoki hkamla md nd of 
8 tumour4ke reticulosis among 44 waken in two chemical factcIim ucpowd to benzene 
md td~'ene between 1940 and 1961. 

Cama of erythrumyebh have also been d w  In workam with shat- md long- 
t a n  e x p o w  to benzene (Galavotti and Trobi. 1050; N l s m  and Saotoq ONm.  1953; 
M Ouglielmo and Iannrcconr. 1958: Roman at d.. 1968: Bryon et d.. 1069: Foml and 
Mom. 1969). 

In 8 art* tmwbd out during 1986-1989 h two Lyon hospltak, 171140 (12%) pawn& 
nMh acute kukaernia. 9/61 (15%) with chmnlc lymphoid leukaamia md 4156 (7%) with 
mydod leukaernia wera tound to have bean 9XpaOd to bemeno a , t d w m .  Five cases 
of axposwe to benzene worn fwnd amonge 124 (4%) antrol patbnta without bkmd 
dlrwden (Guard and Revol, 1970). 
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A number of a d d ~ t w l  case mpoRs have been the Subpet of a mlew (Oddstc*l, 
1877). Most cases of mal~gnancy m wh~ch an sssoclaUOn bwth exposun, to bentssn, was 
n p ~ t t a d  have been leukaemlas. particularly of the acute myslogenous type. lhma bw. 
howwar. been a nu- of &scrapant reports: h m e ,  all of the cam waa 
naMyBlOOenous leukaemia; in omers, cases of aWte and dronlc lymphak W m d a  
and of mowqw laukaemla wen, seen. There have been scattered repom of an exmsa 
of lymphomas both of the Hodgkm'S and mHodgkm's vanety. Aksoy (1980) sumrnaeizad 
63 - 42 leukaemia~. 9 malgnant lymphomas. 5 lung cancars. 2 myatad mataptasas. 
2 paroxysmal noaurnal hamoglobrnunas and 3 multipb myelomas - all of whtch invohfed 
chronrc axposum to benzene h Twkey. The a m  suggested mat '... tho hequant tinUing 
of thla auociatlm suggests mat tauem may not only cause leukaemla but al8o be 
hWwd in other types of malignancy. pt is nnposslbk to ascnte nsk estimates to nporls 
of tMs typo. aha, most do not describe appropriate control gmups, i.e.. they am Dawd 
m of case wnes. Most of the reports do not include tnformat~on on an- 
tnaawmmnts; i.0.. putatwe expoam to tenzana o mad on htioncal mfumalm.] 

(b) E p W m m l s -  

A caweatml audy of leukaamia waa faported fmm Japan (Ish~maru at J.. 1971). All 
caaaa dhgnoodd as definita w pmbaM kukaamia, mldent In Hiroshha or Nngwkl 
City at tho tlme of tho onsat of the d h a m  between 1945 and 1967 waa Mudad. Om 
antml per case war mown tmm tho Atwic Bomb Casualty Canmbslm Loukenwa 
hgiatfy aampling hem and matchad on fIw Characteristics: aty. wx, data of M h  * 30 
months, & t a m  from the a.tDrmC bOmO explosion. and alive end maleant h elUmr 
Hlroshinw w NGasakl at the U r n  of diaeasa onsat in tho pabent. Them warn 492 
Ioukawma c a w  &nllhed; intonnatlon On cwW obmnad for only 413 ma- cane. 
cmtml p h .  In analyring 303 adult paim wlth fwpact to oawpatma h which mare ms 
pomthl axpaun to bnnzm, the aumm arrived at a risk ratio of 2.5 (p < 0.01). on 
tha basla ol 42 e x p o r u ~ t  pain. 01 thaw. 41 pair could be uwd to hdgae 
Ute dOp0 to whtch the -atad relalive rlsk was m o d l l  by arcposur, to 
m r r t o m l c b a b n d i r t b n . m ~ ~ M k m u ~ l n ~ e x p o M d t o 1 9 9 n b s  
[o.ol-O.sQ ssy] (5 axmsmdlrmdun pails). Fs Wodmg Group now 8 cbmpanq 
~ t h o f i g u r s s f n ~ 2 a n d ~ ~ t r b M 4 o l m a t p r p e r : ~ . 1 3 o n o W ~  
urull numbma Involved .and the mrmid.RW, ufmWnty  invdwd in using -tion 
o m b i d a X o f . x ~ t o b n n z c r c n . ~ ~ ~ m s y . I s o h a w ~ ~  
b~upaunrto~&StMwSOlhWth.nbmzafm.ainmhwnaofUte- 
~ w ~ l d ~ ~ w ~ w n t h e o n l y d e r m a r ~ m n d . ~  

Akmy at J. (1974; Aksoy, 1977) eatlmrted the imdenm of acute a 
'm among 28 500 Shobwak- in Turkey on the M s  of cam asmammm 
by On- with n W d  ton. W - t O u r  w ~ m ,  -. They mt Ula 
lnddanm of scuio iwkumi. W M  OIgnlRclntly greatof Mloyl elnnwdy 
WOWd to bwelW, wMch WaS M 8 sdvMt by th6SO worker. h the ganad 
popuktion. O c C u p a ~  exposums wara d a a l n o d  by work hlstonn, and by 
m r n W c r u a ~ o . T h w m r U i d l o b w ~ ~ t o b e m h ~ , p o # l y  
nmY.tod work areu; #ak axpWunr to baum wefa repmad to be 210-650 ppm 
2415 Wlfn']. Ourrtlon of axpaun mr UUmatad to haw bean 1-15 year (maan. 0.7 
ylur). Thr anma! lnddanm w u  mtbnated to & 131100 000, gvlng an appmdmm 
~ ~ o f 2 w h c m c o m p v r d w i t h ~ u v u l m w l a t a f o r t h e ~ ~ .  
s/lWOoo. pllaaa Qsthtea am Mtrd by ItIe rtudy desbgll c h a r a ~  ad by 
~ . b o u t t h e W f n w N c h E I M ~ ~ ~ a n d h o w m u y o f m a m u d y  
p o p r l r a ~ n w a a ~ a ~ ~ m u y u m x ~ m e a . ~  
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Th. astributlon of all typss among tha bukaemia uwr with a history of exposun, 
to benzene was canpared wth that of PatlentS with no such history (Tablo 12) (Aksoy. 
1977). 

Tabla 12. Comparison of types of lwkaemia fwnd In 40 Individuals with chmnk h z m ~  
pDisoning and in 50 nonexpwdd patients 

Type of leukaemia Expos& Nonoxpored 
Numb % Number % 

Acute Wyihroleukaemia 7 17.5 2 4.0 
Acute nnmocyt~c or myelonmnocytic 3 7.5 3 6.0 
bukaemia 

Acute midenmad ieukamia 1 2.5 0 0.0 
Acute promyelocytic leukaemla 1 2.5 0 0.0 
Chmniffi myaloid kukamia 2 5.0 10 20.0 
Chrmlc lymphoid leukaemia 0 0.0 13 25.0 

Ihr n(lo a( afMe ~ p h o c y t k  h k m l a  0 chmnlc bukaemia w u  n.2 h ma 
ncpoud g m p  and 1323 h the nonexposnd, ruggeting a mlatiw, risk of about 24 for 
acute nonlymphocytic *ukaemLc! - an orda ol magnltuee hQbr Man the value of 2. 
whlch wrt b a s d  on the hhypothetlwl inddenco m m .  lndlmct suppat for the highar 
fiOun can be &rived frcfn a ffllowup of p t i i t s  MII ankyloslng rpondylltis (Court 
Brown and Doll. 1957, 1965). h whom the di~tt!button ot Waemla dl tvoes k similar 
to th.1 repotted by Akaoy, which gaw, a nlaUw risk ot about 12 of w i n d 3  0 - 9  yean 
a n r  tint m l n g  under obauvrtlon. 

[Ucaoy (19781 elso ldlowad 44 bsnzmsamaad panents w)m pancytopda. Six caws 
of leukamia dm dopad within 6 years ot IOIbw-up, glvlng a pmporth of 14K.I 

Vlgl i i i  (1976) summaflzad the exparknor at the inrtituto of Ocwpauona~ HMlM of 
MY.n horn 1942 to 1975 with 86 uMls ot b*ucHw, hamopathy. 11 of which were 
bukwmia. and tha axperknm at the inrtltuta ol OcupaUcnrl Health ot Pavla horn 1959 
0 1974. In which 13 maoa of leukaemia m m  8at~1tain~d among 135 Instances of 
bnnze~ haampathy. (The atmulative hcidance of lwkaemia among individuals w m  
cHnically aaartainad b e n z m  haamopathy waa about 17% h Milan md about 10% in 
Pavh.] Occupational exposum were ldentifisd in rotograwm plants and shoe factories. 
Banzme 'concentrations near mtqmvum machinaa wem ,200400 ppm [5401280 mglm), 
with paaka up 0 1500 ppm 14800 mglmJj: benzene concentrations in alr mar workers 
handling g lw in rhos factorka were 25-600 ppfn 180-1820 mglm), but wcm, 'moatiy 
M u n d  200-500 pprn' [W1600 mg/nP]. EsUmated latency (years from start of exporum 
to dinkat dagnosis ul hkaemla) mnged hum 324 yean (median, 9 yean). Vlpliani 
mtimatad that tho relative risk of acute bukaamlr waa at leaat 20:i (or m e r a  heavily 
exposed to Eantene in the rotogravure 8nd shoe induswa in me provlncsr s t u d i ,  whm 
ompaiad with tha general pOpulptbn. F h e  dative riak Lp baaad on a mvalidatad 
mtimate.] 
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Fishbeck et 81. (1978) reported on a small series of 10 chemical worken exposad to 
- 

' ... 
benzene (at tho same company repmed on by Ott et a/.. see below). Data on exposue 
to bemen, and on penodic health surveillana, were available for lha p e w  1953-1963. 
Benzene levels exceeded a time-weighted average of 25 ppm [80 mgm"; in the job wlth 
the highest exposure ('operatw. the eight-hour time-weighted average exposure waa 30. 
35 ppm [&I12 mg/m? with peaks of 937 ppm (2994 mgld]. The total period of 
exposure ranged from 3 years 7 months to 29 years 9 months. and avoragad 14 years 6 
.months. All 10 wwkm had first becn exposed more than 16 years before the study. In 
1963, all of those worka  showed labontory widena, of danges in peripheral blood. 
with s l i t  reduction In haemglobin and increased mean corpuuxllar vdumc~. The 
hvostlgatom reported that '... monitoring of their health status has shown no pasisttng. 
JOnlRcant adveoo health effecW. mso data providt, limited information. Qivan the 
7 of bemane-induced pamytownla, the subeqmt risk of bkaetnia may be in 

. the mnga of 10-15% in 10 yean. The limited p m  of this study is such that s u w q i m t  
anndatlvi risks of up to 25% could not be excluded.] 

Thorp0 (1974) npMted on mcftrflly tmm bukamia among worltcrm in dght Ewopepn 
afihtes of a lags US dl cmpeny. Eightem caw (14 cbaths and 4 incident caaaa 
Wunrd to be dead) wWE fw the pU&d 1962 to 1971. Ertimate~ of the 
of deaths exprcted in a COmWMd population of 38 000 work= w m  basad on atm for 
th# gmerd populations In tha countfiea mpnmmt.d by the affiliates. The oMnY SMR 
(Om of 77 was calculated on the basis of a total of 383 276 mraon-wm. No assaclatlon 
waa round be- m W x  of petantla1 exposum to bwana ( b a d  on estknalw by 
th# hr) and kkamda matslity ram. Althougk no am~ticaRy s g W m  exma 
was obwmd within any OeognpMc affiliate (lha highest SMR was 108 in one Mllata), 
SMRs of 121 and 60 wefa obwwd h all agesad and h all nonsxpored wukm. -. The 95% confidanm htmw was 37205 for the axposed. p e  study wffm 
tmn prcLhn8 of aacmainmt, qmdtwly and vaUdity of diag- and the lmlthy 
wwkef offa13 in the dculation of SMRs. Fummr. It was lmpolsiblo to hnt i fy the 
Wurmis type In tho mejalty of instances (12 of the 18 cam). The pcpulatbn at rlak 
wu onsbuctd from pmmd Ilbs, the mmpMemss of which. -arty fa work 
pmaws and their potential bnzem axposun, waa not validated. Cases wcwb ascM& 
nd tmn periodlo l w t h  6mMatioM. absente(uM records and nsu- durn by 
method~ ldioaynark to oath aMllate, not dmgmd for research purposes, and of I 

hdaWmhali, winplatewaa and rcarnoy. United data were reported on potmtW i 
expoam to bwam.  and no infamatlon was given cn the indmon-latent ptmd. The 
p o w a o f ~ ~ t u d y * U m i W . ~ O n i y d g M o f t h # a t e s r m n o b r s m K l ~ ~  
-.I 

A n m b r o f ~ s ~ o f w a n a ~ M W l y a r p o r r d t o ~ u n o n p  
0 t h ~  want8 ham aUllrWly slgn(lcmt excarsea of kkamla.  As actual 
expoam m benzarw, h Umau rtuc(lcnr io oftan not documented. the mlavMc4 of the 
8Odks Q me rsaw of bennw PvdnoOsnreihl renUm undmded. The Working Cirarp 
Ul080 0 Mude M not Only of p0SsiWI ~ ~ w M C B  h MS~~CI Q ~OIKUIE 
M h b u r e m e y d r a w ~ Q m e m o n ~ p o W m o f m e ~ ~  
bawcm upaun to 'rolvmta' and calcm. 

McMiid at d. (1975). Monacn and Nakm.(l976) and T y W  et a/. (1976) haw 
u m m v b ~ s ~ o n l h a U S ~ ~ t r y w h l c h ~ ~ e x ~ o t m a t . L y t m m  
ckronic lymphrk Ieuklemio. myebgmws bukPerms and W [use MRC, 
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1882bI. was histoWI evkhrse that expoam wu to a mixture of agents. bcbdhg 
~ n c . ]  

Brmdt et el. (1978) 'perforfwd a caseccntmi study of 50 male Swedbh pathate aged 
20-85 s m  at the University Hospital, Lund, In lB891S7? with acute nonlymphocytic 
Mtaemia and reported an excess history of expowre to petroleum prod- among 
QMI. [NO further details ware prOvided regardii potential exposure to bmzsn, or other 
anvlronmantal factom.] 

h t h e r  Swedish catw.ox~nOr study ( M n  et .1.. 11981), 3ased on 42 42 of acute 
myrlo(d hkaemia from the University Hospital of Unkoping and 244 other deaths (ran 
ttm rw area as wntmlcl, indlcrted m eppro%lmatdy six-fold, atatlstlcally significantly 
hcnaaad risk from exposure to solvents of vuious types, including petmlwm products. 
m s  study swms to wnflrm the results obtained in the study by Brandt at (I1.1 Estivted 
background radiation from Wilding matefiats (atone, concrete. %Wd. ete) In hornas 8nd 
wwkplam bulldings significantly inaeosed the rirk of acute mydoid kukaemia; in 
pullcufu, there wemd to be a strong effect of the combination of solvent expown and 
Mgh badground radiation. 

In a ~ ~ b ~ ~ l t l d  study et the Univmlty HoapiW of U r n  compriahrg 189 cams of 
mUgnrnt lymphmu (60 of which w m  of ttm Hodgkin's type) a d  338 contrds. 
hqundra  of experurn to s number of @gents wen investigated, lndudiw phenoxy 
adds and organic solvents (Hadoll el a/., 1981). A h k  mtio of 4.6 (95% wfidmm limb. 
1C11.4) was reported with mud to ombinad 'highgrade' axpoaure .to a t y ~ m .  
blchkrorthvfm, prchlonthylene and benzene: only on of ttm cam war explidtly 
npwUd to have been exposed to benzene. Highgrade v m  to urn- solvents 
nruM In a rWc ratio of 2.8 (95% m f i d e w  Hmlts. 1.6.4.8). pl-19 Working (irwp noted 
Uut tho latter exposure might lhro have k v d v d  excaaure to benzene in mbination 
d m  other agents; and it k unclear whether uch exporun WM associated with 
dwdcmwnt of lymphoma.] 

Qm M a/. (1979) npoRed that e pmportlwta csncsr mortamy study among 
mpbywa of the US Government Printing Olliw Umwd a 'signfflcantly h@w propa- 
tiQn of deaths (rom mullpie myeloma. leukemia. Hodgkin's dbaw.. ..' TM exmas deaths 
'Imm leukemia rxlmrd primarily h blndefy wakrn who may have W ex&tosdm to 
b*aem'. The authors noted the Umitatbns h the mahods mad, induding ma4 
numbers, use of the proportionate mortality ram technique and ilmitations of aswr- 
M m t  and dlagnoois, but indited the conrlstancy of W r  study wHh the findings of 
othua. 

Rwhtm and Aldarwn (1981) wmrted the nrub ol a cewamml stucti mated in a 
cohort study. All death wrtificotes with  ont ti on of kwkamk i n  men bmpbyd over a 
prlod of 25 y e m  at eight pstrobm mfimfka in the UK wem studled. Potenthi 
OCCUP(IU~~I exposure to benrm among these caws war contrasted wlth that of two 
B O ~  of cenaols wtected ha the total relinery populam - one contrd was marchad tor 
mlmry and w r  of bhlh, me o m r  for mtinery, yw of birth and lu@h of m k e .  Job 
hlstory was to daasiQ potential benzene axpowro into low, W u m  .nd high -. Although mere WEIS no overall exms of deaths fmm bukamia in tha refinery 
workera, compared w.m oxpectatlons baaed on MWMI ratan (sa, Rushton and Udmcm. 
1980). and there wan no exms of 'cytologlul typa of Waemla WNch haw b..n shmm 
to ba paMcuiarly assodated with benzene exporn', the risk for man wkh madim or 
hlgh exposure relative to the rlsk for thOSe wkh low benzene e x p u n  dld approach 
atltiatiui signifinw when iangth of service was taken into 0raxUnt. 
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i 'BENZENE . . i 
on st a/. (1978) reported ttw &lity experience of 594 individuals oc~lpaUonoRy 

, * 
& to benzene in chemicai manufacture, using a r e t t U S m  mhwt +s of . 
me period 1940.1973. Three beat t~ due to Waemia (one and awt 
my#eblastic) and one due to rplastic anasmia wefa noted: 0.8 death from larkWIIi8. 
ucludq lymphocytlc or monocytk Cell types, was expected on the basis of 
dau lrom the Third National Cancer Survey [SMR - 3751 (p < 0.05). Data dtnived hwn 

w t o h s  bxkisftiai hygierw, reads  were us86 to estimate cumufatiw .exposwr, 
-. p a  authors mW fvld no assodation between me cases anj work m a s  and ! 

rstimatad v u r e  levels; however, the number of workem in any particulsr work men I .  

was YmiW. and me puuer of lhe study to detect any assodatim between bxpoars . . hels 
and ensea was mrrewndiqly low.] . - . . .. . - . .  

. . - .  . . .  - - 
lntantb et a. (1977~) made a ntmsl#ctrvs m analysis of 748 wakm v- 

a y  oxposed to benzeno htweon 1940 and 1949 in two f- w Q ~ Q o ~  In the 
nunufacture of tubber hydrochloflde. They achlewd 75% vltal stahn a8cWWwnt of 
W cohorl up to 1975. Rinaky et a/. (1981) continued to follow up the earn OohOlt. abo 
to 1975, and MceMined vital a m  for 98%. w w i  aac@aid kan as 

on death wRKI~~~BI, coded according to me ICD In en& at me of &nth and 
m e d  tt those d the 7th rsvlaion. Penon-yean of observation and deaths from 1 
j~lluary ieJO to 30 ~um, 1975 wen wed. ExpecW rates were derlved from US.white 
IMIO mity stawkx. ~ h o  SMR for all c a m  ol death In lhe mom mcant uWaia 
(RLwky.rt d.. 1981) was 111 (180 ohe~ved; 161.3 expected). A statlatically 4kPIkmI 
amsa motraHty hom all Waamiar was aeon (OIE - 7.01125: SMR = SBO)..Al of the 
hkamhs WIKO myekge110~1 u mmcyUc, constituliq a 10-toldexans o w  a c p ~ t n d  - 
of -ma han m m  and momcytic lark.cvnirs cMMned (OIE - 710.7); (~~ 
of gb4ype dlatrlbutlon WON ~ v e d  from the C c m e d ~ ' T m  Regiaby.) (Infante ut . ..- 
a, 19nr). Fcur 8cWIkmi .$ma ot bukrank thm of Umm m-us, #annd In 
workers employed .A the two plants, but were not Induded in the staUstlul adyais . . 
b r c w w ~ a t h ~ a n w 1 ~ s . ~ u s e m e ~ w e n s a l ~  mimhurhouty 
and U w  bll dl lhe cohml COhatnlUm. or bcnuse of I n a ~ ~ ~ c i a r  in death adkato 
coQng..Tho madim duntlon ol ,-t for ms mire en in ttm two w u  .- 
we (??m or# par. . .  7 - - . . . . -  . - 2 - -  .-. ...- :., -- . . . - - .  

Expowma to a i m e  bemaim 'vopclr at (wo plan&. were evaluated 9; I&$O di ''- 
a. (Wna). They crmch&d on the bnab of fmnitoring data that worker upor~'rmn, 
ganefally. withln tho mmmm~ad  limb k &ct at the me of their mploymmt IT)le. : ' 

mmpQ employed b, tho 1940s fa.meclsumg .bcmrsro,-ntrationa in .#r, . 
nuvnably accurate. wao nlattvdy kaa wmitiva than Urns avnikbk today.] RuxmmcuF 
d e d * w l ? ~ * ~  . . .. --..- . . - -. . .  . . . - ..- - -  -.-- --:: -:' 
lsjl IM) ppn [ ~ Z O  +m)l ny~hnum a ~ l o w a ~  ooncmmcion.2 : - . ' - a-s.- . . . -..- . . t 
1947. U) ppm (160 mglm)l &han time-w?.@Med amage - - . -  - . . - . .  . 

. .. -:: . . 
1 8 4 g 3 5 ~ [ 7 1 2 ~ m ' ] & h o u r U m a w e i g h ~ ~ a ~ . , .  : : . . . .  . . . _ _  -. . .. . . - - --- : . z - . .  - ----- . . - .., '1-. i-' ;. . . -- .-. . , . . . ..?' ------- .. . . ,. 
~lbc*ahaw & urn ( l a m  ugwd mat uie axposuriis -&e.not as tow .s intmta et 
.I. m a )  had state8. At plant 6. workers manufactured tubber hydmhlcdde .only: at - - '  

plMC A.lhoy elso manufactured lyres, hose, foams, Nbber chcndcals mi mew products, . 
Tabmshaw.and bmm argued that environmental exposure was therefore pobPbly mix$- -. 
md'poh~tially higher at plant A.than at want B. . . .  . ._ ;;- _ - .  - 2  * .;.. - . 

, - . . . .. -- .  . .  
: ._.- . . . - 
et u. ( lo rn)  and &y .et;'ai. ii98f). .+.nphl ib. -w &:by T-;. : 

and Lunm, avaluaW past ln boW'planM h m a e t a i i .  and npc.M hi.'- 
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although other wlvents were used in various uees of both phts, m z m  was f a n d  
to be tho only solvent used m me manufacture of Nbber hydrochlaide, ex-t for 
Chbmfm. wh& was used between 1936 and 1949 In one plant. Rinsky e l  a/. a g r d  
with Tabemhaw and b m m  that occasional hgh excurscons occurred in akbome benzene 
bmia  (up to several hundred pprn). They found, however, that most such exwnlars 

I oaumd in areas entered only Infrequently by workers, and they %sthated mat workers' 
rchrcll etghthMIr ttmkwe~ghted average breathtng-rone exposure fell generally wltMn 
acceptad ilmlts. To evaluate posslbta diffennws between the two plants. Rinsky et a/. 

1 8podRcally analysed bukaemla mortaltty in each. They found excess morUlHty In both 
I plants: m one, 2 cases were observed venvs 0.56 expected (SMR - 345); and in the 

I other. 5 cases were observed versus 0.67 expected (SMR - 746). Workltlg Group 
rcgpted Me central w n c l u m  of Infante et 81. and of Rinaky at a/. that excessive 

! mal r~ i ty  from myelogenous and monocytic leukaemlr had omnred amfg workers with 
o a u p a t t o ~ l  exposure to benzens that was gmPUy wimln acesptcrd limb. Hewaver, me 
Wlolble wntnbutton of the occasional excurslm in e x p u r e  and of the nnployment of 
romo worken m other areas of the plant must be note& a d  in tha oplnion of the Working 

I Qmup more facton may have made rn conflbution to the obclcmnd axmas in 
i mortality from leukaem~a.] 

f 
4. Summary of Data Reported and Evaluation 

4.1 Eapbrlmrnntal data 

hum has bwn tosted In n ta  by htmgmtrlc rdmlnistration md inhalatkn axpesure. 
M U  in mke by skin appkation, inhalation expoam and aubwtamcus injection. Oral 
8dfniniaIrsUcf1 to rats m u l M  in an incnaw in th8 h o e m  of ZymbaCgland card- 
nunan. Anasma. lymphocytopenla and b o r w ~ l s m ~  hyperpleala and an increased 
Inddenm of lymphoid Nmoun occurred in male mlm exposed by InhrlaUon to lmzene: 
h smilar inhalation atudms with another amln Of mlfx and with rata than was no 
.vkknca of a W a m k  response. Expetimenta involving skin appl(crtlon or subcutr- 
m s  injection of bsnrm d d  rot produce e&+nm Qf ardnog.nkiy, but most of 
U w a  exparimants w m  inadequate. 

h z m n  c ~ s  not induce apodk g m  mutatbm In bacterial system a In DmaqMa 
nWmcga8ter. A single r e m  showed no widrcrs (or the inductbn of polnt mutation in 
mammalian cells: howver, benzene induced cytcgelwtk abnml i t ies  (rdWwwml 
abwauons and wter ~hmmatld rnxchangm) in mrmmdian cob /n vtm. 

The mwonudeus test In mm 8nd rats has beem mnstatmtly porntvs. Numrous 
.h~*r  have shown mat bmam expowre of expenmental a n i d s  h nw bsdo to 
k-kiwth of chromosomal ~ t b n s  m the banwnamw Calls. 

Exposure to benzene may damage me testis. Evidence from m t  studies In mica, rats, 
guw-pigs and rabblte s w a t s  mat benzene b not terat- at doaea mat are 
ktotoxic a d  embryolethal. . 

4 2  Human data 

Workers and the g e m 1  public are exposed to benzene as r m u l l  of a variety of 
activities In which it b p r a x s w ,  wnerated or W. Mqor mnttibuton to berum 
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j ,  emissions into air induda: (1) gas&ine produch, storage. transport, vending and 
r combustion; (2) productmn of other chemhls f rm lmnzane; and (3) indirect pmduction 
i of benzene (e.0.. in coke ovens). The last is me mpjor source of beruene missiom into 
I '  

I 
watar. ' 

' 

I 

Chronic human exposure to bentene results In leummia. thrombocytopmia, 
anaemia or cabinations of these. At earty stag- of such blood dy-ias. these effects 

i appear to be ravenlble. Exposure to high dons for longer penods of time may lead to 
pancytopenia, whid results from aplasie of the bone m- and is considered to be an 

j &eversib& stap of the disease. 

Benzene crosses the human pkma. There is a dear cumatia, bawscm ~tposur, 

# 

' 
to L)MUene and me appearona, of chmwwnd abmatiMs in the ecim mrvrrmr and 
periphenl lymphocytes of individuals exposed to high levels of benzene (2100 ppm). 
Such bvels of exposure usually bad to clinical symptoms of banzaneinducad Mood 

I m i a s .  Thme aterrations may psrsitt for many yeam 8Itsr exposure and after 
1 
! 

nwnlfaatrtions of haematotoxidty. me results am not so clear with lower W s  ( t i00 

i ppm). Annough abanatlonr haw bean reported Mowing drWlii exposures to u rme 
u 10 ppm, this has not been r ccmiatmt Wing. EnvimnmW hctors and exposure. 
to ofher agents may have interacted with benzene in meae studies of low exposure. 

. M w  rsp~tr,  OM case haw. the &sociation of leukaamia with 
exposum to b a r n ,  either a!ma a In combination with other dwnids. Most aog 

i wwo .arte myelogenous kukaernia. amcugh umr, mre monocytic. etymm#.s(ic or 
! lymphocytic; md lymphoma have bean mud. 

L j two Wowup studies a b w d  htgh ~WUIWS ot kuknmia unong i n d ~ ~ &  
~ r s c a m 0 1 ~ a r m ~ .  

It IS as- that human expoam to cornmerrW m e n e  a be 
M -US0 d s w  to UW hMlllatOpoiaic 8ptOin, lndudi i  my 

MlrtloMhlp batween kmz~m,  cnrpown th8 ol raM rn- 
bukamia has b w ~  e s t a b l i ~  h a p m m b g a ~  stud-. 
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CARCINOGEN ASSESSMENT GROUP'S FItIAL REPORT ON POPLJLATION RISK 

TO ArlOIENT BEIJZENE EXPOSURES 

1. Summary 

There i s  subs t an t i a l  epidemiological  ev'ldence t h a t  

benzene i s  a  human leukemogen. However, no va l ida ted  animal 

model has y e t  been developed f o r  benzene as  a  carcinogen. . 
There a r e  severa l  l a rge  s e r i e s  of case  r e p o r t s  i nd i ca t i ng  a 

h i g h  r i s k  of ieukemia i n  ind iv idua l s  who developed a p l a s t i c  

anemia consequent t o  benzene exposure. In addi t ion  ther 'e 

a r e  a  number o f  epidemiological s t u d i e s  i n  the  rubber, 

'chemical and shoe i n d u s t r i e s  t h a t  demonstrate an excess r isk 
. . o f  leukemia associa ted  w i t h  benzene exposure. 1 

I 

Three of these  epidemiologicai  s t u d i e s  provtde enough w ! 
' Informatfon about Q X P U S U ~ ~ '  t o  benzene and the  occurrence of I 

I 
leukernfa t o  allow u s  t o  make crude q u a a t i t a t i v e  k t i m c t o s  of  t 

t h e  leukemia ri;k a s soc ia ted  wl<h c u r r e n t  general populat ion I 
exposures t o  benzene i n  t h e  United S t a t e s .  These s t u d i e s  - I 

I 

were conducted by Infante  e t  a l ,  (19771, O t t ,  e t  a l . ,  (1977) 

an& Askoy e t  a l . ,  (1977, 1976, '1974). 

The In fan te  s tudy,  which showed an 'excess  incidence of 

leukemta,' I s  not  y e t  compf e t e l y  analyzed by t he  au.thors. 

Hence, some assumptions mpde about t h e  average dura t ion  ana 

magnitude of  exposures a r e  necessary. The O t t  s tudy 

Indiearea  a  marginal excess  myelogenous le'ukemia risk with 



. 
r e l a t f  vely we1 1-documented exposuves. The Askoy s tudf  e s  

i n d i c a t e d  a  marked i n c r e a s e  i n  .non-lymphat f c  leukemia t o  

i n d i v i d u a l s  us ing  benzene based adhes ives  i n  small  shoe  
a 

making shops ,  however, t h e  exposure  d a t a  i n  t h i s  s i t u a t i o n  I 

was diffic!!lt t b  e v a l u a t e .  

A l i n e a r  non- threshold  model was used t o  e s t i m a t e  t h e  
- 

leukemia r i s k  t o  t h e  low ave rage  l e v e l s  of  about  one p a r t  

p e r  b i l l l o n  t o  w h i c h  t h e  gene ra l  popu la t i on  is  exposed. The 

s l o p e  parameter  of t h i s  model was t a k e n  a s  t h e  geomet r ic  

mean of t h e  s l o p e  parameter  e s t i m a t e s  ob t a ined  from the 

t h r e e  epidemiological  s t  ud les .  Using t h i s  e x t r a p o l a t f o n  

. - .  model, we es t imated .  t h a t  t h e  number of , c a s e s  of leukemia pe r  

y e a r  ' i n  t h e  genera l  popul.ation due t o  ambient a tmospher ic  

benzene is  about  90 w i t h  a 95% conf idence  i n t e r v a l  from 34 

t o  235 ass"ming a  p r e c f s i o n  of  w i th in  two f o l d  i n  t h e  

exppsure  e s t ima te .  This  i s  from .23% t o  1.62: o f  t h e  t o t a l  . . 
leukemia dea ths  i n  t h e  United S t a t e s  based u p o n  1973 v i t a l  

statistics. 

The purpose of t h i s  c a l c u l a t i o n  is t o  o b t a i n  a  rough 

e s t i m a t e  of t h e  c a r c i n o g e n i c  hazard  t o  benzene i n  t h e ' e n t l r e  

United S t a t e s  popula t ion.  To do t h i s  l i f e t i m e  averages  o f ,  

benzene exposure  were e s t i m a t e d  and t h e s e  were combinel' w i t h  

t h e  non-threshold l i n e a r  model of r i s k  a s  a  func t Jon  o f  

l i f e t i m e  average  exposure. I n  this r e p o r t  no a t t e m p t  has 

been made t o  e s t i m a t e  the '  rfsks t o  s e l e c t e d  sub-popula t ions  

who may have g r e a t e r  o r  l e s s  t han  average  exposure  o r  

s e n s i t i v i t y  t o -  benzene a l t hough  i t  i s  c e r t a i n  t h a t  such 

g'roups exf st .  



11. Introduct ion 

The Carcinogen Assessment Group ( C A G )  has been asked by 

t he  Office of A i  r qua1 i t y  Planning and' Standards (OAQPS) t o  

es t imate t he  carcinogenic .risk t o  t h e  United S t a t e s  

population of ambient benzene concent ra t ions .  T h i s  type of 

Informatlon i s  useful i n  judging t h e  overa l l  con t r ibu t ion  o f  

benzene emissions t o  t h e  n a t i  onal r a t e s  of cancer mor t a l i t y ,  

and will be used by OAQPS i n  t h e  dec l s ion  whether t o  

regul a t e  benzene. 

A s  the  ba s i s  f o r  t h i s  e s t ima t iop ,  t h e  CAG I s  using t h r e e  

epidemiological s t u a i e s  t h a t  show a  r e l a t i onsh ip  between 

excess mor ta l i ty  due t o  leukemia and benzene:exposure. Each 

ii 
' o f  these s t u d i e s  have s t r e n g t h s  and weaknesses . t h a t  w i l l  be 

dlscussed, b u t  taken toge the r  they  r ep re sen t  convincing 

evidence t h a t  benzene I s  a human carcinogen. 

To aa t e ,  no c l e a r  evidence e x l s t s  Implicat ing benzene as 

a  carcinogen from animal experiments. A study i s  i n  - 
progress a t  New York Univers i ty  t h a t  rppears  t o  sug9es.t t h a t  

Inhaled benzene i s  causfng leukemia i n  r a t s .  A t  the  present  

tlme i t  i s  f e l t  t h a t  i t  would be premature t o  base a  risk 

ext rapola t ion  on t h i s  prel iminary data .  However, a t  t he  

completion of t h i s  s tudy t h e  CAG w i l l  update t he  p resen t  

risk ana lys i s  t o  take  account of t h i s  new information. 



111. General Approach t o  Util i r i n g  Epidemiologfcal Studies  - 
- 

t o  P red ic t  Lifetime P robab i l i t y ' o f  Cancer Deaths Due 

t o  Benzene 
- 

As was noted In the  benzene heal th  document (Galds tefn ,  

e t  a l . ,  19771, very l i t t l e  f nformatfan exf s ts  t h a t  can be 

u t i l i z e d  t o  obtain a dose response re la t fonsh ip  between 
! , . benzene and leukemia i n  humans or animals. 

However, I f  a number of s implifying assumptions a r e  

made, f t  fs possfble  t o  c o n s t r u c t  crude dose response models 
a 

whose parameters can be estfmatea usfng v f ta l  s t a t i s t f c s ,  

epidcmf 91 o?f c21 studies, hls tor fca l -workplack  benzene 

.. standards and-moni to r1  ng d a t a ,  ana a recent  environmental 

. . 
benzene expourre study (Mara and Lee, 1978.). 

A. Mathematf cal  Model E m ~ l  oyed 

- We assume t h a t  f o r  low exposures the l i f e t f m e  

probabil f t y  of death from leukemfa may be represented by t h e  

- 1 lnea r  eguatf on 

where A i s  t he  r a t e  f n  t he  absence of benzene.exposure and x 

i s  t h e  average l i f e t i m e  exposure t o  atmospheric benzene 

expressed i n  ppm. The term B I s  t he  change f n  the leukemia 

r a t e  f o r  each increase  of one ppm of benzene i n  the  a i r .  



I f  we make the assumpt4on t h a t ,  ' R " ,  t h e  r e l a t i v e  r i s k  

of  leukemla f o r  benzene exposed workers compared t o  t h e  

general population I s  independent of t h e  length  o r  age of 

exposure b u t  depends only u p o n  the  t o t a l  exposure, i t  

f o l l o w s  t h a t  

so, t h a t  6 = P 1 ( R - l ) / x 2  

where: x l  = ambient l eve l  exposure t o  benzene 

x2 = i ndus t t i a l  leve l  exposure t o  .benzene 

P i  = t h e  l i f e t i m e  of dying of 

leukemia w i t h  no o r  neg l i g ib l e  benzene 

exposure 

To use t h i s  model es t imates  of R and x2 m u s t  be obtained 

from the  epidemiol ogical s tudies .  The exposure values x l  
0 

a r e  derived I n  t he  exposure study conducted by SRI aated May 

1978 and wil l  be discussed where they a r e  util1,zed. 

The est imdte of t he  l i f e t ime  probabil  i t y  of death aue t o  

d i f f e r e n t  types of leukemla, P i ,  i s  discussed i n  ' de ta i l  i n  

t h e  next sec t ion .  



B.  Estimation of Lifet ime P r o b a b i l f t y  of Death Due t o  

Various Forms of Leukemia f o r  a Member of the  U.S. 

P o p u l  a t f o n  

The data  u t f  1  f zed t o  est imate the 1  f fetime probabll f t y  

of death due t o  varlous forms of leukemia Is shown in  Table 

1 ,  which was taken from 'Vital S t a t i s t f  cs of the  Uni tea 

S t a t e s  1973 Volume I 1  - Mortalfty P a r t  A.' The second and 

t h i r d  columns ( t o t a l  dea ths  a n d  t o t a l  death r a t e  I n  1973) . . 
were taken from page 1-784 and 1-8, respect ive ly  and 

urS.lfzed r o  der ive  column four ,  t o t a l  U.S. population i n  
' each o f  t h e  'age c lasses .  

The t o t a l  number of deaths  f n  1973 due t o  .each of the  

types of leukernfa I f  s t ed  by the  8 th  ICD code 

204 - lymphatic 

205 - myelold 

206 - rnonocytfc 
.- -- - - - - 

207 - other  and unspecffled 

a r e  shown In columns f i v e  through e i g h t .  

The age s p e c l f i c  a e s th  r a t e s  f o r  each type of leukemia 

a r e  est imated by d l v l d i n g  the t o t a l  number of dea'ths due,  t o  

t h a t  type by the  t o t a l  number of people in t h a t  age c l a s s .  

, 



In the ippendix  of a  1978 C A G  document on population ' 

risk due t o  coke ovens a  method re fe r red  t o  a s  t h e  *cons tant  

. segmented modelm I s  derived t h a t  allows one t o  es t imate  the  

l i f e t ime  p robab i l i ty  of death due t o  a  d i sease  given t h e  

age-specif ic  fncfdence r a t e s  f o r  the  dfsease  and a l l  sources  

-.of death. This.mobe1 was employed u s i n g  t h e  da ta  i n  Table 1 

t o  obtain t h e  '1 i fe t ime probabil i t i e s  of 1  eukemia t h a t  

approxlmate as  c lose ly  as  possible  t he  type of leukemia t h a t  

t he  r e l a t i v e  r isk es t imates  were based upon i n  each 

epidemfo1ogical study. These 1 l fe tfme probabil i t i e s  a r e  
.---.-- . 

shown i n  Table 2, and w i l l  be used subsequently t o  es t ima te  

l i f e t ime  p r o b a b i l i t i e s  of leukemia death f o r  each u n i t  o f .  

exposure t o  file genera; population for- each of rbe 

L epidemiological s tudies .  

IY. Epidemiological Studies  Util i r e d  

Each of t he  epidemiological s t u d i e s  i s  discussed i n  

general.  The r e l a t i v e  risks a r e  modified i n  each of t h e  

s t ud i e s  t o  represent  a  most l i k e l y  r a t h e r  than a  

conservat ive lower 1 f n i t  a s  usual ly  i s  t h e  case  where t h e  

primary aim of epidemiological workers i s  t o  e s t a b l i s h  w i t h  

l i t t l e  doubt a  m S t a t i S t i ~ a l l y  s i g n i f i c a n t m  e levated  r e l a t l v e  

risk. Estimates o f  the  average l i f e t i m e  exposure a r e  a l s o  

made u s i n g  a s  much data  a s  i s  avai lable .  T h i s  information 

i s  then u t f  1 I red  employing the prevfousl y df scussed 

L mathematical model to  est imate the 1 i fetime p robab i l i t y  of 

leukemia f o r  each u n i t  of exposure. 

-7- 



A. I n f a n t e  (1977)  

1. Desc r ip t i on  of I n f a n t e  S t u d y  (1977)  

In a  r e t r o s p e c t i v e  s tudy  of mor. tal i ty i n  a  c o h o r t  o f  748 - 

white  male workers i n  two Ohio p l a n t s  manufacturing a  

n a t u r a l  r u b b e r  c a s t  f l l m  produc t ,  I n f a n t e  e t  a l . ,  (1977) 

observed a  s t a t l s t i c a l l y  s i g n i f i c a n t  h lgher  r a t e  04 leukemia 

than  In e i t h e r  of two c o n t r o l  groups. The leukemla 

m o r t a l i t y  r a t e  was 5.06 t lmes  h lgher  than t h e  genera l  U.S. 

whlte  male .populat ion s t a n d a r d i z e d  f o r  age and t ime per iod  

of  t h e  cohor t ' exposu re ,  and 4.74 t imes  hfgher  than a  c o h o r t  

of  1447 w h l t e  males employed a t  an  Ohio f l b r o u s - g l a s s  

' cons t ruc t l on  products  f a c t o r y .  These r e s u l t s  were based on 

a 75% follow-up of  t h e  v i t a l  s t+tus  of t h e  workers. A t o t a l  

o f  160 d e a t h s  were observed and of  these t h e r e  were 7  

leukemla d e a t h s ,  f o u r . o f  w h l c h  were a c u t e  myelogenous, one 

. c h r o n t c  mye'ogenous, and 'rr monocytlc leukemia. 

A s  w l  t h  v l r t u a l l y  a1 1  epidemlol og lca l  s t u d i e s ,  t h e  

I n f a n t e  s t udy  has va r lous  s t r e n g t h s  and shor'tcomings. Among - - - - - -  - - - 
I t s  s 3 r e n g t h s  a r e ;  (1)  t h e  worker exposures  a r e  s a i d  t o  have 

been a lmost  exclusively restricted t o  benzene, s i n c e  I t  I s  

used th roughout  t h e  p l a n t  a s  t h e  principal s o l v e n t '  I n  a l l  

major p roces se s ;  ( 2 )  t h e  i n a i v i d u a l s  i n  t h e  c o h o r t  a l l  

worked b e f o r e  1950 and were fol lowed u n t i l  1975, t h u s  

all-owing long l a t e n c y  d i s e a s e s  t o  be observed,\ and ( 3 )  acu te  



~k.4 
ayelogenous leukemia was observed,  which i s  t h e  same c e l l  

type  of  leukemia observed i n  o t h e r  s t u d i e s  where workers  

have had known benzene exposures.  The d i s advan tages  of  

r e l y i n g  on t h i s  s t u d y  f o r  de te rmin ing  gene ra l  popu la t i on  

risks a re :  (11 t h e  a u t h o r s  e s s e n t i a l l y  g i v e .  no e s t i m a t e  of  

worker exposures  excep t  t o  say t h a t  t h e  l e v e l s  were - l e s s  

t han  t h e  p r e v a i l i n g  recommended occupa t iona l  limits a t  t h e  

t ime v a r f o u i  monf tor ing surveys  were made; ( 2 )  t h e  members 

o f  t h e  c o h o r t  s tudy a c t u a l l y  worked a t  two s e p a r a t e  p l a n t s  

(Akron and St .  Mary's. Ohiol. Air moni to r ing  i n fo rma t ion  i n  

t h e  .fcrmer p l a n t  f s  a lmost  non -ex i s t en t  ( B a i e r ,  1977)~ ,  and 

t h e r e f o r e  t h e  exposure t o  h a l f  of  t h e  members of  t h e  c o h o r t  

L 
f s  a lmos t  comple te ly  unknown. However, i t  i s  known (Young 

1977) t h a t  t h e  c r u a e  r a t e s  (leukemf a  c a s e s / t o t a l  peop le  i n  

the  c o h o r t )  a r e  s i m i l a r  f n  t h e  two l o c a t i o n s ;  ( 2 )  Warren e t  

a l . ,  (1977) clafmed t h a t  o v e r  400 workers known t o  b e  

exposed t o  l ow benzene 1  eve1 s were de l  i b e r a t e l y  excluded 

from t h e  coho r t .  In s p i t e  of t h e s e  problems, f t  f s  f e l t  

t h a t  t h i s  s t u d y  i s  the l e a s t  flawed of t h e  t h r e e  u t i l i z e d .  

2. Es t ima t ion  of  t h e  R e l a t f v e  R i s k  

1.n an upda te ,  pub l i shed  a s  a  l e t t e r  t o  t h e  e d i t o r  In  

Lancet  (Benzene and Leukemia, October 1 4 ,  1977) I n f a n t e  e t  

a l . ,  no t e  t h a t :  



( 1 )  Sakol (1977)  has s u p p l i e d  add f t i ona l  

informat ion t h a t  a t  l e a s t  two more c a s e s  of  leukemi'a .. 

known t o  e x f s t ,  b u t  n o t  r epo r t ed  on death  

c e r t f  f  i c a t e s .  were probably  i n  I n f a n t e ' s  coho r t ;  

( 2 )  Due t o  a  more complete  follow-up, t h e  expected 

number of  dea th s  due t o  leukemta f n  t h e i r  coho r t  was 

reduced from 1.38 t o  1.25. 

Using t h i s  supplemental f n fo rma t ion ,  t h e  new r e l a t i v e  r i s k  

due t o  t o t a l  leukemia i s  e s t l m a t e d  t o  be 

. 3. Estimatf on o f  Average Occuuatf onal Exposure 

Informat ton '  about  the  p1 a n t  benzene 1 e v e l s  f s con ta ined  

I n  t h e  Appendtx t o  t h e  t es t imony  of  Ba l e r  a t  t h e  OSHA . 

benzene hea r ings  (Baler, 19771. From t h e  opening of t h e .  - 
f a c t o r y  i n  1940 u n t i l  1946, no, moni tor ing records  were 

- 
a v a t l a b l  a. Following the ins ta l  l a t l o n  of  new v e n t f l  s t i n n  

equtpment I n  1946, a survey showed t h a t  levels i n  "most 

a r e a s w  In t h e  p l a n t  ranged from 0 t o  15  ppm and t h a t  a l l  

a r e a s  had less  than t h e  maximum s a f e  l imi t  of  100 ppm which 

p reva i l ed  a t  t h a t  time. From t h i s  i n fo rma t ion ,  OR+ can 

guess  t h a t  t h e  average  exposure  t o  a l l  people i n  t h e  p l a n t  

be fore  1946 I s  probably  nor much more than  100 p p m ,  and n o t  

l e s s  than 15 ppm. 



Benzene l e v e l s  were monitored a f t e r  1946 a t  v a r i o u s  
".", 

p l a n t  l o c a t i o n s  b u t  they were a l l  i n s t a n t a n e o u s  samples and 

no r e l i a b l e  i n fo rma t ion  fs  aval lab1.e a b o u t  how many 

man-hours were spent a t  t h o s e  l o c a t i o n s  o r  whether  . . 
protective masks were worn. These a r e  c a s e  r e p o r t s  of  

exposures  t o  1000 ppm f o r  s h o r t  t ime  i n t e r v a l s ,  S ince  t h e  

average  1 eve1 s were genera l  l y  c l  o s e  t o  t h e  occupa t iona l  

s t a n d a r d ,  we will make t h e  assumption t h a t  t h e  average  

worker exposure  was t h e  same a s  t h e  p r e v a i l i n g  recommended 

occupa t iona l  limlts. These a r e  t a b u l a t e d  below a long  w i t h  

t h e  t ime weighted average  f o r  t h e  36 y e a r s  o f  t he  t o t a l  

exposure  per iod .  

TI  me KO. o f  ~ v e r a g e  Time-Weighted 
L I n t e r v a l  Cases Exuosure (ouml Average (porn) 



The ac tua l  l e v e l s  t o  which t h e  workers were exposed was 

a  s u b j e c t  of heated deba t e  a t  t h e  OSHA benzene hear ings .  

T h e  CAG would l i k e  t o  s e e  a  r e a l i s t i c  e s t l m a t e  of %he 

popula t ion  weightea average  exposure and i t s  u n c e r t a i n t y  

1  i m i  ts. The time-weighted averages  f o r  occupatf  onal 

exposure m u s t  be conver ted  t o  a  cont inuous  exposure l i f e t i m e  

b a s i s .  I t  wf l l  be assumed t h a t  t h e  maximum l i k e l y  1  i f e t i m e  

exposure would r e s u l t . i f  a  worker e n t e r e d  t h e  f a c t o r y  i n  

1940 and was exposed f o r  35  y e a r s  t o  t h e  occupat ional  l i m i t  -. . 
of benzene. T h i s  exposure would r e s u l t  i n  a  time-weighted 

average  of  40.36 ppm f o r  35 y e a r s .  The l e d s t  l i k e l y  

exposure i s  assumed t o  occu r  i f  a  worker s t a r t e d  i n  7950 

and was exposed t o  the occupa t iona l  l imi t ,  which r e s u l t s .  i n '  

a time-weighted average  o f  23.7 ppm f o r  25 yea r s .  The 

e q u i v a l e n t  cont inuous  l t f e t i m e  exposures  corresponding t o  

t h e s e  w0i.k p l ace  exposure e s t i m a t e s .  a r e :  

High e s t lma te :  40.36 x 240 x 1 x 35 = 4.4pps 
565 3 73 

Low es t ima te :  23.7 x - 240 x 1 x - 25 = 1.8ppm 

The geometric  mean of t h e  high-low exposures ,  

4-= 2.81, I s  taken t o  be t h e  b e s t  e s t i m a t e  of t h e  . 

l i f e t i m e  average  f o r  workers  In t h e  cohor t .  



4. Es r lmat lon  of Lffe t fme P r o b a b i l i t y  of Leukemia 
w P e r  U n i t  of E x ~ o s u r e  

The  change i n  t h e  leukemia r a t e  pe r  l i f e t i m e  average  ppm 

In  t h e  atmosphere i s  d e r i v e d  from t h e  p r e v i o u s l y  d i s c u s s e d  

equa t ion :  

B = P i  (R- l ) /x2  

. whlch g i v e s  u s  an e s t i m a t e  

8 = ,006732 x (7.20-1)/2.81 = a014854 

8. Askoy (1974,  1976, 19771 

1. D e s c r i p t i o n  of  Askov S t u d i e s  . 

Askoy ( 1  977. 1976, 19741 has  r e p o r t e d  h i s .  o b s e r v a t i o n s  

o f  the occu r r ence  o f  ieukemia and a p l a s t i c  anemia c a s e s  a t  

two medical f n s t i t u t i c n s  i n  I s t a n b u l  over  a per iod  from 1967 
L t o  1975. He has  compared t h e  t y p e s  of  leukemia seen i n  shoe  

workers ,  who work wi th  benzene s o l v e n t s  i n  small  

u n v e n t i l a t e d  shops ,  wi th  t h e  t y p e s  of  leukemia observed i n  

people  wi th  no known e r p o s u r e  t o  benzene. He has  a l s o  

t a b u l a t e d  t h e  %xposure d u r a t i o n  of p a t i e n t s  w i t h  d i f f e r e n t  

t ypes  of  leukemia. He found t h a t  i n  snoe workers  t h e r e  were 

34 c a s e s  o f  leukemia observed i n  t h e  n ine  y e a r s  from 1967 t o  

1975. Based on m o f f i c i a l  records '  w h i c h  show t h a t  i n  

I s t anbu l  . t h e r e  a r e  28.500 workers  In +he shoe,  s l i p p e r  and 

handbag i n d u s t r y ,  he c a l c u l a t e s  t h a t  t h e  annual i n c i d e n c e  



r a t e  of  leukemla I s  13 p e r  100,000, whlch i s  s f g n l f i c a n t l y  , 

hfgher  than 6 pe r  100,000.  t h e  r a t e  I n  t h e  genera l  . 

popula t ion.  The ca l ' cu l a t l on  i s  based on c rude  r a t e s  w i t h  no - 

age adjus tment .  

He a l s o  found t h a t  t h e  t ypes  of leukemias o c c u r r i n g  i n  . 

people exposed t o  benzene a r e  a f f f e r e n t  than f o r  t h o s e  w i t h  

no known exposure. In a sample of 50 non-exposed leukemla 

p a t i e n t s ,  approximate ly  50  pe rcen t  had ch ron lc  1 eukemf a ,  b u t  

1 n 40 benzene-exposed g a t i e n t s  only 5 pe rcen t  had c h r o n i c '  

leukemia. A1 so ,  f n  t h e  exposed group preleukemia and a c u t e  

e r y t h r o l  eukemi a accounted f o r  34 pe rcen t  of t h e  c a s e s ,  

whereas i n  t h e  non-exposed group only  6: of  t h e  c a s e s  were . 

of t hose  types.  

The c o n c e n t r a t i o n  o f  benzene t o  whic'h t h e  workers were 

exposed was e s t ima ted  on ly  i n  terms of t h e  maximum 

concentri . t ions e x i s t i n g  a t  t h e  t imes  when benzene was belng, - 
used f n  t h e  shops. A t  t h e  OSHA benzene hear ings  In  1977 

Dr. Askoy s t a t e d  t h a t  t h e  c o n c e n t r a t i o n s  o u t s i d e  working 
. 

hours ranged between 1 5  and 30 ppnl and reached a maxlmum o f  

between 150 and 210 ppm when adhes ives  c o n t a i n i n g  benzene 

were being used. 



2. Es t imat ion  of  R e l a t i v e  Rfsk. 

L A t o r a l  of  26  p a t i e n t s  w i t h  leukemia were observed i n  

t h e  6 2/3 y e a r  pe r iod  from 1966 t o  September 1973 i n  a group 

of  28,500 In s t anbu l  shoe workers exposed c h r o n i c a l l y  t o  
I 

benzene. Th i s  was f e l t  t o  be an unde re s t ima te  of t h e  t r u e  I 
! 

number o f  leukemia c a s e s  among t h e  shoe workers durfng t h e  

per iod w i t h  Askoy subsequen t ly  befng aware of two a d d i t i o n a l  I 
cases .  However, t h r e e  of  t h e  twen ty -e igh t  t o t a l  c a se s  were I 
lymphoblas t ic  o r  lymphoid leukemia,  n o t  tbought  t o  be as-  I 
s o c i t t e d  wf  t h  benzene exposure.  E l imina t ing  t h e s e  t h r e e  I 
c a s e s ,  an e s t i m a t e  o f  t h e  y e a r l y  i n c i d e n c e  r a t e  i s  I 

I (26+2-3.) x 105 = 1.3.15 per  100,000 pe r  y e a r  
28,500 x 6.67- 

L The t o t a l  i n c i d e n c e  r a t e  of  leukemia i n  Turkey f s 

thought  to .  be a b o u t  2.5 t o  3.0 p e r  100,000 Askoy ( J977) .  

However from Askoy's non-exposed p a t i e n t  group we e s t i m a t e  1 
t h a t  48% based on 24 o u t  o f  50 a r e  ion- lymphoblas t ic  o r  I 
lymphoid leukemia. I n  a d d i t i o n ,  t h e  n a t i o n a l  r a t e  w h i c h  i s  

based o n  t h e  t o t a l  popu la t i on  was f e l t  by  Cooke (1954) t o  be 

, about  t n i c e  t h a t  exper ienced  f o r  t h e  r e l a t i v e l y  young group I 
of  benzene-exposed s'hoe w ~ r k e r s  who had -a average  age a t  I 
d1agnosi.s of  .34.2 y e a r s .  Using t h i s  in format ion  we e s t i m a t e  t 
t h a t  t h e  y e a r i y  i n c i d e n c e  r a t e  of non-lymphoblastic o r  

lymphoid leukemia i n  t h e  . ~ u r k i s h  popula t ion  of t h e  same age I 
s t r u c t u r e  a s  t h e  benzene exposed shoe workers i s  1 



I  = (2 .5+3.0)  x 24 x 1 1' .66 per  100,000 
2 3T 2 

An e s t l m a t e  of  t h e  r e l a t i v e  risk f o r  benzene exposed - 
*. 

shoe workers I s  t h u . s  

3. Est imat ion of L i f e t i m e  Average Exposure 

I t  was no t rd  t h a t  t h e  benzene l e v e l s  were 15 t o  30 ppm 

o u t s i d e  worklng hours and 150 t o  210 ppm d u r l n g  working 

hours when benzene was i n  use  i n  t h e  t y p i c a l  small shoe 
. . 

manufacturing shop. We w i l l  assume t h a t  t h e  average  working 

hour exposure t o  benzene was t h e  geometric  mean o f  t h e  

midpoint  of  t h e  two i n t e r v a l s  o r  

(15 + 3 0 )  x (150  + 210)  - 63.6 ppm 
2 2 

I n  a d d i t i o n  we w l l l  assume: 

'1 1 P t e n  hour working day 

( 2 )  A 300 day working y e a r  

( 3 )  An average  age a t  t h e  end of t h e  observation ' - 
- - - . - . . - 

per iod  of  50 y e a r s  

( 4 )  An average  o f  9.7 y e a r s  of exposure;  t h i s  i s  

t h e  average  l e n g t h  of exposure f o r  t h e  

leukemia c a s e s  i n  Askoy's s e r i e s .  



'u These assumptions l e a d  t o  a  l i f e t i m e  ave rage  exposure 

e s t i m a t e  of  

x2 = 63.6 x ( 1 0 )  x (300) x (9 .7 )  = 4.22 ppm 
27 353 m- 

4. Est fmatfon of  L f  f e t f m e  P robab i l  f t y  of Leukemia 

. Per  U n i t  of Exposure 

The change i n  t h e  leukernfa r a t e  p e r  l i f e t f m e  average  ppm 

i n  t h e  atmosphere i s  d e r i v e d  from t h e  p r e v i o u s l y  d fscussed  

equat ion:  

5 = P1(R-l) /x2 

w h i c h  g i v e s  us an e s t i m a t e  

B = .904517 x (19.92-11/4-22 * .020252 
L 

C. O f t ,  e t  a1 .. (1977) 

1. Desc r ip t i on  o f  O t t  S tudy 

The long-term m o r t a l i t y  p a t t e r n s  and a s s o c f a t e d  exposure  

e s t i m a t i o n  o f  a  c o h o r t  of  594 workers  exposed t o  benzene 

were r e p o r t e d  b3 O t t ,  e t  rl., (1977).  The workers were 

employed i n  t h r e e  p roduc t ion  a r e a s  o f  t h e  company. w h i c h  had 

been i n  o p e r a t i o n  f o r  va ry ing  times s i n c e  1920. 

Each job  ca t ego ry  was a s s i g n e d  an average  exposure range 

a s  a c c u r a t e l y  a s  t h e  h i s t o r i c a l  a i r  moni t o r f n g  d a t a  

permit ted .  T h e  c o n c e n t r a t i o n s  ranged from l e s s  than  2 ppm 

(8-hour time weighted ave rage )  t o  g r e a t e r  than  25 ppm. The 

a n a l y s i  s covered employees w i t h  known benzene exposure who 
L 
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worked from January  1 ,  1940 through 1973. A t o t a l  of 53 

employees with known exposure t o  a r s e n i c a l s ,  vinyl  c h l o r f d e  

and a s b e s t o s  i n  a d d i t i o n  t o  t h e f r  benzene exposure was omf t- 

fed from t h e  formal c o h o r t  of people exposed t o  benzene. 

The  benzene exposure o f  each person was eva lua t ed  and 

ex-pressed a s  t h e  product  of  p a r t s  pe r  mf l l l on  t imes  months 

of  exposure.  For t h e  91 deceased people w i t h  exposure t o  

benzene a l o n e ,  45% of them had exposures between 0 and 499 

ppm-months and 35% had exposures  g r e a t e r  than 1000 ppm- 

months. The r e s u l t s  of t h e  a n a l y s i s  of m o r t a l f t y  by cause  

of  dea th  showed no s t a t f  stf c a l l y  sfgnf f f c a n t  excess  of 

m o r t a l t t y  Compared t o  t h e  U.S. .white male age - spec i f i c  

m o r t a l f t y  r a t e s .  Three c a s e s  o f  leukemia were observed . 
where 0 . 8 ' c a s e i  were expec ted ,  a s i t u a t i o n  of  b o r d e r l i n e  

s t a t i s t 1  ca l  sf gn i f f  cance (pc0.047). .All t h r e e  were my- 

e l o c y t f c  leukemla,  two of them a c u t e ,  which l a t t e r  f s  t h e  

t ype  a s s o c i a t e d  w i t h  benzene exposure of shoe workers - 
(Askoy, 1976)  and o t h e r  occupa t ions  ( Y f g l f a n i ,  i976) .  

2. Es t fmat ion of  R e l a t i v e  R i s k  

In  Ott's c o h o r t  3 d e a t h s  due t o  non-lymphocytfc non- 

monocytf c 1 eukemia were observed w i ' t h ,  only .8 expected.  An 

estimation of t h e  r e l a t i v e  risk of non-lymphocytlc - 
monocy t i  c 1 eukemi a I s  t h u s  

R = 3 / .8  '= 3.75 



3  E s t i m a t i o n  o f  L i f e t i m e  Average Exposure 

O t t  e s t fma ted  t h e  ppm-months o f  exposure o f  each 

I n d i v i d u a l  i n  h i s  c o h o r t  f rom work h l s t o r y  da ta  and p l 'ant  

hyg iene benzene measurement surveys.  The most comple te  

p r e s e n t a t i o n  o f  t h i s  da ta  i s  g i v e n  i n  O t t ' s  (1977) t a b l e  7  

which I s  used t o  e s t i m a t e  t h e  average l e v e l  o f  exposure. 
1 
i 
I 

It I s  assumed t h a t  t h e  average exposure i n  each o f  t h e  
I 

exposure i n t e r v a l s  I s  equal  t o  t h e  m i d p o i n t  o f  t h e  f i r s t  two 

i n t e r v a i s  and t s  equal  t o  t h e  l o w e r  l i m i t  p l u s  1/2 o f  t h e  

i n t e r v a l  w i d t h  f o r  t h e  open o r  t h i r d  c l a s s i f i c a ' t i o n .    he 

t o t a l  average ppm-months I s  o b t a i n e d  by t a k i n g  t h e  average 

o f  t h e  t h r e e  c l a s s 1  f i c a t i o n s  we igh ted  by t h e  expected v a l u e  

o f  t h e  'number of  deaths  I n  each c l a s s i f i c a t i o n  g i v i n g  t h e  w 
v a l u e  i 

(250 x 65.1 + 753 x  16.2 + 1250 x  32.8)/(65.1 + 16.2 + 32.8! 
, - 608.46 ppm x  months 

The average l l f e t l m e  exposure  I s  o b t a i n e d  by u s i n g  t h e  

f o l l  owlng assumptfons: 

I 
(11 An' e i g h t  hou r  wo rk fng  day 

I 
i 

( 2 )  ' A  240 day wo rk l ng  y e a r  I 
. . (31  An average age a t  t h e  end o f  t h e  o b s e r v a t i o n  

p e r l o d  o f  65 y e a r s  

whfch g i v e s  t h e  1 f  f e t f m e  e s t i m a t e  o f  

(608.46) x (8  ) x (240)  x  ( 1  = .I71 ppm 
(12) (24)  (55) 



I: 4. Es t imat ion  of  L i f e t i m e  P r o b a b l l f t y  of Leukem 

Per  U n f t  of Exposure 

The change i n  t h e  leukemia r a t e  pe r  l i f e t f m e  average ppz 

f n  t h e  atmosphere i s  d e r i v e d  from t h e  p revfous ly  d i s cus sed  

equa t ion :  

8 = Pl (R- l ) / xz  

which g i v e s  us an e s t i m a t e  

8 = .a02884 x (3.75-1.)/.17 = .04638 ' 

0. Summary of R e s u l t s  

The t o t a l  leukemic response  has been based on d i f f e r e n t  

c l a s s i f i c a t i o n s  of  leukemia f o r  t h e  t h r e e  s t u d i e s .  A 

summary o f  the t y p e  of response  u t i l i z e d  i s  given i n  Tab le  

3. I t  would have been p r e f e r a b l e  t o  have appl f ed a  u n i f o r  e 
method of c l a s s f  f l c a t f o n  f o r  a l l  t h e  s t u d i e s .  However, due 

t o  t h e  l a c k  of  s p e c i f i c  d e t a i l  i n  t h e  p resen ted  papers  t h i s  

was n o t  poss fb le .  

Even w i t h  t h i s  added sou rce  of v a r i a b i l i t y .  t h e ,  r e s u l  t f n g  

s l o p e  e s t f m a t e s  8 ,  whfch have t h e  phys ica l  meaning of  t h e  

t o t a l  p r o b a b i l i t y  of  d e a t h s  due t o  1 ppm of benzene In t h e  

. a i r  .b rea thed  over  an l n d l v i d u a l  l i  f e t fme ,  were remarkably 

c o n s i s t e n t  between sfudles. The geometr ic  mean of the three  

e s t i m a t e s  1: 



The e s t ima ted  l o g  mean i s  

loglgB = -1.618453, w i t h  t h e  e s t i m a t e d  v a r i a n c e  

of th i s  mean b e f n g  b ? o g  B - .0217ss 

V. Est imat ion  of Expected Number of Leukemfa Oeaths Due t o  

Environmental Exposure t o  Benzene 

The SRI i n  t h e l r  exposure  document exp re s sed  exposure  t o  

the U.S: popu la t i on  In  two ways. 

The f i r s t  method assumed a  s t a t i c  popu la t i on  l i v l n g  

around t h e  p o i n t  sou rces  and gave t o t a l  ppb-person y e a r s  f o r  t 

each of  t h e  p o i n t  s o u r c e  c 1 a s s i f l c a t i o n s  i n  Tab le  1-1. 1 
I 

I f  exposure  u n i t s  i n  l a6  ppb-person p e a r s  a r e  denoted  
L a s  0 ,  t h e  expec ted  number o f  leukemia d e a t h s  p e r  y e a r  may be 

e s t ima ted  approximate ly  by t h e  re1  a t i o n s h i  p ! 

where .024074 i s  t h e  geometr ic  mean o f  the  s l o p e  parameter  

t aken  from the* t h r e e  s tudies ,  and 70.96 f s  t he  average  

expected i f  f e  of a  randomly drawn person 1  i v i n g  i n  t h e  

United S t a t e s  based on 1973 v i t a l  s t a t i s t i c s .  

Using Tab le  1-1 and t h e  above equa t ion  t h e  number of 

leukemia d e a t h s  pe r  y e a r  a r e  e s t i m a t e d  f o r  t h e  v a r i o u s  p o i n t  

sou rces  .and a r e  shown i n  Table  4. 



The second method employed t o  e s t i m a t e  exposure d f d  n o t  

make t h e  over-simp1 i f i e d  assumption t h a t  t h e  human 

popula t ion was s t a t l c .  I n s t e a d  an a t t emp t  was made t o  

fo l low a t y p i c a l  i n d i v i d u a l  through a t y p t i a l '  day i n  o r d e r  

t o  ob t a in  h i s  average  exposure.  The exposure e s t i m a t e s  

de r ived  on t h i s  b a s l s  a r e  shown i n  TaCle 1-2 of t h e  SRI 

document and were u t i l i z e d  i n  con junc t ion  w i t h  t h e  above 

equa t ion  t o  d e r l v e  t h e  e s t i m a t e d  number of leukemia d e a t h s  

per  yea r '  shown f n  Tab1 e 6. 

Ye no t e  t h a t  approx imate ly  a  t o t a l  of  90 ca se s  o f  

leukemia pe r  y e a r  could  be expected due t o  benzene exposure  e In a r e c e n t  CAG document on POM's,  a  method was developed t o  

ob ta fn  con f jdence  f n t e r v a l s  f o r  e s t i m a t e s  based upon the  

assumptions t h a t  each rp idemlol  ogl c a l  s tudy gave an unbiased 

e s t i m a t e  of t h e  t r u e  s l o p e  parameter  and t h e  e s t i m a t e s  were 

d l s t r l b u t e d  l o g  normally.  Adding t h e  a d d i t i o n a l  assumption 

t h a t  t h e  exposure  e s t l m a f e s  a r e  al 's0 log 'normal ly  

d i s t r f b u t e d  we d e r i v e  t h e  r e l a t i o n s h i p  t h a t  t h e  952 

conf idence  i n t e r v a l  f o r  t h e  t og  of  t h e  number of  lewkemlr 

d e a t h s  per  y e a r  I s  

1.951289 J- 



where we are 95% confident that  the true exposure f s  between 

( u - 1 )  x 100% and [u-11-1 x 100% of the exposure estimate. 

The confidence 1 i m l  ts derfved from thl  s relat ionship for  

varfous assumed values o f  u are shown i n  Table 6 .  

I 



TAlILli 1 - Data U t i l f z c d  l o  I:sli111:11e I.ifct4we. 18robnlrl l i  t y  o f  
Doat11 Due to Val ior~s  l:orms o f  I,cr~kcn~ln 

'I'oln l 
T o t a l  flea lr S T o t a l  I'eoplc Nlln~bcr o l  Ucn t l~s  1)uc t o  

AF.0 I 'o tn l  I l c n t l ~ s  Rnte  x 10 ,. I I 1- -TI)/'I.FR 1 CIJ COl)li N[ICtIIEIIS 
111tcrvnl 1'1) - 'rltll x10 204 205 206 207 - -- - -- 

0 - 1  55,581 1,805.2 30.70'54 17 7 3 1 3  
1 - 5  10 ,843  79.5 136.3899 157 74 4 9 3  
5 - 9 7,514 41.5 101.Ub02 368 64 4 125 

-10-14 8,468 40.6 200. 5714 R 8 ::1 175 
6 92 

15-19 22,900 111.9 204.7185 8 !tR 
' 2U-24 26,549 146. 8 100.8515 76 141 4 G S  

25-29 22 ,205 143.5 , 154.7307 43 ,194 1 3  5U 
30-34 21,512 165;7  129.82511 ' 28 181 9 54 

8 
N 
.P 

35-39 26,374 235.1 112.1821 20 211 11  55 
I 40-44 40,913 355.2 115.1030 36 241 l Y  60 

45-49 67,349 563.3 119.561 5 76 327 21 96 
so-srl 98,667 032.0 118.4762 i 3 1  407 2 n  131 
55-59 133,604 1,.\14.5 ; 101.6387 250 502 29 1!lG 
60-64 176,973 1 ,943.9  91.0402 370 576 42 262 
65-69 213,495 2,1104.7 7G.12U4 477 722 4 9  317 
70-74 241,166 4,302.7 56.0499 515 791 7.0 376 
75-79 . 263,251 6,72244 39.1603 651 730 79 357 
811-84 250,985 9,777.4 25.6699 576 522 39 311 
854 284 ,do0 - 17,429.4 16.3173 469 364 47 254 

TOTAL 834T x l o G  

. . 

a . 



TABLE 2 - Lifetine Probability of Death in U.S. 
Population Due to Leukemia Type Upon 
Which Relative Risk in Each of the 
Epidemiological Studies is Based 

Lifetime Probability 
Epidemiological J C D  Codes Type of of Death Due to 

Study Utilized Leukemia Type of Leukemia 

Infante 204-207 Total Leukemia .006732 
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. . 
TABLE. 4 - Source specific Ben:cne Caused Leukemia 

Deaths/Year aased on Table 1-1 o f  SRI Benzene 

t Exposure Documenta 

ource of Expgsure in Expected Number.of Benzene Cau. 
osure lo6 x pp -Person Years Leukemia Deaths/lear 

a c m i c k  
anuf acturing 8.5 . 

Phtroleun 2.5 
Refineries 

Autonobile 
Emissions 

Gasoline Ser- 
H c e  Stations 

Self Sentice 
Gasoline 

L ' TOTAL 

I a ~ a r a ,  Susan J. and Shonh S. Lee. Assessment of.Hwoan Exposures to ~tmos~h'ric 
L Benzene. SRI International for U.S. Envfronmental Protection Agency, Research 

Triangle Park, NC. Pub1 fcation No. EPA-450/3-78-031. June 1978. 
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TABLE. 5 - Toral ~ x ~ o s u r e  o f  People P.esiding in Various 
Locations, and Resulting Estimated Benzene- 
Caused Leukemia Dearhs/Year - Based on 
Table 1-2 of SRI Benzene Exposure Documents 

Vicinity of Residence 

Chemical Manufacturing 

Coke Ovens . 
Petrolem Refineries 

Urban Areas 

Exnos re in 
~ ~ b ~ p g - ~ e r s o n  

Years 

E.qected N ~ n b e r  of 
Benzene-Caused 
Leukemia Deaths/Year - 

atdam, Susan J. and Shonh 5. Lee. Assessment of Human Exposures to Atmospheric 
Benzene. SRI International for U.S. Environmental Protectlon Agency, Research 
Trlangle Park, NC. Publication No. EPA-450/3-78-031. 

1 



TABLE 6 - Corrfidence Limits on Total Benzene 
L Caused Leukenia Deaths Per Year 

(Assumes "One-Hit" Nodel is the True 
Dose Response Relationship) . 

Level of Precisian 
Assumed for Exposure 
Estimate 
IU-1) x 100% 

951 Confidence ~imiis 
Lower 
Limit - Upper 

Limit - 

. . 
L 
*Assunel no error' in exposure estimate. 
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V I I .  APPENDIX 

Mutagenic R i s k s  o f  Bentcne Exposure 

Summary 

I n  e d d l t i o n  t o  t h e  r l s k  frorn.leukemia, benzene exposure 

I s  a l s o  l f  k e l y  t o  induce i n h e t l t e d  mutat lons. -The magnitude 

of  t h f s  r l s k  can n o t  be es t ima ted  because o f  t h e  u n c e r t a i n  

quantitative r e l a t i o n s h i p  between heritable mutat ions and 

chromosome aber ra t l ons  which have been consistently observed 

I n  exposed workers. 

Review o f  Experimental Results 

Benzene was found t o  be non-mutagenlc I n  t h e  Ames' t e s t  

f o r  p o i n t  muta t iona l  e f f e c t s  (Slmmcn e t  a l .  , 1977; Shahin, 

1977; and Lyon, 1975). However, It i s  p o s s i b l e  t h a t  a human 

mctabol i c  a c t f v a t l o n  enzyme system o r  a mammalian body f l u i d  

a c t l v a t l o n  system would cause i t  t o  be mutagenic. 

Somatic chromosomal aberrat1on.s have been demonstrated 

i n  animals anll humans. I n  r a b b l t s ,  K i s s l l n g  and Speck, 1971 

repo r tea  t h e  i n d u c t i o n  of  c y t o g e n e t l c  aamage I n  v l v o  by 

subcutaneous I n j e c t i o n  o f  0.2 ng/kg day benzene. The 

frequency o f  metaphase spreads showing a b e r r a t l o n s  (mos t l y  

gaps and breaks) Inc reased f rom 5 .9 :  t o  57.82 a f t e r  an 

average exposure I n t e r v a l  o f  18 weeks. Two months a f t e r  

dfscont lnuance o f -  t h e  benzene t reatment ,  cy togene t i c  damage 

was s t i l l  observed. 



~ o b r o k h o t o v  ( 1 9 7 2 )  exposed  r a t s  t o  0.2 g/kg day benzene and 

0.8 g /kg  day t o l u e n e ,  and  found  s i m i l a r  r a t e s  o f  chromosomal 

a b e r r a t i o n s  i n  t h e  two c h e m i c a l s  g l v e n  s e p a r a t e l y ,  and an 

a a d i t l v e  e f f e c t  when g i v e n  t o g e t h e r .  Chromat ic  d c l e t t o n s  i n  .. - 
metaphase  chromosomes o f  bone-marrow . c e l l s  have been found 

I n  r a t s  g l v e n  s i n g l e  a o s e s  o f  benzene  s u b c u t a n e o u s l y  a t  2 

ml/kg ( P h i l  f p  and  J e n s e n ,  1 9 7 0 ) .  D e l e t i o n s  have a l s o  been 

o b s e r v e d  i n  r a t s  g i v e n  benzene  a t  l g / k g  day ,  s u b c u t a n e o u s l y ,  

f o r  1 2  days.  

A dominant  l e t h a l  and i n  v i v o  c y t o g e n e t i c s  combined -- 
t e s t  h a s  been pe r fo rmed  w i t h  r a t s  dosed  i n t r a p e r i t o n e a l l y  

w t t k  4.5 m l l k o  benzene - (Lyoa ;  1975) .  Hf dsainzn'.  lethrl!:)r 

was found  b u t  i n c r e a s e s  were found i n  chromatic and 

chromosomal a b e r r a t i o n s .  Lyon ( 1 9 7 5 )  a1 s o  found  i n c r e a s e d  

m i c r o n u c l e i  c o u n t s  6  h o u r s  a f t e r  the f i n a l  d o s i n g  o f  r a t s  a t  

0.05 and 0.25 ml/kg/day a f t e r  two days  o f  d o s i n g  - 
i n t r a p e r i  t o n e a l  l y .  

I n  p a t i e n t s  w i t h  benzene- ihduceh  a p l a s t i c  anemia ,  - 
l ymphocy te  chromosome damage has been found ( P o l l i n i  and 

Colombi,  1 9 6 4 ) .  P o l i n l  e t  a l . ,  ( 1 9 6 4 )  l a t e r  found  a  70% 

i n c i d e n c e  o f  h e t e r o p l o i d  chromosomal p a t t e r n s  f n  the  b lood  

lymphocy te s  and bone marrow parenchyma c e l l s  o f  e a c h  of  f o u r  

s u b j e c t s  w l  t h  benzene - induced  b lood  a y s c r a s i a s .  Simf 1  a r  

p a t i e n t  s t u d i e s  o f  benzene  exposed  i n d i v i  dual  s w i t h  



p e r s i s t e n t  chromosomal a1 t e r a t i o n s  a s s o c i a t e d  w i t h  blood 

d y s c r a s i a s  have a l s o  been r e p o r t e d  by o t h e r s  CForni and 

Horeo, 1967. 1969; Hartwich e t  a1 .. 1969; Khan and Khan, 

1973; S e l l z e i  and Kelemen, 1971; Fornl  e t  al..  J1971) ;  Tough . . 
and Cour t  Brown, 19651. 

v i g i l i a n i  and Forn l  (1969)  found a s i g n i f i c a n t  i n c r e a s e  

o f  chromosomal a b e r r a t i o n s  i n  p h e r i p h e r a l  lymphocytes of  

workers exposed t o  benzene, b u t  n o t  i n  t h o s e  exposed t o  

xy l ene  and to luene .  Some of  these a b e r r a t i o n s  p e r s i s t e d  f o r  

s e v e r a l  y e a r s  a f t e r  recovery  from benzene hernopathy.. They 

sugges ted  t h a t  t o x i c f t y  t o  t h e  bone marrow might  r e s u l t  i n  

c e l l s  w i t h  an abnormal number o f  chromosomes and t h a t  

p r o l f f e r a t l o n  of t h e s e  c e l l s  cou ld  t h e n  g i v e  rise t o  an 

advantaged leukemlc c lone .  Fornl  e t  a l . ,  (1971 1 exami ned 

ctiromosomal aberrations i n  34 workers  I n  a  r e t o g r a v u r e  p l a n t  

and.cnmpared t h e s e  t o  24  matched c o n t r o l s ,  and found a 

s i g n i f i c a n t l y  J i g h e r  number of  bo th  s t a b l e  and u n s t a b l e  

a b e r r a t i o n s  i n  10 benzene-exposed workers  b u t  a  number 

comparable t o  c o n t r o l s  i n  a l l  o f  t h e  24 toluene-exposed 

workers. 

A r e c e n t  r e p o r t  ( K i l l a n  and Dan ie l s .  1978) on. 52 workers  

exposed t o  benzene f o r  one month t o  26 y e a r s  (mean of 56.6 

months) found chromosomal a b e r r a t i o n s  (chromosome b r e a k s ,  

d l c e n t r l c  chromosomes, t r a n s l o c a t i o n s  and exchange f i g u r e s )  



In pe r iphe ra l  lymphocytes a t  2-3  t imes  the  r a t e s  found i n  e 
c o n t r o l s .  In t h i s  s t u d y ,  t h e  8 hour average time-weighted . 
benzene exposure was 2-3 ppm,  t h e  average concen t ra t ion  

determined by 15 minute sampling was 25 ppm and t h e  peak 

concen t r a t i on  was 50 ppm. - 

The same l a b o r a t o r y  r e p o r t e d  o n  t h e  monitoring of 471 

pe r iphe ra l  lymphocyte c u l t u r e s  from 290 Texas Div i s ion  

benzene workers between 1965 and 1978 (Benge e t  a l . , .  1978).  

A group of 972 "preemployment examineesD who were j u d g e d ,  on 

t h e  b a s i s ' o f  t h e  h i s t o r y  taken a t  t h e  t ime,  t o  have had 

n r g l i g i b l e  exposure t o  known chromosome-breaking agen t s  were 

used as  con t ro l  s. Rates  o f  chromosomal abnormal i t i e s  were 

found n o t  t o  be i nc rea sed  i n  t h e  exposed group over  the 0 
con t ro l  group. The  time-weighted average benzene 

concen t r a t i ons  were e s t ima ted  t o  have been below 50 ppm 

p r i o r  t o  1972 and well below 10  .ppm from 1973 t o  the prksent 

t h e .  . 
A r e p o r t  by ~ i c c i . a n o  (1978)  w h i c h  I s  a f u r t h e r  a n a l y s i s  . - 

af  t h e  K i l t a n  and Daniel (1978)  and Benge (1978) s tudy - 

comparing t h e  in format ion  on benzene exposed i n d i v i d u a l s  t o  

a 44- '~erson  group seen f o r  preemployment examination. 

Workers expcrsed t o  t h r e e  d i f f e r e n t  1 eve1 s of benzene a t  1 a s s  

than 10  ppm f o r  s e v e r a l  y e a r s  showed a dose response 

re1 a t i o n s h i  p. The t ypes  of a b e r r a t i o n s  d e t e c t e d  a r e  simil a r  . 
t o  those  r e p o r t e d  f o r  h ighe r  benzene expbsures  by (Tough - e t  e 



al. ,  1 9 7 0 ) .  The workers were monitored f o r  urinary 

excre t ion  of phenol which i s  a  primary metabol i te  of  

benzene. A l l  workers had no d e t e c t a b l e  phenol w h i c h  

indica ted  no recent  exposure t o  benzene. Exposures fo r  t he  

dose-response r e l a t i o n s h i p  were 0 ,  l e s s  than 1 ,  1-2.5 and 

g r ea t e r  than 2.5 ppm. 

Fredga e t  a l . ,  (1978) performed a  study on 65 workers, 

occupationally hand1 i n g  motor fue l  s. A moderate, b u t  

S t a t i ~ t i ~ a l l y  s f g n i f i c a n t ,  i nc r ea se  i n  frequency of chro- 

mosome aberra t ions  was found i n  road tanker  d r i v e r s  and 

fndus t r i a l  workers, b u t  not  i n  s h i p  tanker  crews and gaso- 

l ine  s t a t f o n  s t c f f .  The es t imated  exposure dose was 50 p p ~  

o r  less. The dose absorbed wf 11 be reported i n  a  subsequent 

Conclusions 

Ample evldence exSsts  t h a t  beilzene causes chromosomal 

aber ra t ions  i n  animals and humans exposed t o  benzene. This 

evidence was reviewed above. However, s i nce  t h i s  i s  a  

somatic c e l l  e f f e c t  a s  opposed t o  a  germinal c e l l  e f f e c t  i t  

1 s  d i f f i c u l t  t o  es t imate  the  h e r i t a b l e  risk t o  f u t u r e  

generat ions from such evidence. These chromosomal aber- 

r a t i ons  probably involve breaks i n  DNA and the re fo re  a r e  

her i tab le-  events I f  they occur i n  the  germinal c e l l s ,  

although the experiments t o  prove t h a t  poin t  have not been 

aec is ive .  
-35- 
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I t  i s  g e n e r a l l y  recognl red  t h a t  r ings ,  d i c e n t r i c s ,  

t r a n s l o c a t i o n s  and exchange f i g u r e s  a r e  h e r i t a b l e ,  b u t  

chromosome breaks  could  be caused from t o x i c i t y  of somat ic  
' 

c e l l s  and t h e r e f o r e  may not ,  be he r i  tab1 e. The former 

l e s i o n s  should  be used a s  i n d i c a t o r s  t h a t  g e n e t i c  damage t o  

f u t u r e  g e n e r a t i o n s  may have occurred.  A t  t h e  c u r r e n t  t ime 

q u a n t i t a t i v e  e s t i m a t e s  of he r i  t a b l e  g e n e t i c  damage due t o  

benzene canno t .  be made from d a t a  on t h e  frequency of somatic  

muta t ions ,  a1 though t h i s  damage may be occu'rring a t  

c o n c e n t r a t i o n s  a s  low a s  1 ppm i n  a i r .  
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ENVIRONMENTAL PROTECTION S h d d  Division &l&12). U S  . . . FR CW4& December 18 19~0);  benzene 
AGENCY E n v i m ~ ~ s n l a l  Pmtsction Agency. . stora@e veseeir (45 FR E30SL December 

Research Triangle Park N o h  Cilrollna -19, ISW): and benzene fugitive emission# 
40 CFR Pu( 61 277'11. telenhone number lOlSl541-6846.. rources 148 FR 1185. lanuan. 5.10811. I 

For funhei infonnatlon on the rrgulahon The Agency mends io prokulpate 
01 benzene, contact hlr. Gilbert H. standards for benzene !umttve emrssion 

National Emission ~ t a n d i d a  for 
Huardoua Air Pollutanw, RwuiaUon 

Wood. Standards Development h n c h  
Emisslon Standards and Engineering 
Division (MD-13). U.5. Environmental 
Rotectron Agency. Research Triangle 
Park Konb Carolina ml, telephone 
number Isle) 541-5578. 
SUPMYEWTARY INPORMAllOR 

Overview of Bemmae RsyLlbn 

sources and propore rraidards !or the 
fifth source calegor).. coke by-product 
plants, in separaie notrces. In a thlrd 
notice the Agency I S  wlthdrawlng the 
pmposed standards for malrlc 
anhydride process vents. EB!S process 
vents. end benzene storep vessels. 
baaed on the conclusion that both the 
benzene health nsks to the public from 
these rource cntepories and potential 
reductions in health risks achievable 
with available control technrques are 
too amall to warrant Federal regulator)' . 
action under section 112. 

of Benzene 

A a u n :  .€uvironmentaI Protection 
Asenc~ P A ] .  
AC~IO@C R a w m e  to ~ublic  comments. 

lUuuur: Tbe Envimnmentd Protection 
Anencv (EPAI lilted benzene ar a 

. 

T h ~ s  sec!ion provides brckgmund 
infonnauon md  summerizes EPA's 

~ ~~~ -~ - 

hiinrious a u  polluwl under Secoon 
112 of h e  Clem Air A n  on June a 1977 
(42 FR 283321. Standards we= 
submquencly proposed for maleic 
anhydride orncsss venu (4s FR M. 

resnonses to the maior nublic commenb 
on h e  Listmg, health' eficcu, and 
semlstion of benzene. Thia nction la 

A p d  I& 1980): a h y l b e n s k / s t & n e  Subrequent secuom and the Elb Summoj  of Responses & Mo~or 
~ I S I  pro- veou I45 FR ma. mnuln more detailed rsswnsa to Comments -- .. ... . -. . - 
D e c m h r  UL =I: &nun. hwitivc nublie comments. - - -  - - 

Bachgmund 
b r a d  on studies linking ocarpatioarl 

expoam to benzene wlth l e u l u m l ~  
EPA's general presumption (h.t 
cuciooganic thresholds do not edrL the 
absence of a demonstrated tbnrhold for 

The primly comment received on the 
proposed standards was the1 benzene 
mhould not have been lilted as a 
bu r rdow air polluunL Commnten 
uguad thal benzene did not meet the 
criteria for.lirting under section 112 
b ruure  they believe h e  health h a n d  

1W1): m d  benzene storage vuseh  (& 
FR 83952 Dswmber 19. IPsOJ. 
F d a n l  Rnistar notice mswnds to 
pubbc cotninenu on the 1i.i. health 
.dkb. and rrevlroon olbenzme u a 
~iuzmdou~ air w l l u u n ~  . - -  
rmrrtrc Badground Information 
ZbmnenL i h e  beckground lnfonnation 
docamant 0) may be obumed from 
the US.  EPA Libray FIPJSI. Reaamh 
Triangle Puk. Norlh Cvoliir p n ~  
telephone otunber (919) SI1-Pn. Please 
nfn to "Reapme to Public Canuwnu 
m EPA'8 !.hung of Benuom Under 
s.Cnon 112' EPMsol- wbicb 
mnurm a rumnuy of aU pubkc 
-mu on the health effects. Usung. 
.Dd ngulatoy appnucb for bu!zau. 

OockeL Docket No. OAQPS TOJ (Put 
0 m o u h r  Infomution cmuidmmd on 
(h. bel th  listlag utd mguIation 
d b  Ober  da lu t a  mncun. 4 
pbUc cornnunu on the Uahng. heath 
dfeca and -tion of benzene are 
conumed &Docket Na MQPS fBJ 
Part m. for mle lc  anhvdnde dmu: 

benzene. and widerumad .xwmn to p o ~ d  by ambient levels of b e k n e  is 
ndin lbk ,  if not arm. Swclf ia l l~ .  . h e  qlmti t iu of bazrno &inad by 

sutionary munu. P A  concluded that cokukntrn. wbile genimlly a&eins 
with EPA that epidermologtul studies 
have shown that s caws1 nlatlonrh~p 
d a m  between occupational benzene 

benzene could reamiably be 
anticipated to u w e  an incnaac In 

axposun and leulum1a. maintained that 
the rrlatlomhip had not barn 
d r m m t r a a d  i t  the much lowar levels 
of benzene chusGenstic of (he ambient &. bconendinn that EPA's 

now wtimr-&I to emit .t hut $&om nontbmlhold pksumptlon bas barn 
applid inrppropriatoly In (he u s e  of 
kn rma .  commentm dted the lack of 
cllnc! widmce that ambient levrls pose h a  a- bask 6 divided hto 

22 MUIW u m a i e s ,  b a u d  on b u L m w c  rhka as waU as be&he 
m e &  data and fh.omtiu1 m n m l  ~ o l o g y  appliabUity) ~~ 

Lmpormt in s u n d u b  dwolopnunL 
PPA drdded ta a d d n u  tbr statlonry 
source baarsne problem by arlacblng for 
initial nsulaaon five of (hue wuru 

cmulderatioru compatible with the 
pMna of a c ~ n q l e n l c  threshold for 
b e m e .  

Commenten asserted that the Docket No. A--27, fo; ben&e 
&live emissions: Docket No. A-~B-IQ. 
for EBIS planu: and Dockat No. A - m  
14 for benzene storage v e u a k  These 
dockets us available for pubUc 
tnrpction k w n e n  &QO r a  m d  4m 
p.m, Monday though Friday. at EPA's 
Csnud Docket Section.06131). West 
Tower Lobby. Galley I. IOI M SUWL 
SW, Washingtoh D.C 2MeO. A 
masonable In may be charged for 
copying. 
w muma womnm swlfl: 
For further information on the listing 
and bealth effects of bcarsne. contact 
Mr. RobsrlKallua bllutant 
Auaumsnl &nEb Stntem md Air 

absmce of data d e m o ~ o r u n g  that 
knz tne  mecu chmmlully wtth DNA 
mppanr the theoy that benzene in 
k a l y  m u w e  cancer by other than a 
&roc! genetic mechamsm [the 
production o l a  hansfonned cell by 

utegori i~:  maleic .nhydridr proars  
vencl. athylbezsn.ls~ynne -19) 

irmssloru so- be& stony 
vusdr ,  m d  coke wm b y - d u c t  - .  
ncoverv olants. 

EPA ;s 'collectmg additional data on 
the rernamrw seven source utmorier to 

direct interaction of a benzene molecule 
and the cellular genetic material]. The 
nonnenetic or eninenetir rheorv holds w e  in deciding whether or no; 

- 
standards developnent b wamnted for thahuch urcinb&ns muat be present in 

@ufflcient quantities to induce tox~c 
&iuy to the target tiasue before cancer 
un occur. At levels below that mquind 
0 mure "injury." body defenre 
mnhn i smr  are capable of vrotecttm 

them. 
Benzene standards for four of tho 5vr 

source categoner reloeted for hltiel . 
npulation were  rows sad: mabic . . 

tbe tlmaues h a  a &rc~~~ogihic  h u l L  
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In support of a thnabold for b a ~ . n e ,  . idrntlfy and to qulntify real or practical established beyond lawly  theoretical 
~ m t m  mltnuiaed ( h t  -c urnnogenic thresbolda. In (htr regard gmunda. 
h d u d  lrukrmia war h most If not all. &PA conaua wl(h the N W  ( h t  The EPA does not agree with 
use8 preceded by ~vidence of injury to t h e o m t ~ d  evidence for the existence of i n d u s ~ ' ~  conclusion that the absence 
the blood-fom~ng syatam (memi.. umnogenic (hnholda must be or nondetection of covalen: bond~ng 

temuerid by the knowledne that the with DNA indicates ha t  benzene cinnot 
directly interact with the genetic L &at because &shol& (10 to 33 ppml 

eust for such effecta, benzene exposure 
erpbsed h&.m p o p u l e t i ~  is a "large. 
bvene. and senauully heterwgeneous material. Endence edsts ihat benzene 

at levels ar.low as 1 to 2 5  ppm 
significantly increases chromosnmal 
aberrations. (21 (3) Similarly. EPA does 
not renard as conclusive the evidence 

below thaae kesboldm sbould not Dose muuo exnored to a lame varie& of toxic 
urcinogenic riakr. Similarly. 
commentera cited evidemioiogiul 

&er;ts. dcnehc vanabrlity to - 
umnonenesis h well donrmmted. and 

amdin that did notshow a positive 
correlation benvee~ benrene exposure 
and l e u k d a ,  aa rnppon for a risk 
tkcrbold 

The EPA reco@zad at the Ume of 
listlng (hat benzene at ambient levels. as  
with moat other urdnonenr; bad not 

it u also h o w n  that individuair who 
ut deiidurt in immunolo@cal 
comrntcllg [for nenetic or 

pmv~&d by commenten that leukemia 
or other advme bealth effects do not 
occur in the ib8ac-e of overt signs of 
blood toxicity. Again amdies a n  
available demonatratinn benzene-  ort these reaeom. EPA bar taken the 

position. shared by other Federal 
nnrlatorv anendu.  that in the absence 

induced chmmosomal a-berrefions 
foUowim exposwe to benzene at levels been demouaaated by &demiologic 

studies to u u s e  Ieukania. m e  oi"~oundidintific evidence to the 
conmw. u rc i r r~emr  ahodd bc 

below t h ~ s e h d v ~ w d  as thresholds for 
blood toxicity. euldemioloniul metho& that bave 

aucceasfullj nveakd associations 
bewean o m p a t i d  exposure and 

conridend to pme finite health risb at 
any nPmum expoaura levels. This Finally. co&mten have argued that. 

below the benzene levels requind to 
"injure" the b lood. fdng tissues. the 
body's defuue mechmimu umtect the 

uncar lor aubsmces nu& as  bcPslnr. 
aabatos. vinyl chloride, lad ionizing 

nonchnabold u ~ u t l m  is bared on 
the view tbat u ~tUc'ea one molecule of 
a u ~ ~ c  m u b m m  may be 
doant to h.nrform a wrmal mU b to  
a u n u r  call Evidence la avaflrble from 
both (be h u m u ~  ~d mind ba l th  
litmnum t h t  u- may u i r e  h a 
u& h n d a m e d  Can. Muution 

radiation uc not medilv~annliod to ibs 
t i s s iu  fmm low-level untn&enic 
insults. E M  is not wnluded tbat such 

embimt envimnmmt *;id its & m a a d  
number of wnfmdinp vu lb l e r .  a 

mechanisms are lob parunt efiective in 
addition although the commenten do 

mom divene and m o b i i m d  

not vud &osomal abetrations as 
evidence of blood toxidty, the presence r k a n m  of him&ul .xpoaum data. 

C i v a  much unwrtaintlea. EPA mas idm 
It hpmbable that MY ambient 

mhauch with ionizing mdiation in cell 
cultum indiutea that mch a 
lmmformrtion u n  ocem e r  tbe m u l t  of 
intent ion with a8 little as a mgle  
dwter  of ion pain. 

of these effscta indiutar that benzene 
or an active metabolite has bren able to 
overwhelm the umtective mechanisms aaaobatioa dm of i mla~nnrhtp of 

epidemic pmpomom or bme b c n a r m  and enter the eeUular nucleus. 
in m exnrmaly n t e  form o f u o u r ,  u n  
ba deustad epidemiologiully wlth any 
rearonable u r t h t y .  

Furthu, EPA a s m a  wllb (br 
obasrvatioa, of (he National Audemy 
of Scimcn ( N U 1  [It 

In summary. EPA continuer to bellere 
that the nonthrashold presumption , 

la the deciaion lo list benzene l lnda 
nebon 115 EPA found no mm to 

should apply h the u i e  of b&ene end 
(bat expoam to banscne via the 

believe ( h t  the n o r ~ h a b o l d  
pm-pUon did not apply Gknrme. 
After mvkvinn tb. rmhlic e~mmenu. ambient air should be merded as  

a n 8  urdaogmic ri&. Although EPA 
ncoanltcs t h t  thu findins is not 

EPAW.vn l iu t . i (bocqh(bgmde 
a mmpmbauiw discusion of the 

- .  
la muiddn l  (b. ponlbiily of hnholda 

for wchqamu.  tt i~ tm#onant to 
undmund(btUunbne.~n~ehemiula 
phy l ld  t h t  L n d ~  a Iasl ol -in 
IMnr)uldonM(ocau1.tbeabrmecof 
l b l t ~ L h ~ l h ~ m r d r . r b . I l c b . n b  
q w o n  Io l mmnd m a  wt stmi@ at 
. n o r i n n o l u r o u a a n . N o r m w e a ~  

. withkt  mcarutncy. the 
believea that it n comtatmt with the 
modate  of W o n  112 requiring the . 
pmtaction of public health against a u  

baazone G w l t h ~ t  mdno&ic risk. 
Ih. EPA did not at hiria d dwr 

st an o r i ~  ofurn a- a p u  in 
mvlnmnunL Thw It b Ululy (b.1 any 

mt added m lbl -t 

i 
rlU a n  by a prtlcular m ~ n l ~ r n  on a 
P M I ~ I U  a U  popu*nun lblt II almady 

not now believe t h t  tnf&uon &A& 
. a t h . b e ~ ~ i . . . l r  Afta reviewing the public comments. 

EPA d s o  continues to believe that ---  
l o g i d  atudim un 6; warded  u the 
eqdwlmt  o f n d . c I  level& ~ U U M  
of tb. pmblrmr and unwruintiea 
fnhmdt &I the d a b  and madun of 

benzene emissions from some stationary 
murces rwrerent a simifiwnt nrk of k l w  anad on by ch. UIIIO ra8chnam-ta 

ladu- unem.  Thia ma.on)nl olphn Qt 
onb If It a d  by a m.chaiw a b l y  
d l U m  from that h d y  o p m a q  on &a 
Uuue a d d  a nawly d d d  umnopa ohow 
8 Ihnshold in lU dose mSpon80 cwe .  

leukemia io exposad i;opulahons. T h ~ r  
judgment h b u a d  on& documented 
e n d e n a  that benzene ia a leukemogen. 
on the mpnitude of benzene emisaont 

aucb rtudi.l. thcv &not r u m a t  the 
ondusion ( h t  h e  abam&of l 
atatistical correlation d.morumtea the fmm stetionam sources to the ambient 

This view ia cornistent with evidence absence of a huud au. on the obrerved and estimated 
ambient concmtntlons. on the 
proximity of large populattom to 
emitung sources. on the estimates of the 
health nsks to the ~ X D O S ~ ~  ~o~u la t tons .  

thatany exposure nuy pmduw a 
change in the genetic material that un 

WbUe (ha rpbwetic Mtb.nirm 
o f fm a pwrihle exphet ion  f a  (be 
way in which unan could uiu in the 
a b r m a  of direct interaction with 

kad to cell trinaformetion m d  t h ~ t  . 
u n c m  m y  ariae fmm a single - 
tranrfonned cell rranetic a t e r i d .  this theom bar not and consideration afibe unkitaintics -~~ .~ ~ 

In addition to the auppon for a barn aub6t.ntiatd by e x p h n m t a l  asaowatd h t h  qr(antiutive risk 
b 

nontkcahdd hgpo(hesir. EPA notes the aviden- nor baa appliubillty to thr estimates (indudmg the effects of 
pmblrmr k h r n n t  h rnrmpttng to s p d f i c u r o f b . a r a u k a n  m n m n t  upamma to other 
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u b . u r r ~ a n d & & k p u  w u  konApol 81, lB8& & k ~ . m b c r  a, rnssurnmad in rhe d b n t  1tr wamntn 
emisaiona). lSaa . &rignation u 1 barardonr air polluunl. 

Seclinr 112 pmvldcr br h &lieng Compantr have  be^ amidsr 
of btu&zne only ifli i n  found that chose# mnda m the d y r u  m d  Timing o~Berumc Listing Deci#io~: 
benvnr is d d y  no! a huardoua air concluaionr, &re appmpriate. Major . Many cqmeoten though bcnzcn 
polhtani EF'A j&es (he evidence, comncmu ncsrved on the bc.lth affedr, war listed ~mpmperl). or ar least 

I, 
includine that sboittud bv emmenlus. hlim aad d m b o . o f  an.. and wcmarurrh.. atim what !her, believed - - - ~  ~ 

to be u s h i a e m  to auppkc macluston E P A ~ ~ u c  -uuad m cbn b be an mideqaaie racort lb.AQ~S79- 
that arrbtemkveLofbuvvrcdorm~ p m m m b p . U m d e t u M n ~ ~  U) 9 [RVIl] ( V a l 3  [Purl IV-F-1. IV-F- 
Posc rartloogen~c nsb a- thrt tSe rub uls maror marncrm aid-a to 9. A--9 I V - 0 9 .  TV-D-11: A-:S-i: 
posmd by &mu -e d u e d  by t i c  abs-m ow m N-C-19) and EPA's rettancc on a I 
s l a ~ s w r s ~ ~ ~ i n s ~ &  thirummkiemrc " -la u m m d  r~otiiv m a d i m  airborne 1 

Tbe Clean M AG requires E?A to list 
under section 112 substancn iudped to 
wow or wnt&ute to air polluti& 
"which may lanonably be amidpatad 
to d i n  an boeasc~in mrulitv or 

.a&qwtely. In t c i  a e v e r a i p k  hnve 
i a t d e d  umhdla or 8hul down since Lbs 

UI kuease  ia miour, imwnibk-or  
incapacitating. reversible illne~s' 
fractim 132(a3(11]. EPA based the 
dmrion to lisl benzene en a 

~ ~~ -~ ~ 

dneiopmant was obtainad ad. inbad, 
rince N n d u d a  wen pmpoaed EPA h.s 
n n a d  Sa cnriaa~ona m d  hadm ruL 
esUm8tp b a r d  on the iatart amirdoru 
Wumat~on pmvided by the foduauy 
d bar mduded in there estimates 
c o n r i d e m  d nnrrnl controls. EPA 
hu J l o  adjnsud i?s nrdt risk fnnor fo 
rcsponre m pubbc comments md ir 
n h g  a mom drhlled burnu! o r p o r n  
modal. EPA ha# narauaed Lhia new 

~ m n n r w  h h  rcimtitic w d  
&tory mmmunity, evidenced by 
n p o m  by NAS 44) and NlOSH IS) and 
pmpored ngulatiom u ~ u e d  by OSHA 
(42 PR Z74SZ; Mmy ZJ. l q  b a t  bcnrene 
was caurdy lirJred tb the ocnrmnce of 

~ e b y h l A S . H l ~ *  
p u b u b y  huaihdlmtnDtc for 
O c n r p W  S h f y  ad H d t h  
NOSHI.  (4 .nd a pmpovl by the 
O e n ! w r e a r l ~ d  H& 
Adminiamtion ( O S W  fm a -on 
downwud of the rdrting rodrpkcc 
rcladud ku k m e  fa FR 22318. Mlv 

. . 
clearly meeta b e  mitenon deacrlbad In 
aeeuon 112 a8 ndmg fo m incnaae 
mondity or "renous. brevenibir or 
inupantacing, nvmiblc illnaaa." 

~ ~ 

3.1877. and (2 FBPuz. Mly a, 19771: 
While adtnowledgiDI that d 5 t  
vxp-cobvvrnrndy-a t  
lev& ".ubuPsrirY~ &we? Ikn cbow to 

intonnation for mddc  d v d r i d c  

The DA'r  judgmmt that banrme 
pmwt in the mbient air m y  
h u m a b l y  be antidpaled" to pose a 
.sl@unt health th to b e  pmard 
wuulaUon mliod on nvo Mumcnta 
idirurad (n hrtirthg noais: h t  that 
baaune w u  duand 0 the .ir in 100 
d h o n  pound q u ~ t l u r a  w w U y  to 
wbicb 7-e numbem of people ur 

at Iwai of expolun co urdnopn tc  
chemicals"I42 FR seJ32: Itme 8, 19771. 
The latter referred to the "lntedm 

low L v d  Expaums." {W "Auraam 
oiHo~mT*pomrrr  m Auawsphsk 

Fmuduns  md  Guidelines for Hedlb 
R i d  u d  k 0 w m i c h p a ~ I  ISUaaameots 
dJwp.fmd Cucinoem" pubbhed by 

PS. lPIB (41 FRnrot). 
Based cn th abave. 5 4 . 4  b.li.vaa that 

lha d a d o n  m bat bemane w u  fully- 
idormed. Utnelr. and iherafore 
appropnaa TIk aubaquent 
aaaesrrrocl of Jmr4wal rxponm and 
arciDoprrlc riak wen lntmded. as 
La&arrd In chs Lnw notlce, for uar in 

be- rm L114mad -1-6. Ird 

"detemming which a i w a a  of b&ne  
cmiasionn must be conmlled. m d  the 
extent of oonml needed' (42 FR 28539, 
June & lW7l.To the a m 1  that thaw 
usr-t dowmmcl ad-d (hr 

8 
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d t e N  for lb h z m u  uadcr rcPloa ' commenten took a 1- poitbon 'Ihe EPA d m  not agree that-tha data 
%=A's d r d d o p  aer- ch.r ao d a m  ru s-bIa on human sycosmetlc n a zu tbw haw 

Thr @~.mjrc,  tbr c o n m a w  that 11- h m . ~ ~ ~ e  r l tb  mpdobive or condudon ihri  k m c - i n d u e d  
the delay between Urtfne md tbe t a n t o g e n i c . 8 . ~  (OAQPS7%3 [Pan chromosome damagt o c a ?  only a l t a  
oro~orsl of rmfrrion rundank for IhV-SQ. N-&13: P a n  lII-N&Z "excessive exocscn." As C~scibrt!  :n 
benzene rourcer suggests that EP.4 

b locked the m:en~fic endence to iurufy 
tae lunr 1 9 7  lisunn. EPA'r atressmmu 
of h e  health rtfecti of low-level 
exooarul.lfl the extent ot human 
ex;orun.(q and the esnmahoa o l  
popuiaoon r isb  (8) were rubrmmd for 

. rxtcmal =new by EPA'a Wen- 

June 1- m d  Jmuuy-lB19. 
nspectively. The fink edsriona 
rundard i ~ r  benzene sourccr war not 
proposed until April 18. lSBO (45 FR 
YYYY))SmpoIPI war not ddayd by 'the 
.vld.osr"horbUtbutnrh.rlhe 

ued  on thip)opoiad ahbmm - 
p o L l c l . ~ = - =  

~ 1 1 1 k m . b a . L P A i r  

k-F-1. N-F-8). 
The EPA a m s  mth the commer.ten 

that the available data do not implicate 
benzene as a uotmnal tentonsn or 
efzbryotaxm ;a test species ?kt risks of 
acvene fetal developme~ul or - 
reproducave effecta howwa. have no! 
bem d e d  adequately. No atatcot- 

posrible to determine cbe levels 11 
w b ~ &  b e ~ e n e  would have no o b w e d  

the healL5 asrissmer.r docmen!. sruiies 
are available that relate inz?eereC 
c!tmnosome beakage to benzene 
exposure well below the OS.X.4 
standard of 10 ppm nmcweeh!?d 
zvcrage (TW.41. (3) 191 

With respec: to a doae-response 
rrlationrhip. EPA agrwr that the 
P i d r n o  8Ndv indicates a do* 

. dependent &thahip between 
I uooaure to benzene and the amoun: hl 
&omoaome damage. As noted in C-I~ 
ETA heal& assessment document, 

pekhtmee or- ofebmmwomal 
abemUoaa" [amphrL added]. (dJ EPA 
beIiemthetthia8tadyandthermdyby 
WLn ad W a l ( s ]  am appmpriately 
~ ~ ~ ~ d a d d c n l x e o f * ~ ~ ~ ~ ~  
b e ~ ~ a p a m a a n d  

and that the 
lowest- ~-~ (mm=uppm) 
rhar n@kuxt-inenua 0 bmakage 
lmrq h d u e  mldad proptfy to 
n p e e t a p ~ m n r k l o r ~  - 
mmdud rltb &aka1 rlmptonr of . 

~" loQI .danaudtb  . - -mdt*harMlh =P-=-b. bonanca .aadia~dnah 
b'mzmr heal& U m  d m m t  rn c x p l r a f i o p p m t ~ . r * - P a . A -  daw&p@*Loarlcrnan& 
miwUwdbummb.Lth&hh - W I V - P O . O A Q M m l l I V -  M t h o ~ t a ~ ~ h p o r * d r ,  
&tan .xpolla T&n indud.*.c~ b13L .nd .that ho Ubbl. mi-" (21) 
an mproductlm .nd drveiopmmt . -a tolinlzmbcl~c~-e . camhogAaly. ckmrm,CamMnt;r did riot 
(ambyotoxidrpaad Untq.nidty), ' aqmm m&hmmome akrrmom w EPA'r coachmian that %me L 
~ Q I  ~ . t h . a l u L r ~ a e  mami@ 0 date the o b a s m t l ~ ~  cd- mbnuotid rpidrmiohgid d d w  ' 
I r n U ~ W  raddmmomw . . bnrlrywlu?~hrbmlt ' t h t ~ b a ~ i . l l i r c m q s n - .  c- L7Fa.7&9g2F W W  

(sl A mk of -tar WC 
dL.& with EPA'a d r u i o n  that 

p4Uutmt !# ~ ~ a ~ g d d r y .  w l y .  one mmmemer - ~ p o d I D P U a e d L a ~ r k k  - 
However, misw m m t a  were -ddeag8d EPA'a cDndwion t h t  a at the lnnL pnrmt  m the d ~ m t  air. 
n u f d n d t h a t h . ' # d l c n n & ~ u ~  - mt mktl~nrhip between EPA addmama lhua wmauatr b l o w  
thm other ffe*I. they .n inchd.d fs .- in "Health kruea Rdevant to Benzene 
somp1rtm.n; d.mqr hadnot been dcnronrbted, LL- Deumoe" 

h p d u e D e D w  and T # T o ~ E ' M  dun# mufy by Picdrno (2) in b e  mmmcmur tooi mbue w~th EPA'~ 
EPA concluded in the bentma hdtb . benzsne-axpoaed &. ad ' madusion that "them ir no wnvmang- 
errer8mmt m n  that the hdtb -famed that.thl rbrdy d0camatt.d evidsnu @at k n n n e  mlun 
Utm- w u  incmlurhe &ammod rtl- a t  bma!m . . awplut~. ierieLujrsmL.frr - .m~.ibcrrofkrranronh - L . r L a t m d k l o r Z ~ p p m . .  . .aamnh"(6)7hrtommanl~rdtdtro. 

~ n x ~ w u o n m d u m ~ ~ . .  a a ~tesml1ry-w~ r t l d i ~ ~ n r i ~ ~ ~ a ~ t ~ n i a n d . ~ ~ ~ . ~ .  ' 

0 .  - - . - . . . . 
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r 1 .  R d n  s n d  Regulations 

lX1 a d  om by Snydar a d (M - b m ' a  dwmlity ddsdrlm m Q OSHA 
d e m 0 1 u ~  P umon M lW (DAQPS-7~4 psn I I ]  N- 
in mdmn ( O A Q M  pan I] IV-P M A-7U-s N-W]. )rlOR 
81. @ally, commenten -.d that 

The un%asuridry mudma m the rndy war f lared in t w o  rwpecn: 

OSHA bamene hearinp. [Id) the 1UicI 
cohrm defhition e d u d n  tevenl 
ad&tlonal a e a  of leukernla that 
"auppon f w t h a  the notron that here 
eurted a causal link behveen benzen 

benzene in animalt rrponcd by Maltod the exposed cohon war impmperlp 
end Scamto llBigl lLll and SIlvdei et &fin& md cht u m m  lcvcl~ 

exposw m thore facilities and the - 
o m n e e  of 1eukemra.- (17 ~ - - ~ .  

~ ~- --- 
a~ (ISEOI (~.TI Nppdri th; -&I ttm -d - emnaouc IOAQ- 

poriuve tumongervc &CI d benzene prn 11 W-D-1% pan I V 4 - s  W-F- 
ir evident fmm mew &. The i TV-F-Q.Adw N- A-7- K- 

C m e n t e n  abo~contended that the 
benzene concentrations to whlch the 
worken were emoaed were much 

resultr of these s&et uc a d d r d  m P9: A-eD.14 W a  W-&IE). 
the follomrrn wchm Thmrnn PA rccosnun t h ~  the 

hgher than rst&ed b? EPA, supplying 
informanon bom rtudlu tnd~catlng tnnt 
U c  workers could have been exposrd to 
IewL of 1m to 1.m ppm m the IWI 

Infante k aL tmdy -h wenkmsrar. 
EPA b e h  that h a  cbma~.tioo Health Basis for Listiw 

& pnviowly h r d  the Agvmy 
b e d  b e  dadmion to llrt b-e on a 

of the study u 'miwslg f i n d  and 
largely dituedited' n hemra ts  
Uthouah the commllnter d w s  not 

and at l igh ar 955 p f i  in the 1QfO's 
with a mean of 30 ppm: 

gm- wnurucu LO the uunci6c and 
rrgulatory wmmuniry. ruppaned by 
~ U O N  bv NAS. IC)XOSH. m a d  

Rin6k.v et al. (13 provide a thorough 
discussion of ~e available information pmvldi explahstxm of hie aitidrm 

beyond reierencer to the OSHA b- on b e  benzene levels to which workers d e m & n g  hra muarks imply that the 
. rbdy  u invalid d w  to m - 1 ~  
report@ d the u g o r u n  
cmrcanUatio~~. EPA a ~ w h d p u .  u 

may have b n n  uporad in the rubjrct 
hcllitres d u r n  the pmodr studied Tbr bauae  was cumallv nhcid to the 
ruthon concluded that 'Tor the molt 
put.  employees' &hour timeweighted 
avu.ard e*waurw w m  within the ciid the ruthom oftha atudy. LhTth. 

hiatorid uporun lev& uauo t  k 
detemdlmd vitb sWhy. rn f.sr 
howsvst b Lmhaat to the rtudy'a 

m w u k a n d ~ d  [ofnrprtlorul] rundud  
in a f f m  at h rime. However. a t  la 
chu.*cnroc of h d w m d  pmurrrr .  
then were o c u r l o d  rxcunloru rbovr 
thuc ii&u." EPA m n c l u d ~  char whllm 

d o c t i  atebutad to kntllar. the virmv 
comrqu~Cn0fthirdiwa.ndthc e x p n m a d  r5vdold  - nak of 

Ieukerma o v a  the w n d  -tion I m E M i n ~ r  regding tha udrmla of 
.ny no-cplcl L v J l  of mpalun 
mmbtnedto&ltUmbsbuLrtb. 
*ion to 1LtEPA'r health b u i r  for 
Wq mtod primuily on nbatp.ctivd 
rh~dias in occupationally expawd 
hvmur populat~oar Of hone, tbme 
nportl donrmenung an umciation 
m d v r d  gmatwt emphasis infanta at 
Lln) Aluoy et d. 11s) ud on et d. 
(1s) In the tntevll l i n e  bt* loirml 
dau have become availabl. &at fmum 
nrpport a a u r d  datloruhlp. M (x.q 

Commentan srlticat of EPA'r d d i o n  

intadt tenl  levah mry have 
a m c b a d  thr vdum r m n t e d  by the Commmtm tho-ugbt thi& 

v l d  for the rmdy hppmprbtely 
a d u d e d  c m r i n  mech.ntclt and "dm &&rnurr the range of 7;ecup1tidnrl 

a.nda& for the m o d #  ttudled 1100 to a~da" worken ra well u m &owd 
number of w m k m  who left the pknt's 10 ppm) a p p a u  &sonable as m 

utioute of the chmnic exposure 
pat!em In this mgu& P A  apes wlth @ 
tbe n u n t  conclwlon df UM hanzuu 
WaL &up of the h m t i o n d  4 r n q  
lor Rnr rmh  an Cancar (lARC) h t  "the 
-rive momllty &om myeloganw 
md monocvllc leukemia had o c d  

f i e - l n u  of cobon damtlan  fn 
Infante at d. w u  dbeuudb 
a l ~ p l r b I l u t i ~ b g ( b . . o C h o n  
m ( u , u w d l u c h . O S H A b e t r n r  
nJcmrWns I43 FR 8Olh Febmvy So 
we). l 'he &am upm that "@ rldr" 
woken -wur M.w incmded for rmwg worken with occupational 

axpoaw to bansme h a t  was gemnlly 
within accspted limits." recogntzhg that 
"he poalbie antrfbuhon of thr 

Inclwion h the oboa  
dknvaion with a m p a y  pmmne1 
hdiatirq than w u  no k n z m e  

T- ontbb.drldbn[UPR5av). 
Su m w n t  npaa of h m ~  levah 
Itkr sample pointa) on tbe 
by tb. Univmiry of N o h  
w m  mgudad u irudqurtdy &t.i* 
70 wrmit a valid Dt.rpntaUoa." llDI 

und to p ~ a t l y  ndocl u not .&la 
the 0birrP.d u ~ u n r L  seven '  

ocuilocal ~ u l l o n a  in expoam md 
of the employmmt of a m a  workm in 

mmwnlm iko thtmgbt EPA k: 
milirulcnpntd ma mrrty nmlu a l d  
b m d  other wall-cnndnd rmdla  

obar  emi r  of rhr d r n t  must be noted: 
and ' ' ' May habe made lome 
oonoibntlon to the obrmed axcarr in 

that m a d e d  sipI5cu111y Meyeit 
mlldruionr. 

EpidamiofogId Shrdns. m e  work by 
Jnfentc et J. a nkoapacan  mhor! 
-Q .trrdY c m d ~ n J m  bg MOSH. 
m mpaned initi.lly in IS?? with 1 
completed f o b w  rrp pnWlbed tn lesl. 
(nl The atudy found e m a *  than 
fivefold exerrs rink of lankemla am- 

morulltg from Ieukdr."  (W] 
Akaw et 11. studied the inddraw of 

. . 
' h i r u t h o n  also watahd that 
~ ~ & t a m u  pcnocml btpallnm. Ieukamir m d  other d lna tm rrnong 

w m k m  ~ a u p r n o m l l y  expotrd to 
benzene in the Tvrlrlth shorworkina ucludrd h ih. whii'b&& 

c m p w  nmrdr did nnt &ow wtdch h d w ~ .  (24) IP) IOd) Baaed on U& 
aamUimnsnt by m u m  with m d u l  mrnhad mrponsibPLtiu Ln pUotUm 

pmducrioe' [m) Workm who left 
rm~iovmml prior to 1m *could not br  

ure and mmprnran of leukemia 
h d d s n ~  in the exposed population to 

vorkm axpoled l w  bemma d m  th. indudid b e u w e  tbrk p m o ~ e l  ' . 
m o d  of 1940 to 1919 in thc %OM" mwrdr wen  not in r n o i m b h  fam.Orm. 
(rubber hydrocblondel omductIan IWl 

mUmatm for the general papulaclon of 
W a t m  nmonr. Akroy et 11. found r 
two fold ax- iwkem~a nrk among 
dwmwrken with h n ~ c  benzene 
rxponuc. 

Ailhaugh cornmantan pnerally 
a g m d  that the rmdy war of vdur 'in 
naf5mb& * that ptuloqed I, upor l rnr  to bi& MIclnmnonr of 

. . 
inti-. i h a  EPA waridem tbe rationale for 

One wmmrnm stated thrt the the raleaion of the Manto et J. coborl 
Inf.nte work ms'rsr(waty flawed a d  appmpriate. EPAnohr t h a ~  as 
h l y  dieudted.-dUq twtbmy . dercrlbed in &e mmpletd M o w  up by 
fmm the publlc lmubm an &a OSHA . Riaaky n J. a mll u apat rnrtmsqp 
~ a l a n d d ~ 1 b ) d U m S s p . m a  . o ~ b y D r . H u v l n 9 . t o l a t Q e  . 
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benzene mol t  in &a blood 
& d e n  hdudiag a mall amber of 
leukemias" (OAQPS-704 [Part lIJ N-F 
I. IV-FBI, sewn1 specific aiticisma 
s u ~ e s t e d  that the exccn rirk observed 

other findings in the b a r m e  health 
literature, serves tn reinforce the public &A unneceaaary and h a  mirad the 

rhit drk deri.ation acco&&. health concerns regerdmg benzene 
exposure. 
EP.4 does not agree that the use of 

"borderi:ne" m describ~np (he 
r t ~ ~ c a n c e  of the Ott el a!. stud! is 
manropr:ate rmce (he value caicula~ed 
(0.g') was very dose to we 
predetemned lunrt (0.050) chosen for 
the tes: EPA does agree bat  the lesL as 
consuucted. ruppom a findrnB of 
smficanca. 

On et al. (16) reported long-tenn 
mortality patterns and associated 
benzene e m u r e  for a a h m  of 594 'w ~ a ~ e e x ~ e r s t e d .  Two cummenten 

argued that Akaoy el al. relied on 
inappmpariate figurn (8 per 100.000) f a  
the backgmund leukemia incidence and 
that when a more reamable astimate 

chemical ~bnufac tw+n~ mkm. T h  
c a m  of leukemia were h e w e d  where 
0.8 was expemed. an excos m k  of 3.73. 
?he fin- was statistically *@hcant 
(p;..O.DII) in a onctai ld test of 
riGcanee. 
om -tff mw the 

dmved from the experience of the 
Eurpean Standard Po~ulation (8 to 14 
oerirn.mol w u  uak the smdv no ~. - 
ion&shows an excna inddmct suiem&(&~ EPA'a bcdth asaesrmmt(b) -%PA that the w of a "tw* 
amonn the exowed workrn (OAQPS- that exem l d e m i a  hadence tailed &at for hgdhntx would be 
W part I ]  IV-LLIS p r t  I!] W - W ,  obamed in the Ott el d. study was oaly more appropriate than the on-hiled 
N-F-8. A-7-9 N-PB). One of "borderline' statistical significance. test employed by 011 et al. The 
commenter emberred coneem that the The commenterrtoted that "lslince h e  p h>potheas to be tested in that benzene 
age d!strtbut~do ofrxposed worken we# value obnmed (0~747) rr l o r  than the p exposure mcrrora, the laukemrr nsh 
not available and rp.culamd bat  the v d m  (OPY)) canrmody w d  to not that nak may uiauue or d a m u ~  
m a w  for mmr In the "ofbad count' d m m a h  stathhul m g d h m z .  &ere The bcnune health itiuanrrr does not 
usad as tbr danormrvw a[ the uwbarirbreanridmagtheolhe vlpponafindtnscbrt b m a m e a e r u a  
shoeworkmg popdabor~ (-1 w a  b d e r b e ~  10- 7+3 Nd- pmtamve d u r n -  oo upmed  
'bmbablr ~baun t l a l "  (OAOPWW al. 0th- eammmkn 8md -the hdrndwl.. 

EPA .gram t b n  -1 choice of the 
&per-1.100.000 bdreolmd kvkmJa Immedhte ult.. of d v t h  d d  noL m 

EPA'r opmon be an appmpr*te 
change. h ncu of Uu! rrcagn12.d cduasl 
&h&p between W e  and 

is not aaslly a d b u u d  to the Tprkirh 
nvrl popul.tion. It i~ dno rauwablr 
that the "o'omdd mmt" ofzkW0 
ehoewrksn may be an undsnrtimate 

Oaa ~ ~ m m s n u t  rrmukd that while the 
u s a s  were coo few to draw "solid 
a u t i r t l d  ~ ~ y i o n s . "  the On at d. 
mudy w u  the ?best documented study 

-. . 
that r a m  of mgelqaotu  hkemta. 
such u thu should not be ignored 
EPA don not .Lew the extant of 

h d i m  exwawm in Ott el a1 a& 

and themfore ovimtimatn tha - ofctmmlc amormsr to bQm3le in the ~ ~ 

leukemogenic riak in &e axposed 
popdauou It ia .qusUy likely. however. 
that Aluoy'r methodobogp h d r  to rn 
undenathats ofthe r- ruk. F i  
only 18uk.m~ ara of M tbn auhm 
w u d h d y  a w a m u a d  
pr8cUUon.r w m  countad In (he mndy. 
k A k ~ y  1.rUfi.d brfon O W  
"undoubtrdly thm w m  othn 
.ddluwd muant8 amam &oewo&n 

c0mm.nt.n also contended that the 
&ion of m e  decedent whose 
hkemla vn idmtmed as a --cant 
0th.rooaditiqn" rahr*h cause of 
death a h i ~ t e d  the aIgni5- 
(QAQPS 7 S i  [Rrt rl N-&l3). OM 
wmmmter uaemd that Oa at d. 
d e d  m % a ~ u  oneatlad 

s-. Theauthon did d u d e  from 
(he& i r b r l .  PC- known to ban 
been u-p&d 6 levels of urcniuis.  
vhrgl cbloridr and asl~atos.  d l  of 
which have been .uociated with human 

one i d m d a  dcUm I b e  remainurn 
lititiaid] &to &mmtna 
d @ l c m a m d r b . t t h e w o f r n  
appmprLt. teat (hrotded) dld not 
mwd a a ~ c 8 n t  enob.tlm b~wern 
c h . I ~ a a m m d a p o ~ m  

(OAQPS 'RS lRrt I] N-P13). 
I b . m n n u P f ~  

N~WW. wkich indude tba N* 
uninw vinylidme ehlonde. b a n  no. 
bwn rbowa to be unodated with s 
kukamja rirk in either m m  or anunalr 
Therefore. tndusion of mch s * p d  
pnora rorJd not be likely to a 5 e r  t3r 
Ugct agan dta for benzene in terms of 
inamled risk. 

[(he ~ I Y M  of i.dumh usodatad with 
b-a upoaun], a m@ution of 

W& .l.o noccd bp imnmcntm 8; - 
evidence (hat the rmdv ahould not be 

-~ -~ - -  - ~~-~~ 

Acmtdlng to the authors' testirnc?y 
before OSIiA. the 'low levels of 
potential benzene ocposlm relative to 
other 8mpIoytm in the 
cohort . . . made a nmcpeitive 
assearment of the possible rdationshtp 

the rid in bmnzan&rnoud 
sborworksn would b; o b m e b "  (q 
Flrully. ALuoy bn dw ardild (hat commenten noted k t  the a r e a  of 
nml h u k d a  Inoldma in T h e y  may 
be on (he order of 3 per 100.000, or half 
of what he had ~Umatsd  origrully.(le) 
This fact would also Inasare the 
cdulated excesl rink 

to benzene exposirc very 
judgmental.' (18) EPA whil<recognu;r4 
thu unccnaintv, anrees with the 

thrn &on mcormtmd by mu& other 
hdivldluls in the mdy population 
IOAQPS xw ~ P H  n r v - ~ s .  wart m reservabon exprekd by OSHA in iu 

benzene rulemakina that "because of thc Conce- (he age distribution d the 
shoemaku population thr Umid age 
urfommcion svaihhlm led EPA b 
incorporate an mge adjusmenl factor in 

Y 
thn A(ancy's n& amaeramurL On the 
b . . ~  of k t l m  Inkmaurn aa Ulb .R 

- - -. - -  
While d;;m not *aw ihe a t  at 

aL rtudy, h k m  alone. u conclusive . 
widam of ur anoeiation between low- 

rmall population &e as well as the 
possibUity of sensitivity of thane 
h d i v i d d  developing leulremia. it 
cam01 be concluded chat thue deaths 
are not utu.ed by uponuc" 
(43 FR 5828). 

I d  12 to O ppm) occupatio~l exporun 
to knnnr md I&&. the Agency 
hdkm h t  This wmk. wmbkred with 
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Commenten cited other W t o n i  m d  Surruto(U) and Synder et 
d.(131 had become available 

EPA 3 Position on Corcinopenic 
Thrssholdr INonthreshold Hywtheaial. 

- 

epidemtologid amdies, notably rbe 
work of Thorpe. (28) for which no demonsb.ting benzene-induced tumon 

in rodenu (OAQPS-7E-3 [Pan I] IV-D- 
81. 

In walueting the public heslih harar 
associated with exposure to known 
potential carcinogens. EPA has 

camlatian between leukemia and 
benzene exposure war demonamtd 
IOAQPS-79-3 [Pan 11 1V-D-8. I V a 1 3 .  
lpsn 111 IV-F-I. IV-F-~.  A-7s-p IT-D- 

EPA agrees that the studies 
referenced suppori the ivlding of a 

ma~ntalned that. ;n the absence of sound 
nolentific evldence to the contrar)', ruch 
aubatancer must be cons~dered to pose 
aome finite cancer risk at any exposure 
level above zero 141 FR 27402 Ma). 25. 
1976: 44 FR SWZ. October 10.1979: 44 

38858 July 6.19791. OSHA 145 FR 
SOOZ lanuary 22. ISM). lhe Consumer 
Product Safety Commiarion ICPSCI. the 
Food and Dmg Adminirlrslion (FDA). 
the Food Safetv and Oualitr Service. 

- .. ~ ~ 

The Thorpe~atudy yound "no exces;' 
incidence of leukemia among peaoleurn 
worken exwsad to benzene levels 

mdcnu. Tbe *tidy by malt on^ and 
Scarnato indlcsted an muearad 
incidence or Znnbal dand carcinomas 

aahmsled 1; range up 1020 ppm" 
( O A Q E L J  (Pan I) IV-D-13). 

5% bslievea that deficiencies in the 
'Iborpc atvdy pndude 1 judgment that 
W O I W  to benzene below 20 oum 

rnammay @and carskomar. and 
leukemia in beozone-mated Sonme. 
Dawley rau. Snydar et aL ob i rv id  a 
hrgher occurrcau of bematopoietrc 
n&ulasmr. bone marrow hwemlaaia. 

pona no nsk of leukemia. The &&or of 
thla study dwells on the ahoncomings of 

-. 
and'splenic hyperplasia in b;nzine- 
treated CS7BL mice. The hematopoietic 

and the Precld;nt.s ~&ulaiory Councll 
(44 FR e003a. October lz. 19%l. arnona 

the work, the mort imnorturt of which neoplasms wen  catqonzed as 
lymphocytic lymphoma with thymic 
InvolvanmL plarnucytonu (myeloma). 
and leukemia wtth a bamatocytoblart 

others, have shared this conviction. 
. 

Suooott for the nontbreahold a n  that (1) q u a n h ~ ~ ~ ; e  detmmmahona 
of the u l m t  of u p o w e  could not be 
dona. (21 follow up of mmbem of the 
cohofl -a uudeqwtr  m d  131 pmblenu 
aurled wlth vrrllyiM the Ieuk.rrm 

hypo&eair for uffiinoge& dervices 
fmm both acienrtfic m d  urscttcal 

appucndy u the p r w d o ~ t  cell type. 
The Ending of a hlmongrnic effect of 
benzene in other m m d h n  aoeciaa 

conaidanttons. Aa a&anzad by the 
lnlengency Replatory Lalaon t m u p  
(IRLCI: "[tjhe ad-npLuttng n a m  of 
uncer. the molttpllclty of caurauve 

F ~ U O & I ~  w u  left to each m ~ t  Lplant) 
lapurlely. Slnec the author did none of 
iL the fdow.up w u  poor. Mmy untu 
h d  no m.ch.nlm, by which lo nortiy 
rhr plant of the death of m ~ ~ l l u l u n t  

nrves to rmngthm the c o n k  w a r  
&#'a d u u  on humen populationr. fecton to which individuala un br ~. 

Health lmues Relevant to Bsmsns 
licling Dacision 

axpoaed the additive and poaalbly 
rynemlruc comblnrtion of effecu. and 
h e  wide range of individual 
susceptibilities work toeether in nukins. 

- - -  

md where ~ t l f m t i o n r u  n u d r  often 
w uuu of death w u  nwrced to the EPA listed k n u n e  u a hazardous air 

pollut.nt h r e d  on evldenw linkins it cunintly unreliable 16 predict a 
thnahoid below which humn 
population axpoaure to a carcinogen h 
no affect on uncer  risk" (44 FR 39878) 

The mssbanirm by which a 
o u c i w p n  acu is of particular 

r 
lmponrnoe in poamlaU~ whether or not 
an affut threshold rxislr. NAS ha1 
ob rend :  

um~imr iu  w a n  m b u d d  aitho'igh 
poulbla undernponvr~ m the puup 
w u  mco@~ued No rnurtion wea made 
co- follow up mffoc~~ on former 
rmpl0y.a who did not ou.iifv for m 

hukemia m d  on the knowledge that 
Lwe numbrn of people are axpoaed to 
md lhenfon. may be at nak from. 
benzene nnttted mto the ambtmt d r  by 
a vmrty o l a u b o n r y  wurur ?ha# 
n h o n d r  euumsa h t  11) I t  is 
naaonrble to conclude h t  l u d  
n*tioluhip mnUnun to nrLt a t  tbe 
algnlfiunrty lower u p o n v s  l ewh  
ch .nc~eh t i c  of tha ambirnt .lr. m d  (2) 
that the uwulhld. of thr nlationahip 

Other pmblem with thb amdy 
involve the quwtioaable metics of 

' Whather a not a pantcular affm follows s 
doacmponsa nlal~onahlp that naa a 

mwrtins on the d d  h u l u  of. lhmhold d.pnda emlnly a the mnhanlem 
of the effw. Many sffocu have thmhoids. rtvdy of-eelght w b a i e  ~ d S r h . ~ a  

caoltdmbly diffvmt p h u .  A 
QnU3unl nsk that m y  ba pmamt in 
one or mom of the p h t l  could a v a  
bwn o h d  by the hclurlon of 

WUMU efforu to mduu  h m m  
avokom'. able k toxlsltv. and mdlaUon 

A number of comnunurr took lnw 
wlth EPA'a jud@murt that UI 
axpoaun h r h o l d  lor bm- 

6 dny conuol of wke ~ l l ~ k  aU ha& dm* 
mapom awn C u t  ahow tbmaholda. The 
auvea an si#matd md blow a panlcuhr 
don them h e w pmbablllty of produdry 
h e  allmet. kuuaa  the effact mqulna  many 

populations of ninexpoaad indiv~dual. 
Additionally. no considention of L t m t  & d u d  leulumir ex&balow which 

than is no health risk and thar evrn facton was pnaenla& no affon wan 
made by the author to require a 
minimum time since onset of 

lndependmt wmta and will not ocnv until 
the number of such evanu axcaeda soma 
al t iul  valua. The heaauoincastinal*.d!.I(on 

p.nthg m auociaUon with leukemia at 
unbimt levah. the tude of the 
health rirlu to a x p o ~ o p u l a u o u a  b 
nagllglblr. IO the numbu of 
conmanan on there aubienr, the 

amploymant of individual Ln h e  r e d y  
or to pmvldc evrn u w p e j f r c  
monality by Ume since t i n t  
employ men^ Furthenaom the study h a  
been criticlud by Brown (29) with 

(or dnql syndrom;a a uaa in polnL An 
uUml will nol dl* until the n w k r  of 
htnclnal crypt orb l lut have bun kilid 
u e n h  e valua that la uincal to the intagmy 
of the ooan. Any mdlatlon or dm8 dole that 
klb  fewer wUs than ths cnttul number u n  

co-enu focus on EPA'a pma~&~tion 
that effact thnrhoida do not exist for respect to factors re la ti^ lo 

undemponing of leukeniia In the study 
population. 

AnimolStudies. EPA orislnall~ 

urdnogrna (the n o n h r h o l d  
hypotheair) and the methodology wad 
by EPA'r Carcino~an karsammt Cmup 
(GAG] in d e n v ~ w  qumtitetiva awnatas 
of benzene irukemoseruc hlu. A 

k considend to be uh (at Least [or this one 
apdrome). 

We are wed to thinkins in tonne af 
(hnrholda and ntgmo~d d~ae.nsponae curves. 
Fm examule. 11 It costs S4.m ta buv nn 

concluded In the benzene Leal* 
aa8esrment thnt ' thm is no conviacine ~ - ~~ ~.-.~. .- --, 

eutomobih. we da nat imamnn th.1 .r. will evidence that benzene causes 
- 

aummay of public cimmants addmartng 
the isrur of a urwnqenic  h a h o l d  for 
baazene foUOwa h e  au~muant of EPA'a 

~ ~ ..- ..... 
have a 8OS chance of buylrq the name 
vehicle for ern). If lUJ upirin tablau 
a u U l u t o  a iethal don. we do not ~iculate  

neopluiaa. including leukrmia. Ln 
~ a l s . " I B 1  One cornmanin mbmitted 
that two i d a l  studieh npoN by position on d o w &  h m h ~ l & .  

- 
th.1 we will bve  e 1% & n u  of dylry If wa 
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n r e U o w a . 1 0 3 . U b b L ~ l e e l s o r  
the lmchdum uobrtylnl t h u  evenu. .n 
8- thrholdr to the don-re.pom 
c w m .  and hdd Uuy .n . v l d 5 ~  

H a u r  o1b8r &a w d  nor tuve 
hahold  d d !  n*no&pr. ii 
e f l a  PD be u w d  by e ~ 3 e  hit. a d e  
rnoiuvl~ or a 4 s  -1 of ape. then 
rbr dul m qumnon UMOI have a thrrrhold 
la ibe dmbnrponw rslenonrhrp, nomrter 
bow d l w l y  t i 8  tb.1 tbe *@e MI or evam 
wJ1 podux (k affecL Muuuosl m 
rmkwonc ud aukuyonc cdb un k 

damvccvmlationrhipbeweaih 
and the latema for trrmcy 

OSHA n o d  in ill summary of public 
bearmm o. an occup.honal urelnogen 

A rmmbc: olvimerrar tnllfed &at even 
I! LL~esholdr could be ea~rol~rhed for the 
c-ences in wnicn enlads are e x r o d  

Roponum sLo have sqgeskd.  as 
indirrn evidence of thnrholds. tbe 

only m r~@e M Y L ~ ~ N  thla WOULC 5ave 
L!ue e no miwana to ruk owrarnurt lor 

uxckogeniaty at d o a e ~  o! enim 
rubstances for whch a brcldmcal 
nqukunsDt uStr. Thrrphold Lveia 
have, in addition been iuierred ,Lorn 
'hcgstive" epidsmiologice,l uui aDlmnl 
ahdia.. 

W e  EPA asmar that tbe evidence 

numaor who M wand I. many 
camzageru. either e m u l t a . ~ ~ ~ )  or 
aequenuall) Sprafiolly, eeveral wtmcsrcr 
ponted out &at the= IS .Inad! a ralatrr.u> 
hqn mnaencc 01 unccr ut thb human 
popdsom. Hena many in&r?dualr am 
h d y  81 or dme to the thmimld for ccnun 
procerws lnvohnd in -out dmlopmen~ so 
thml In-ul nrpovvr to eva! mall 
q u a o a ~  of an a-1 that 8cQIenlel h e  
p o w e r  would be upec~ed lo bad lo ar 
mmaae m tbe kqueny  01 unssr. (45 FR 
SlU)  

&wedby a s&e c l w  of ion pun w o l d  
wuwpmduod by a b o l ~ o r u z u q  
ndu- We would avm th.1 mu~horv 

for nrl or pn&ul 
thmsholdr ahauld play a rob m hazard 

prrhspa mup dmolrPJa in mxhity tn 
the DNA The 0-uy coaclwtan h n  ihu 
nrd118 ihrt the doacnrponre rrlaUorubp evaluation the ApEn& i a  mauaded 
for h o r n  utd chamful muta8mrr1a - bve  a thnrhold utdrnwt be bur. lhat the utility ofiuch~inidrmauon m 

e r t a b l b h g  "no &ectW kvda L 
aulourly linritcd Although pmucttvc 
mechanirnu such a8 DNA rrpur ate 
mawmblv a&cUv6 it u nmenllv 

NAS bar further e l a b o n t d  
In c~naldanng the pouibUfy of (hnrholdr 

for r.udnqlsnmu. it u mpavnl to 
cmdenrmdiht(barruw8ym~&imiulor 
ohwruLtiutindua8afomof.mnrm 

- . . - - . -. . -. . - - -- -. 
IIuoolauphucbusoomLta 

muuyoata witb w d a o ~ a u .  
Navaubelru. the m d m u  18 amm# that 

h a dew nlsUu~&~p k- (hr two nmga id  tht few. ife brologid 
pmcama uc 100 m t  &uent IPS 
FR SIZk 5120). slmi&Ziy, w u  
d s c n u e d  dose a u l d  rncnuc the 
m#dinn t imbbtumor to #run* than a 

.. - -- - --- -. 
W e U u d o n ~ ~ Q L i f l h m &  

. v l d m a h t a p v n s d v ~ . c u b y  
nmat loomt&DNhnb 

--is M U  no1 a h a  a QuhDld .od 
will k knau witb dou nt low Qm(1J 

v- - -- - -. - 
i x p o n u n t o . m h n ~ , m . r r o o t ~ e t  
a n ~ o f ~ ~ N m m r r r u ~  
at an ongn of- -c w u  rn our 

WrqMa. the typ iddl&t ionof  
tpmm mmu .nc m u m  stiU would 
m u l l  in ".uly"-uhurj ukbg.  

Evidmcc for p n c U d  thnrbolda is 
also quationrble. lhrn L no mason to 
k U e w  that bIolog[ully xm$dmd 
nrbatmoa. which have barn found IO 

Evidanca for 4 -o@c 
. mSpOW 8t bw do- c~nur h ' 

studiar auggnU4 u n c a n  may mire 
from the " l ~ w f o l ~ t l o n "  of a s iq l e  
cell. (30)(31) One atudy observed ttut h 
women with a genetic condition that 
kadr  to tb.ir body calla b e b  of two 

will a* by 6 p.r(ldumech.nrmb on e 
pvricviuull popdallw that 18 nhmdy 
be- aned on by the uw raehl~~m to 
d U C E  U n m  f88MUKld h p b *  the1 
only if Y a n d  by l &mum m n d y  
dtfirnnt fmm ch.1 k d y  m m  oo the 
bee* cDuld m d y  added u r p M 8 r n  h w  

thnahold h it8 doumponr m. (I) 

be cudnonanic at hinh lev&. msv not 
pore some-cancer hL a t  l.v& where 
t h 9  uc d y  found in the body. In ~COW~I. ~ r i ,  m n  .i;l-~ 

s h n o t ~ t i u l l y  of on* cill tvw. vhib ,m.ndd.-t[onG-b. a~ - 

E u r y  or opidcmiolo#id study d o u  
w t  COOIUBU widmica of 8 d u t  
l e d  NA8 has noted that 

h rmnmuy. =A's position has bem 
tbmt tbe nontbnshoid hypothais u. for 
urdnorrnr. l m ~ l u b k  and 

m n a f o d  blL rra fmwphntdkt~ 
whole .nfmrk. Both of these 
obsannUcm, further ntppon (he theory 
thrt uncm may ui re  kam -h 
A ~ u l l m i n l n O f u n c a r ~ I l r r  

appmp&tw psrmnption tbst mum be 
ovarums by wand skntif ic  widen- 

my &paawe to mcb robatmnm 
un be conchrd.d b be rlthout bealth 
r*k. At the ume time. howem. EPA 

that tim smiltld folm of tho 
. 

C U C ~ E U ~ E ~ ~ ~ ~ ~ U W M ~ ~ U ~  
n u y b r h 1 1 6 1 y W l w a a d b y t h a ~  
~ o f ( h ~ d l 8 ~ o f c i l l  
tmnefamations r l t h  don. k Cmap 
poinu out "the &act of thia L to m k o  
n m r d y  m y  pmoma af h t r  *vmu 
appmrrmutely thur .I law Qw." (4 

EPKa pmnrmpIIon thrt my a.qomm 
Wacnrztn p m a a h r J t h r k l ; L n o t  
htanded to% slaedhudmm 
ieRorr d n a  m n a l  or pmcnd 
dfa Ikmaholda for ruch rubstloas. in 

rrgud. mlavmt s n d a n a  of the ab1llt-y 
of U W u l  mtem to mitirate adverse 
W t h  u im-t - 
mnddmtlolu in the d m t i o n  of the 

h d y .  EPA consm. with NAS that 
th.onW ummmb for th. & a t m a  

Suppoff for0 Thrrshold for Benzene. 
Cornmarten ch.ll.nned EPA'a 
oonthnrhold pm&>tion for benzene. 
uauins th.1 tbz b c c ~  had failed to 
conaida umvind& &donee that a 
hkamogcnic thrarhold for bemme 
does cu r t  m d  that thia threshold is well 

- above any ambient levels that might be 
mcnuntemd by the mnan l  vo~ulstion. thia rspud a numba of theories vwim6111ty to -ia LI~u 

dontmmtad (Shnl). 1m. (JZ) and it n 
alno knmn c b t  mclndmis who am 
defiornt m i r m n u n o l ~ u l  wmpetence 

por&te the exiauam o f t k u h o l d r  
Thase include conridermtion o f a e  

in auppon of this poiit~on. eimknenten 
cited rtudies of benzene metabolism 
rltemat~ve mechanisms for cancer 
mductaon. and evidence derived from 
ep~dem~olcgial studies. 

One commmtn dtcd the wo* of . 
R~chen utd kom (SI) a8 evidence that 

body'a d a f e ~ e  md repa upabilitiu 
(lmmunmurveill~, decoxifiution 
and DNA nmi r l  and mom of the 

[for genetic or nnrimnkental riasons) 
u e  w y  -bk- rome 
f o r p u o f ~ ( C o t t i r r e t d ,  . 
w41w.- cn 
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.expos- Lo &evs~ of be- Wow 10 rnnintain the laucli (of bn-j and ita of the affected wll. A# OSHA ha8 
uom doca nor uwdua any ndvmc mataboliur to be auRdenUv lorv h the noinred out In lu benzene mlemakins I 
health conaequencm in hinun cells blood 10 bel0w.h t h m ~ o l d  for any . u h. .,ieratlon rrr he h m o ~ o m . l  - 
(OAQPS-764 [Part I)  W-D-13, [ P m  n] effect on the bone marrow or m~abo l l c  mairnal nlulu m an inn~b~uon or Iurther 
N-F-I. N-f-2 IV-F-31. e f f e ~ ~  on I Y ~ U ~ O M ~ B "  IOAOPS ceI1~1.r dlvnnmr~ then in tmnns of 111 

Ricken atudied be=& metabolism 
'&I rodents and human cell8 in v~tm to 
determine the urncanmuons of toxic 
benzene metabolites that might ocnv in 
ulr bone marrow of humam expwed to 
benzene (OAQPS 79.4 p a n  IIJ N-F-2). 
He wncluded that the metabolite 
concenhationa in rata nnd human tissue 
M of the alme order of mPwihdt rt 

~ ~.. - ~ ~ .  ~ .. ~~~ 

repmductivc potenual. the cell 18 deed and 
the damage inflicted may be cia8stl1ed a1 r 
WAC event. However. if the damage does no1 
tnterlem wilh Ule npmductive ab~liry of the 
caU.,and the tltenuon is mpl~csted. 1h11 may 
con.ntuie a pcntrlenl p e l  mulallon. Ihe 
h&ng of gm8e chromosomal damage in bone 
mamw cclh dearly dcmonstraies ha1 
deaplle ~)mpeling detoxifiauon nasuons ... benzene, or a nactive metaballte 18 

Similarly, commenten agued thmt the 
documented easociation between 
hematotoxic cffecla luaually drcrraaes 
h the lcveh of vulour formed elemenu 

airnilor banzsne dona. kon; u n d  thra 
infonnrbon to compcm tbe mctabolrte 
collccnmbona expected at various 
benzene erpoaurca Mth those at which 

(n blood. cytopnia, pancycopoai~ and 
lympbocytopcnia) and leukemia 
rupporu the finding that aucb cffecu 
may be a necessary pmmndihon for 
leukemia. In chlr m g u d  one wmmrnter 
quotea Col&te(n'a obarrvation that 
"them [do] not appsw to be l ay  provan 

abic to ovenvhah pmacnve delcnae 
m.chanism8 and enter ihr nucleur af 
~ ~ ~ I O ~ O I C I I C  CCIIS. I ~ J  FR smsj 

The quote attributed to Goldatein 
now b a t  "there [do] not appear to be 
any omveo u n a  h which leukemia (lympho$opeola) ocaured HC found 

'that r a~&tcurt dltlenou d a u  bog& in the abrmcc of pnnour 
ycopania" b comct but incomplete. 
Lm m the page Coldatein uutioru tbnt 
this htcrpmution 18 "open to 
d r h o n  e ~ ~ ~ c i l l l y  *CW Of thl 

u r u  ii whlch leukemia be#ur~& the 
b m u n r  makbdlltiea h bonc murow. 
u ulcuhud for a 6 hour aspoaurr to 10 

leukemic" cfunsas ruth as cytopenii 
'do not oau b l o w  about 36 ppm" thia 
aroaum kvel or. mom amr.rvabvel~. 

m n u n t n t l ~ a  of tbt  anme mataballtea 
which vmdum a h o t u m b l a  efIect on 

piudty of m d n r  iabontocy data 
p c d i n p  the onset of laukcmia."(9d) 

a m i t i v e  population of b- W I I ~  in 
(OAQPS 794 Put PI N-FJ). 

Although EPA mgudr tbl. work 
ptlhlirhed rhcr the mlean of the health 

r iwcl of zo or YO ppm wnrtltutu m - 
~ e ~ c t i ~ e  thn8bold below W I U ~  

- The la& Of i n f O ~ t i M I ,  88 W C ~  a8 tht. 
mtmapactive of moat of the 

bmmnt  'pmenU no h d t h  risk 
htaocvar ."  

While EPA a m -  that (he m e n r t a c  
or 'rplgcnrclc- mrch.nirm camtltutra a 
poaaiblc cxplnrutlon for h a  way in 
whtch u n c e n  wuld ul.. in the 

between hrmaiotoxic effects and 
Iaukemh. In thla w a r d  OSHA ha# 

for huhomouen ia  la-d other - -~ 

h.m;t&lic-r~e*, rh.1 m y  mul t  
benrne  expan- EPA dwa not a w e  
with the I d e n n u  bun fmm this rtudy 
that expolum klow 10 ppm yora no 
h d t h  rut The in vibo ayaam lud 
m y  not np-t th. m a t  d m  
bmm popul.tlon at rlak o f h a ~ t o t o d c  
effecu. Fcnhar. It L not c lau  that 
r k n  much u lympbocppen*, rmut 
p n u d a  ch. &dKaioo o laukamu. MI 

... a- ttu muhanam by whtch k n u n w  
mdum I&mu h u  not bnn duadalad It absence of dinct intanction with 

senetic mt8naL tba Apacy L not 
m r d d  b w b  (hrknr ly  

b polaiblr h t  leukemia develop, not In 
m p m ~  to (k paneytopnlc aRacU ol 
~ . b u l n t b a r t o L b . d l m c t ~ ~ c  
.tlm 011 U u  muro*l h.llumpoiallc a m  
oil* sot saucily a ~ m p m d  by w 
otba wldanaa of mrmr a R ~ c  ' ' '. ln 
a d  mrrtl, proIlc(loo . ~ . l r u t  none 
ampIaaUe blood dllordm would not cub OUI 
wbwpulnt dmlopment of lauk.mIl IW PR 
-I. 

For d u  naaonr. tbr Mmcy 
coatuiuea to yud a8 hmrdluiw (ha 
mntmtlon that hmet&c r i l e  
muat n d y  p r o d @  (ha 

d hdividuh 
C o v h t  bondinr InucHm) with h v d  wlxmenn aubnlttsd 1h.t 

.=A'* mumut ion  of low-level b r u  
'knsme ie-a im-hquently . 
anprlmpond upon a d t f m  of 
.$UUC 10-i but it M d.vd0p 
wtthout a pncrdlrq pafphrnl blood 
vlcau, characterlattc of bonr mamw for whiih effect &ahold# appear 

Ukely. One commencer aaaertad ch.t 
abnormal. a d  poaalbly cmormw. d l  
n a  a amnntic mutnUoa Tha absence of 
a u d  bonduq or itr nondat.cc(oa 
howavo, d w  not d ~ ~ o t u m t a  chat 

iplaaia."(t8) 
Fha l l~ .  EPA la not w m u d e d  that the while 1 rubatmu's rbilltv tn dhct iv  -- .-- 

d u r  genetic m u d a l  d d  br viawid 
1 8  m o w n  for a wnthnahold 

"thahil&" idantifi;dby camhrntrn 
for b.nnnrinducrd "hiurn" m aound. 

mechhhiam them Is "no evidence rhrt 
[benzene] ruct[rl wlth DNA" (OAQFS 
zoJ p a n  I] I'V-D-e; par t  UjlV-D-32). 
Accordma to the wuunrntmr, "Benzene 

inmmct dlrwcuy wlth pnr t ic  h t a f l l  O 
umduw abemnt mllr. In fact them ia 

Pint It L not deu tbnt k&iquea such 
ra paipheml blood counts m d  
rspbation of bone rnarmw arc upable 

..of consistently detecting injury to the 
good evidence that baztne.  at lavela u 
b w  aa 1 to U ppm. aimUicanUy 

Induces &opLaia ihugb u l l  hju@"' hosaam chmibaomi abnormilit~es in hrmatopoietlc ayctarn. panledarly when 
thl bonr mumw. The inluy la boon m a m w  nlla  hdudinp the normal rnn#er of auch countr m 
"followed by rqanantion of the bone cbmmorome bnalu l a d  mirker bmad.(eI 
mmow nnd myd~gcnow leukemia in a chmrnolomea [riws, dleantrla. Second injury may be ormrrlng at , 

. amall number of uaea." Dud- truulcations, and rxehanga lev& belov thore at which cytopania is 
exporuns of h w . n r  to benzene ievab f i a l . ( 3 ) f # )  Whathar such c h q a a  M ob(rrvcd In I~J mvisw of besme .  NAS 

, h the jr of 10 ppm ot h the. . :. appmprlately wruldand~muuUons or commented on a mport of benranc 
e u b o l l c  &to+lnutionraaotlonr .-:, ,:. w l g  coxis ewnU dcpmcb on tbc fate Lnduced &-ma abnmalltiar: 
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"Vwiani and Fomi (31) nponed 
sbmmosoml a k m t i o n s  of both the 
stable and unstable type. In general. the 
chmmoaome rberrsuons w e n  h@er in 
pmphenl blood l~mpbocytes of 
woiken exposed to benzene chon in 
those of contm1s:Ris was true ever; in 
tne absence of oven signs of bone 
mormw dom&e"(4) [enphrsls added]. 
As noted above. Rcclano and KiUan and 
Daniel have sho  rrponed significant 
increases Ln chromosomal soernuonr. 
an effect whose toxlc potential unnot  

Having reviewed the public 
mmmenu. EPA concludes that the 
evidence submitted m suppohof a real 
ar aractical threshold for benzene 
%&cod leukemra u not sfl~clent :o 
overcome EPA'r presumption that 
benzene may pose a fmte n s i  of 
leukemia at any exposure levei greater 
than zero. 

Although commenten have rough! to 
dcmonsmte chat benzene may cause 
leukemia vla s nongenetic mechanism 
that mqurrss ituoshold-governed trrsue 

human exposure to benzene emltted into 
the air by stationary sources. (I) 

Althounh a few cornmenten obiected 
t o h e  pe~onnance o f s  nsk assessment. 
rrpulng that me underlying uncemlntles 
were too nreat to oennit ameaninniui 
resul:. m&t rerp~ndents iavored - 
a t t e ~ p t ~ n p  to es:tmate populat~on rlsis 
Ln ar. cxtens~ve cntroue of LDA's -~ - ..~- - . 
assessmen!, however. commenters 
disagreed with EPA on a number of 
scientific and technical grounds. ranetng 
from the aooroonateness of the . 

7 .  ~.~ 
be tgnored, cn w o n e n  exposed lo inlury pnor to leukerma induction and dispen~on model used m eattmatmg 
benzene at levels mbrtantially below thst leveh of benzene below ibis ambtent benzene levels to e m n  in the 
the 10 ppm submtned as the lowest level threshold wniniunow or o t b e h s e  assumptions made in denving an 
for s "umshold for benmcinduced drtoflred. EPA ~ u d r  (his wideace as e:timate of berzene's leukemonenic 
effocts. 

Commenterr found suppon for a 
benzene wrsinonenic threshold in 
epidemiolopiul ifudiS1 rh.1 did not find 
e significant arsocietion between 
benzene rxpmure and leukarma ( c l w  
work b) Thorpe. IS1 Tnbmhaw. (381 
m d  Stallones (J#Il. in c o n h l  or 
nonexposed populations for wMch a 
u s e  for benzene expoawe wuld be 
made (aturg lnfantc el d. (W)]. and 
among exposed populatimv following 
exposum reduction effoio~ (dUq 
Infante et a1  (141 and k k o y  et .1. (IbJ). 
( O A Q P S W  [Pu( I] N-W. IV-MI. 
N-3. pan m N-= w*-I. N- 
F-0: A - r e p  N-&a. N-D-2% A-7b 
49 N-LIO. N-Pl1. N-D-lZ N-F-I. 
N-F-2 A-80-14 N-F-11. 
As bdicsted in "Health Basis for 

ji UUng" ahwe. P A  beliewa tnat the 
abmeombgs of the Thome study do not 
prrmll a fhm maclusioa n s e r d h y a  
u r d n m d c  thnlhold for lmnzena In ~"~ ~~- - ~ ~~~ 

the hrgw contet  of the utllity of 
negative rpldemioloeiul rmdier EPA 
an a member of cfi. IRLC. oonduded that 
studies not Bndinga positive sunstid 
conslation do not d e i n o ~ t m t c  the 
absence of a M duo to the 
Ulllruaonr of rpidwiolodc 
investtgatio~u ind long &oar latency 
periob d w i q  which exposure to otber 
potmUally u r d r r o ~ a i c  rubrt.ncm an 
occur (44 FR 3 W  July b 1979). In 
addltioa OSHA (45 FR W. Januu). Z 
IW) and the National bur  Advisory 
Board (q contend h t  nqative 
apidamiolodul dam do not n e a u r i l y  
esublisb the u few of auswct materials. 

Similarly. while-=A a& h t  
follow UD ntudiel such as those 
undeiiakan on the Infante et a 1  m d  . 
&soy et s1. populatiorv mey k useful 
in demonstmtmg rLk mductionr. they 
are not appmpriete.6uppon for a 
podtion that risks have been eliminated. 
As with "negative"epidsmiological 
studies. EPA does not agree that such 
find* damanstmte the 8b-cc of 8 

largely theoretical in nature and  
incondusrve. ... 

EPA believes that the suppon for a 
'bemeloloxic" t h h o l d  as wotctive 
against leukemia induction u 
s w d a t i v e  for two reasons: fint. 
b b u w e  neithw the medunism for 
benzane-induced leukemia nor that for 
blood disorders l u s  been elucidated. 
and. second k u u s e  information is 
available that other effects of potential 
adverse health unueauace  bave been 
shown to ~ c p a  a t  levels Iowa then 
those postulated ss hem8toMc 
thmholds. Finally. EPA does not accept 
tb? P m U C  hf the ~ 0 p d b V r  
midemioloPiul studies offer a means or 
&tablishG credible no-effect levels. 

For these masons. recomizinn the 
'unceruintles in the scienGfledsia base. 
EPA believes that the wctfirCshold 
pmumptidn should continue to apply in 
the u s e  of h z m e  and h t  b a u n e  
abould k d d m d  to p w  a riak of 
mar at m y  exponm Iwd above zau. 
EPA believes that this 5 d h g  is 
c a d a t r n t  with the m m b t e  of Section 
112 requirlng the pmtecbiaa of public 
bul th  .Srirut .L pollutmu th.1 "nuy 
n-bly k mtidp1.d" to u u a e  or 
wntrlbute to the hedth e5.nr of 
wncela  

Quantftatiw AM &timaw of 
Carc1nog8na. EPA hJti.lly published 
interim @ A d e h s  for the conduct of 
quantiativa rirk assessmen(r (QRA] for 
urdnonens on M.v 25.1111 141 FR 
am). in im. were r-ded by 
the npon of the Work Group on Rbk 
k w u n e n t  of IRLC (44 FR soesa: July 6. 
19791 of wh~ch EPA was l member. 

EPA nrenued. in conivnninn with the 

potency. Commenten argued &at the 
comctton of such erron would result m 
an overall leukemogenlc risk fmm 
benzene sources substantially below 
that prebcted by EPA and. in fact. 
mall  enough to be regarded as a 
"sutistiul artifact" for which regulatory 
attentron was unwarranted. 

Tbe ongmal essanrnmt of humen 
exposum to benzene was performed by 
the Stanford ReseaKh Institute lSRIl . . 
under contract EP.4. (7) A number of 
commenten on tbe benzene listiw and 
pmpo~ed standuds criticized the SR1 
assessment 8s relying on outdated 
emisdons estimates. empio)+ng an 
upwardly biased exposure model. 
omitling plant-npedic information. and 
. emeour ly  inc luhg plants.no longer 
using bearme (OAQPS- [Pan I!] 
N-F-I. N-F: A-7D-10 N-&91. One 
wmmenter quesuoned the use af a 1P 
kilometar n&us  m d w e l o p u ~  ths . 
cxporura eruMtrs (OAQPS794 [Pan 
fl N4-8). Seven1 commenten were 
supportive of Jterruhve 
methodology aubmitted by Systems 
Appliutionh I n s  ( S W  (OAQPS-794 
[Pan I ]  I V - W .  N a l R  [Pen 11) N-P 
22. N-F-1. N - F 4  N-F-B: A-79-49 N- 
MI. 

EPA agnes that the SAl exposure 
methodology oKen some tmpmvements 
over the exposure met!!odology used by 
SRI for the benzene arsesament. SAI 
developed iu methodology under 
conmct to EPA in reroonse to a need 

-~ - - ~ ~  - 

l i s h g  of b;nzcne,under Section 112 and 
the deveiopmenl of emissions 
regulations. an aemsment of the 
populatioorirk lo ambient benzene 
exposumr.(a] The asses8ment 
based on an extrapolation of the human 
Isukemogmic rid draw tmm available 
epidemiologiul evidmca in 

for a rapid computer~ffidmt method 
for urnductinn national-level emosure 
assessmen(r.ihir methodoiogy.'with 
the additional data submttted m the 
c o m e  of the comment penods on the 
benzene proposals. has been used to 
nvtre the exposure estimates and nsk 
asresaments for the promulgated 
standards. 

Althounh the SAI methodolonv has 
supplantid the methodology in;iially 
used by EPA to estimate bcnzme 

b-+ mmbimtign wlth M luaumen1 of expos&. EPA d m  not .gm h a t  the 
5v' - 
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SRI rapoh fa& purpam Wemkd, i( to the s t a W d  rrry tol th. m d t  rirk EPA reamnned la decision to exclude 
~possly h.aYnk clr apuudlg b h r d  factor. (be h e s  uut Wisrrthal dry-side wo*m h m  the! study in 

The SRI zspon rm Wnded  m b. m &e armmptions upon which it h b e a d  . devdopina the m k  factor. The Agency 
ialtid KIII#II m r h a t e d m t i m u l - l a 1  arc unnsmab le  mthr t  the mmlts of wtth the commencers that the Aksoy 
n i p o m s  h, &eat air macmmtioru itl me ere e x s g k n k d .  IRLC a g d  al. study was adjusted improperly fo 
of buuanc a n d  by air emissbs  fmm that although the matbematical dl age: however, the exposures and 
vanous t r p r  d.oursu. Tbe pvrpore of idenrifics an upper limit ~Limate  of nsk durations of exposures are still 
th report was to b J p  EPA d&dc which born a smtirtlcd rtandpolnt. "ftlhe risk considerad rearmable estinqtea. The 
benzene s o v ~ r  to rmdy in mare depth estimates as applied to humans should otr aL study was 001 cfipJnated from 
and thanby &cannine (be exteat of be --*I uPWrm'-'es the risk aareasmenl because the Lndings 
rrgulmtioa needed u d e r  the Ck.n Au b e u v r  d kqe bro)ogul mcel Lhc test of rlatist~cal significance AU The reporl rlso &lpd  EPA unocrlainIms.7a and because i t  pmv~des the best 
dele- the ordar h which LbesNdie~ The documenlad exposure data available would be uulduc&d Tbosc rNdiu.  has kmad@ from h e  h e  epidemiologid studies. which acmmpny tbr & v d o m t  of for l o w b r c  atrapd. l ian by P A  
mplationr CpdU se& Udih  Bored on tbelc 5dmgs. the unit riak 
ClannAir AsLacidrsukrm 

rb.ba.*hitlimtad factor (the probebiliry of sn individusl ~ b u i r a f ~ e m r m t  
explicitly the sourw of b- contracting leukemia af:er a llfetime of mpthemrtial-&tlon mod*(41' . exposure a b m  urnrentration of d c t s d  for rrgllntion and (ha pvhlls This basis is supported by =A's 
upor- ID benzene uroduad with codtmioua ina T.d.nl-notice One P"bsnzane p u u o n  p* a) 
tharcsow.Tnenanueofmrnyoftbe. ( U 8 X i g P S B N w . r m b o ~ ~ l  was r d c u l a t e d  The mvivd a s t i m u  
mmmmta suggests that the sommaruarr announdug tk s v a h i i i ~ ~  of Water  add in1 ~ ~ o n ~ f a b o u !  7 
did not undenund EPA's h t h d  USE ~uo l l ry  a t &  doetmmnu. p-tkom h. a t l n a c .  o f h  
o f t h e n p o n m d d r h e '  ' ' . concluded h n ~  "(tjha h # r  .ow gmmcvic~.pn, fmm a probabiii~y d 
m u g h a t  approach m e  t hmbdd  do rr d- i, ieukrmia ofMZ4lppm to s prohbllily 
appropriate for mat we. @z3zd*IW o f * . f ~ / ~ p m  

EPAaaanth#tmuefi oftbsSR( mdir d - Siul~joMmof&cimo&d ' .  
r r p o n i s ~ ~ l t t a m l m t c 5 h n r r p o n  r ; . p o l m r i , q d 6 c ~ U m m u & 1  C&n&wtcRukh~- 
was one of EPA'r lhat anempu at enough d u m a t i o o  & m l h  tbc lhpocun. B a d  on EPAr mumams 01 
atfmatixg aat~onwde exposum. rnd the wdrution porrlb). . . . Tbur & J.c cucinoswc msk or an the d t ~ a b v e  
mahodclogin w e e  not yet M y  some w i d a c e  h m  d m d  -nu u l ~ l a t t a u  subrmctd to the b a n c y  for 
chatbed. An hrhid. tha mrmn was t h t  b consbunt with (he h a u  ma- mnsidmtion a nlnabrr of commenten 
not meant to be i dctlrdta rtnteimral on 

coruidmd. EPA mmsidm tba mmrl 

am m r i d m d  muombly .cnmu 
within that dbupa. TIu dig.rrUr0 
cm%khtsused  in m w  m b.ml 
oa an-ruorscants =dl  n h  
loWamunoi.warlhnr 
amffinenu became lass a p p l l u t ~ e  al 
l o n ~ d l ~ r h m c h . m u ~ u d ( h a  
m o d r l l n p n w l u ~ m w  

nonthrsshold model to d d v r  a b- 
a t  b k  fanor. Dnr unnmmta 
l0AQ-7W f?m m W - p e l  mirctad 

model ema~ofa ted  tow& zem. ma 
commenrsn~nrwed the mo&l as  
"inhermtly consmativc" end likely to 
yield an uppar M I  of cha haaltb niks 
(OAQRS.7Q-3 FwI Ij W - e l 3  A-7U- 
n-N-&Z. A-BO-14-N-D-10.. R-E- 

nonrhnrhold G d e l  k c a n v m t i v r  md 
would tend ta m.i& UI appm bound 

threshold hypothrh . : . ." 
Commintm ~ 3 ~ 1 s  that h addition 

lo the consowatt6 mtum of the model 
used. the mumptions made by EPA 
GAG) in the duivarion of a uoit 
lrukmh Ask factor for ba-e 

Z l l . ~ c h . r p . d t l & ~ ~  
CAC I11 ~ w ~ ~ Y  included h its 
avJwtimr if-thihknir ataLurrdy two 
cun of l.IJumL fmm outsid. th 
cobon k u ~ n m ~ t a l ~  ucludrd a 

comparable wtth' pnv.lllag 
occqmtlona~ stan&& (2) acrrpted, in 
(he Woy at J. rtudiu. en 
u r m u m b l e  rmdvcwnt of ihs 
brckpmmd lrukamla iaddam fn NIll 
TurLuy. madm a f d u  rd)usmrm for age. 
and undmslimatd .d axpmm 
bmtlon: m d  131 Ddudrd tbs On a: d. 
study tn the &&sir dapftc a lack of 
madsticai nguif~unu. 

As nrev)ausl\' d i rmnsdin  "Hadth 
Brus'iar b&.' EPA bas r m a m h c d  
and m l u r t e d  ma& of the E m s  
studlea. In runm~aty. E P A d u d e d  
that one case of leukemlr m s  
tnswmristelv indudrd h m  tba 
lnfidte et J. riudy 0 emnpdng the 
Oripld cad( risk futm. AddltlornUy. 

arsertrd that tbe nrk of devaloptus 
Irrrkermr fmm a p o s m  to benzene in 
the embteut rir wee tw m n d  to 
wurcm! regulator). cons~demuon unde 
a e c w  l i Z  Sprdcal ly,  mmmemua 
u g w d  that h a  d t i o n  of banzone 
cddu d o n  l ~ w o o l d h w  "no 
membuiul mpcf on tbr o c c m  of 
Lehmu io the pnd  papdation" 
(OAQPWW (PW IV-bO. [PUI II] 
W - L  N-F91 in a~umon of this 

would not k & a n d  ~ d e r  mdm 
1 l Z d  mud that tbr ramber of 
huhmh o m s  by the KPA 
.prameat U ooau 18 tbr mault of 
banzaua emisstaol fmm stasonaq 
mtua u t e a o ~ s  n p . s a t d  "leu (hm 

h v m l  commentem nferencrd. as 
svldenn of the insignificance of the 
ambient benzene riak. h e  comparable or 
h&er risks sssoc~ated wth  actlvlries 
such as skimp. honring. and sky & v l ~  
(O*QP'S7+3,,] N-LIO, and wta 
hvoluntery hazards such as dm* 
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and ahc(rocution (0AQPS.W IP.n If do stationary .ourus h u  no b e a m  on 
W-D-1% fRn PI IV-F-t IV-F-OI. the skdfiunce of the benzene 
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number of leukrmla u s e r  atu~butable 
to benzene emtsslons. aqumg that an 
"avanne" lifetrme nsk of leukernla from ~omm&ten  .Lo maintmhdd h t  the emiuioru from stationery sotlrces. since 

rstunated risb posed by benzene these sources also emit l&e qluntitres 
erm#sions wen at or beiow levels of benzene. The fact (bat specific 
ncognized by EPA and other Federal standards have not been pmposed for 

amblezit levels of benzene of 1 per 
1w.m (10") does not constltule a 
slgnli~cant hazatd and Las. In iac:. bee:! 
accented bv EP.4 and other Federal snakier as acceotable noais or Urneta mobile sources doer not kds that the - 

f& replation (OAQS-kw [Par( IiIV- Agerrcy haa reached a conciuiroh on the 
&l3I. rcgnifiunw of !he health nrka 

7 

agemes as aa approprlate goa! for 
reoulatlon. Aslde from the tec?lnlca! and 

EPA does not a m  wlth the associated with these rources. As ph;losoph~cal difficulties inherent in tne 
eelecc~on and verification of such goals wmmenter's asse&~ons that the baalth commenten polnted ouL mobile rources 

nskc posed by benzene emastons from are no! regulated under section 112. but 
all statlonary sources a n  ioalgnifiunt under Title U of the Clean Air ACL A 
or that the npulatlon of bmsrnr under w o m l  t.chnoiogy applluble for 
Sectlon 112 is. themfom. unwunnad.  benuna emission, fmm mobile sources. 

described above. EP.4 has not selected a 
specific "goal" for carctnogentc ntks 
fmm barsrdous air pollutants and. 
further, disames with the choice of the 
"average" lifetime nrk as m approprlate 
measure of individual nsk. EPA believr- 
that the determination that a rubstancc 

EPA wotlnues to beUwr that the wrU- u for other h dmcarbon tompwndr. is 
documented r n d m w  of bmzsnr's hatellntion o a utalytic convener. In 
~eukemogenrdty, the quantlty of 

r 
fact. benzene emissions from mobile 

ntat~onary s o u n  emission,. the rources a n  reduced substaousUy [along 
obwrvad and numatad ambient with other bvdmurbon comoounds) bs 

poses a significant health risk vta the 
ambient mir m u t  M u d e  consideration 
of the magnitude of the hazard to those 
iodividuals and subpopulations most 
expose to emissions of the substance. In 

- - 
conuoumuonh tha pmxlmlty of lm 7= utdyt tc  converten. irutllld in 
populatlons to d t  no- an the rnponae to s u n d u d s  established under 
n w e r i u l  eshmatm "4 o baalth risk nut D of the Clem Air A n  EPA 
l h c l u d ~  wmld.ntion of tha mjesu that by 1W. mobile lourec 
un-hues of rwch r s w t n )  suppon ! -e amission, will h a w  b.m 
the judsrmrnt thmt b u w n r  IB m Jr dud by SO p m n t  compurd wlth 
pollutant thmt 'uunw or oaWbutes to thme io (he baaelbe year w h  the 
air poUutlon w M  m y  rumonmbly be Clam Air M was mrctmd 11~0) .  m d  
motidpatad to mul l  h mo loora6e io by lDOO (h.y will h v e  b..n d u d  by 

the cane of benzene. the estimated 
&ximum l i f k e  risks for these 
~o~u laUoos  are uanmlly higher than 

wmmente;b. c-t EPA bnmater fc 
the most exuosed individuals livmg m 
the nclrritybf source w t g o r i n  foi 
which standards uc baing developed imvenibla or loorpadtmtins rrvmible, &A that bwmoe d m  not 

Illnrss" lwcdoo iWa)[l)  of the Q u o  w u m t  nnJ.Uoa h u e  much m e  from a leukamia nsk of 150 per 
1m.m for b c a u ~ e  W t i v e  sources to 
610 ner lM.O@l for coke bv-nroduct 

Air Act). 
Wlth mo ntlmrted 9.0 billloo pounds 

(4.5 m U w  m-1 pmduad in 
1981, bau~11 16th Uoirp 

npvlaUw -4 not have a m u ~ l n g h d  
Impact on the ocmmnce of ieukemim in 

ml populatioa. Except for 
E i E s h c d  u w s l  relatioarhipa with 
bcazanc and uruio h a n d i w  heton. 

pladt8 (OAQR ~-79-161.-~he reader 
should recomize that mv time 1r;lemiil - - -- 

chemiulr in t e r n  of production voluhe 
In tha Unlted S u m .  (fa B.nwne is the 
b e s t  producuoo c b d d  ih.1 hu 
b.muurrUy U d t o c m u r l o  

risk nuinbe; are d t a d  the). are subiect 
lo co~iderable  uncertainly. These the uwr of leukemia a n  n o i h o v n .  

8.auuItirrtlrmtedih.tdyarmrll  uneefialnties are emlained in the neat 
&onof this preamble. tltird 
"Selection of Benzanr Source Clicnones 

hlrmuu 
E P A 8 8 ~ t n ( b t m a t h u l l a  

mIUon pollob lS&WO megagmu) of 
be~nemcmlttad.natullytoih. 
ambimt air from atrtlonuy f n d d  - Tbe romca e n  primvlly 
pl.ntl (nvo1v.d tn bermn* ploductlon 
o t h a  shmoiul Itmufa- Md the 
amage m d  dirbibvtlon d b a m l e  md 
p ~ l i o r .  At thew mma banxmu ir 
d t t e d  fmm the prouu vmtr. atonpr 
cmlu .ad liquld modn opmtioar as  
well as  fmm i e d u  lo p m n u  
componanta such a8 pump and valvm. 
Aaordlng to DPA esUoutn, at lean 30 
to So million eople llva witblq20 
iciiometm o!str~onuv a- 

k k t m b l e  d o a  not ar& thit 
-ble onaol maasunr rhould not - 

for Regdationr." 
In m n c l w i o ~  EPA matinues to ~ E P A d o n n o t r g n c h . 1  

the prmo of othammpll.c.d a 
t o h t m d  hul th  dllu qurl or 
mamitlld.thmnthonat#mat w r u l t n  for 
besz81~ aponur. obviarir (b. n n d  for 
rrru*t(on Activitiem mch aa hunthr 

represent a siphitiunt risk d leukanua 
lo e x p o d  pop&tiow panlcularly to 
thou individurk mod sub~o~ulat ions 
miding near maim poiot i o k a .  Thm 
belld reru on the doarmmated e\idence 

d Bkb# m ~ 6 b l l y  ~ 0 l ~ E U y k  
~ n m  wlth ydU-.dv.nired rwI.. Tha 
rWIofwmrolu 
Ugbmlng. while h e  ymnclrby y lowluntmy. 
would be dI5crJt to mduce cacnively. 
Pm banme. howwar. a I e  

that benrcne is a hunun Ieukemomn. on 
tbe magnitude of benzene emissiok to 
the unbimt air, on the observed and 
mrinuted ambient concantratious. on 
the pmxloilty of t uge  populallons to 
mltting s o m n ,  m d  on estlmater of the 
baalth rirks to expased popuiauona. 
locluding considemdon of the 

componmt of tbe h c t h  IB . 
h w l u n u y .  At che r m r  Umm. 
mwmabla actions are available that lexdud gasohe  mirkatlrrg touras) '"L that rmll nzene. b v a L  of krueDe 

have been monitomd in the vidnmne of 
u n  -dud th. n a b  bum bemme 
exponure. EPA quastion, the uncertainties associated with 

benzeneemitting faeilttiis at kv1L ;s 
high aa 950 ppb il.alf ~ l m ' )  with 
m e d i a  veiun of so ppb (8.6 Mu?. 
I431 

quant:tat~ve nsk esummter (~ndudrng 
the eRecu of concurrent exposures to 

auummiatmesa of weinhim rirks that 
a& a&pted volun~ri ly o r h a t  have 
littie opporluoity for micrgation against 
rirka lamely beyond the mdividual's 
control but for which societal runedies 
are readily available. 

other rubstances m d  to other benzene 
emiaalons). 

Thus. EPA stiU believes U~at the 
listme of benzene on June 8. IF' , . w a s  

.~ - ,  
EPA n g a r d ~  benzene emissions fmm 

rome stationam s o m a  utenoriea m d  - - ~  - -  

potmtial h w i n  e x p o ~ u i  to these 
rmlaslocu as slonlftornLTb. Ln h i  appmpriate and that delisting u 

ioappmpriate. I h e  evidence submitled 
~ ~~ ~ -~~ .- 

mh mmparisom b e d  on the 
" a v m y "  Wetime riska m the expected mobile m e * - d t  mom benuac thm by c o k t e n  i~ judged ituufficient to 
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Ikpmums." MdlUorully, ammantan 
maiuuined IbaL even If the lourn 
uicgorlea m a t e d  could be 
cona~derrd alpllflcant at pmpoaal. 
emisnonr fmm there rource ucegoner 

d t t d  by 111 mtioniry .our& 
categaiea am inr@cant 
Other Issues Rdevont &Lifting 4' 
Benzene 

Several ammenran uaenatl &at h e  
lilting of benzene was m x m e ~  in 
view oflbe "network ofreaulatory 

benzene durar adequately. - 
Ceasquently, the Agency disagno are now acruallg much lower thm 

projected at  pmposal and, lhua, no 
longer pose slgnifiisnt nsk. 

wim be cnrnmente& a a ~ m r  that 
eximng nguletoy p w a  for ozone1 
VOC'a make It unneosasarp. to d a t e  

Selec!ion of Five Source Categories .for 
Initjd RguJatian h a m  w u i e d  chat EPA 

.hocrld adopt M accepuble u r ~ ~ o g m t c  pmpama already put uuo i 5 e a  lo 
cooo~l  rmblent benz8oe axpanuu.' Following lbe listing of benzene as r 

h d o u  air polluunt. EPA dindad lhe 
atationuy ao- of benzene emtaaiona 
&to # o w e  utegorisr. After 
w a l u a  these IZ aource categorias. 
EPA selected fivcaovrce cafenories of 

fik taqa fm kmozeoe a d  O&W 
- 

airborne -, dting pncadrnu 
h other EPA and F.durl mlamahga 
(OAQPEIPJI [I'M ij Na13. [PM 
w-1. IV-F-8: A-9 IV4-1. IV-F- -, 

thw benreoe oat of rb. atabltoy 
derhltbll of 'hurdoru air pouullnt- 
undat section I%? [OAQPS-7eJ [PM I] 
W-D-10. I V a 1 3 .  [Pu( n] N*. IV- 
F* A--0 IV4-10. N4-1. IV-F-2 
A*ltN&13. N-PIh. N4-1). 

The rssuLtorv pmar~rm to which 

LJ. 

EPA arrrca tbat it ldanttfy a lower 
~- ~ ~ 

benzene for inlual redstion: proceas 
venu at male~c anbydnde end EB/S 
p l m u  brrune  fu@Uvr endealon - bmrmr atorme vsuda,  and 

mfiiw& put &to 8ff.a to 
a n a h  end mjmuk, the lvtioorl 
uubimt air quJlry sundud W Q S J  
for osDIIr not to f o n d  ~ m b i a t  
brmrne munr The hultb rtLctl 

wke by-preducf plmou; 
EPA is m U e a  additloo4 d a u  an 

the mmahiog a m n  aoauce s r h s o r l r  lo 
w e  to dmcidiog wbathar or not 
a tmdmb dwaiopmeot L wamanud for 
-. 

public health pmblem u to w-t 
f ~ ~ o n ~ h \ m o ~ o o  

f m m ~ r u n t o ~ o ~ u e v u y  
dtncnnt fmm tb hedtb d a c u  hm 
Ucposwa to imoaabz 0umbuw.d 
health effecte ue nrions. bat them ia no 

wmm catmum b not mrrm&tm to 
e t e  i m d n ~ # ~ f l o n  lii % ie the 
u a e  for the umuoard witbdnwnl of the mldmce Lhpt exposure to ozone uusw 

u n u r .  Thrmfom no adrntllic or 
tashnlul h a i s  exuo  for believing t h a ~  
a t t a h q  md mriatunuq NMQS for 
moot will mewe h a t  the oublic b 

Tbc ioformatlon wed in n l e c w  the 
Rve rourcr utqorlea for Inltlal 
npllation war pmllmlnay lnfomatlon. 
baaed on a m e n t ~  aodles of the 
idntilied.aowu . I 0 6  n @ 
rt.ndudr davalopmmt prior to 
umooul. EPA l u h d  mrm drtallad 

. -~ ~ - -  

~ ~ p l y  protected kom bamne  expoawe. 
11 ia bue that wnmllinn VOC . 

EPA pmpoud st.nd.rdr for four 
r o ~ a  a w n  of knzM eminionr: 
-kit UhyrMd. proao 
. c h y l k n r - / r c l w  pmwu- 
fuglun -ion a-, a d  

rrmas~onr to attain md  dnt l io  the 
ozone f.ndud ohso naulb & a d e w  
of anaDl ovn  b- .minabom. 
k u w e  brazmr ia o h m a d c u d  wItb 
the VOCa bring wnmlled EPA dld 
nok aa one mmmmtrr sllgsulr 
"Innore" &a ka The affactivanns of 

bd mtlned infinnation The nnv 
Iofmhan nmaattrted rsvbions in 
d ~ i 0 M  UUmt.# for th. five MlUCe 
r a w o r l a  with some arthutes 
Lnaulnn md other6 damkslu.  ww State rt.nderd. and m n m l  

devices in p h u  Im m y  0th- m.on 
hu beeo mamidwed d m  .minione 

Eumpbiof  a e  hiomatloo w i d  to 
upmado d a a i o n r  aatlmatma hclude 

- ~- 

k a m c x i s ~  t a tuvek .n -  
aeuma1.d in e &a of, Iald the number of om& plmU m d  

mom m d l e  ioiorrm~on an tbt cooml 
- ~- - - ~  

romn &c&sc for wbi& n d  
propneed, makic 

m b T m e  m d  EBlS proma veob a d  
benzene storage wrscia. is nlemnt to astlnutar. EPA u i d  tbr mom p n c t n  

amieaim &u to n n a r  lhr puaoUtaUve the Agcncp's +pond d u a i o o  that 
bamaoe emlaaim from thew - riJ: aallmrtu. At th. Ume thit 

a c u d u d ,  for maidc .nhydn& pmwss have b k  &.id bo ibr OdP by- 
v m d u c l ~  Puson. - - 

mluhuvactkn-*.-ot . 
masanably n m m  howewr, rb.1 the 
extmt end amqency of the o n m l  of 
VOC emsmonr quates to adqnate 
w n m l  of all k m m e  ermsalona 
nabonwide. For example. the Sute 
npuladona tbat o~nao l  VOC nnkrloan 
are federally mqumd only for amaa of 
thr State w h m  t h y  ur meded to 
attun mod muntrvl tbe - an- 
in anea of tba Sate  rhm aacb 

vmu. 5 1 9  praau  mu. baoaina 
fudtlva mwalau  r o w &  m d  bearme 

heludn the miinn h&i&m d 
autronuu worm rmLwnr d b- m d c a  judgment thai the rmiaaions 

t r o P u e b o f t h e n a o u r e e u ~  o r i a  
poaa a ri@Runt l#ukmrL ria 'E EPA 
baaed t t b  judgment on the upmded 

v a m r  mbbih ao- d a i o n r  the low 
Iwd of e8um.l.d kmra ri.L 
csmud 0 o t h a W s  M t h  risks: 
and iha aeghgibh &an of bmrrnr 
-1 oo the toui US.  *Jumia 

amiaaiona endrirk eatimatea ivailable 
at QI m e .  

Table I pnsenta information for each 
aolnsr u le@y,  baaed on tbe emhlonr 
rUha of lhn cai.gory a ih. Ume 
t b . n m d u d a r m p r o p a n F T h e  - 

incidence. EPA'r nmrrvl to thur 
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uncertllnIiea in tbe IW uktar am 'Ihc p r e m t d  in thir table h a a d  on,the aarumption that the slopes 
dmcrlbd in the fu1lowiua v u ~ a h . ,  mum8eal S 5 ~ n w n l  confidenoe lamin ofthe dme/tmwnae relanonabto8 are 

Iha mqm of muim&iife&inrk on two sou&s of unstrui~ry m the unbiased estrmhtes of the m e  scope and 
md annual leukemia inddence at benzene nsk erttmates. One source that the estimates are log normrlls 
pmpoul prereated i n ~ ~ e b l e  I represent derives hum the variation8 in dose1 distributed. In h e  latter care. the iimits 
the uncarta&y ofesrimster concerning response among the three accupstional . are based on the assumption that actua! h' hnrens  concentrations IO which rtudier upon which the benzene unit exposure leveis may vary by a factor of 
worken were expaaed in the risk factor is based. A aecond source two from h e  estimates obtained by 
occupaUonal rrudjcs oflnlanre. Aksoy, involves the uncertainties in the dispers~on modeling (assuming that lne 
and On that ~ r v e d  ar the baais for estimates of ambient exposure. In S-ie ~ource-specific input data are accurate;. 
developing the benzene unit rink factor. former rase. the confidence lirmts are -coot - 
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8anr.n 
and o U v r  

~ m r e m  V M  N w r  o f  L e u k n i r  
n i r r i o n r  c i r r t o n r  a f fec ted  Incidence/year 1  

SUndard (W/year) ( q 1 y r r r )   plant^ a t i  r i s k  (Carer per year) 

A t  P ~ O D O S ~ ~  8,300 13.200 130 1.7 . 10" to  1 .2  . lo-' 0.15 t o  1 1 

C u r n n t  7,900 U.600 128 1.5 a 10-I 0 45 

*r lcfc Anhvdrldc 

A t  .P~OWsaI 5.800 7,400 * 7 (5)' 2 . 3  a 0.46 

C u r n n t  960 1.250 7 (1)' 7.6 lo-' 0.029 

E t h ~ l b . n z c n / S t v m ~  

A t  ~ m p o r a l  2.400 6.240 13 CK)4 6.2  r La 4.4  a 0.027 to 0.20 

Currmt 210 330 13 (3)- 1.4 * 0.0057 

I e n r m e  Storaw 

At p r n ~ o u l  2.2W 2.m I26 1.5 . to 1.0 10'' 0.u La 0.82 

-Cumnt 610 620 U6 3.6 . lo*' 0.043 

~IWH I" 1-Y I. -- 

- ~ -- - ~ - ~ -  
l**'l d i r m ~ n  w l s  -117 r u  Wl lh Urn* 1. u . lc i t t iW .I U -* ts *$a. br wurc.4 

-*U 6" UI.. L.?*.ll. UII ...UI?m -1. UM U I I I 7 . b L I Y L .  W L..IY -1 0 . R I I I r . l l n  .Illy. 
. S I I I U I  .I W - L a  WI.Ilm .U I~  -11 r 1.11 a l l - W .  O. W .-I M. I I l ' s  r D I -  ~CIYR 
. L a .  as.- IIYI IN *.-.I -I.II.c 11 1 1 0 1 1 ~  m YU~I 11 I M ? ?  -&*a=.. r n t l n w a l v  .Urn In 
II1.161 U U - t c W  C.~S-W.I>-. 1. u .SWL INS II- 1-1. i-vs e n  1.1. .II wt -1. r. 
MI m,a I n  IN u an. 1.r a ll1.111. l h s .  ..IUL~-L -411 M u m m m 8 c t  ..PLW-. 

Un n r - l m r a t a n .  irr NI -1- U*I III wnsmi.t$n .f H t*.h . s i i r t a s  a. v w s  .rs -I m11.r 
* t m i I ~ c u l  ..1-~.0.1 ..** 1m WI....I.LI.I a* lh ..U\.<.I PW .11111.1 ef LM F I ~ L .  #YILI.. lh ~ - W I  
r e w s  1.7 L n r -  r.. rrsr c-r8-6 ..up own. C a l r ~ ~ l e *  r- 1 r f O r u l l  m 8.u  %. rnlu . fair 1rr.n. 
.In U L  W I-. .I IM v1.16 a n  llrn .Iu e.ru*nly 1.r INS. n a 6 u s .  U. r 1 8 . l r  * l U a  I n  Uo rrl.. 

a n  pn..nua .r wnnc ..LIWL.L .I IN INIIL. -8.b. ( P I  wl8...s LNI 11.w t t . ~  ~n . . ~ m m t  
WW4St8. $1 S a r r a L u r .  . s l t r u .  .I U, rpn8r.r .I (I. .cul M t.lr.r t u n  m8.e ay L n r -  r a t ( . #  
I- (I. s w  r a u r r w a  r.Iw1.1, I.. r s . r - u l .  lh -..I v-s -8 r c - r w  I n u  r ~ n t  

- L U U  h u l 1 l D l y i . 1  W 1l.r .~l e l  H r.l* w 1 - m  .I 2.6. 
*l.rl- e l l  .I-U: -r I- I~U.I* au. U? .I ~IHLI -118 r -~nl lr - 8 e s r r  mlo u l r  c 
u r m l l r  h H .wn. 

--I).)(: 
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~ m ~ s  oliisoy .nd & m a w  the - pmpo8ed h n e  sundudr for he88 (111 Mulvlhlll. I. I. In hnons  of H18.k RaA 
u t i n u t d  leukemia incidence thm 80ursr catworirs. of Concrr. d. Fnumm~. I. F.. 1,. Aud8mlc 
aceordlngly. 

Based on chs humen urcindganicity 
01 benzene, the magnitude of benzene 
fugitive emirsions. the estimated 
ambient benzene concenoations in the 
vicinlty of the planu with fuptive 
emisuona. h e  proximity of people to 
t h u e  planu. the resulting estimated 
maximum individual riakn and estimated 
incidence of leukemia u s e s  in the 
exoond wpulation. the oroimed 
in&ue in 'benzene mi i s iom a s  a 
m u l l  of new 80WCa. the a r t i a u t d  
mduc t im  in emissiom and health risks 
that un be achteved. and conaidention 
of the uncertatnttes a88ouated with the 
quantitative n8k ertirnsta (indudin# 
effecu of concumnt expo8urss to other 

cmluions). EPA fin& b l b a a z a r e  
amhaions from benzene fVldtive 
mimmion aovrcn pow a s i & m t  
cmur risk m d  that the ertablirhmmt 

Information for RomulpCd 
St.ndudr" E P A - 4 W l W Z b .  

S w e n l  other facton ware a h o  ~ -~ - -... 
considend which support tht8 finding. 
R n L  if no 8 u n & r d ~  w m  pmmulgated 
I W H ~  a x i s t t ~  planu would mmain 
uncontrolled or paorly eontrollad. Soma 

~- ~ 

loud in &natl.lnm.nt uur and a m  
mntml ld  to m e  excani in a aadma  
with U I ~  mG: othmn are in atuinrrunt 
amas whwe no conuol L nquind 
Control t.dniau.r am rudi lv  available 
IO mduw uncontmlld rmissioar & 
b.ntme hdtrva emution 8owm a t  
maronable co8u. Second. nationwide 
standards would rnrm b t  ubsnrq 
lo- m urntrolled on a contlnuidg 
basis. lhird U no standud w e n  
~ m m u l a a ~ a d  new wlmm could m a i n  

The mviaad e s h t e d  buelina 
mission and health tmpacir for rnaleic 
urbydride and EBIS process venu and 
W e  storage v n w l r  hrw dscruwd 
aienifiuntly #in- moooul of the 
stin&rds ior thasi s o h  c r t ~ o r i e s .  
T b n e  impecu am pmlmtad in t ab le  I. 
& w w a  of h i8  demaae  and the small 
additional mductton m health n a b  that 
could be achieved the Anencv ha8 
concluded that there so& & t ~ o r i e s  
no longer wanant federal m i a t t o n  
under iection 112. The basin-for this . 
dmnsion u discussed in an 
acurmpanylng F d m d  Rqisw no t iu  
chat pmpo8.r withdrawal of th8 

The d~cke t s  are o g a n m d  and 
wmplete filer of all the informstton ' 

8ubm1tted to. or oLhennne wns~dered 
by. EPA m the development of thts 
p m ~ o w l ,  h e  orincioal ~urposes  of the 
docket am to aUow htemsied parties to 
effect~vely ppruaprte m the mlenuking 
pmceas: and (21 to merve as  the mwrd in 
u s e  of judicial cevisw except for 
intnraency mview maierida 
l ~ ( d ) l ~ ) W l l .  

. 
This proposal wan submitted to the 

Off~ce of Mana-nt and Budget [OMB) 
for mview as required by Executive 
.Order l P P l . . h y  commmu fmm OM0 
to EPA mspoarw to thole commmta am 
available for inspection in Dockel 
Number OAQPS7S-3 (maleic 
mhvdridel, A-7949 WlSl. m A-14 
( k k e  swage).  CiDGl  h k a t  
W o n  r t  the addman riven in the 

01 ~ t ~ ~ t i .  "Mon l lm  lndublal 
PDpulrnona by Cytqenabc RoadW8" Ln 
P l D c d 1 n p  of0 Workhop ~JI Melhodolqy 

~ ~ l ~ P . ~ ~ z ' ~ H ~ S . ~ ~ .  
& A ~ ~ I I  1- 1rn 

1SlW.aD.l-andDnnkLR.C-A 
Cvlsrmtic Shdy of Worbn  BxpDud m 
B a I n n 8 i o L k . T m r D M h d D o r  

USA- 8- z, lm 
I41 N l U d  Academy d Sol-Uomi 

hS81rcb -dl "Hlllch Ethcb d . m  
A Ww" far U S  =A pAJIO/b-l. 

(bl Natlorul h u a ~ u  fa Omp&n.1 
88fW d H8llch Vpdau  Q1W d 
~ d 8 t l o m  far 8 W a d  hnma 
Bundad." srptamba 1Wb 

I# u s  WA "A8SSUENOI dH8dlb EfflCU 
0 f ~ ~ r n ~ . I  
%porunr." Om- of Had@ ad kd-l 
PR8ct8. O m o  of Remvrtr and DMlopmaL 
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