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ABSTRACT 

When low concentra t ions  of xenobiotic  chemical vapors o r  gases  a r e  inhaled 

by people a s  i n  a i r  po l lu t ion ,  the  po ten t i a l  r i s k  is dependent upon t h e  

systemic uptake, r e t en t ion  and metabolism. I n  t h i s  projec t  q u a n t i t a t i v e  

measurements were made of the  systemic uptake during nose-breathing and during 

mouth-breathing of very low concentrat ions (525 ppb) i n  dry a i r  of f i v e  

se1 ected 4 ~ - r a d i o l a b e l e d  chemical vapors inc luding benzene, chlorof  orm, 

formaldehyde, t r i ch lo roe thy lene ,  and methyl bromide. The experimental s u b j e c t s  

were paid volunteers ,  two a d u l t  women and two a d u l t  men. Typical exposures 

were two hours long with each of t h e  two breathing modes ( o r a l  and nasa l )  

including one o r a l  exposure t o  benzene while exerc is ing  u t i l i z i n g  a b icycle  

ergometer. The concentrat ion of t h e  chemical vapor o r  gas  under s tudy was 

measured before and a f t e r  i n h a l a t i o n  t o  determine uptake e f f i c i ency .  

The s teady s t a t e  f r a c t i o n a l  systemic uptake correc ted  f o r  ex te rna l  dead 

space during nasa l  breathing a t  rest of inhaled vapor o r  gas  i n  a i r  a t  room 

temperature was found t o  be 45.6%+1.5%SE f o r  chloroform, 53.9%+1.9%SE f o r  

t r ichloroethylene  , 55.4%+3.6%SE f o r  methyl bromide, 60.0%+3.2jSE f o r  benzene, 

and 75.1%+2.1 %SE f o r  formaldehyde. The uptake correc ted  f o r  dead space during 

o r a l  breathing a t  r e s t  of t h e  t o t a l  inhaled vapor o r  gas was 49.6%+1.6%SE f o r  

chloroform, 55.4%+1.8%SE f o r  t r ichloroethylene ,  52.1%&3.4%SE f o r  methyl 

bromide, 54.6%+2.1%SE f o r  benzene, and 86,4550.8 $SE f o r  formaldehyde. During 

o r a l  breathing with exerc ise  and more than doubling of  i n h a l a t i o n  minute 

volume, the  uptake of benzene dropped t o  41.6%+1.3%SEY s i g n i f i c a n t l y  (p<0.001) 

lower than t h e  a t  r e s t  value. Although t h e r e  was observed considerable  

i n t e r s u b j e c t  v a r i a b i l i t y ,  most could be accounted with simple l i n e a r  models: 

( a )  Uptake (5)  v i a  mouth = 35.1 + 314 D - 1.56 RR - 0.0168 TV + 5.49 H,  

accounting f o r  93% of t h e  v a r i a b i l i t y  among 23 experiments, and 

(b )  Uptake (%) v i a  nose = 50.8 SE) + 193 D - 1.48 RR - 0.0232 TV + 9.73 H,  

accounting f o r  62% of t h e  v a r i a b i l i t y  among 20 experiments, where D is t h e  gas  
2 o r  vapor d i f f u s i v i t y  (om / s ) ,  RR t h e  r e s p i r a t o r y  r a t e  (b rea ths  per  minute) ,  TV 

t h e  t i d a l  volume ( m l ) ,  and H a  head and/or upper airway uptake f a c t o r  with H = l  

f o r  all vapors but chloroform f o r  which H=O. These r e s u l t s  i n d i c a t e  t h a t  

inha la t ion  uptake is l imi ted  by pulmonary v e n t i l a t i o n  and t h e  d i f f u s i o n  of t h e  

r e spec t ive  r e l a t i v e l y  t i ssue-soluble  vapors i n  a i r  wi th in  t h e  lung,  s ince  vapor 

i n  t h e  lung is not  completely mixed during breathing. 
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SUMMARY AND RECOMMENDATIOHS 

Low concentra t ions  o f  xenobiotic  chemical vapors o r  gases i n  t h e  atmosphere 

a r e  inhaled by people and may pose a r i s k  associa ted  with lifetime chronic 

exposure. This  p o t e n t i a l  r i s k  is dependent upon t h e  systemic uptake, r e t en t ion  
and metabolism. This  p ro jec t  focuses on t h e  f r a c t i o n a l  uptake of these  vapors 

by t h e  body during normal breathing v i a  nose o r  mouth. One set of experiments 
considered t h e  e f f e c t  of exerc ise  on t h i s  process. Uptake f r a c t i o n s  f o r  people 

have previously been measured f o r  a few chemicals a t  r e l a t i v e l y  high 

concentra t ions  0 5 0  ppm) , and none a r e  a v a i l a b l e  f o r  low concentra t ions  

approaching environmental t r a c e  l e v e l s  (<50 ppb). 

Organic vapors of  t h e  types s tudied  i n  t h i s  p ro jec t  a r e  found i n  Ca l i fo rn ia  

a i r  a s  reported f o r  1985 i n  t h e  preliminary CARB Toxic A i r  Q u a l i t y  Data Base 

Report. The s ta tewide  average concentrat ion f o r  benzene was 2.6 ppb with one 

measurement a s  high as 15.6 ppb. The average f o r  t r i ch lo roe thy lene  was 0.8 ppb 

with a maximum of 12.4 ppb. The average f o r  chloroform w a s  about 0.1 ppb with 

a maximum of 3.5 ppb. Other vapor types have a l s o  been measured. Formaldehyde 

continues t o  be a major indoor air pol lu tant .  A l l  of t h e  f i v e  vapors a r e  
themselves o r  are gener ica l ly  r ep resen ta t ive  of chemical vapors t h a t  people i n  

Ca l i fo rn ia  a r e  r egu la r ly  inha l ing  i n  t h e  ppb t o  10 ppb concentra t ion  range. 

There is a c l e a r  need t o  understand accura te ly  t h e  uptake of t h e s e  inhaled 

chemical vapors. 

I n  t h i s  p ro jec t  q u a n t i t a t i v e  measurements have been made of t h e  systemic 

uptake during nose-breathing and during mouth-breathing of  very low 

concentra t ions  (125 ppb) i n  a i r  of f i v e  selected 1 4 ~ r a d i o l a b e l e d  chemical 

vapors inc luding benzene, chloroform, methyl bromide, t r i ch lo roe thy lene ,  and 

formaldehyde. The experimental sub jec t s  were paid volunteers ,  two a d u l t  women 

and two a d u l t  men. Each volunteer  w a s  s tud ied  with each of t h e  f i v e  vapors and 

with each of t h e  two breathing modes ( o r a l  and nasa l ) .  I n  add i t ion  one 

add i t iona l  o r a l  exposure t o  benzene w a s  performed with each sub jec t  while 

exerc is ing  u t i l i z i n g  a bicycle  ergometer. There were, the re fo re ,  a t o t a l  of 44 

separa te  i n h a l a t i o n  experiments i n  t h i s  projec t .  
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The s p e c i a l  apparatus f o r  the  cont ro l led  i n h a l a t i o n  exposure of individuals  

was designed f o r  use i n  t h i s  projec t .  It used a r e s p i r a t o r  demand-air 

breathing valve  t h a t  separated inhaled and exhaled gases. The s p e c i a l  method 

of concurrent flow spirometry was adapted t o  t h e  system t o  measure the  volumes 

of a i r  inhaled and exhaled during t h e  exposures and t h e  breathing ra te .  Each 

person breathed normally v i a  a SCUBA-type mouthpiece o r  nose s h i e l d  a t  a 

comfortable and normal breathing ra te .  Each organic vapor/gas was produced 

from high s p e c i f i c  a c t i v i t y  14C-labeled xenobiotic  chemicals a t  concentrat ions 

i n  t h e  range from 2 ppb t o  25 ppb and t h e  assays of  t h e  ma te r i a l  were done 

using rad ioana ly t i ca l  techniques. The concentrat ion of t h e  chemical vapor o r  

gas  under s tudy was measured before and a f t e r  i n h a l a t i o n  t o  determine uptake 

ef f ic iency.  Exhaled a i r  and ur ine  samples were used t o  measure t h e  uptake and 

aompare t o  metabolic behavior i n  t h e  e a r l i e r  beagle s tudies .  The individual  

exposures were two hours long i n  thirty-minute monitoring sub-periods and t h e r e  

was a following separa te  thirty-minute r e s p i r a t o r y  clearance measurement while 

breathing c lean  a i r .  The four  exposures during exe rc i se  were conducted f o r  

only one hour, followed by a fifteen-minute clearance period. 

The l e v e l s  of r ad ia t ion  and chemical exposures t o  t h e  s u b j e c t s  were both 

very low and did not involve s p e c i a l  r i s k s  t o  t h e  volunteers.  The experimental 

protocol  was approved by both the  Universi ty of Ca l i fo rn ia ,  Davis, Human 

Subjec ts  Administrat ive Advisory Committee and t h e  UC Medical Center Radiation 

Use Administrative Advisory Committee. 

The steady s t a t e  f r a c t i o n a l  systemic uptake during nasa l  breathing a t  rest 

of t h e  t o t a l  inhaled vapor o r  gas i n  a i r  a t  room temperature was 45.6%+1.5%SE 

f o r  chloroform, 53.9%+1.9%SE f o r  t r ichloroethylene  , 55.4ZG .6jSE f o r  methyl 

bromide, 60.0%+3.2%SE f o r  benzene, and 75.1 %+2.1 %SE f o r  formaldehyde. The 

uptake during o r a l  breathing a t  rest of t h e  t o t a l  inhaled vapor o r  gas  was 

49.6%51.6%SE f o r  chloroform, 55.4%+1.8%SE f o r  t r i ch lo roe thy lene ,  52.1jlfi .4%SE 

f o r  methyl bromide, 54.6%+2.1%SE f o r  benzene, and 86.42fl.8 $SE f o r  

formaldehyde. During exerc i se  with o r a l  breathing and more than doubling of 

inha la t ion  minute volume from rest condi t ions ,  t h e  steady state uptake of 

benzene dropped t o  41.6%+1.3%SE; t h i s  average was s i g n i f i c a n t l y  (p<0.001) lower 

than t h e  a t  rest average values f o r  e i t h e r  nose o r  mouth breathing. 
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The main r e s u l t s  show t h a t  mouth i n h a l a t i o n  uptake of chloroform was 

s i g n i f i c a n t l y  h ighe r  than t h a t  by nose (p<0.005), and t h e r e  was a s t r o n g  

tendency f o r  by mouth i n h a l a t i o n  uptake of formaldehyde t o  be h ighe r  than  by 

nose (p<0.01). The average o r a l  i n h a l a t i o n  uptake of benzene vapor  dur ing  

e x e r c i s e  was s i g n i f i c a n t l y  lower than  f o r  uptake a t  rest f o r  e i t h e r  nose o r  

mouth b rea th ing  (p<O .OO1) . 
For o r a l  i n h a l a t i o n ,  t h e  uptake of t r i c h l o r o e t h y l e n e  (TCE) was 

s i g n i f i c a n t l y  h igher  than chloroform (p<0.005) and lower than  formaldehyde 

(p<0.001), but  no t  s t a t i s t i c a l l y  d i f f e r e n t  from t h e  r e s u l t s  f o r  methyl bromide 

o r  benzene. The o r a l  uptake of chloroform was s i g n i f i c a n t l y  lower than  

formaldehyde (p<0.001), benzene (p<0.03) o r  TCE (p<0.005). O r a l  uptake of methyl 

bromide w a s  s i g n i f i c a n t l y  lower than  formaldehyde (p<0.025). The o r a l  uptake 

of benzene was h ighe r  than chloroform (p<0.025) and lower than formaldehyde 

(p<0.001) , but  no t  s t a t i s t i c a l l y  d i f f e r e n t  from methyl bromide o r  TCE. 

For n a s a l  i n h a l a t i o n ,  t h e  uptake of t r i c h l o r o e t h y l e n e  w a s  s i g n i f i c a n t l y  

h igher  than  chloroform (p<0.01) and lower than  formaldehyde (p<0.025) , but not  

s t a t i s t i c a l l y  d i f f e r e n t  from t h e  r e s u l t s  f o r  methyl bromide o r  benzene. The 

n a s a l  i n h a l a t i o n  uptakes o f  benzene and methyl bromide were not  s i g n i f i c a n t l y  

d i f f e r e n t  from t h e  o t h e r  vapors. 

Although t h e r e  was cons ide rab l e  i n t e r - s u b j e c t  v a r i a b i l i t y  i n  t h e  r e s u l t s ,  

most of t h a t  v a r i a b i l i t y  may be expla ined  by t h e  phys io log i ca l  d i f f e r e n c e s  

among s u b j e c t s  and among d a t a  of  t h e  same s u b j e c t  i n  d i f f e r e n t  s e s s ions .  The 

v a r i a b i l i t y  among t h e  d a t a  was s t u d i e d  wi th  l i n e a r  and l o g a r i t h m i c  models 

u t i l i z i n g  t h e  t i d a l  volume (TV) and r e s p i r a t o r y  rate (RR) as t h e  p r i n c i p a l  

r e s p i r a t o r y  va r i ab l e s .  I n  a d d i t i o n ,  t h e  i n f l u e n c e s  o f  sex, g a s  d i f f u s i v i t y  

( D ) ,  b lood-to-air  p a r t i t i o n  c o e f f i c i e n t ,  and apparen t  upper r e s p i r a t o r y  and 

head a i rways  uptake (H) f o r  a l l  t h e  vapors  but chloroform were a l s o  considered.  

It was found t h a t  a cons ide rab l e  p o r t i o n  o f  t h e  v a r i a b i l i t y  could be expla ined  

wi th  t h e  s imple  l i n e a r  models and no improvement was a s s o c i a t e d  w i th  

m u l t i p l i c a t i v e  ( l oga r i t hmic )  models. Sex and p a r t i t i o n  c o e f f i c i e n t  had l i t t l e  

in f luence  on t h e  r e g r e s s i o n  c o r r e l a t i o n .  However, t h e  r e s u l t s  should n o t  be 

expected t o  apply  t o  vapors  o f  g a s e s  wi th  blood-to-air p a r t i t i o n  c o e f f i c i e n t s  

t h a t  are very  much smaller than uni ty .  
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The l i n e a r  regress ion  model f o r  mouth-breathing is: 

Uptake ($1 v i a  mouth = 35.1(=7.1 SE) + 314(+25 SE) D - 1.56(20.39 SE) RR 

- 0.0168(&.0037 SE) TV + 5.49(22.54 SE) H 

2 where D i s  t h e  gas  o r  vapor d i f f u s i v i t y  (om / a ) ,  RR is t h e  r e s p i r a t o r y  r a t e  

(brea ths  per  minute),  TV is t h e  breathing t i d a l  volume ( m l ) ,  and H t h e  head 

and/or upper airway uptake f a c t o r  with Hz1 f o r  a l l  vapors but chloroform f o r  

which H=O. This  f i t  displayed a mul t ip le  c o r r e l a t i o n  c o e f f i c i e n t  of 0.97 

(p<0.001) and t h e  regress ion  equation accounted f o r  93% of  the  v a r i a b i l i t y .  O f  

t h i s  932, 79% was associa ted  with vapor d i f f u s i v i t y ,  6% with t h e  r e sp i ra to ry  

r a t e ,  612 with t h e  t i d a l  volume, and 2% with t h e  head/upper t r a c t  e f f e c t .  This 
- 

equation provides reasonable predic t ions  o f  both t h e  a t  rest and exerc i se  data. 

The l i n e a r  regress ion  model f o r  nose-breathing is: 

Uptake (5)  v i a  nose = 50.8(+25.7 SE) + 193(253 SE) D - 1.48(+1.41 SE) RR 

- 0.0232(*0.0260 SE) TV + 9.73(55 .I9 SE) H 

This  f i t  displayed a mul t ip le  c o r r e l a t i o n  coe f f i c i en t  of 0.79 (p<0.001) and t h e  
regress ion  equation accounted f o r  62% of t h e  v a r i a b i l i t y .  O f  t h i s  6212, 47% was 

associa ted  with vapor d i f f u s i v i t y ,  4% with t h e  r e sp i ra to ry  rate, 2% with the  

t i d a l  volume, and 9% with t h e  upper t r a c t  e f fec t .  The prudent choice i s  Hz1 

f o r  an untested chemical vapor, unless  is is reason t o  be l ieve  t h a t  t h e r e  is 

low headhose  uptake; a value between 0 and 1 could a l s o  be considered as 

appropr ia te  i n  c e r t a i n  cases. 

These r e s u l t s  show t h a t  uptake inc reases  with increased vapor d i f f u s i v i t y ,  

and decreases with inoreased r e s p i r a t o r y  r a t e  (decreased vapor residence time 

i n  lung) o r  increased t i d a l  volume (g rea te r  lung expansion and increased 

d i f f u s i o n  d is tance) .  Thus, t h e  d i f fus ion  of vapor i n  t h e  lung is demonstrated 

t o  be t h e  s i g n i f i c a n t  l i m i t i n g  process i n  determining vapor uptake i n t o  t h e  

body. Models of t h e  uptake process usual ly  assume complete mixing of vapor i n  

t h e  lung during breathing and rapid  e q u i l i b r a t i o n  with the  blood c i r c u l a t i n g  

through t h e  lungs a t  t h e  a lveo la r  air /blood in te r face .  Because a l l  of the  
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vapors under s tudy can be expected t o  be highly so lub le  i n  blood a t  very low 

concentra t ions ,  these  models predic t  near ly  q u a n t i t a t i v e  absorpt ion  i n t o  t h e  

blood of vapor o r  gas  from the  lung parenchyma. The expected uptake on t h i s  

b a s i s  should r e a d i l y  exceed 60% even i f  t h e r e  is no upper r e sp i ra to ry  t r a c t  
absorption,  and should approach 80% with modest upper t r a c t  absorption. Only 

t h e  highly d i f f u s i v e  formaldehyde approached t h i s  uptake f rac t ion .  These 

r e s u l t s  i n d i c a t e  t h a t  inha la t ion  uptake is l imi ted  by the  v e n t i l a t i o n  process 

dependent upon pulmonary v e n t i l a t i o n  and t h e  d i f f u s i v i t i e s  of t h e  r e spec t ive  

vapors i n  a i r  wi th in  t h e  lung. Exercise reduced uptake f r a c t i o n  (but not t o t a l  

uptake) by enlarging t h e  lungs s o  t h a t  t h e r e  is a bigger average vapor 

d i f fus ion  d i s t ance  t o  reach t h e  a l v e o l a r  surface.  Increased r e s p i r a t o r y  r a t e s  

a l s o  decreased uptake by reducing t h e  residence time of vapor f o r  d i f fus ion  i n  

t h e  lung. 

Previously reported uptake measurements f o r  t r i ch lo roe thy lene  and benzene 

by people a t  much higher concentrat ions (about 100 ppm) were i n  good agreement 

with the  r e s u l t s  of t h e  uptake measurements i n  t h e s e  s t u d i e s  f o r  these  two 

vapors a t  near  environmental concentrat ions ( l e s s  than 25 ppb). A previously 

reported s tudy of t h e  uptake of these  same f i v e  chemical vapors by beagles 

(Raabe, 1986) showed beagle t o  have less v a r i a b i l i t y  than t h e  people i n  t h i s  

s tudy and t o  have uptake f r a c t i o n s  a t  t h e  low end of  t h e  human range i n  each 

case. It appeared t h a t  t h e  beagle uptake of benzene was about t h e  same a s  f o r  

exerc is ing  people i n  t h i s  study. 

Because t h e  standard simulat ion models and t h e  associa ted  pharmacokinetic 

models do not adequately account f o r  the  f i n i t e  t r a n s f e r  time associa ted  with 

vapor d i f fus ion  i n  t h e  lung t o  t h e  a i r / a l v e o l a r  membrane i n t e r f a c e ,  t h e  rate of 

t r a n s f e r  through t h a t  membrane and associa ted  c e l l s  t o  reach t h e  blood, and t h e  

conductive airway absorption-desorption phenomena, those models tend t o  

overest imate t h e  uptake. The experimental da ta  reported i n  t h i s  s tudy are 

values t h a t  can be used d i r e c t l y  f o r  r i s k  assessment purposes, however. For 

xenobiotic  chemicals not  included i n  t h i s  s tudy,  comparison of molecular 

d i f f u s i v i t y  i n  a i r ,  and blood/air  p a r t i t i o n  c o e f f i c i e n t  with those chemicals 

t h a t  were s tud ied  provides a basis f o r  es t imat ion  of uptake u t i l i z i n g  t h e  

l i n e a r  regress ion  equations a s  provided. 
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INTRODUCTION 

Releases of various xenobiotic  organic chemical vapors t o  t h e  environment 

t h a t  occur a s  a consequence of t h e  extens ive  use of chemicals i n  i n d u s t r i a l ,  

a g r i c u l t u r a l ,  governmental and p r i v a t e  s e c t o r s  r e s u l t  i n  t h e  exposure of t h e  

general  population t o  low concentrat ions of  these  vapors i n  t h e  air  t h a t  is 

breathed. These vapors may f a l l  i n t o  one of various organic chemical c l a s s e s  

inc luding a lkanes ,  alkenes,  brominated a lkanes ,  aromatic hydrocarbons, and 

oxiranes. When low concentrat ions of organic vapors are inhaled by people a s  

i n  t h e  case of environmental r e l eases ,  t h e  p o t e n t i a l  r i s k  is dependent upon t h e  

systemic uptake and metabolic f a t e .  Uptake f r a c t i o n s  have been measured f o r  

c e r t a i n  chemicals a t  r e l a t i v e l y  high concentrat ions,  but a r e  not genera l ly  

a v a i l a b l e  f o r  low concentrat ions approaching environmental t r a c e  ppb l eve l s .  

The p o t e n t i a l  r i s k  t o  t h e  general  public  associa ted  with these  i n h a l a t i o n  

exposures a t  very low concentrat ions may be assessed with var ious  dose-response 

models t h a t  r e q u i r e  uptake dosage quan t i f i ca t ion  based upon ambient 

concentrat ion data  (Elkins,  1967). 

When organic vapors a r e  inhaled ,  they a r e  t r ans fe r red  from the  

r e s p i r a t o r y  t r a c t  t o  t h e  systemic c i r c u l a t i o n  a t  r a t e s  t h a t  depend upon 

r e s p i r a t o r y  t r a c t  v e n t i l a t i o n  e f f i c i ency ,  d i f f u s i v i t i e s  of t h e  vapors i n  a i r  

and i n  t h e  warm, humid environment of t h e  r e s p i r a t o r y  airways, gas  s o l u b i l i t y  

i n  body f l u i d s ,  blood-to-air and t i ssue- to-a i r  p a r t i t i o n  c o e f f i c i e n t s ,  a l v e o l a r  

concentrat ion g rad ien t s ,  volumetric flow r a t e  of blood through t h e  lungs,  and 

a l t e r n a t i v e  fates of e l iminat ion  o r  enzymatic metabolic chemical a l t e r a t i o n  

(Leibman, 1983; Fiserova-Bergerova, 1983a; Fiserova-Bergerova, 1983b). 

Experimental measurements were made i n  t h i s  projec t  t o  a s c e r t a i n  t h e  
r e l a t i o n s h i p  of these  f a c t o r s  by measurement of t h e  uptake, excre t ion ,  and 

exhala t ion  of inhaled vapors a t  environmentally meaningful concentrat ions.  

Several  i n v e s t i g a t o r s  have s tudied  body re ten t ion  of various chemicals 

i n s t i l l e d  i n  blood and c leared  v i a  t h e  lungs during breathing. For example, 

Wagner e t  a l .  (1974) and Wagner (1981) have developed a r a t h e r  complete 

perfusion-venti lat ion model f o r  chemicals i n  t h e  body based upon t h e i r  

s o l u b i l i t y  i n  blood. The higher s o l u b i l i t i e s  y ie ld  t h e  higher re tent ions .  



0. G. Raabe -- 15 

These r e s u l t s  provide information of t h e  blood-to-air p a r t i t i o n  c o e f f i c i e n t s  

but do not so lve  t h e  lung-t issue and gaseous d i f fus ion  aspec t s  of  t h e  process. 

For concentrat ions measured i n  ppb, most xenobiotic  vapors should be r e l a t i v e l y  

so lub le  i n  blood and body t i s sues .  

Measurements have been made of t h e  uptake, blood concentrat ion with time, 

excre t ion  of metabolic products,  and r e t e n t i o n  and c learance  with time a f t e r  

exposure f o r  c e r t a i n  chemical vapors inc luding anes the t i c s  such a s  e t h e r  and 

halothane (Eger , 1963; Landry et  a l .  , 1983b, Leibman,l983) , organic so lven t s  

such a s  to luene ,  acetone, and xylene, and o t h e r  organic agents  such as s ty rene ,  

t r i ch lo roe thy lene ,  perchloroethylene, and v iny l  chlor ide  (Fiserova-Bergerova, 

1983a; Fiserova-Bergerova, 1983b; Fiserova-Bergerova, 1 9 8 3 ~  ; Astrand, 1975). 
However, these  a v a i l a b l e  da ta  do not address t h e  s p e c i a l  problem of exposure at  

t r a c e  l e v e l s  nor do they genera l ly  provide the  needed information f o r  d i f f e r e n t  

types  of chemical agents now of environmental concern. 

Previous i n h a l a t i o n  s t u d i e s  with human sub jec t s  using benzene 

concentrat ions of  57 pprn (Nomiyama & Nomiyama, 1974) and 217 ppm (Astrand, 

1975) yielded measured uptake f r a c t i o n s  of  47% and 552, r e spec t ive ly ,  f o r  

normal breathing a t  rest. Only Astrand (1975) who s tudied  mouth-breathing 

people, col leoted  a l l  of t h e  exhaled vapor. Likewise, t r ichloroethylene  uptake 

i n  nose-breathing humans was found t o  be 55% at 316 pprn (Nomiyama & Nomiyama,, 

1974), 58% a t  193 pprn (Bartonicek, 19621, 46% a t  68  ppm (Monster, e t  al. 19761, 

and 44% a t  100 pprn ( Vesterberg e t  a l .  , 1976). Astrand and Ovrum ( 1976) , who 

s tudied  mouth-breathing people, co l l ec ted  and measured t h e  exhaled vapor and 

found 53% uptake a t  100 ppm. 

There a r e ,  i n  f a c t ,  very few r e l i a b l e  da ta  on uptake of chemical vapors 

i n  people even a t  very high concentrat ions.  A s  noted above, t h e r e  is a 

mouth-breathing s tudy of benzene i n  people a t  217 pprn reported by Astrand 

(1975) and of t r ichloroethylene  at 100 pprn ppm reported by Astrand and Ovrum 

( 1976). Other human s t u d i e s  involving nose breathing allowed rebrea th ing of 
vapor and d i d  not  provide f o r  d e f i n i t i v e  measurements of exhaled vapor f o r  

uptake determinations. 
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I n  earlier s t u d i e s  sponsored by the  Ca l i fo rn ia  Air Resources Board (Raabe, 

1986), t h e  uptake and e a r l y  systemic d i s t r i b u t i o n  and clearance of low 

concentrat ions i n  a i r  of s i x  inhaled organic vapors were measured i n  individual  

nose-breathing awake dogs. The s i x  s e l e c t e d  chemical vapors included benzene, 

dimethylnitrosamine, chloroform, methyl bromide, t r ichloroethylene ,  and 

formaldehyde. The experimental sub jec t s  were t h r e e  pedigreed a d u l t  female 

beagles obtained from t h e  dog colony a t  UC Davis. A s p e c i a l  apparatus f o r  the  

con t ro l l ed  i n h a l a t i o n  exposure of individual  sub jec t s  was used. It consis ted  

of a demand valve-based inha la t ion  exposure system t h a t  separated inhaled and 

exhaled gases. The organic vapor was produced from high s p e c i f i c  a c t i v i t y  

carbon-14 labeled  chemicals a t  concentrat ions i n  t h e  range from about 1.4 ppb t o  

594 ppb s o  t h a t  assays  of  t h e  mater ia l  could be done using rad ioana ly t i ca l  

techniques. The concentrat ions of  t h e  chemical vapor under s tudy were measured 

before and a f t e r  inha la t ion  t o  determine uptake ef f ic iency.  Exhaled a i r ,  

blood, u r ine ,  and f e o a l  samples were u t i l i z e d  t o  measure the  metabolic p a t t e r n  

of blood concentrat ion and excre t ion  of each chemical o r  its metabol i tes  during 

and a f t e r  exposure. The individual  exposures were up t o  t h r e e  hours long,  and 

t h e  metabolic behavior of t h e  chemicals was followed f o r  up t o  120 hours a f t e r  

exposure. 

The r e s u l t s  i n  beagles (Raabe, 1986) show t h a t  t h e  f r a c t i o n a l  systemic 

uptake r a t e  r e l a t i o n s h i p  f o r  each vapor with respect  t o  time from beginning of 

exposure s t a b i l i z e d  rapid ly  so t h a t  a s teady-s ta te  uptake was achieved wi th in  

t h e  first 30 minute assessment period. The s teady-s ta te  f r a c t i o n a l  systemic 

nasa l  inha la t ion  uptake (correc ted  f o r  equipment dead space) of  t h e  t o t a l  vapor 

was 42.1 %+2 -2% SE f o r  benzene, 39.8%+1.5% SE f o r  chloroform, 48.0%+0.8% SE f o r  

t r ichloroethylene  , 53.6%+2 -1.8 SE f o r  dimethylnitrosamine , 39.5%+1.0% SE f o r  

methyl bromide, and 54.4$+0.9 %SE f o r  formaldehyde. 

After  t h e  three-hour exposure t h e  blood burdens a s  percentage of t o t a l  

inhaled vapor were 9.2%_5.4%SE f o r  benzene, 3.3%+0.6%SE f o r  chloroform, 

2.5$+Oe4%SE f o r  t r ichloroethylene  , 5 .6$@ .4%SE f o r  dimethylnitrosamine , 
1.6%+0.1$SE f o r  methyl bromide, and 12.4%de7%SE f o r  formaldehyde. Clearance 

half-times a f t e r  t h e  exposure ended based upon t h e  radiocarbon l a b e l  were from 

less than 10 hours f o r  dimethylnitrosamine t o  41 hours f o r  methyl bromide. 
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Among t h e  l abora to ry  animal da ta ,  t h e  beagle da ta  of Raabe (1986) a r e  

t h e  most useful .  Most of t h e  o ther  reported l abora to ry  animal s t u d i e s  involved 

rebrea th ing o f  exhaled a i r .  However, t h e  dependence on v e n t i l a t o r y  gas  

d i f f u s i o n  na tu re  of t h e  uptake process described by Raabe (1986) leaves  
unanswered ques t ions  about t h e  ext rapola t ion  t o  people. Also, nose breathing 

dogs a r e  uncer ta in  models of  mouth breathing people. 

This  s tudy was conducted t o  provide d e f i n i t i v e  d a t a  on uptake i n  people f o r  

both nose-breathing and mouth-breathing of  inhaled xenobiotic  chemical 
gases  t o  improve t h e  est imation of exposure r i s k s  and t h e  p o t e n t i a l  f o r  

adverse hea l th  e f f e c t s  o f  exposure of people t o  environmental t r a c e  l e v e l s  of  

organic vapors. Although t h e  word "vaporn is used he re in  t o  descr ibe  t h e  

mixture of low concentra t ions  of  these  chemicals i n  a i r ,  methyl bromide is a 

gas a t  normal ambient conditions. The s p e c i f i c  purpose of t h i s  p ro jec t  w a s  t o  
measure t h e  pulmonary uptake during contro l led  i n h a l a t i o n  over two hours of  

f i v e  se lec ted  chemical gases a t  t r a c e  l e v e l s  (<25 ppb) v i a  nose o r  mouth 

breathing i n  normal a d u l t  humans f o r  environmental r i s k  est imation.  The f i v e  

vapors a r e  r ep resen ta t ives  of  f i v e  d i f f e r e n t  chemical c l a s s e s  and include 

benzene, methyl bromide, t r ichloroethylene ,  formaldehyde, and chloroform. 

Ancil lary purposes inc lude  measurement of exhaled carbon dioxide produced a s  a 

r e s u l t  of t h e  vapor metabolism, measurement of e a r l y  pulmonary clearance up t o  

t h i r t y  minutes post-exposure, and measurement of ur inary  c learance  of t h e  agent 

and its metabol i tes  up t o  24 hours post exposure. P roper t i e s  of  t h e  f i v e  

vapors a r e  summarized i n  Table 1. 

Organic vapors and gases of t h e  types needing s tudy a r e  found i n  Ca l i fo rn ia  

air  a s  reported f o r  1985 i n  t h e  preliminary CARB Toxic A i r  Q u a l i t y  Data Base 

Report. The statewide average concentrat ion f o r  benzene was 2.6 ppb with one 

measurement a s  high as 15.6 ppb. The average f o r  t r i ch lo roe thy lene  was 0.8 ppb 

with a maximum of 12.4 ppb. The average f o r  chloroform was about 0.1 ppb with 

a maximum of 3.5 ppb. Other vapor types have a l s o  been measured. Formaldehyde 

continues t o  be a major indoor air pol lu tant .  A l l  of t h e  f i v e  vapors a r e  

themselves o r  a r e  gener i ca l ly  representa t ive  of chemical vapors t h a t  people i n  

Ca l i fo rn ia  a r e  r egu la r ly  inha l ing  i n  t h e  ppb t o  10 ppb ooncentrat ion range. 

There is a c l e a r  need t o  understand accura te ly  t h e  uptake of these  inhaled 

chemical vapors. 
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Table 1. Charac te r i s t i c s  of t h e  Chemical Vapors Studied i n  t h i s  Projec t  

CHEMICAL STRUCTURE MOLECULAR DIFFUSIVITY PARTITION COEFF. 

WEIGHT ( a t  37 '~)  ( a t  37 '~)  

H (g/mole 2 
t 

(om /s) BLOOD/AIR LUNG/AIR 

H-C //' \ C-H 

BENZENE 

'gH6 

I 
CHLOROFORM H-  C - C 1  119.39 0.14 8.2-11.0 7-11 

I 
CHC13 C 1  

H C 1  
1 I 

TRICHLOROETHYLENE C = C 

METHYL BROMIDE B 

FORMALDEHYDE H 30 003 0.24 (20 ) (20) 
I 

CH2 0 H - C = O  

- ~ - - - --  

Blood/air and lung t i s s u e / a i r  p a r t i t i o n  c o e f f i c i e n t s  from Fiserova-Bergorova 

(1983). Methyl bromide a t  low concentrat ion was est imated from da ta  on methyl 

chlor ide  and formaldehyde values a r e  estimated because of its high water 

s o l u b i l i t y  as being a t  least twice t h a t  f o r  chloroform; t h e s e  vapors and gas  

a r e  a l l  so lub le  i n  blood a t  ppb l eve l s .  
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PROJECT OBJECTIVES 

The o v e r a l l  ob jec t ive  of t h i s  p ro jec t  was t o  provide q u a n t i t a t i v e  

information measured i n  vivo t h a t  w i l l  reduce t h e  current  u n c e r t a i n t i e s  i n  

a s sess ing  t h e  p o t e n t i a l  uptake and b io logica l  r i s k  t o  t h e  public  associa ted  

with t h e  inha la t ion  of air containing low concentrat ions of  c e r t a i n  xenobiotic  

and p o t e n t i a l l y  t o x i c  chemical vapors and gases. 

The s p e c i f i c  purpose of t h i s  p ro jec t  w a s  t o  measure t h e  pulmonary uptake 

during con t ro l l ed  inha la t ion  of f i v e  se lec ted  chemical vapors i n  a i r  a t  t r a c e  

l e v e l s  (<25 ppb) v i a  nose o r  mouth breathing i n  normal a d u l t  humans f o r  

environmental r i s k  est imation.  The f i v e  vapors a r e  benzene, methyl bromide, 

t r i ch lo roe thy lene ,  formaldehyde, and chloroform; these  represent  a d i v e r s i t y  of 

d i f f e r e n t  chemical c lasses .  Ancil lary goa l s  included measurement of exhaled 

carbon dioxide produced as a r e s u l t  of t h e  vapor metabolism, measurement of 

e a r l y  pulmonary clearance up t o  30 minutes post-exposure, and measurement of 

ur inary  c learance  of t h e  agent and its metabol i tes  up t o  16 hours post  

exposure. 

The inha la t ion  uptake and bas ic  b io log ica l  behavior of t h e  f i v e  

r ep resen ta t ive  chemicals, including benzene, chloroform, methyl bromide, 

t r i ch lo roe thy lene ,  and formaldehyde, were measured during and a f t e r  sepa ra te  

nasa l  inha la t ion  o r  o r a l  inha la t ion  by four  individual  human volunteers  a t  

r e s t ,  including two a d u l t  women and two a d u l t  men t o  provide appropr ia t e  

es t imates  of  b io log ica l  v a r i a b i l i t y .  I n  add i t ion  one study with benzene vapor 

was performed under condi t ions  o f  exerc ise  t o  observe its e f f e c t  on uptake. The 
da ta  were t o  provide t h e  b a s i s  f o r  f u t u r e  dos imetr ic  analyses  with ava i l ab le  

re levant  i n t e r s p e c i e s  and biochemical information t o  estimate t h e  

c h a r a c t e r i s t i c  parameters i n  explanatory simulat ion models of  uptake, 

r e t en t ion ,  and metabolism (Eger, 1963; Fernandez, 1977; Fiserova-Bergerova and 

Hughes, 1983; Sato  et a l e ,  1977). 
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Exposure System 

The exposure system f o r  t h e  study of t h e  uptake of inhaled vapors i n  

a i r  by human volunteers  was designed and b u i l t  u t i l i z i n g  a two-stage demand 

regulator-based i n h a l a t i o n  exposure system t h a t  separated inhaled  and exhaled 

a i r  (Figures 1 ,  2 & 3). The exposure system w a s  modified from t h e  system 

previously used success fu l ly  f o r  exposing dogs i n  t h e  Ca l i fo rn ia  A i r  Resources 

Board con t rac t  No. A3-132-33 ( Inhala t ion  Uptake of Selected Chemical Vapors a t  

Trace Levels).  This  system was modified f o r  t h e  increased volume of air needed 

f o r  i n h a l a t i o n  s t u d i e s  with t h e  human a s  compared t o  t h e  beagle. The demand 

regu la to r s  used were designed f o r  human s p o r t  self-contained underwater 

breathing a i r  (SCUBA) div ing and only t h e  exhaust por t ion  of t h e  system was 

a l t e red .  The c r i t e r i a  f o r  choosing a regula tor  was a low demand pressure  

required t o  open t h e  valve,  t o  avoid undue s t r a i n  on t h e  sub jec t  and t h e  

a v a i l a b i l i t y  of an a c c e s s i b l e  por t  f o r  drawing o f f  t h e  exhaust gas. Each 

air-vapor mixture w a s  prepared and s t o r e d  i n  a m e t a l l i c  gas cyl inder  of t h e  

type used a s  SCUBA tanks. Tanks of  80 cubic  f o o t  capaai ty  were of s u f f i c i e n t  

volume f o r  t h e  two hours of  breathing planned i n  t h i s  s tudy plus  t h e  volume 

needed f o r  t h e  pre- and post- tests .  

The e n t i r e  exhaust gas port ion leading t o  t h e  bubbler c o l l e c t i o n  system 

was insu la ted  and heated t o  maintain a temperature above t h e  body temperature 

of t h e  s u b j e c t s  (>40°c), a s  w a s  t h e  tubing se rv ing  a s  t h e  surge volume leading 
t o  t h e  spirometer.  Vapor-air mixtures of  both benzene and t r i ch lo roe thy lene  

(TCE) were s t a b l e  i n  t h e  SCUBA tanks after prepara t ion  and could be used on 
success ive  days after preparation. The o the r  vapors, e spec ia l ly  formaldehyde, 

were less s t a b l e  and had t o  be prepared jus t  before  use and requi red  p rec i se  

temperature con t ro l  f o r  t h e  pre-test and exposure t o  maintain t h e  same vapor 

pressure. With all t h e  exposures but benzene and TCE t h e  tank w a s  maintained 

at  a constant  3 8 ' ~  f o r  t h e  pre-test ,  exposure and post- test .  However, t h e  air  

del ivered  t o  t h e  breathing valve d id  not  exceed 2 8 ' ~  a f t e r  expansion i n  t h e  

pressure  reduction valves. 
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Exposures were e i t h e r  mouth-only o r  nose-only connected t o  a  second-stage 

demand regu la to r  va lve  (Figure 1 ) .  This valve is designed t o  preclude 

rebrea th ing o f  inhaled and exhaled a i r  and t o  minimize t h e  ex te rna l  dead space 

(rebreathed a i r  space) .  The sub jec t s  breathed t h e  same vapor type by mouth and 

by nose a f t e r  a  s u f f i c i e n t  amount of time had e lapsed  t o  i n s u r e  t h e i r  bodies 

had c leared  a l l  of t h e  mater ia l  from the  previous exposure. 

The mouth breathing method employed a s tandard mouthpiece used f o r  SCUBA 

diving f o r  which t h e  mouth and l i p s  a r e  used t o  s e a l  agains t  ambient air. A 

nose clamp commonly employed by some f o r  swimming was used t o  c lose  of f  t h e  

nose. The volume of dead space (rebreathed a i r  space)  i n  t h e  system was t h a t  

space i n  t h e  second s t a g e  regula tor  where a i r  can be rebreathed was 7 ml, f o r  

t h e  four  s u b j e c t s  i n  t h i s  s tudy t h i s  represents  only 1.5% of t h e  average t i d a l  

volume. 

The nose breathing method employed a nose cone made of s i l i c o n e  rubber 

used f o r  t h e  adminis t ra t ion  of n i t rous  oxide o r  o the r  anes the t i c  gases i n  

den ta l  appl ica t ions .  This  nose cone was modified by f i l l i n g  t h e  cone p a r t i a l l y  

with s i l i c o n e  rubber t o  reduce t h e  volume of dead space and plug up t h e  holes  

used i n  t h e  den ta l  apparatus. The volume of t h e  dead space depends on t h e  s i z e  

of t h e  sub jec t s  nose but could be no more than 15 ml and was usual ly  less, t h i s  

represents  less than 3% of t h e  average a t - r e s t  t i d a l  volume. 

A s t r a p  with a rubber head band held on by Velcro c lo th  was used t o  keep 

t h e  mouth piece o r  nose cone i n  t h e  proper l o c a t i o n  o r  provide t h e  pressure 

needed t o  i n s u r e  proper s e a l i n g  of t h e  connecting f i t t i n g s .  Pressure  balance 

i n  t h e  system was maintained u t i l i z i n g  a concurrent flow spirometer  (Raabe and 

Yeh, 1976) s o  t h a t  t h e r e  was no unusual e f f o r t  required by t h e  sub jec t  t o  

maintain normal breathing. A pressure d i f f e r e n t i a l  of only about 1.0 om water 

column was required t o  open t h e  breathing valve,  while t h e  exhaust l i n e  was 

maintained near  ambient pressure by the  spirometer.  

Small q u a n t i t i e s  of  4 ~ - l a b e l e d  benzene (57 mCi/mmol) , t r i ch lo roe thy lene  

(1 0 mCi/mmol) , methyl bromide ( 13 mCi/mmol) , and formaldehyde (44 mCi/mmol) 

were obtained from New England Nuclear, Boston, Massachusetts. The 

"c-labeled chloroform ( 1 1.9 mCi/mmol) was obtained from Pathf inder  
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Laboratories  Inc . ,  S t  Louis, Missouri. For each compound a l l  carbon pos i t ions  

were labeled  and chemical p u r i t y  exceeded 98%. Each 1 4 ~ r a d i o l a b e l e d  chemical 

vapor was first prepared by t r a n s f e r r i n g  t h e  t o t a l  contents  of  t h e  supp l i e r s  

ampule t o  a small  " l ec tu re  b o t t l e n  (with t h e  exception of t h e  formaldehyde 

which was placed d i r e c t l y  i n t o  t h e  l a r g e r  tank as described below) and 

pressurized u t i l i z i n g  argon gas  a s  an i n e r t  c a r r i e r .  This provided a s t a b l e  

i n e r t  source of t h e  vapor f o r  each exposure and minimized t h e  p o s s i b i l i t y  of 

degradation between exposures. Jus t  p r i o r  t o  use, a small  quan t i ty  of t h e  

se lec ted  chemical was t r a n s f e r r e d  from the  l e c t u r e  b o t t l e  t o  a l a r g e  compressed 

a i r  cyl inder  (SCUBA tank)  and mixed with very clean compressed a i r  from a 

compressor used f o r  f i l l i n g  SCUBA tanks;  t h e  a i r  was f i l t e r e d  with ac t iva ted  

charcoal  and d r i ed  with desiccant .  A i r  from t h i s  compressor was checked f o r  

t o t a l  hydrocarbon and carbon monoxide content and found t o  be below de tec t ion  

l i m i t s .  The tanks were f i l l e d  t o  maximum pressure  (3000 p s i )  t o  opera te  t h e  
breathing valve  f o r  two and one h a l f  hours a t  t h e  chosen concentrat ion.  The 
r e l a t i v e  humidity was less than 5% a t  t h e  valve. The temperature a t  t h e  mouth 

piece was no higher than 2 8 ' ~  f o r  any exposure. 

The concentra t ions  t h a t  were chosen f o r  s tudy depended pr imar i ly  on t h e  
s p e c i f i c  a c t i v i t y  'IIGlabeled chemicals. The general  goal  was t o  use 

concentra t ions  t h a t  were smaller than 30 ppb and a s  low a s  5 ppb, i f  poss ib le ,  
t o  approximate environmental l e v e l s  without s a c r i f i c i n g  accuracy of radioassay. 

Since each chemical vapor was s to red  i n  a separate l e c t u r e  b o t t l e  ( i n  argon) 

from which a por t ion  was taken t o  prepare f o r  exposures, d i f f e r e n t  

concentra t ions  r e su l t ed  i n  success ive  exposures a s  t h e  supply dwindled. This 

provided an opportunity t o  observe poss ib le  systematic d i f f e rences  i n  uptake 

t h a t  might be caused by d i f fe rences  i n  vapor concentrat ion,  a t  least over a 

l imi ted  range. Hence, success ive  exposures were conducted with vapor 
concentra t ions  d i f f e r i n g  by up t o  a f a c t o r  of about t h r e e  over t h e  course of 

the  s t u d i e s  f o r  each chemical. 

The c o l l e c t i o n  of t h e  exhaled a i r  during t h e  exposure and t h e  pure air and 

vapor before and after exposure was accomplished with t h r e e  l a r g e  bubblers 

containing vapor absorbing solvents .  Acidif ied ethanol  (5  mL concentrated H C 1  

per  ga l lon)  was usual ly  used i n  t h e  first two bubblers a s  t h e  t rapping agent 
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Figure 1 .  Schematic i l l u s t r a t i o n  of the demand-regulator breathing valve used 
i n  t h i s  study t o  expose individual human subjects  t o  se lected chemical vapors. 
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Figure 2 .  Schematic i l lustrat ion of the inhalation exposure system designed 

and used i n  t h i s  study of the uptake of trace l eve l s  of organic vapors inhaled 

by individual human volunteers showing the position and relat ive  placement of 

various components of the apparatus. 
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Figure 3 .  Schematic representation of t h e  human exposure system showing the  

third l i n e  used for  the exposures involving exercise.  
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f o r  formaldehyde, benzene, t r ichloroethylene  and chloroform, while chloroform 

(unacidi f ied)  was used t o  c o l l e c t  methyl bromide. I n  every case the  t h i r d  
14 bubbler contained a carbon dioxide ( C02) c o l l e c t i n g  alkylamine organic 

cock ta i l  (Harvey Carbon-14 Cocktai l ,  R.J. Harvey Instrument Company, 

Hi l l sda le ,  New Je r sey) .  Aliquots from t h e  ethanol  bubblers were combined with 

an appropr ia te  s c i n t i l l a t i o n  cock ta i l  (Complete Counting Liquid 3a70B, Research 

Products I n t e r n a t i o n a l  Corp., Mount Prospect,  I l l i n o i s )  f o r  radioassay 

u t i l i z i n g  a quench-correcting l i q u i d  s c i n t i l l a t i o n  counter (Packard Tri-Carb 

300C, Packard Instrument Co., Downers Grove, I l l i n o i s ) .  After  t h e  end of each 

two-hour exposure period t h e  apparatus was switched t o  al low t h e  individual  t o  

breathe only c lean  a i r ,  while t h e  exhaled a i r  was then monitored f o r  30 minutes 

longer. 

The exposure apparatus de l ivered  t h e  gas o r  vapor of i n t e r e s t  t o  t h e  person 

using a demand regu la to r  valve and provided f o r  measurement of t h e  r e s p i r a t o r y  

minute volume of air  and breathing frequency of t h e  person. A l l  p a r t s  of t h e  

exposure u n i t  were c lean metal ,  g l a s s ,  high-density p l a s t i c ,  s i l i c o n e  rubber, 

o r  i n e r t  t e f l o n  (with t h e  exception of t h e  polyethylene pressure  sensing hose) 

t o  preclude vapor losses .  The compressed a i r  cyl inder  (aluminum SCUBA tank,  

LUXFER CTC/DOT-3AL3000-S80; U.S. Divers, Pasadena, Ca l i fo rn ia )  was connected 

by a 3-way s t a i n l e s s - s t e e l  b a l l  valve t o  a f i r s t - s t a g e  pressure  r egu la to r  ( o r  

a l t e r n a t e l y  t o  t h e  small l e c t u r e  b o t t l e  t h a t  contained t h e  source of t h e  test 

mate r i a l  s to red  i n  an atmosphere of argon). The pressure  at t h e  o u t l e t  was 

maintained a t  135 psig. The compressed a i r  tank contained t h e  r ad ioac t ive  test 

mater ia l  mixed with clean f i l t e r e d  a i r .  A second compressed a i r  tank with 

regula tor  containing c lean  a i r  was connected with a switching valve  (shown 

schematical ly i n  f i g u r e  3 )  i n  place of t h e  test material tank t o  provide c lean  

a i r  t o  t h e  breathing valve system when needed. Air pressure  i n  t h e  tanks was 

monitored with test gauges (0-3000 ps ig )  with 5 inch faces.  

The first-stage pressure  r egu la to r  was connected through a high pressure 

aerosol  f i l te r  holder  ( s t a i n l e s s - s t e e l ,  Mi l l ipore  XX4404700, Mil l ipore  Corp., 
Bedford, Massachusetts) using a 47 mm diameter Mil l ipore  "FGW t e f l o n  membrane 

f i l t e r  (0.2 micrometer pore s i z e )  with 1/4 inch t e f l o n  l i n e  t o  t h e  second-stage 

s t a i n l e s s - s t e e l  demand regu la to r  which w a s  an i n t e g r a l  p a r t  of t h e  high dens i ty  

polycarbonate breathing valve  shown schematical ly i n  Figure 1 (Model T-2100 
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B/t-2100, Tekna, Inc.,  Belmont, Cal i fornia) .  The breathing valve  was modified 

by removing t h e  exhaust por t  and screwing an adaptor i n t o  it made of s t a i n l e s s  

s t e e l  and connecting v i a  two l a r g e  t e f l o n  tubes t o  t h e  20 l i t e r  spirometer 

(Warren Col l ins  Inc.,  Bra in t ree ,  Mass.) having an i n l e t  tube with volume of 
1660 mL and a spirometer i n t e r n a l  volume of 7000 m l .  The t o t a l  buffer  volume 

between t h e  exhaust flow l i n e  and t h e  spirometer chamber was t h e r e f o r e  8.66 1. 

Because of t h e  continuous exhaust flow, only about h a l f  of t h e  ind iv idua l ' s  

t i d a l  volume passed i n t o  t h e  spirometer buffer  volume, so t h a t  t h i s  system 

could accommodate t i d a l  volumes a s  l a r g e  a s  17 l i ters  without l o s s e s  occurring 

i n  t h e  spirometer water bath. Two o the r  t e f l o n  l i n e s  were used; t h e  first l i n e  

was connected from t h e  valve  exhaust t o  a three-way valve (Figure 2 )  t h a t  was 

used f o r  changing t h e  bubblers. The o ther  l i n e  w a s  used t o  measure breathing 

pressure  a t  t h e  exhaust by a Magnehelic gauge (1-0-1 inch WG, Dwyer Instruments 

Inc. Michigan Ci ty ,  Indiana).  A l l  exhaust l i n e s  car ry ing exhaled a i r  were 

heated t o  4 0 ' ~  t o  prevent condensation by wrapping with heat ing t a p e  and 

covering with closed-pore pipe insula t ion .  Heating was con t ro l l ed  by 3 va r i ac  

panels  and monitored with a d i g i t a l  thermometer (Omega 21658, Omega Engineering 

Inc. ) . 
Another i d e n t i c a l  three-way valve connected t h e  bubblers downstream t o  t h e  

vacuum air-metering system. These th ree  way valves were connected t o  t h e  

bubblers using f l e x i b l e  s t a i n l e s s  steel hoses t o  allow adjustments i n  placement 

of the  bubblers. The l i n e  from t h i s  valve ca r r i ed  t h e  exhaust through a 

des iccant  bed (Nitrasorb-T Indica t ing ,  Multiform Desiccant Products, Inc.,  
Buffalo, New York) t o  dry t h e  a i r  and through an ac t iva ted  charcoal  fi l ter 

(Motor Guard Corp., San Leandro, Ca l i fo rn ia )  t o  remove res idua l  vapor. The flow 

i n  t h i s  l i n e  w a s  cont ro l led  by a c r i t i c a l  o r i f i c e  designed t o  opera te  a t  1.65 

l i t e r s  per  minute with t h e  pressure  monitored by a Magnehelic gauge. 

This  method allowed a constant  flow of exhaust gas t o  be pulled through t h e  

bubblers i r r e s p e c t i v e  of t h e  of t h e  t i d a l  and minute volumes. 

The changing flow r a t e  due t o  t h e  individual  breathing rates was monitored 

with a rotameter (Fischer-Porter FP 1/4-15.5 G 6 3/4 Model 1081338, Lab-Crest 

S c i e n t i f i c  Glass Co., Warminster, Pennsylvania) and t h e  pressure  w a s  measured 

with a 0-5 p s i g  Magnehelic gauge. Stamford, Connecticut).  The flow w a s  

measured with a mass flow meter (Hastings Flowmeter model PR-4A 0-5 SLPM of air; 
Teledyne-Hastings-Raydist Hampton, Virginia) .  Flow r a t e  w a s  recorded by a 
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Hewlett-Packard 7100B s t r i p  cha r t  recorder and a Hewlett Packard 34688 

multimeter connected t o  a HP-41C ca lcu la to r  t o  i n t e g r a t e  the  flow r a t e  over t h e  

exposure time (Hewlett-Packard Inc.,  Palo Alto, Cal i fornia) .  Flow r a t e  was 

in teg ra ted  i n t o  3 minute i n t e r v a l s  from 15 second recordings i n t o  a program on a 

HP-41C c a l c u l a t o r  and summed t o  g ive  t h e  h a l f  hour volumes.The program was 

pr in ted  out  a f t e r  t h e  exposure by a p r i n t e r  f o r  the  ca lcula tor .  The number of 

brea ths  per minute was a l s o  recorded a s  t h e  average of 4-7 minute segments from 

each half-hour period. A check on t h e  volume breathed by the  ind iv idua l  w a s  

a l s o  obtained from t h e  pressure drop of  t h e  SCUBA tank over each h a l f  hour 

period. 

E x ~ o s u r e  Procedure 

Immediately before each exposure, complete maintenance w a s  performed on t h e  

system. The f i l ters  were checked and replaced and des iccant  replaced a s  

needed. Bubblers were f i l l e d  and labeled  and t h e  vapor w a s  loaded i n t o  t h e  

exposure SCUBA tank from t h e  l e c t u r e  b o t t l e  (o r  loaded i n t o  t h e  SCUBA tank 

d i r e c t l y  i n  t h e  case of t h e  formaldehyde). The exhaust l i n e  heat ing  system w a s  

turned on a t  l e a s t  an hour i n  advance t o  allow t h e  temperature t o  e q u i l i b r a t e  

t o  40'~. A p r e t e s t  was performed by s t a r t i n g  t h e  system vacuum and metering 

e i t h e r  3.0 o r  4.0 liters per minute from t h e  c lean  a i r  SCUBA tank u n t i l  t h e  

flow s t a b i l i z e d  and then switching v i a  the  three-way valve t o  t h e  tank with t h e  
vapor t o  be tested. The rad ioac t ive  14c co l l ec ted  i n  t h e  bubblers was checked 

t o  a s c e r t a i n  t h a t  t h e r e  was s u f f i c i e n t  a c t i v i t y  t o  perform each experiment. 

A second set  of replacement bubblers was connected and checked f o r  l eaks  

before t h e  individual  w a s  placed on t h e  system and a l l  t h e  temperature and 

pressure  measurement systems were allowed t o  come t o  equilibrium. The tank 

temperature w a s  held a t  a constant  temperature f o r  a t  l e a s t  one h a l f  hour 

before t h e  p r e t e s t  w a s  done. The individual  inhaled on c lean  a i r  f o r  a few 

minutes u n t i l  he o r  she s t a r t e d  t o  breathe i n  a r egu la r  pa t tern .  

The vapor was provided v i a  the  demand valve t o  t h e  ind iv idua l  person f o r  

each inha la t ion  and t h e  exhaled a i r  and vapor were bubbled through t h e  bubblers 

f o r  each one-half hour sub-period. The concurrent flow spirometer  served t o  

maintain t h e  exhala t ion  pressure exact ly  a t  ambient a s  well a s  providing a 
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buf fe r  f o r  t h e  i n t e r m i t t e n t  exhalat ions;  l ikewise  a record of each breath was 

made with t h e  timed chart-recorder on t h e  spirometer.  The exhaust flow rate 

w a s  maintained and adjus ted  as necessary t o  keep t h e  spirometer t r a c e  i n  t h e  

cen te r  of t h e  recording drum t o  prevent t h e  spirometer  from o v e r f i l l i n g  o r  

emptying. The volumetric flow r a t e  of air being pul led  through t h e  bubblers 

required t o  balance t h e  sub jec t  exhalat ion rate ( t h e  average exhala t ion  flow 

r a t e )  w a s  recorded on t h e  s t r i p  cha r t  recorder. The flow r a t e  was measured 

every 15 seconds and t h e  average w a s  recorded every t h r e e  minutes by a HP-41C 

ca lcu la to r .  This  system of adjus t ing  t h e  flow r a t e  t o  accommodate t h e  human 

breathing v a r i a t i o n s  and recording changes and breathing p a t t e r n  by t h e  

spirometer  w a s  continued f o r  a t o t a l  time of two hours and f o r  subsequent 

c learance  measurements of  one h a l f  hour. 

After each half-hour sub-period t h e  bubblers were changed by switching t h e  

valves  and al lowing t h e  flow t o  be d iver ted  t o  t h e  next set of bubblers. After 

t h e  f u l l  two-hour exposure w a s  completed t h e  tank s e l e c t i o n  valve  was switched 

t o  c lean  air. The same set of bubblers w a s  used f o r  t h e  next t h r e e  minutes t o  

i n s u r e  t h a t  t h e  gas  o r  vapor i n  t h e  l i n e s  were completely purged. The bubblers 

were then changed v i a  t h e  valving and t h e  new bubblers co l l ec ted  samples f o r  

one ha l f  hour while t h e  individual  inhaled c lean  a i r  t o  provide a sample of t h e  

exhaled vapor and carbon dioxide f o r  0.5 hour post-exposure. Shor t ly  after t h e  

end of  t h i s  sampling period,  t h e  individual  w a s  removed from t h e  apparatus and 

another  measurement of t h e  concentrat ion w a s  made during a half-hour test 

period; t h i s  second test w a s  performed t o  determine i f  t h e  concentrat ion had 

changed during t h e  exposure. 

Exercise E x ~ o s u r e s  

The exerc ise  s t u d i e s  u t i l i z e d  a b icycle  ergometer t o  maintain t h e  chosen 

l e v e l  of e f f o r t  during uptake measurements v i a  t h e  mouth f o r  a benzene 

vapor-air mixture. The exerc ise  por t ion  of t h e  study d i f f e r e d  from t h e  o the r  

exposures i n  t h e  modificat ion of t h e  physical  conf igura t ion  of  t h e  breathing 

valves  and accommodation f o r  the  increased flow. I n  cons idera t ion  f o r  t h e  

sub jec t s  and from our  experience with t h e  time required t o  reach a s teady state 

uptake it w a s  decided t o  l i m i t  t h e  test t o  a t o t a l  of one hour and f i f t e e n  

minutes with t h e  first hour broken i n t o  f o u r  por t ions  of  f i f t e e n  minutes each 
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and one f i f t e e n  minute c learance  portion. The sub jec t s  were a b l e  t o  maintain a 

constant l e v e l  of exer t ion  throughout t h e  e n t i r e  exposure. They began with 

f i v e  minutes of  t r a i n i n g  without t h e  breathing apparatus and were then put on 

t h e  system and a f t e r  seve ra l  more minutes t h e  exposure was s t a r t e d .  None of 

t h e  sub jec t s  had undue s t r e s s  due t o  t h e  test and f e l t  f i n e  but a l i t t l e  t i red  

a f t e r  the  exe rc i se ;  t h i s  was i n d i c a t i v e  of t h e  excel lent  physical  condit ion of 

each of the  volunteers .  

Modifications t o  t h e  system f o r  the  exerc ise  por t ion  of t h e  vapor t e s t s  

required a reconf igura t ion  so t h e  p a r t i c i p a n t s  could use both hands t o  hold 

onto t h e  exerc ise  cycle. A f l e x i b l e  copper pipe was used t o  hold t h e  

mouthpiece and t e f l o n  l i n e s  t o  t h e  des i r ed  l o c a t i o n  f o r  breathing. I n  order  t o  
accommodate t h e  increased flow r a t e  a  l a r g e r  c r i t i c a l  o r i f i c e  was i n s t a l l e d  t o  

increase  t h e  flow while using t h e  mass flow meter t o  measure t h e  changing 

breathing rate a s  before. A desiccant  c a n i s t e r  and absolute  f i l t e r  with carbon 
was used t o  remove t h e  water and organic vapors. The flow was metered f o r  t h e  

bubblers with t h e  same method as with t h e  o the r  exposures. 

A metronome was used during t h e  e n t i r e  exposure t o  he lp  t h e  sub jec t s  

maintain a constant  pedal speed of 50 revolut ions  per  minute. The tens ion on 

t h e  ergometer was set a t  one k i l o  pound meter (KPM). Cycling a t  t h i s  speed is 

approximately equal t o  l e i s u r e  cycl ing  a t  9.4 Miles per  hour. The energy 

expenditure f o r  t h i s  a c t i v i t y  is equal t o  0.100 Kcal/min/Kg body weight. This  

is equivalent  t o  walking a t  a  normal pace o r  l i g h t  work. The r e s p i r a t o r y  

minute volumes i n  t h e  exerc ise  experiments increased an average of about 2.5 

times t h a t  measured i n  t h e  p r i o r  exposures a t  rest. 

Bubblers 

The vapors were absorbed using sets of t h r e e  g l a s s  250 mL bubblers f i t t e d  

with b a l l  and socket  j o i n t s  and hooked i n  series with locksble  pinch clamps. 

Each bubbler stem ended i n  a  f r i t t e d  g l a s s  cy l inder  having a nominal pore s i z e  

range of 40-60 um (poros i ty  n C n ) .  The bubblers were l eak  sea led  with s i l i c o n e  

high vacuum grease  (Dow Corning Corp., Midland, Michigan). Each bubbler was 

mated t o  a  s p e c i f i c  stem, p a i r  of lockable pinch clamps and sealed end caps s o  

t h a t  a  t a red  weight was obtained. The bubblers were f i l l e d  using rep ipe t to r s .  
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The bubblers were numbered d l ,  12 and 83 i n  t h e  d i r e c t i o n  of vapor/gas flow 

(Figure 2 ) .  The first two bubblers i n  series each contained 120 mL of 

a c i d i f i e d  e t h y l  alcohol  ( 5  mL concentrated HCl/gallon of abso lu te  e t h y l  

a lcohol) .  The t h i r d  bubbler contained 120 mL of t h e  carbon dioxide ( l  'lco2) 
absorbing l i q u i d - s c i n t i l l a t i o n  cock ta i l  (alkylamine-based C02 absorber,  Harvey 

14c Cocktai l ,  R. J. Harvey Instrument Corp., H i l l sda le ,  N. J.1. 

For methyl bromide two of t h e  bubblers used chloroform and t h e  t h i r d  w a s  

f i l l e d  with t h e  carbon dioxide ( " ~ 0 ~ )  absorbing l i q u i d - s c i n t i l l a t i o n  cockta i l .  

The flow r a t e  f o r  t h e  methyl bromide absorption by chloroform w a s  reduced t o  
0.6 lpm because of bubbler overflow problems a t  t h e  higher flow rate of 1.5 lpm 

normally used. For a l l  exposures t h e  bubblers were placed i n  p l a s t i c  
con ta ine r s  and surrounded with i c e  t o  minimize alcohol  evaporation. Each set  

of  t h r e e  bubblers w a s  replaced with a f r e s h  set after each 30-minute i n t e r v a l .  

Each bubbler w a s  then capped, removed from t h e  i c e ,  allowed t o  reach room 

temperature, wiped dry  and weighed. The f i n a l  volume i n  each bubbler w a s  

determined gravimetr ica l ly ;  based on t h e  t a r e  weight f o r  each empty bubbler and 

t h e  s p e c i f i c  g r a v i t y  of t h e  alcohol  o r  t h e  1 4 ~ ~ 2 - a b s o r b i n g  cock ta i l .  The 

contents  of each bubbler were t r ans fe r red  i n t o  125 mL p l a s t i c  b o t t l e s  and two 

1.0 mL samples were taken f o r  sepa ra te  l i q u i d  s c i n t i l l a t i o n  counting u t i l i z i n g  

19 mL eaoh of 3a70B s c i n t i l l a t i o n  cock ta i l  (Complete Counting Liquid 3a70B, 

Research Products I n t e r n a t i o n a l  Corp., Mount Prospect,  I l l i n o i s )  f o r  radioassay 

u t i l i z i n g  a quench-correcting l i q u i d  s c i n t i l l a t i o n  counter (Packard Tri-Carb 

300C, Packard Instrument Co., Downers Grove, I l l i n o i s ) .  The samples were each 

counted f o r  10 minutes o r  t o  achieve s t a t i s t i c a l  c o e f f i c i e n t  of v a r i a t i o n  of 

0.5% over a beta  p a r t i c l e  energy region of 0 t o  156 KeV. ( A  10 minute count of 

t y p i c a l  50 dpm background y i e l d  a c o e f f i c i e n t  of v a r i a t i o n  of about 5s.) The 

p l a s t i c  sample b o t t l e s  f o r  eaoh bubbler were s t o r e d  under r e f r i g e r a t i o n .  

Carbon Dioxide 

The minimization of 14c02 absorbed i n  t h e  first two a lcohol  bubblers and 

t h e  maximum e f f i c i e n t  capture  of exhaled 14c02 i n  t h e  t h i r d  bubbler w a s  

important t o  t h e  success of  t h e  projec t .  The carbon dioxide c o c k t a i l  when used 

alone i n  s p e c i a l  test measurements w a s  found t o  be >99% e f f i c i e n t  a t  flow rates 

measured up t o  4.0 L/min f o r  air containing 5% carbon dioxide;  t h i s  

concentrat ion of carbon dioxide was used because it  approximates t h e  
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concen t r a t ion  i n  exhaled air.  I n  t h e s e  tests a c i d i f i e d  a l coho l  had only  39 nCi 

i n  t h e  first bubbler and 16 nCi i n  t h e  second bubbler wh i l e  t h e  t h i r d  bubbler ,  

which contained t h e  CO, absorber ,  had 4074 nCi when exposed t o  a i r  conta in ing  
L, 

34.4 nCi 1 4 c 0 2 / ~  a t  4.0 Wmin f o r  30 minutes. This  w a s  <I  -0% 14c02 i n  t h e  
4 1, 

first bubbler and <0.4% '*co2 i n  t h e  second bubbler when exposed t o  a i r  
conta in ing  l a b e l e d  14c0, and 5% carbon d ioxide  (about t h e  concen t r a t ion  i n  

L 

exhaled a i r ) .  The d a t a  i n d i c a t e  t h a t  t h e  exhaled 14c02 w a s  e s s e n t i a l l y  all 

c o l l e c t e d  by t h e  t h i r d  bubbler exc lus ive ly .  

I n  t h e  methyl bromide s t u d i e s ,  chloroform w a s  used i n  t h e  first two 

bubblers  as t r app ing  agent  f o r  methyl bromide. The e f f i c i e n c i e s  o f  chloroform 

i n  c o l l e c t i o n  of methyl bromide and C02 were 87.5% and 55,  r e spec t ive ly .  

Table 2. Bubbler Co l l ec t ion  E f f i c i e n c i e s  i n  Vapor I n h a l a t i o n  Study 

Tr ich loroe thylene  

Benzene 

Chloroform 

Formaldehyde 

Methylbromide 

C02 

C02 

C02 

Acid i f ied  a l coho l  

Acid i f ied  a l coho l  

Acid i f ied  a l coho l  

Acid i f ied  a l coho l  

Chlorof orm 

Chlorof orm 

Acid i f ied  a l coho l  

Cockta i l  

14 
S p e c i a l  t e s t  measurements made wi th  C02. 
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Analysis  o f  Vapors Other Than Methyl Bromide 

The e f f i c i e n c y ,  E ,  o f  c o l l e c t i o n  of  t h e  r e s p e c t i v e  vapors  i n  t h e  a c i d i f i e d  

a l coho l  i n  e i t h e r  bubbler  # l  o r  bubbler #2 was determined dur ing  test runs  

be fo re  and after human exposures by drawing t h e  r e s p e c t i v e  vapors  through t h e  

bubbler t r a i n  a t  average flow rates of  1.5 1/ minute. Th i s  was c a l c u l a t e d  from 

t h e  a c t i v i t i e s  i n  bubbler  I 1  (B1) and bubbler #2 ( B2) by: 

These va lues  a r e  summarized i n  Table 2. This  t e s t  e f f i c i e n c y ,  E,  was t h e  b a s i s  

of  t h e  eva lua t ion  of  t h e  bubbler data .  The 14c a c t i v i t y ,  A ,  exhaled by t h e  

s u b j e c t  dur ing  a s i n g l e  30 minute exposure period was c a l c u l a t e d  from t h e  

a c t i v i t y  i n  bubbler  #I (B1) and bubbler (2 (B2) dur ing  t h e  period by: 

The exhaled a c t i v i t y ,  A ,  was d iv ided  by t h e  t o t a l  volume, t V m ,  of air breathed 

dur ing  t h e  s p e c i f i c  30-minute exposure (where t is t h e  exposure t ime i n  minutes  

and V is t h e  minute volume of t h e  s u b j e c t ' s  b rea th ing )  t o  provide a measure of m 
t h e  average a c t i v i t y  concent ra t ion  of t h e  exhaled air. The r a t i o  of t h e  
average a c t i v i t y  concent ra t ion  of t h e  exhaled a i r  t o  t h e  4~ a c t i v i t y  

concen t r a t ion ,  C ,  of t h e  vapor t o  which t h e  i n d i v i d u a l  was exposed (determined 

as t h e  average concen t r a t ion  i n  t h e  t e s t  r u n s  be fo re  and after t h e  human 

exposure) ,  p rovides  t h e  f r a c t i o n  of  t h e  inha led  vapor t h a t  was exhaled. The 
observed uptake f r a c t i o n  is t h i s  exhaled f r a c t i o n  sub t r ac t ed  from uni ty :  

Uptake F rac t ion  = 1.0 - A/ tVmC ( 3  

The a c t i v i t y  c o l l e c t e d  i n  t h e  t h i r d  bubbler conta in ing  t h e  s p e c i a l  
14  4~02-absorbing c o c k t a i l  is p r imar i ly  a s s o c i a t e d  wi th  C02. However, some 

small por t ion  of t h e  vapor t h a t  p e n e t r a t e s  both of t h e  first two bubblers  is 

p a r t i a l l y  c o l l e c t e d  i n  t h e  t h i r d  bubbler. S ince  t h e  t o t a l  exhaled a c t i v i t y  was 

c a l c u l a t e d  and t h e  a c t i v i t y  i n  t h e  first two bubblers  was measured, it  was 

p o s s i b l e  t o  c a l c u l a t e  t h e  amount of vapor e n t e r i n g  t h e  t h i r d  bubbler. By 
assuming t h e  same c o l l e c t i o n  e f f i c i e n c y  f o r  vapor c o l l e c t i o n  i n  t h e  t h i r d  
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bubbler  a s  f o r  t h e  o t h e r  bubblers ,  t h e  amount of  vapor c o l l e c t e d  i n  t h e  t h i r d  

bubbler  was p r e d i c t e d ;  t h i s  i s  reasonable  s i n c e  s o  l i t t l e  vapor gets t o  t h e  t h e  

t h i r d  bubbler t h a t  an  e s t i m a t i o n  e r r o r  w i l l  have l i t t l e  i n f l u e n c e  on t h e  

r e s u l t .  Th i s  was s u b t r a c t e d  from t h e  c o l l e c t e d  a c t i v i t y  i n  bubbler  83 (B ) t o  
3 

determine t h e  4 ~ 0 2  a c t i v i t y :  

14c02 (observed)  ; B3 - B2(1-E) 

Also, trace deg rada t ion  products  o r  i m p u r i t i e s  i f  p re sen t  may a l s o  be 

c o l l e c t e d  i n  t h e  t h i r d .  Although t h e s e  background l e v e l s  were small; t hey  were 
14 determined du r ing  t h e  test run and s u b t r a c t e d  t o  c o r r e c t  t h e  observed C02 

a c t i v i t y  du r ing  each exposure per iod . 

4 ~ 0 2 ( a c t u a l )  = observed-( l-uptake f raction)*B3(mean o f  pre- & p o s t - t e s t s )  (5 )  

The d e t a i l s  o f  t h e  f u l l  c a l c u l a t i o n s  are desc r ibed  i n  d e t a i l  and i l l u s t r a t e d  

i n ' t h e  Appendix. 

Analysis  o f  Methyl Bromide 

Pre l iminary  tests showed t h a t  e t h y l  a l coho l  was n o t  a s a t i s f a c t o r y  absorber  

f o r  low concen t r a t i ons  o f  methyl bromide vapor ,  having an  e f f i c i e n c y  of  on ly  

14% and chloroform was a good t r a p p i n g  agent  (87.5% e f f i c i e n t ) .  Methyl bromide 

h a s  such a low b o i l i n g  temperature ,  3 . ~ O C ,  t h a t  f o r  a l i q u i d  t o  be an abso rbe r  

it must react wi th  methyl bromide i f  p o s s i b l e  r a t h e r  t han  j u s t  be a s o l v e n t  f o r  

it. I n  t h i s  s t udy ,  t h e  first two bubblers  were f i l l e d  wi th  chloroform t o  

c o l l e c t  methyl bromide vapor and t h e  t h i r d  bubbler  was f i l l e d  w i th  C02 
absorber .  The C02 absorber  used i n  t h e  t h i r d  bubbler  f o r  t h e  o t h e r  vapors  is 

p r imar i l y  a s o l u t i o n  of  s c i n t i l l a t o r s  d i s so lved  i n  a p r o p r i e t a r y  mix ture  of  
a lkylamines (R.J. Harvey Instrument  Corp., H i l l s d a l e ,  NJ). 

The e f f i c i e n c y  o f  chloroform f o r  t r app ing  methyl bromide and C02 was 

determined by pass ing  a known amount of  14c l a b e l e d  methyl bromide a lone  

through bubbler  #I and #2 a t  f low rate of 0.6l/minute f o r  30 minute and 
14  r e p e a t i n g  t h e  same s tudy  with C02 . The e f f i c i e n c i e s  were 87.5% and 5% f o r  
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methyl bromide and C02 respectively.  The exhaled methyl bromide a c t i v i t y  (A) 

and CO2 were ca lcu la ted  using t h e  following equations. 

The uptake f r a c t i o n  f o r  methyl bromide w a s  ca lcula ted  as described i n  

equation 3 above. Also, trace degradation products o r  impur i t i e s  i f  present  

may a l s o  be co l l ec ted  i n  t h e  th i rd .  Although these  baokground l e v e l s  were 

s m a l l ;  they  were determined during t h e  test run and sub t rac ted  t o  co r rec t  t h e  

observed 1 4 ~ ~ 2  a c t i v i t y  during each exposure period (Equation 6 )  . 
The d e t a i l s  of  t h e  f u l l  ca lcu la t ions  a r e  described i n  d e t a i l  and i l l u s t r a t e d  

i n  t h e  Appendix. 

Dead-s~ace Correct ion 

Although t h e  demand breathing valve  w e d  i n  t h i s  s tudy w a s  designed t o  

minimize dead space,  a volume, vd, of about 15 mL w a s  i n  e f f e c t  an extension of 

t h e  nose and 7 m l  of t h e  mouth of t h e  human during t h e  exposures. This  dead 

space volume w a s  f i l l e d  by exhaled a i r  during exhala t ion  and t h i s  same volume 

was t h e  first a i r  en te r ing  t h e  airways during t h e  next i n h a l a t i o n  breath. Also, 

t h i s  dead spaoe volume is f i l l e d  with f r e s h  vapor-containing a i r  a t  t h e  end of  

inha la t ion  t h a t  is t h e  first por t ion  of t h e  exhaled a i r  volume leaving t h e  

valve  during each exhalation. Hence, t h e  volume of ''IC-vapor containing a i r  

t h a t  was inhaled  i n  each breath of t i d a l  volume VT was a c t u a l l y  only equal t o  

VT-vd* Since t h e  average t i d a l  volume of t h e  sub jec t  was about 500 mL, t h e  
systematic e r r o r  i n  observed uptake f r a c t i o n s  would be about 1.4 and 3.0% f o r  

mouth and nose exposure respect ive ly .  Hence, t h e  observed uptake f r a c t i o n s  and 

ca lcula ted  inhaled  a c t i v i t y  were correc ted  f o r  dead space w i n g  a dead space 

cor rec t ion  f a c t o r  given by: 
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where f is t h e  dead space cor rec t ion  f a c t o r  (always l a r g e r  than u n i t y ) ,  vd is 

t h e  dead spaoe (7 ml f o r  o r a l  o r  15 m l  f o r  n a s a l ) ,  and VT is t h e  average t i d a l  

volume measured f o r  t h e  individual  subjec t  during each separa te  two-hour 

exposure. A separa te  dead spaoe cor rec t ion  f a c t o r  was ca lcula ted  from t h e  

average minute volume and breathing rate f o r  each exposure experiment. 

The correc ted  uptake f r a c t i o n s  were obtained by mult iplying t h e  separa te  

observed uptake f r a c t i o n s  by t h e  appropr ia te  r e spec t ive  dead spaoe cor rec t ion  

fac tors .  The t o t a l  inhaled a c t i v i t y  f o r  each exposure experiment was 

ca lcu la ted  by reducing t h e  ca lcula ted  volume of inhaled a i r  by d iv id ing by t h e  
dead space cor rec t ion  fac to r .  

Urine S a m ~ l e  

Urine samples were obtained a t  0.5, 8 ,  and 16 hours post-exposure from each 

individual  t o  monitor t h e  clearance r a t e  of 14c labeled  chemical v i a  t h e  

urine. Duplioate 0.2 mL ur ine  samples were a l s o  analyzed f o r  14c with t h e  same 

s c i n t i l l a t i o n  cock ta i l  used t o  analyze t h e  ethanol  bubblers. The samples were 

each counted f o r  10 minutes o r  t o  achieve a c o e f f i c i e n t  of v a r i a t i o n  of 0.5% 

over a be ta  p a r t i o l e  energy region of 0 t o  156 KeV. Pre-exposure background 

sample l e v e l s  were subt rac ted  t o  y ie ld  n e t  post exposure a c t i v i t y  values. 

The 14c a c t i v i t i e s  measured i n  t h e  ur ine  samples were normalized by 

d iv id ing  i n  each case by t h e  t o t a l  inhaled a c t i v i t y  during t h e  separa te  
two-hour human exposures. This  al lows t h e  r e s u l t s  t o  be r e a d i l y  applied t o  

o t h e r  exposure l eve l s .  The t o t a l  u r ine  burden of 14c labeled  compound a t  0.5 

hour post-exposure was ca lcula ted  as follows: 

Urine burden (nCi)= 2.5* body weight (kg) 0.83 u r ine  s p e c i f i c  a c t i v i t y  (9 )  
( f o r  2.5 hours) (nCi/ml) 

where 0.83 is t h e  r a t e  of ur ine  formation (ml/kg/hour) f o r  people (Snyder, 

1975) 
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The experimental design of t h i s  projec t  is summarized i n  Table 3. This  

design has allowed t h e  same four  individual  volunteers  t o  p a r t i c i p a t e  i n  t h e  

t e s t i n g  o f  a l l  f i v e  chemical vapors s o  t h a t  b io log ica l  f a o t o r s  remain t h e  same 

throughout t h e  project .  

Table 3. Human Vapor/gas Inha la t ion  Study Experimental Design 

E x ~ o s u r e  Route 
Air 

Mouth Nose Concent r a t i o n  

( P P ~ )  

Chemical Female Male Female Male (Mean + S.D.) 

Trichloroethylene 2 2 2 2 1 8 9  
Benzene (N) 2 2 2 2 9 9  
Benzene (E) 2 2 0 0 &,2 

Methylbromide 2 2 2 2 1 8+3 
Chlorof o m  2 2 2 2 1 3& 
Formaldehyde 2 2 2 2 522 

. . 

Benzene ( N )  = Normal breathing r a t e ,  

Benzene (E) = With exerc ise  (double breathing rate). 
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Human Subjects  

Four heal thy  a d u l t  white human volunteers  were involved i n  t h i s  study. 

Their  physical  s t a t u s  is l i s t e d  Table 4. I n  add i t ion ,  these  s u b j e c t s  were 

non-smokers and i n  exce l l en t  physical  condition. These ind iv idua l s  were a l s o  

examined by a medical doctor  a t  t h e  begining o f  t h e  projec t  t o  determine t h e i r  

hea l th  s t a tus .  I n  add i t ion ,  ur ine  and blood samples were a l s o  taken and were 

analyzed by t h e  un ive r s i ty  hea l th  cen te r  c l i n i c a l  laboratory.  Each sub jec t  was 

exposed twice t o  t r a c e  l e v e l s  of each of t h e  f i v e  vapors l i s t e d  i n  t h i s  study. 

Each person was screened and questioned t o  make s u r e  they were not  on any 

medication o r  drug during t h e  dura t ion  of t h e  exposures and with t h e  exception 

of colds a l l  sub jeo t s  were heal thy  f o r  t h e  e n t i r e  sequence of exposures. 

D e t a i l s  about t h e  four  volunteers  a r e  found i n  Table 4 

The l e v e l s  of r ad ia t ion  and chemical exposures t o  t h e  s u b j e c t s  were both 

very low and d i d  not  involve s p e c i a l  r i s k s  t o  t h e  volunteers .  The experimental 

protocol  was approved by both t h e  Universi ty of Ca l i fo rn ia ,  Davis, Human 

Subjec ts  Administrat ive Advisory Committee and t h e  UC Medical Center Radiation 

Use Administrative Advisory Committee. 

The completed experiments a r e  summarized i n  Table 5. There were a few 

repeat exposures necess i t a t ed  by equipment malfunctions; t h e s e  a r e  designated 

by t h e  "An s u f f i x  t o  t h e  exposure numbers. 
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Table 4. Human Volunteers Physical S t a t u s  

PARAMETERS HUMAN SUBJECT INITIAL 

B.R. B.L. P.W. M. G. 

Sex male male female female 

Body weight (kg) 7 5 76 7 5 57 

Height ( f e e t )  6 -1 6 -1 5 -6 5 02 

Age (years)  21 21 36 32 

A t  rest (Mean S.E, n=lO) 

Breathing rate 14.1+0 -5 14.6+0 -4 12.1+0.5 13.4k0.5 

(breath/min. ) 

Resp. Dead Space 150 170 150 130 

( m l )  

Lung minute volume 7 .O+p -2 8.320 -3 6.020.2 5.8=0.1 

( Wmin. 

Alveolar v e n t i l a t i o n  4.920.1 5.8G.2 4.220.1 4.10.1 

volume ( 4 min. ) 

Bicycle exe rc i se  

Breathing r a t e  12 17 11 19 

( breath/min. ) 

Lung minute volume 17 -5 17 -6 13 -9 16 09 

( Wmin. 

Alveolar ven t i l a t ion*  15 .7 14.7 12.3 14 -4 

volume (Wmin.) 

* 
Calculated based on 30% Respiratory physiological  dead space ( Ganong , W. F. 1 97 9) 
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Table 5. Schedule of S tud ie s  

Exposure # 

1 

2 

3 

4 

5 

6 

7 
8 

9 

10 

11 

12 

13 

14 

15 

1 A 

16 

17 

18 

19 

20 

2 1 

22 

23 
24 

17A 

25 

26 

27 

28 

2 9 

3 0 

Date of Exposure 

10 November 1986 

14 November 1986 

20 November 1986 

21 November 1986 

25 November 1 986 

2 December 1986 

4 December 1986 

10 December 1986 

16 January 1987 

20 January 1987 

23 January 1987 

26 January 1987 

29 January 1987 

3 February 1987 

5 February 1987 

10 February 1987 

12 February 1987 

17 February 1987 

20 February 1987 

24 February 1987 

26 February 1987 

2 March 1987 

6 March 1987 

10 March 1987 

12 March 1987 

13 March 1987 

19 March 1987 

27March 1987 

1 Apr i l  1987 

2 Apr i l  1987 

7 Apr i l  1987 

13 Apri l  1987 

Vapor/gas 

benzene 

benzene 

benzene 

benzene 

benzene 

benzene 

benzene 

benzene 

TCE 

TCE 

TCE 

TCE 

TCE 

TCE 

TCE 

benzene 

TCE 

formaldehyde 

formaldehyde 

formaldehyde 

formaldehyde 

formaldehyde 

formaldehyde 

formaldehyde 

formaldehyde 

formaldehyde 

ch lo ro f  orm 

chloroform 

chloroform 

chlorof  orm 

chloroform 

ch lo ro f  orm 

Route 

mouth 

mouth 

nose 

mouth 

mouth 

nose 

nose 

nose 
mouth 

mouth 

mouth 

nose 

mouth 

nose 

31088 

mouth 

nose 

mouth 

mouth 

mouth 

mouth 

nose 

nose 

nose 

nose 

mouth 

mouth 

mouth 

mouth 

mouth 

nose 

nose 

Subjec t  

Pe We 

Be Le 

Be Le 

Me Ge 

Be R e  

Be R e  

pew. 

Me Ge 

Be Le 

pew. 

Me Ge 

Be Le 

Be R e  

Po We 

Me Ge 

Pe We 

Be R o  

Me G. 

Be Le 

pew. 

Be R e  

Me Ge 

Be L. 

POW. 

Be Re 

Me Ge 

Pe W. 

Be Le 

Me Ge 

Be R e  

Pe We 

Be Le 

Sex 

F 

M 

M 

F 

M 

M 

F 

F 

M 

F 

F 

M 

M 

F 

F 

F 

M 

F 

M 

F 

M 

F 

M 

F 

M 

F 

F 

M 

F 

M 

F 

M 



0. G. Raabe -- 41 

Exposure # Date of Exposure Vapor/gas Route Subject  Sex 

15 Apri l  

16 Apri l  

20 Apri l  

28 April  

2 June 

7 May 
12 May 

14 May 

26 May 

1 June 

9 June 
11 June 

15 June 

17 June 

chlorof  o m  nose 

chlorof  o m  nose 

methyl bromide mouth 

methyl bromide mouth 

methyl bromide mouth 

methyl bromide nose 

methyl bromide mouth 

methyl bromide nose 

methyl bromide nose 

methyl bromide nose 

benzene mouth+exercise 

benzene mouth+exercise 

benzene mouth+exercise 
benzene mouth+exeroise 

M. G. 

Be Re 

P.W. 

B e  La 

B, R. 

B. L. 

M. G. 

P.W. 

B e  R* 

M. G. 

M e  G. 

P. W. 

B. La 

B. R o  

Data Manmement 

An exposure and da ta  c o l l e c t i o n  protocol  was followed t h a t  inc luding 

standardized d a t a  c o l l e c t i o n  forms. A l l  da ta  was entered  i n t o  a standard 
computer a n a l y s i s  and repor t ing  system espec ia l ly  designed by us f o r  these  

s t u d i e s  u t i l i z i n g  o u r  in-house Data General MV-8000 computer. D e t a i l s  a r e  
found i n  Appendix. 
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RESULTS 

Q u a n t i t a t i v e  measurements were made of t h e  systemic uptake by people during 

nasa l  and o r a l  breathing of very low concentrat ions i n  a i r  of t h e  f i v e  se lec ted  

chemical vapors inc luding benzene, chloroform, methyl bromide, 

t r i ch lo roe thy lene ,  and formaldehyde. It was observed t h a t  t h e  f r a c t i o n a l  

systemic uptake r a t e  r e l a t i o n s h i p  f o r  each vapor/gas, with respect  t o  time from 

beginning of exposure, s t a b i l i z e d  rap id ly  s o  t h a t  a s teady-s ta te  uptake was 

achieved wi th in  t h e  first 30-minute assessment period. The s teady s t a t e  

f r a c t i o n a l  systemic uptake of t h e  t o t a l  vapor (correc ted  f o r  dead space) was 

based upon t h e  l a s t  t h r e e  30-minute exposure sub-periods i n  each case. The 

r e s p i r a t o r y  c h a r a c t e r i s t i c s  of t h e  sub jec t s  i n  these  experiments a r e  summarized 

i n  Table 6. The o v e r a l l  r e s u l t s  of each inha la t ion  study are summarized i n  

Table 7. The d e t a i l e d  r e s u l t s  f o r  each chemical vapor o r  gas  a r e  given i n  

Tables 8-13. The o v e r a l l  summary is found i n  T a b l e  14. Clearance da ta  a r e  

found i n  Table 15. 

The steady s t a t e  f r a c t i o n a l  systemic uptake (correc ted  f o r  equipment dead 

space)  during nasa l  breathing a t  rest of t h e  t o t a l  inhaled vapor o r  gas i n  a i r  

a t  room temperature was 45.6%+1.5%SE f o r  chlorof  orm, 53.9%1.9%SE f o r  

t r ichloroethylene  , 55.4%+3.6%SE f o r  methyl bromide, 60 .0%+3.2%SE f o r  benzene, 

and 75.1%+2.1 %SE f o r  formaldehyde. The uptake during o r a l  breathing a t  rest 

of t h e  t o t a l  inhaled vapor o r  gas  was 49.6%+1.6%SE f o r  chloroform, 55.4%+1.8%SE 

f o r  t r ichloroethylene ,  52.1%+3 .4%SE f o r  methyl bromide, 54.6%+2.1%SE f o r  

benzene, and 86.4%+0.8 $SE f o r  formaldehyde. During exerc i se  with o r a l  

breathing and a more than doubling of  inha la t ion  minute volume from r e s t  

condit ions,  t h e  s teady s t a t e  uptake of benzene dropped t o  41.6$+1.3%SE. 

The l e v e l s  of r ad ia t ion  and chemical exposures t o  t h e  s u b j e c t s  were both 

very low and did  not  involve s p e c i a l  r i s k s  t o  t h e  volunteers .  The experimental 

protocol  was approved by both the  Universi ty of Ca l i fo rn ia ,  Davis, Human 
Subjec ts  Administrat ive Advisory Committee and t h e  UC Medical Center R a d i a t i ~ n  

Use Administrative Advisory Committee. 
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T a b l e  6 .  Human I n h a l a t i o n  S t u d y  Minute Volume D u r i n g  R e s t  a n d  E x e r c i s e  

BODY WEIGHT RESPIRATORY MINUTE VOLUME (Urnin . )  

SUBJECT SEX (kg AT REST WITH EXERCISE RATIO 

(X+SE, n= lO)  (X, n = l )  EXERCISE/ 

- - - - - - - - 

T a b l e  7 ,  Human Vapor  I n h a l a t i o n  S t u d y  E x p o s u r e  S c h e d u l e  a n d  D a t a  Summary 

- - - - - - - 

INHALATION VAPOR ROUTE MIN . F A K E  PERCENT 

EXPOSURE OR NOSE/ CONC. VOL. RR (X 2 S o  Eo 9 N33) 

No. DATE SUBJECT SEX GAS MOUTH ( D D ~ )  (LPM) (BPM) OBSERVED CORRECTED* 

POW. F 

BOLO M 

BeL. M 

MoG. F 

BoRo M 

B.R. M 

P.W. F 

M.G. F 

MoGo F 

P.W. F 

B.L. M 

BoRo M 

BOLO M 

P.W. F 

MoGo F 

B.L. M 
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INHALATION VAPOR ROUTE MIN.  F A K E  PERCENT 

EXPOSURE OR NOSE/ CONC. VOL. RR (X 2 S.E. , N=3 

No. DATE SUBJECT SEX GAS MOUTH ( m b )  (LPM) (BPM) OBSERVED CORRECTED* 

14 02/03/87P.W. F C2HCL 3 
N 13 5.40 11 49+1 5021 

15 02/05/87 M.G. F C2HCL3 N 22 6.53 16 5 8G 6 054 

16 02/12/87 B.R. M C2HCL3 N 17 7.79 16 4924 5154 - 
17A 03/13/87 M.G. F CH20 M 3 6.24 12 8 3 d  8 5 1  

18 02/20/87 B.L. M CH20 M 3 8.54 14 85+l 86+1 

19 02/24/87 P.W. F CH20 M 4 6.74 12 8822 8952 

20 02/26/87 B.R. M CH20 M 6 8.04 17 84+1 8 5 4  

M.G. F 

B.L. M 

P.W. F 

B.R. M 

P O W .  F 

B O L O  M 

M.G F 

B.R. M 

P O W *  F 

B.L. M 

M.G. F 

B.R. M 

P O W .  F 

B.L. M 

BoR. M 

B.L. M 

M.G. F 

P.W. F 

B.R. M 

M.G. F 

STEADY STATE CORRECTED FOR DEAD SPACE 

** WITH EXERCISE (double breathing rate). 
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Table 8. Behavior of Inhaled Trichloroethylene Vapor i n  Adult Human 

(Steady S t a t e  Uptake Percent of Inhaled: Mouth = 54.5+( -8,  Nose = 52 .2~1 .8 )~  

(Corrected Uptake Percent of Inhaled: Mouth = 55.421.8, Nose = 53.921 -9) 

PERCENT OF INHALED 

SUBJECT ROUTE UPTAKE AT EXPOSURE INTERVAL  STEADY^ TOTAL AT 2.5 H O U R S ~  A I R  

(SEX) NOSE/ ( HOUR ) STATE EXHALED EXCRETED CONC. 

MOUTH 0-0 -5 0.5-1 1-1 .5 1 -5-2.0 UPTAKE as C02 i n  URINE ( D D ~ )  

B.L.(M) M 55.3 52.4 51 -1 48.8 50.821.0 2.61 0.69 17 

B.R.(M) M 49.9 1 62.4 47.8 53.1+11.7 0.87 1.08 15 

M.G.(F) M 54.6 52.3 60.0 47.1 53.1d.8 0.80 2.20 17 

P.W.(F) M 65.6 61.2 63.6 57.5 60.8+1.8 4 4 1  0.97 17 

BbLo(M) N 57.3 50.6 60.3 48.2 53.0d -7 0.65 1.57 22 

B.R.(M) N 50.6 45.8 56.9 44.8 49.2+3.9 NODb 1 -20 17 

M.G.(F) N 56.8 64.5 56.5 52.9 58.0d.4 0.76 1.14 22 

P.W.(F) N 58.2 49.3 50.7 45.9 48.6+1.4 1.66 0.78 13 

( 1) Based on 12 measurements during t h e  l a s t  1.5 hours of t h e  exposure of 

two males and two f males. 

(2) Total inhaled (ug): MOUTH B.L.= 94, B.R.= 64,  M.G.= 58 , P.W.= 63 

NOSE B.L.=128, B.R.= 86, M.G.= 93 , POW.= 45 

(3)  For exposure time (2 hours) + 0.5 hour clearance. 

N.D. = Not Detectable 



Table 9. Behavior of Inhaled Benzene Vapor i n  Adult Human 

(Steady S t a t e  Uptake Percent of Inhaled: Mouth = 53.8+3.1, Nose = 58.16.1) 1 

(Corrected Uptake Percent of Inhaled: Mouth = 54.622.1. Nose = 60 .033.2 ) 

PERCENT OF INHALED 

SUBJECT ROUTE UPTAKE AT EACH EXPOSURE INTERVAL  STEADY^ TOTAL AT 2.5 H O U R S ~  A I R  

(SEX) NOSE/ (HOUR) STATE EXHALED EXCRETED CONC. 

MOUTH 0-0.5 0.5-1 1-1.5 1.5-2.0 UPTAKE as C02 i n  U R I N E  ( D D ~ )  

(1)  Based on 12 measurements during t h e  last 1.5 hours of t h e  exposure 

of two males and two females. 

(2)  Tota l  inhaled (ug): MOUTH BOLO= 33, B o R o =  16,  M o G o =  26 , POW.= 32 

NOSE B.L.= 15, B.R.= 27, M o G o =  14 POW.= 20 

(3 )  For exposure time (2  hours) + 0.5 hour clearance. 

N.D. = Not Detectable 
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Table 10. Behavior of Inhaled Benzene Vapor i n  Adult Human During Exercise 1 

(Steady S t a t e  Uptake Percent of Inhaled: Mouth = 41.4fl.3) 2 

(Corrected Uptake Percent of Inhaled: Mouth = 41 - 6 1  - 3 )  

PERCENT OF INHALED 

SUBJECT ROUTE UPTAKE AT EACH EXPOSURE INTERVAL  STEADY^ TOTAL AT 1.25 H O U R S ~  A I R  

(SEX) NOSE/ (HOUR) STATE EXHALED EXCRETED CONC. 

MOUTH 0-0 -25 0.25-0.5 0 -5-0.75 0 -75-1 .0 UPTAKE as C02 i n  URINE ( D D ~ )  

(1 )  With exerc ise  (about double t h e  a t  rest minute volume). 

(2 )  Based on 12 measurements during t h e  l a s t  0.75 hours o f  t h e  exposure 

of two males and two females. 

(3)  Tota l  inhaled (ug): MOUTH B.L.= 21, B.R.= 20,  M.G.= 36 , POW.= 22 

(4)  For exposure time ( 1  hours) + 0.25 hour clearance. 
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Table 11. Behavior of Inhaled Methyl Bromide Vapor i n  Adult Human 

(Steady S t a t e  Uptake Percent of Inhaled: Mouth = 51.423.4, Nose = 53.7d.5) 

(Corrected Uptake Percent of Inhaled: Mouth = 52 . I d  .4, Nose = 55.4+3 -6) 

PERCENT OF INHALED 

SUBJECT ROUTE UPTAKE AT EACH EXPOSURE INTERVAL  STEADY^ TOTAL AT 2.5 H O U R S ~  A I R  

(SEX) NOSE/ (HOUR) STATE EXHALED EXCRETED CONC. 

MOUTH 0-0.5 0.5-1 1-1.5 1.5-2.0 UPTAKE as C02 i n  U R I N E  ( D D ~ )  

B.L. (M) 

B.R.(M) 

M.G.(F) 

P.W.(F) 

B.L. (MI 

B.R.(M) 

M.G.(F) 

P.w.(F) 

0.18 18 

0.24 12 

0.08 13 

0.08 23 

0 030 13 

0.08 25 

0 032 23 

N.D. 13 

(1)  Based on 12 measurements during t h e  last  1.5 hours of t h e  exposure 

of two males and two females. 

(2)  Tota l  inhaled (ug) : MOUTH BOLO= 77,  B.R.= 40, M.G.= 31 , POW.= 65 

NOSE B O L O =  35, B.R.= 74,  M.G.= 62 POW.= 32 

(3)  For exposure time (2  hours) + 0.5 hour clearance. 

N.D. = Not Detectable 



TABLE 12. Behavior of Inhaled Chloroform Vapor i n  Adult Human 

(Steady S t a t e  Uptake Percent: Mouth = 48.951 -6 ,  Nose = 4 4 . 2 ~ 1 ~ 5 )  

(Corrected Uptake Percent: Mouth = 49.651.6, Nose = 45.6g .5) 

PERCENT OF INHALED 

SUBJECT ROUTE UPTAKE AT EACH EXPOSURE INTERVAL  STEADY^ TOTAL AT 2.5 H O U R S ~  A I R  

(SEX) NOSE/ (HOUR) STATE EXHALED EXCRETFS CONC. 

MOUTH 0-0.5 0.5-1 1-1.5 1.5-2.0 UPTAKE as C02 i n  URINE ( p ~ b )  

B. L o  (M) 

B.R.(M) 

M.G.(F) 

P.W.(F) 

B.L.(M) 

B. R. (M)  

M.G.(F) 

P.W.(F) 

(1 )  Based on 12 measurements during t h e  last 1.5 hours of  t h e  exposure 

of two males and two females. 

(2)  Tota l  inhaled (ug): MOUTH BOLO= 68,  B.R.= 52,  M o G o =  40 , POW.= 81 

NOSE B0L.z 51,  B0R.z 28,  M0G.c 34 , PaWot 50 

(3)  For exposure time (2  hours) + 0.5 hour clearance. 
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Table 13. Behavior of Inhaled Formaldehyde Vapor i n  Adult Human 

(Steady S t a t e  Uptake Percent : Mouth = 85.2fl.8, Nose = 72 .8+? .0 ) 1 

(Corrected Uptake Percent: Mouth = 86.450.8, Nose = 75 . I 2  .I 

PERCENT OF INHALED 

SUBJECT ROUTE UPTAKE AT EACH EXPOSURE INTERVAL STEADY' TOTAL AT 2.5 H O U R S ~  A I R  

(SEX) NOSE/ (HOUR) STATE EXHALED EXCRETED CONC. 

MOUTH 0-0.5 0 -5-1 1-1.5 1 -5-2.0 UPTAKE as CO2 i n  URINE ( D D ~ )  

B.L. (MI 

B. R. (MI 

M.G.(F) 

P.w.(F) 

B.L. (MI 

B.R.(M) 

M.G.(F) 

P.w.(F) 

(1)  Based on 12 measurements during t h e  last 1.5 hours of t h e  exposure 

of two males and two females. 

(2)  Tota l  inhaled (ug): MOUTH BOLO= 3 , B.R.= 8 , M.G.= 3 , P.W.= 4 

NOSE BOLO= 11,  B.R.= 5 , M.G.= 2 Pew.= 5 

(3)  For exposure time (2  hours) + 0.5 hour clearance. 
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Table 14. Overall  Summary of t h e  Corrected Uptake of Inhaled Vapors by People 

(Steady state uptake a s  percent of inhaled vapor/gas f o r  t h r e e  30-min periods.) 

-- - - - - - - - -- - - 

E x ~ o s u r e  Route 

Mouth Nose Vapor/Gas Concentration 

(Mean 2 S.E., n=12) D i f f u s i v i t y  ( P P ~ )  

Chemical PERCENT UPTAKE' ( cm /s (Mean + S.D.)a 2 

Trichloroethylene 55.4k1 88 53 0951 09 0.13 1&3 

Benzene (N) 5 4 . 6 2  .I 60 . O d  .2 0.14 9 G  

Benzene (E) 41 .6+1.344 - 0.14 &,2 

Methyl Bromide 52 .1+3 84 55 . 4 d  86 0.16 1 8 d  

Chloroform 49.6fl.6 45.6+1.5 0.1 4 1 3 6  

Formaldehyde 86.450.8 75.1~2 01 0.24 5=2 

Benzene (N) = Normal breathing rate. 

Benzene (E) = With exerc ise  (double breathing r a t e ) .  

(-1 : No exposure 
4 Uptake values  after cor rec t ion  f o r  ex te rna l  dead space i n  exposure system. 
44 nn 8 
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S t a t i s t i c a l  Evaluation of  Results.  

Several  types of s t a t i s t i c a l  hypotheses were te s t ed  using t h e  a n a l y s i s  of 

variance (ANOVA). These were : 

1. Comparison of  t h e  percent uptakes from mouth and nose breathing wi th in  

each of t h e  f i v e  vapors. 

2. Comparison of t h e  e f f e c t s  on percent uptake due t o  exe rc i se ,  f o r  the  

benzene exposures only. 

3. Comparison of t h e  percent uptakes among t h e  f i v e  vapors, on a pairwise 

bas i s ,  wi th in  each breathing type,  i.e., within mouth-breathing only and wi th in  

nose-breathing only. 

I n  these  analyses  t h e  ntreatmentsn were considered t o  have been f ixed  i n  

advance and not  se lec ted  a t  random. The treatments were, then,  following t h e  

scheme above : (1)  mouth vs. nose, (2 )  exe rc i se ,  and (3)  chemical compounds, 

e.g. , benzene vs. chloroform. 

The sub jeo t s  were required t o  meet c e r t a i n  c r i t e r i a  i n  order  t o  be e l i g i b l e  

f o r  inc lus ion  i n t o  t h e  study. These c r i t e r i a  a r e  discussed elsewhere, but 

included good hea l th ,  and abs ten t ions  from smoking and from t h e  use of drugs. 

It was assumed t h a t  t h e  sub jec t s  represented a random s e l e c t i o n  from t h e  

population subset  meeting t h e  e l i g i b i l i t y  c r i t e r i a ,  although they were no t ,  i n  

f a c t ,  s e l e c t e d  s t r i c t l y  at random, e.g., by t h e  use of a t a b l e  of random 

numbers. 

Thus, t h e  two main e f f e c t s  - treatment and s u b j e c t s  ( r e p l i c a t i o n s )  - were 

f ixed  and random e f f e c t s ,  respectively.  The appropr ia te  a n a l y t i c a l  model was, 

the re fo re ,  t h e  two-way mixed model of t h e  ANOVA ( Anderson and Bancroft ,  1952). 

The t h r e e  n u l l  hypotheses t e s t e d  i n  each ANOVA were : (1)  t h a t  t h e  two 

route-of-exposure means (taken over a l l  four  s u b j e c t s )  were equal;  (2)  t h a t  t h e  

four  subjec t  means (taken over both rou tes )  were equal;  and, ( 3 )  t h a t  the  

treatment versus sub jec t  i n t e r a c t i o n  ( p o t e n t i a l  inconsistency i n  behavior o r  

response) was equal t o  zero. 



0. G. Raabe -- 53 

I n  t h e  experiments we c a r r i e d  out  t h e r e  were two experimental f a c t o r s ,  

namely, t h e  r o u t e  of exposure (nose o r  mouth) and t h e  volunteer  sub jec t  

involved. We could and d id  test whether t h e  mean uptake during mouth breathing 

equaled t h e  mean uptake during nose breathing with each mean averaged over a l l  

four  subjec ts .  We a l s o  t e s t e d  whether t h e  mean uptakes of t h e  four  sub jec t s ,  

taken over both routes  of breathing,  were equal t o  each other.  

If t h e  two f a c t o r s ,  breathing rou te  and s u b j e c t ,  were independent of each 

o the r ,  it should be poss ib le  t o  p red ic t  t h e  uptake by mouth breathing given t h e  

uptake by nose breathing f o r  any sub jec t  by simply adding t h e  d i f fe rence  

between mouth and nose breathing. For example, if mouth breathing produced an 

average uptake 10% g r e a t e r  than nose breathing uptake, it would be poss ib le  t o  

add 10% t o  t h e  nose breathing uptake t o  e s t ima te  t h e  mouth breathing uptake f o r  

t h a t  sub jec t  . 
When such a simple procedure is not  workable, it is poss ib le  t h a t  t h e  

problem is due t o  winter action^,^ i.e., t h a t  t h e  mouth-nose uptakes a r e  not  a 

cons i s t en t  r e l a t i o n s h i p  over t h e  s e t  of four  subjec ts .  If, as d id  occur,  t h r e e  

sub jec t s  had h igher  uptakes f o r  one breathing mode, while t h e  four th  had a 

lower uptake t h e  s t a t i s t i c a l  tests would d e t e c t  a s i g n i f i c a n t  i n t e r a c t i o n  

( inconsistency) . Also, a s  a l s o  d id  occur,  i f  t h e  d i f fe rence  i n  breathing modes 

was small  but i n  t h e  same d i r e c t i o n  f o r  t h r e e  s u b j e c t s ,  while t h e  four th  showed 

a l a r g e  d i f fe rence  i n  t h e  same d i r e c t i o 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 t e r a c t i o n  would a l s o  be reported. 

Thus, i n  oommonly used terminology, i n t e r a c t i o n s  may be thought of as 

inoonsis tencies  and unpred ic tab i l i ty  associa ted  with various mixtures of 

synergisms and antagonisms. For a given sub jec t  breathing by nose o r  mouth, 

t h e  uptake may be f a r  g r e a t e r  than expected on t h e  b a s i s  of t h e  observations 

with t h e  o the r  sub jeo t s  (synergism) o r  far less (antagonism). S imi la r ly ,  when 

uptake fol lowing exposures t o  two gases  o r  vapors a r e  compared, e.g., 

chloroform and TCE, if t h e  d i f fe rence  between t h e  two uptakes f o r  a l l  s u b j e c t s  

was cons i s t en t ,  t h e r e  would be no reported in te rac t ion .  However, if t h e r e  w a s  

a g r e a t e r  uptake of TCE i n  some sub jeo t s  and a lesser uptake i n  o the r s ,  

r e l a t i v e  t o  t h e i r  uptake of chloroform, 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 t e r a c t i o n  

would be shown by t h e  a n a l y s i s  of variance. Hence, it is useful  t o  view t h e  

s t a t i s t i c a l  term, i n t e r a c t i o n ,  as meaning inconsistency.  
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The presence of t h e  i n t e r a c t i o n s  f o r c e s  t h e  i n v e s t i g a t o r  t o  be more prudent 

o r  conservative i n  drawing general  conclusions, and indeed, is forced t o  do so  

by t h e  s t a t i s t i c a l  analys is .  For t h i s  reason i t  may not be poss ib le  t o  make 

c e r t a i n  genera l  s tatements such as whether nose breathing produces a higher 

uptake than mouth breathing f o r  benzene, f o r ,  indeed t h a t  may depend upon t h e  

p a r t i c u l a r  sub jec t  and experimental conditions. 

Hence, t h e  a n a l y s i s  of variance (ANOVA) provides information r e l a t i v e  t o  t h e  

equa l i ty  of means and t h e  presence of i n t e r a c t i o n s ,  but cannot provide any 

information as t o  why t h e  observed r e s u l t s  occurred. It is, i n  e f f e c t ,  bl ind t o  

mechanisms. If an i n t e r a c t i o n  is observed, and i t  is c l e a r  t h a t  i t  was caused 

by t h e  behavior of one sub jec t ,  i t  is necessary t o  ask why t h a t  subjec t  

performed i n  an unexpected fashion r e l a t i v e  t o  t h e  o the r  subjec ts .  The answers 

must be sought by means o t h e r  than a n a l y s i s  of  variance. I n  f a c t ,  t h e  answers 

are l a r g e l y  associa ted  with physiological  d i f f e rences  i n  breathing r a t e s  and 

t i d a l  volumes which vary among s u b j e c t s  and experiments. 

For t h i s  reason, we used mul t ip le  l i n e a r  regress ion  a n a l y s i s  a s  well. I n  

t h i s  ana lys i s ,  va r i ab les  o r  parameters which could have had an e f f e c t  on uptake 

were explored t o  determine whether they were useful  i n  p red ic t ing  uptake. These 

f a c t o r s  included vapor d i f f u s i v i t y ,  r e sp i ra to ry  r a t e ,  blood/air  p a r t i t i o n  

c o e f f i c i e n t s ,  sex ,  t i d a l  volume, and apparent nasal/head uptake involvement. 

I n  t h e  mixed model t h e  formation of t h e  appropr ia te  F s t a t i s t i c s  f o r  

t e s t i n g  t h e  t h r e e  n u l l  hypotheses is d i c t a t e d  by t h e  expected mean squares. 

Here the  test f o r  i n t e r a c t i o n  ( inconsistency) is t h e  r a t i o  of t h e  i n t e r a c t i o n  

( inconsistency) mean square t o  t h e  e r r o r  mean square (=  F . If t h e  
3 ,I6 

i n t e r a c t i o n  ( inconsis tency)  is not s i g n i f i c a n t  both mean squares a r e  es t imates  
of t h e  e r r o r  mean square (Me) and may be pooled, s o  t h a t  t h e  pooled MSe has 19 

degrees/freedom. 

However, i f  t h e  i n t e r a c t i o n  ( inconsistency) is s i g n i f i c a n t  (we used a s  t h e  
l e v e l  of s ign i f i cance ,  p=0.05) then t h e  treatment mean square divided by t h e  

i n t e r a c t i o n  ( inconsis tency)  mean square is t h e  proper test f o r  treatment 
e f fec t .  Without i n t e r a c t i o n  ( inconsistency) we have F 

1,19* 
With i n t e r a c t i o n  
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(inconsistency) we have F and demonstrations of s i g n i f i c a n t  d i f f e rences  
1 ,3  

between treatment means become much more d i f f i c u l t .  The d i f fe rences  between 

means of s u b j e c t s  were t e s t e d  by t h e  r a t i o  of t h e  mean square f o r  sub jec t s  

divided by W e  (=F3, 6 with i n t e r a c t i o n  ( inconsistency) o r  F without 

i n t e r a c t i o n  ( inconsis tency)) .  

The r e s u l t s  of t h e  ANOVA'S (Tables 15 ,  16,  and 17) c l e a r l y  showed a 

weakened a b i l i t y  t o  demonstrate treatment d i f f e rences ,  due t o  t h e  presence of 

o f t en  l a r g e ,  highly s i g n i f i c a n t  i n t e r a c t i o n s  ( incons i s t enc ies )  between sub jec t s  

and rou te  of inhala t ion .  Unlike t h e  earlier s t u d i e s  with beagles where the  

sub jec t s  showed cons i s t en t ly  s i m i l a r  uptakes under s i m i l a r  condi t ions ,  t h e  

human volunteers  showed e r r a t i c  individual  d i f ferences .  The i n t e r a c t i o n  

( inconsistency) term is a measure of t h e  responses of t h e  same s u b j e c t s  t o  

mouth vs. nose breathing o r  t o  benzene vs. formaldehyde while nose breathing,  

e t c .  Addi t iv i ty  is assumed. For example, i f  t h e  mean uptake of benzene (B) is 

50% and t h e  mean uptake of formaldehyde (F) is 805, then under s t r i c t  

a d d i t i v i t y  t h e  curves connecting t h e  four  sub jec t s  should be p a r a l l e l ,  with t h e  

formaldehyde curve o f f s e t  upwards by 30% over t h a t  of benzene. If, f o r  

example, t h e  d i f ference  ( F - B ) is not  cons tant ,  but v a r i e s  among s u b j e c t s ,  

and hence is non-additive, a s i g n i f i c a n t  i n t e r a c t i o n  ( inconsistency) may be 
observed. I n  even more se r ious  ins tances  some sub jec t s  w i l l  be observed i n  

whom F < B, while i n  o t h e r s  F > B, s o  t h a t  a s imp le  s tatement,  (such as F < B ) ,  

cannot be made about a l l  subjec ts .  

For nose breathing,  in te r sub jec t  versus vapor i n t e r a c t i o n s  

( incons i s t enc ies )  were s i g n i f i c a n t  f o r  all comparisons (Table 17) and f o r  4 out 

of 10 of t h e  mouth breathing comparisons. There w a s  a genera l ly  s i g n i f i c a n t  

inconsistency between sub jec t s  and t h i s  a f f e c t e d  t h e  comparisons of  chemicals. 

However, t h e  observed i n t e r s u b j e c t  v a r i a b i l i t y  was real and represen ta t ive  of 

t h e  se lec ted  heal thy  population. 

The main r e s u l t s  show t h a t  mouth i n h a l a t i o n  uptake of chloroform was 

s i g n i f i c a n t l y  higher than t h a t  by nose (p<0.005) , and t h e r e  w a s  a s t rong  
tendency f o r  mouth inha la t ion  of  formaldehyde t o  be higher than by nose 

(p<0.01). There w a s  not  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  d i f f e rence  i n  route  of 

exposure f o r  t h e  o ther  vapors. The average o r a l  inha la t ion  uptake of benzene 
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vapor during exe rc i se  w a s  s i g n i f i c a n t l y  lower than f o r  uptake at  rest f o r  

e i t h e r  nose o r  mouth breathing (p<0 .OO 1 ) . 
For oral inha la t ion ,  t h e  uptake of t r ichloroethylene  was s i g n i f i c a n t l y  

higher than chloroform (p<0.005) and lower than formaldehyde (p<0.001) , but not 

s t a t i s t i c a l l y  d i f f e r e n t  from the  r e s u l t s  f o r  methyl bromide o r  benzene. The 

o r a l  uptake of benzene w a s  s i g n i f i c a n t l y  higher than chloroform (p<0.025) and 

lower than formaldehyde (p<0,001), but not s t a t i s t i c a l l y  d i f f e r e n t  from methyl 

bromide o r  TCE. The o r a l  uptake of methyl bromide was s i g n i f i c a n t l y  lowe; than 

formaldehyde (p<0.025), but not d i f f e r e n t  from t h e  o the r  vapors. The o r a l  

uptake of chlorof  orm w a s  s i g n i f  i c a n t l y  lower than f ormaldehyde (p<0.001) , 
benzene (p<0.025) , or TCE (p<0,005). 

For nasa l  inha la t ion ,  t h e  uptake of t r ichloroethylene  was s i g n i f i c a n t l y  

higher than chloroform (p<0,01) and lower than formaldehyde (p<0.025) , but not 

s t a t i s t i c a l l y  d i f f e r e n t  from t h e  r e s u l t s  f o r  methyl bromide o r  benzene, The 

nasa l  inha la t ion  uptakes o f  benzene and methyl bromide were not  s i g n i f i c a n t l y  

d i f f e r e n t  from t h e  o the r  vapors. 

The assumption of randomly se lec ted  s u b j e c t s  al lows more re levant  

ex t rapo la t ions  of  t h e  results t o  o the r  persons similar t o  t h e  s u b j e c t s  used, 

while t h e  assumption t h a t  t h e  sub jeo t s  were "fixedw would restrict t h e  

app l i ca t ion  of results only t o  those sub jec t s  t e s t e d ;  hence t h e  d e s i r a b i l i t y  of 

t h e  assumption of randomness. The p r i c e  paid f o r  the  assumption resu l t ed  from 

t h e  perhaps unexpected v a r i a b i l i t y  among s u b j e c t s  and from t h e i r  sometimes 

incons i s t en t  responses. 
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Table 15. Resul t  of S t a t i s t i c a l  Analyses of Vapor Uptake Data: Mouth vs. Nose 

( Two-way ana lys i s  of  var iance ,  mixed model) 

TEST PARAMETERS AND VALUES 

VAPOR/ TEST Subject  Differences Mouth 

GAS Descript ion versus Among versus 

Route Subjec ts  Nose 

- I n t e r a c t i o n  

BENZEXE F value F(3,16)=6.84 F(3,16)=9*83 F(1,3)=0.60 

p value p< 0.005 p< 0.001 NOS 
4 

Response type (1  (2  (3) 

METHYL F value F(3,16)=9.16 F(3,16)=55.64 F(1,3)=0.24 

BROMIDE p value p< 0.001 p< 0.001 N.S 
ff 

Response type (1) (2)  (3) 

CHLOROFORM F value F(3,16)=2.34 F(3,19)=10.6 F(1,19)=10.6 

p value NOS p< 0.001 p< 0.005 
4 

Response type (4) (2)  ( 5  

FORMALDEHYDE F value ~(3,16)=18.61 F(3,16)=16.14 F(1,3)=9.53 

p value p< 0.001 p< 0.001 O.O5<p<O *I0  
4 

Response type (1) ( 2  (7) 

TRICHLORO- F value F(3,16)=3.3 F(3 91 9) =0 .I F(1,19)=2.19 

ETHYLENE p value O.O5<p<O . 10 N. S N.S 
ff 

Response t y ~ e  (7)  (6)  ( 3 )  

+Response type: (1) : There is a s i g n i f i c a n t  sub jec t  by treatment in te rac t ion .  

(2) : There a r e  s i g n i f i c a n t  d i f f e rences  among subjec ts .  

(3)  : No s i g n i f i c a n t  d i f f e rence  due t o  rou te  (mouth v s  nose).  

(4)  : The subjec t  by treatment i n t e r a c t i o n  ( inconsistency) 

d id  not  d i f f e r  s i g n i f i c a n t l y  from zero. 

(5)  : Mouth uptake of vapor was s i g n i f i c a n t l y  higher than nose. 

(6 )  : The sub jec t s  d id  not  d i f f e r  r e l a t i v e  t o  TCE uptake. 

(7)  : There is an i n t e r a c t i o n  ( inconsistency) tendency. 
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Table 16. Result of S t a t i s t i c a l  Analyses of Vapor Uptake Data f o r  Mouth Breathing 

(Two-way ana lys i s  o f  variance,  mixed model) 

TEST PARAMETERS AND VALUES 

VAPOR/ Subject vs. Differences Chemical A 

GAS (Mean 2 S.E.) Chemical Among versus 

I n t e r a c t i o n  Subjec ts  Chemical B 

TRICHLOROETHYLENE 55 .4 + 1.8 

vs. BENZENE 54.6 + 2.1 NOS. p < 0.01 N.S. 

TRICHLOROETHYLENE 55 .4 + 1.8 

vs. METHYL BROMIDE 52 .I + 3 -4 p < 0.001 p < 0.001 N.S. 

TRICHLOROETHYLENE 55.4 -, 1.8 

vs . CHLOROFORM 49.6 + 1.6 N.S. p < 0.005 p < 0.005 

TRICHLOROETHYLENE 55 .4 2 1 .8 

vs . FORMALDEHYDE 86.4 , 0.8 N. S. p < 0.05 p < 0.001 

BENZENE vs. 54.6 , 2.1 

METHYL BROMIDE 52.1 + 3.4 p < 0.001 p < 0.001 N.S. 

BENZENE vs. 54.6 + 2.1 

CHLOROFORM 49.6 + 1.6 N.S. p < 0.001 p < 0.025 

BENZENE vs. 54.6 + 2.1 

FORMALDEHYDE 86.4 + 0.8 N.S. p < 0.025 p < 0.001 

METHYL BROMIDE 52.1 + 3.4 

vs . CHLOROFORM 49.6 + 1.6 p < 0.001 p < 0.001 N.S. 

METHYL BROMIDE 52.1 + 3.4 

vs. FORMALDEHYDE 86.4 2 0 .8 p < 0.001 p < 0.001 p < 0.025 

CHLOROFORM vs. 49.6 + 1.6 

FORMALDEHYDE 86.4 + 0.8 N.S. p < 0.005 p < 0.001 
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Table 17. Result of S t a t i s t i c a l  Analyses of Vapor Uptake Data f o r  Nose Breathing 

(Two-way ana lys i s  of variance,  mixed model) 

TEST PARAMETERS AND VALUES 

VAPOR/ Subject vs. Differences Chemical A 

GAS (Mean 2 S. E. ) Chemical Among versus 

In te rac t ion  Subjects  Chemical B 

TRICHLOROETHYLENE 53 -9 2 1 .9 

vs. BENZENE 60.0 3 -2 p < 0.001 N.S. N.S. 

TRICHLOROETHYLENE 53 .9 2 1 .g 
vs . METHYL BROMIDE 55.4 + 3 -6 p < 0.01 p < 0.001 N.S. 

TRICHLOROETHYLENE 53 -9 + 1 -9 

vs. CHLOROFORM 45 -6 + 1 .5 p < 0.05 p < 0.005 p < 0.01 

TRICHLOROETHYLENE 53 -9 + 1 -9 

VS. FORMALDEHYDE 75.1 2 2.1 p < 0.001 p < 0.005 p < 0.025 

BENZENE vs. 60.0 +. 3.2 

METHYL BROMIDE 55 -4 + 3 -6 p < 0.001 p < 0.001 N.S. 

BENZENE VS. 60.0 + 3 -2 

CHLOROFORM 45 -6 2 1.5 p < 0.001 p < 0.001 N.S. 

BENZENE vs. 60.0 + 3 -2 

FORMALDEHYDE 75.1 + 2.1 p < 0.001 p < 0.001 N.S. 

METHYL BROMIDE 55 -4 2 3.6 

vs. CHLOROFORM 45 -6 + 1 -5 p < 0.001 p < 0.001 N.S. 

METHYL BROMIDE 55 -4 + 3 -6 

vs . FORMALDEHYDE 75.1 + 2.1 p < 0.001 p < 0.025 N.S. 

CHLOROFORM VS. 45 -6 2 1 -5 

FORMALDEHYDE 75.1 + 2.1 p < 0.01 p < 0.001 p < 0.01 
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Uptake Regression Models 

Although t h e r e  was considerable in ter -subjec t  v a r i a b i l i t y  i n  t h e  r e s u l t s ,  

much of t h a t  v a r i a b i l i t y  may be explained by t h e  physiological  d i f f e rences  

among s u b j e c t s  and among da ta  of t h e  same sub jec t  i n  d i f f e r e n t  sess ions .  The 

v a r i a b i l i t y  among t h e  da ta  was s tudied  with l i n e a r  and logar i thmic  models 

u t i l i z i n g  t h e  t i d a l  volume (TV) and r e s p i r a t o r y  r a t e  ( R R )  a s  t h e  p r inc ipa l  

r e sp i ra to ry  var iables .  I n  add i t ion ,  t h e  inf luences  of sex,  vapor d i f f u s i v i t y  

( D ) ,  blood-to-air p a r t i t i o n  c o e f f i c i e n t ,  and apparent upper r e s p i r a t o r y  and 
head airways uptake (H)  f o r  all the  vapors but chloroform were a l s o  considered. 

It was found t h a t  a considerable por t ion  of t h e  v a r i a b i l i t y  could be explained 
with t h e  s imp le  l i n e a r  model and no improvement was associa ted  with 

m u l t i p l i c a t i v e  ( logar i thmic)  models. Sex and p a r t i t i o n  c o e f f i c i e n t  had l i t t l e  

inf luence  on t h e  regress ion  c o r r e l a t i o n ,  and were dropped from t h e  ana lys i s ;  

however, male sub jec t s  tended t o  breath f a s t e r  and have l a r g e r  t i d a l  volumes, 

and high c o r r e l a t i o n s  were observed f o r  higher t i d a l  volume i n  t h e  male 

sub jec t s  during nose breathing (p<0.05) and h igher  r e s p i r a t o r y  rates i n  male 

sub jec t s  during mouth breathing (p<0.025). Also, of t h e  44 separa te  
measurements, one experiment (35A) was inexpl icably  d i s p a r a t e  and was omitted 

from the  regress ion  analys is .  

The r e s u l t i n g  l i n e a r  regress ion  model (with p red ic to r  s tandard e r r o r s )  f o r  

o r a l  inha la t ion  is: 

Uptake ($1 v i a  mouth = 35 -1 ( ~ 7  .I SE) + 314(+.25 SE) D 

- 1.56(+0.39 SE) RR - 0.0168(+0.0037 SE) TV + 5.49(&? .54 SE) H 

f o r  n=23 experiments ( including exerc i se )  with t h e  gas o r  vapor d i f f u s i v i t y ,  D 
2 (cm /s) , r e s p i r a t o r y  r a t e ,  RR (b rea ths  per  minute) ,  t i d a l  volume, TV ( m l )  , and 

head and/or upper airway uptake f a c t o r ,  H, is 1 f o r  a l l  vapors but chloroform 

f o r  which H is 0. This f i t  displayed a mul t ip le  c o r r e l a t i o n  c o e f f i c i e n t  of 

0.97 (p<0.001) and t h e  regress ion  equation accounted f o r  93% of t h e  

v a r i a b i l i t y .  O f  t h i s  935, 79% was associa ted  with vapor d i f f u s i v i t y ,  6% with 

t h e  r e s p i r a t o r y  r a t e ,  6% with t h e  t i d a l  volume, and 2% with t h e  head/upper 

t r a c t  e f f e c t .  This equation provides reasonable p red ic t ions  of  both the  a t  

r e s t  and exerc i se  data. 
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The r e s u l t i n g  l i n e a r  regress ion  model (with p red ic to r  s tandard e r r o r s )  f o r  

nasal  inha la t ion  is: 

Uptake (5) v i a  nose = 50.8(&25.7 SE) + 193(+53 SE) D (1  1)  
- 1.48(1.41 SE) RR - 0 .0232(&0 -0260 SE) TV + 9-73(+5.19 SE) H 

2 f o r  n=20 experiments with t h e  gas  o r  vapor d i f f u s i v i t y ,  D (cm /s) ,  resp i ra to ry  

rate, RR (b rea ths  per minute) ,  t i d a l  volume, TV ( m l ) ,  and head/upper airway 

involvement f a c t o r ,  H ,  is 1 f o r  all vapors but chloroform f o r  which H is 0. 

This f i t  displayed a mul t ip le  c o r r e l a t i o n  c o e f f i c i e n t  of 0.79 (p<0.001) and t h e  

regress ion  equation accounted f o r  62% of t h e  v a r i a b i l i t y .  O f  t h i s  625, 47% w a s  

associa ted  with vapor d i f f u s i v i t y ,  4% with t h e  r e s p i r a t o r y  rate, 2% with t h e  

t i d a l  volume, and 9% with the  upper t r a c t  e f f e c t .  

These equat ions  apply t o  xenobiotic  chemicals of moderate t o  high 

s o l u b i l i t y  i n  body f l u i d s ,  having blood-to-air p a r t i t i o n  c o e f f i c i e n t s  t h a t  a r e  

genera l ly  greater than unity. I n  t h i s  s tudy t h e  range w a s  about 1 f o r  methyl 

bromide t o  about 20 f o r  formaldehyde. Likewise, t h e  lung a l v e o l a r  membrane 

t r a n s f e r  r a t e  is high f o r  these  vapors. Other v o l a t i l e  organic compounds can 

be expected t o  d i sp lay  s i m i l a r l y  high s o l u b i l i t y  i n  body t i s sues .  The 

regress ion  a n a l y s i s  showed t h a t  the  r e s u l t i n g  uptake was r e l a t i v e l y  i n s e n s i t i v e  

t o  p a r t i t i o n  c o e f f i c i e n t ,  however. Apparently t h e  uptake and metabolism of 

these  xenobiotic  v o l a t i l e  chemicals i s  very rapid compared t o  t h e  speeds 

associa ted  with v e n t i l a t i o n  and d i f fus ion  of vapor i n  t h e  lung airways. Thus 

t h e  regress ion  equations are primari ly con t ro l l ed  by these  f ac to r s .  However, 

i t  should be noted t h a t  t h e  above equations a r e  not  app l i cab le  t o  vapors with 

low s o l u b i l i t y  i n  body f l u i d s  and having blood-to-air p a r t i t i o n  c o e f f i c i e n t s  

t h a t  a r e  very much smaller than uni ty ;  i n  those  cases  t h e  uptake w i l l  be much 

smaller  than observed i n  these  s t u d i e s  and w i l l  be l imi ted  by t r a n s f e r  from air 

t o  a l v e o l a r  membrane and t o  blood r a t h e r  than by ven t i l a t ion .  

These r e s u l t s  show t h a t  uptake inc reases  with increased vapor d i f f u s i v i t y ,  

and decreases with increased r e s p i r a t o r y  r a t e  (decreased vapor residence time 

i n  lung) o r  increased t i d a l  volume (greater lung expansion and increased 

d i f fus ion  distance.  The consequence is t h a t  d i f f u s i o n  of vapor i n  t h e  lung is 
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demonstrated t o  be t h e  l i m i t i n g  process i n  determining vapor uptake i n t o  t h e  

systemic c i r cu la t ion .  Thus, during exe rc i se ,  t h e  uptake f r a c t i o n  dropped 

because of increased t i d a l  volume and increased rate. 

For genera l  purposes, Reference Man (Snyder, 1975) with RR=15 brea ths  per  

minute f o r  r e s t i n g  (TVz500 m l )  , l i g h t  work (TVt750 m l )  , and moderate work 

(TVz1450 m l )  can be used with t h e  two regress ion  equations t o  e s t ima te  t h e  

uptake f o r  each vapor under these  va r i ed  condi t ions  (Table 18). 

Table 18. Calculated Uptake Percentages f o r  Example Tidal  Volumes 

(15 Breaths/min Based Upon Reference Man: Snyder, 1975) 

Vapor/ Gas Tidal  Volume Oral Nasal 

(ml) ILL m 

Benzene 

Trichloroethylene 500 50 52 

7 50 45 46 

1450 3 4 3 0 

Chlorof o m  500 47 44 

7 50 43 3 8 
1450 3 1 22 

Methyl bromide 500 59 58 

750 5 5 52 
1450 43 3 6 

Formaldehyde 500 84 73 

7 50 80 67 
1450 68 5 1 
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Biolonical  e l iminat ion  of  vapors 
The clearance da ta  of t h e  inhaled vapors (benzene, t r i ch lo roe thy lene ,  

methyl bromide, formaldehyde, and chloroform) are summarized i n  Table 19. These 

r e s u l t s ,  based upon clearance during t h e  first h a l f  hour a f t e r  exposures ended, 

show t h a t  chloroform and formaldehyde a r e  el iminated rap id ly  by t h e  way of 

oxidat ion  t o  C02.   ode rate amounts of these  vapors were a l s o  excreted 

unchanged v i a  the  lung i n t o  t h e  exhaled a i r .  Trace l e v e l s  of  1 4 ~ - l a b e l e d  

metabol i tes  and/or t h e  parent compound were detec ted  i n  t h e  urine. 

I n  summary, t h e  lung was t h e  major route  f o r  chloroform and formaldehyde 

e l iminat ion  with t h e i r  metabolites.  The e l iminat ion  of benzene 4 ~ e q u i v a l e n t s  

was a l s o  rapid  (b io log ica l  ha l f  l i f e  about 12 hours).  It was el iminated as 

benzene v i a  t h e  lung and a s  mainly metaboli tes  i n  t h e  urine. Benzene is 

metabolized by t h e  l i v e r  t o  water so lub le  compounds by conjugation and 

oxidat ion  t o  phenol, oateohol ,  hydroquinol, and hydroxyhydroquinol (Bergman, 

1979). The amount of benzene el iminated by t h e  lung was 0.4 times t h e  amount 

of benzene conjugated o r  oxidized by t h e  l i v e r .  The r a t e  of benzene oxidat ion 

t o  C02 is very slow a s  ind ica ted  by the  mount  of C02 measured i n  t h e  exhaled 

a i r .  The c learance  r a t e s  of  1 4 ~ e q u i v a l e n t s  f o r  t r i ch lo roe thy lene  was 
moderately rapid  (b io log ica l  ha l f  l i f e  was about 25 hours).  A large por t ion  

was excreted v i a  t h e  lung as t h e  parent compound and a s  Cop. Triohloroethylene 

is also metabolized i n  t h e  l i v e r  by oxidat ion t o  t r i ch lo roe thano l  and 

t r i c h l o r o a o e t i c  ac id  (National Academy of Sciences,  1980) and t h e s e  products 

were el iminated i n  t h e  urine. Methyl bromide 1 4 ~ e q u i v a l e n t s  showed t h e  

h ighes t  body re ten t ion  among t h e  oompounds s tud ied  (b io log ica l  h a l f  l i f e  was 

about 72 hours).  It was el iminated mainly v i a  the  lung as t h e  parent  compound 

and a s  C o p ,  measured during t h e  first h a l f  hour after exposure. Trace l e v e l s  

of 1 4 ~ l a b e l e d  parent  compound and/or metabol i tes  were deteoted i n  t h e  urine. 

Unfortunately, ur ine  samples co l l ec ted  up t o  16 hours after exposure 

showed extreme v a r i a b i l i t y  i n  volume and a c t i v i t y  ind ica t ing  t h a t  t h e  sub jec t s  
did not  provide complete samples. Although these  samples ind ica ted  t h a t  

clearance was proceeding as expected, they d id  not  provide r e l i a b l e  

q u a n t i f i c a t i o n  of t h e  amount c leared  during t h e  period. 
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Table 1 9. Biological  Elimination of  Vapors (Both Routes) 

PERCENT OF INHALED (AT 0.5 HOURS POST INHALATION) 

TOTAL TOTAL TOTAL NET 

VAPOR TYPE PARAMETER EXCRETED EXHALED EXHALED BODY ( h r )  PULMONARY/ 

I N  URINE AS C02 AS VAPOR RETENTION 
T1/2 URINARY 

Benzene AVERAGE 6 -16 0 -28 2 -47 42 .I 12.2 0.4 

S.E. ,n=12 1 -25 0 -08 0 -31 3 -2 2 -5 

Trichloro-  AVERAGE 1 -20 1 -47 1.15 49 -5 25.2 1.0 

ethylene S.E.,n=8 0.17 0 -50 0 .I 0 1.3 2 -5 

Methylbromide AVERAGE 0 .I 6 0 -45 0 -89 51 .I 71.9 5.6 

S.E. ,n=8 0 -04 0.10 0.19 4 .4 11 .7 

Formaldehyde AVERAGE 0 -73 30.1 1.48 46.7 3.5 2.0 

S.E.,n=S 0.13 2 .2 0 -17 4.1 0 .4 

Chlorof o m  AVERAGE 0 -29 16 .6 1 .51 28.2 3.5 5.2 

S.E. ,n=8 0.07 0.6 0.12 1.5 0.2 

(*) Calcula t ions  based on s i n g l e  exponential clearance equation f i t  t o  data. 

The half-time es t imates  i n  Table 19 were made by assuming a simple 

exponential  c learance  process during each two hour exposure and half-hour 

post exposure w i n g :  

where Al is t h e  average uptake, A2 i d  t h e  t o t a l  body re ten t ion  of inhaled vapor 

a t  2.5 hours after the  beginning of exposure, tl is t h e  time a t  t h e  beginning 

of  t h e  exposure, and t2 is 2.5 hours a f t e r  t h e  beginning of  t h e  exposure. The 

value of A2 is obtained by sub t rac t ing  t h e  measured ur inary  exc re t ion  a t  2.5 

hours, t h e  amount exhaled as C02, and t h e  observed exhaled parent  or 

metabol i tes  during t h e  first h a l f  hour after t h e  two hour exposure from t h e  

measured average uptake of t h e  parent vapor. The clearance half-time is 

calcula ted  from t h e  clearance r a t e  cons tant ,  h , by h = l n  2/TlI2. e 
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DISCUSSION 

Models of  Inha la t ion  Uptake of  Vapors and Gases 

The use of s imulat ion o r  pharmacokinetic models of  t h e  processes associa ted  

with inha la t ion  uptake, d i s t r i b u t i o n ,  metabolism, and excre t ion  of  xenobiotic  

vapors and gases provides a convenient b a s i s  f o r  p red ic t ing  t h e  uptake of a 

vapor o r  gas  without a c t u a l l y  measuring i t  over an extended period 

(Fiserova-Bergerova, 1983). It a l s o  provides a b a s i s  f o r  understanding t h e  

r e s u l t s  of  experimental measurements such as performed i n  t h i s  study. The 
b a s i s  of  t h i s  model i n  t h e  context  of t h i s  s tudy r e l a t e s  t o  t h e  continuous, 

chronic exposure of people t o  very low concentrations. The s a t u r a t i o n  of all 

body compartments with t h e  vapor does not  occur because of metabolic 

degradation and excre t ion  of  t h e  chemicals by t h e  body. Also, t h e  low 

concentra t ions  involved avoid s a t u r a t i o n  of t h e  re levant  biochemical and 

physiological  pathways. 

Models of  uptake usual ly  treat t h e  lung as t h e  p r i n c i p l e  rou te  of en t ry  

i n t o  t h e  body and a s  a s p e c i f i c  body compartment i n t o  which vapor i n  

t ranspor ted  with inhaled a i r  and out  of which t h e  chemical is removed by t h e  

pulmonary blood flow and possibly exhaled air. The key parameter f o r  

evaluat ing  t h i s  process is t h e  the  blood-to-air volumetric p a r t i t i o n  

c o e f f i c i e n t  , LblIair , which depends i n  genera l  upon t h e  s o l u b i l i t y  of t h e  

chemical vapor i n  t h e  blood. I n  t h i s  current  s tudy,  t h e  s o l u b i l i t y  was 

r e l a t i v e l y  high, and t h e  p a r t i t i o n  c o e f f i c i e n t s  were usual ly  about 10 o r  
higher,  because of t h e  chemical p roper t i e s  of  t h e  chemicals t h a t  were s tudied  

and a l s o  because of t h e  very low concentrat ions involved. This  means t h a t  one 
m l  of blood w i l l  contain t e n  times as much of t h e  chemical than one m l  of air 

when a t  equilibrium. I n  such a case,  the  capaci ty  of t h e  blood t o  take  up t h e  

vapor is great, and a s i g n i f i c a n t  f r a c t i o n  of  t h e  vapor i n  t h e  deep lung should 

be t r ans fe red  t o  t h e  blood f o r  d i s t r i b u t i o n  t o  o the r  body organs and t i s s u e s .  

If t h e  body volume i n  42 l i ters  ( f o r  a 70 kg person, Snyder, 1975) , then 
t h e  body volume at  equil ibrium could hold 420 l i ters  o f  t h e  inhaled  vapor. The 

t y p i c a l  r e s p i r a t o r y  minute volume f o r  a person a t  r e s t  is 9 liters. Therefore, 
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t h e  body could be sa tu ra ted  with t h e  chemical vapor a f t e r  420/9=47 minutes 

assuming f a i r l y  good mixing i n  body compartments. With only t h e  approximately 

5 liters of blood involved, the  blood would be sa tu ra ted  a f t e r  50/9=6 minutes. 

With such s a t u r a t i o n ,  t h e  uptake f r a c t i o n  would drop t o  a low value as t h e  

metabolic c learance  processes c l e a r  the  chemical. I n  f a c t ,  no such s a t u r a t i o n  

o r  even a tendency t o  s a t u r a t i o n  was observed i n  these  s t u d i e s ,  and i t  seems 

c l e a r  t h a t  t h e  metabolism of these  chemicals i n  t h e  body occurs a t  a r a t e  t h a t  

exceeds t h e  uptake r a t e  during inhala t ion .  Thus, s ince  t h e  capaci ty  of t h e  

body rese rvo i r s  and t h e  metabolic processes are not  being s a t u r a t e d ,  it would be 

be expected t h a t  t h e  air-to-blood t r a n s f e r  is t h e  r a t e  l i m i t i n g  process. This 

conclusion f u r t h e r  supports  t h e  regress ion  a n a l y s i s  showing v e n t i l a t o r y  

and vapor o r  gas d i f fus ion  t o  be t h e  p r inc ipa l  p red ic to r s  of  inha la t ion  uptake. 

During i n s p i r a t i o n  t h e  air enter ing  t h e  a l v e o l a r  (gas  exchange) region of 

t h e  lung is a i r  remaining i n  t h e  conductive airways of t h e  r e s p i r a t o r y  t r a c t  

from t h e  previous inhala t ion .  These conductive airways represent  a resp i ra to ry  

dead space s i n c e  no gas exchange and minimal vapor uptake occurs i n  them. The 

volume of t h i s  r e s p i r a t o r y  dead space i n  people is est imated a t  305 of  t h e  

r e s t i n g  t i d a l  volume, o r  about 150 m l  (Fiserova-Bergerova, 1 9 8 3 ~ ) .  The first 

150 ml of each i n s p i r a t i o n  is a i r  from t h e  dead space,  followed by t h e  f r e s h  

breath which may have a volume of from 350 m l  t o  2150 ml depending upon l e v e l  

of physical  exert ion.  

If t h e  a l v e o l a r  (gas  exchange) region of t h e  lung is t r e a t e d  as a simple 

body compartment and v e n t i l a t i o n  is t r e a t e d  a s  a continuous process,  the  

amount of vapor en te r ing  equals  t h e  product of t h e  vapor concentrat ion,  cexp, 
and t h e  a l v e o l a r  v e n t i l a t i o n  flow rate, Valve When t h e  p a r t i a l  pressures  of  

t h e  vapor i n  a l v e o l a r  air and blood i n  a l v e o l a r  c a p i l l a r i e s  e q u i l i b r a t e s ,  t h e  
concentrat ion i n  t h e  a lveo la r  air becomes: 

where Q is t h e  pulmonary blood flow ra te .  Since Q is about 6.7 Vmin i n  a 70 kg 

person, Vdv is about 4.8 Vmin a t  rest, and t h e  p a r t i t i o n  coe f f i c i en t  is 

about 10 f o r  t h e  chemicals i n  t h i s  s tudy (Table I ) ,  t h e  a l v e o l a r  concentrat ion 

is estimated from t h i s  simple model a s  (Fiserova-Bergerova, 198%): 
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= c / ( I  + 1 .4LblIair 'alv exp ) = 0 . 0 6 7 ~  
en' 

If a t  rest 30% of the  exhaled a i r  is from t h e  dead space a t  concentrat ion 

c and 70% is a l v e o l a r  air a t  0 . 0 6 7 ~  , t h e  exhaled a i r  would have a 
exp exP 

concentrat ion of 0 .35cexp . The observed uptake would be 65%. Considering t h a t  

some vapor should be taken up i n  t h e  nose o r  l i n i n g  of  t h e  conductive airways, 

uptake should have exceeded 65%. Many of t h e  observed measurements were well 

below 655, ind ica t ing  incomplete a l v e o l a r  e q u i l i b r a t i o n  and mixing of  t h e  

vapors. 

Oral inha la t ion  of benzene had an uptake of about 55%. Fur ther ,  under 

exerc ise  condi t ions ,  the  dead space becomes a much smaller f a c t o r  i n  t h e  

process,  and t h e  uptake f r a c t i o n  should inc rease  s i n c e  t h e  dead space has a 

smaller inf luence  upon t h e  r e s p i r a t o r y  process a t  higher t i d a l  volumes. Blood 

flow inc reases  along with t i d a l  volume. For t h e  average a l v e o l a r  flow rate 

(minute volume) of  14 l i te rs  under exerc ise ,  t h e  a lveo la r  concentra t ion  from 

Equation 14 is 0 . 1 7 ~  
exp' 

The dead space is only 15% of t h e  inhaled  a i r ,  s o  

t h a t  t h e  predic ted  uptake f r a c t i o n  would be 70%. I n  f a c t ,  t h e  observed uptake 

f r a c t i o n  under exerc ise  f o r  benzene vapor was about 42%, and s i g n i f i c a n t l y  

lower than a t  rest. 

Clear ly ,  t h e  assumption of complete mixing i n  t h e  a l v e o l a r  space during 

breathing is not  va l id .  The air i n  t h e  lungs is not  well mixed, and t h e  

passage of vapor from t h e  incoming a i r  t o  t h e  w a l l s  of  t h e  a l v e o l i  is a 

funct ion  of vapor d i f f u s i v i t y ,  which is t h e  p ropor t iona l i ty  cons tant  descr ib ing 

t h e  rate of flow of gases from regions of  high concentrat ion t o  regions  of  low 

concentration. The vapor i n  t h i s  s tudy with t h e  h ighes t  d i f f u s i v i t y  is 

formaldehyde, and t h e  observed uptake f r a c t i o n s  t h a t  exceed 75% are i n d i c a t i v e  

of t h i s  higher d i f f u s i v i t y .  The o the r  vapors i n  t h i s  s tudy have s i m i l a r  and 

much lower d i f f u s i v i t i e s  and much lower uptake f r a c t i o n s  a s  well. The lower 

uptake f r a c t i o n  f o r  benzene vapor during exe rc i se  can be explained by the  

g r e a t e r  i n f l a t i o n  of t h e  lung;  t h i s  means t h e  d i s t ance  t h a t  vapor must d i f f u s e  

t o  reach t h e  w a l l s  of  t h e  a l v e o l i  is greater, and with somewhat increased 

breathing rate t h e  time a v a i l a b l e  f o r  d i f f u s i o n  is l e s s ,  s o  t h a t  less vapor 
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contac ts  t h e  a lveo la r  membrane and l e s s  is, the re fo re ,  a v a i l a b l e  t o  be absorbed 

by t h e  blood. 

Another phenomenon t h a t  a l s o  needs t o  considered is uptake of vapor by 
t h e  mucous membranes of t h e  nose and o t h e r  conductive airways. The volume of 

l i q u i d  l i n i n g  t h e  su r face  of t h e  airways i n  too  small t o  account f o r  much 

uptake a f t e r  i n i t i a l  equi l ibra t ion .  Where c i r c u l a t i o n  is good, a s  i n  some 

p a r t s  of t h e  nose, uptake i n t o  t h e  blood stream can occur, however. This w i l l  

increase  t h e  uptake f rac t ion .  On t h e  o ther  hand, it  has been suggested t h a t  

some vapor t h a t  is absorbed a t  t h e  su r face  of t h e  upper airways, desorbs i n t o  

t h e  exhaled a i r  stream (Fiserova-Bergerova, 1983a). This can be one of t h e  

causes of t h e  lower uptake observed i n  people f o r  chloroform vapor i n  t h i s  

study. The assignment of H=O t o  chloroform i n  t h e  regress ion  model is pr imar i ly  

associa ted  with t h i s  r e a l  but unclear  phenomenon. 

The lower uptake of chloroform (45.6%51.5%SE) compared t o  benzene 

(60.0$d .2$SE) v i a  t h e  nose was unexpected s i n c e  previous beagle uptake s t u d i e s  

yielded very s i m i l a r  r e s u l t s  f o r  these  two vapors (39.8$+1.5%SE f o r  chloroform 

versus 42.1%Ga2$SE f o r  benzene). The human nose and head region does not  

appear t o  absorb chloroform as r e a d i l y  a s  o t h e r  vapors, and f o r  t h i s  reason was 

assigned a head airways uptake f a c t o r  H=O. This phenomenon may relate t o  an 

absorption/desorption process such t h a t  chloroform is absorbed by the  nasa l  

membranes during inha la t ion  and they g ive  up excess vapor t o  t h e  exhaled a i r  

during exhalat ion.  Whether delayed absorpt ion ,  less e f f e c t i v e  su r face  

adsorption,  o r  desorption is involved, t h e  Hz0 f a c t o r  f o r  chloroform was found 

t o  be an important p a r t  of t h e  r e s u l t i n g  regress ion  equations,  and was 

p a r t i c u l a r l y  important i n  t h e  case of nose breathing. 

Although t h e  uptake f r a c t i o n  of benzene is lower during exe rc i se ,  and t h e  

uptake f r a c t i o n s  f o r  t h e  o the r  vapors is predicted a l s o  t o  be lower during 

exe rc i se ,  t h e  t o t a l  amount of xenobiotic  chemical t h a t  e n t e r s  t h e  systemic 

c i r c u l a t i o n  is higher because t h e  t o t a l  amount inhaled is more than double 
during exerc ise .  The r a t i o  of t h e  uptake f r a c t i o n s  during o r a l  breathing a t  

rest t o  t h e  t h a t  during exe rc i se  was about 1.3. On t h e  o the r  hand, t h e  volume 

of a i r  inhaled  was about 2.5 time more, so  t h a t  t h e  n e t  uptake of benzene was 

2.5/1.3=2 times g r e a t e r  per  u n i t  time during exe rc i se  than a t  rest i n  t h i s  

s tudy 
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Comparison t o  o t h e r  s t u d i e s  

Previous i n h a l a t i o n  s t u d i e s  with human s u b j e c t s  using benzene 

concentrat ions of 57 ppm.(Nomiyama & Nomiyama, 1974) and 217 pprn (Astrand, 

1975) yielded measured uptake f r a c t i o n s  of  47% and 551, respect ive ly ,  f o r  

normal breathing a t  r e s t .  Only Astrand (1975) who s tudied  mouth-breathing 

people, co l l eo ted  a l l  of t h e  exhaled vapor. The results f o r  t h e  beagle s t u d i e s  

a t  concentrat ions from 10 ppb t o  46 ppb were about 42%. The uptake i n  these  

human s t u d i e s  var ied  from about 42% t o  60% f o r  people depending upon breathing 

r a t e  and i n h a l a t i o n  route. These r e s u l t s  spanning from man t o  dog f o r  

concentrat ions t h a t  vary up t o  a f a c t o r  of about 20,000 a r e  remarkably s i m i l a r  

(Figure 4) .  The s h o r t  exposure dura t ion  may expla in  t h e  observed higher uptake 

associa ted  with t h e  Astrand (1975) measurements (Figure 51 ,  s ince  t h e  blood 

concentrat ion is lowest a t  t h e  beginning of and exposure, and t h e  uptake should 

thus  be maximum at t h a t  time. 

Likewise, t r iohloroethylene  uptake i n  nose-breathing humans w a s  found t o  be 

55% at 3 16 ppm (Nomiyama & Nomiyama, 1 974) , 58% a t  193 pprn ( Bartonicek, 1 962)  , 
46% and 48% a t  68  pprn and 140 ppm, respect ive ly  (Monster, e t  al.,  1976), and 

44% a t  100 ppm ( Vesterberg e t  a l .  , 1976). Astrand and Ovrum ( 1976) , who 

s tudied  mouth-breathing people, co l l ec ted  and measured t h e  exhaled vapor and 

found 53% uptake a t  150 ppm. The results f o r  t h e  beagle s t u d i e s  a t  

concentra t ions  from 85 ppb t o  250 ppb were about 48%. The results i n  t h e s e  

human s t u d i e s  a t  even lower concentrat ions were about 55% regardless  of route. 

Bergman (1979) had similar r e s u l t s  f o r  mice. These results show about t h e  same 

uptake over a wide range of concentrat ions (Figure 6 )  and exposure times 

(Figure 7 )  . 
Medinsky et al. ( 1985) measured t h e  uptake of 4 ~ l a b e l e d  methyl bromide by 

Fischer-344 rats f o r  s i x  hours a t  concentra t ions  from 1.6 t o  310 ppm. They 

found t h a t  i n  t h e i r  apparatus t h e  f r a c t i o n a l  uptake of methyl bromide vapor 

ranged from 37% t o  27% a t  t h e  highest  concentra t ions  t o  about 48% at t h e  lower 

concentrat ions.  The r e s u l t s  of  t h e  beagle s t u d i e s  w a s  about 40% uptake compared 

t o  about 55% i n  humans i n  t h i s  study. These results a r e  compared i n  Figures 8 

and 9. Medinsky et al. (1985) co l l eo ted  exc re ta  and exhaled carbon dioxide f o r  

66 hours a f t e r  exposure and found about 50% of t h e  'C t o  be el iminated a s  
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exhaled 14c02 with 85% having a clearance half-time of 4 hours; t h i s  was much 

faster than observed f o r  beagles o r  people. 

Other human s t u d i e s  involving nose breathing allowed rebrea th ing of vapor 

and did not provide f o r  d e f i n i t i v e  measurements of  exhaled vapor f o r  uptake 

determinations. No o the r  unequivocal human da ta  have been located  f o r  any of 

t h e  chemical vapors i n  t h i s  study. It is p a r t i c u l a r l y  remarkable t h a t  no 

r e p o r t s  could be found f o r  t h e  uptake of chloroform i n  people when u t i l i z e d  a s  

an anes thet ic .  Most of t h e  reported labora tory  animal s t u d i e s  involved 

rebrea th ing o f  exhaled air ,  and t h e  r e s u l t s  a r e ,  the re fo re ,  d i f f i c u l t  t o  

evaluate.  

The beagle s t u d i e s  (Raabe, 1986) yielded uptake f r a c t i o n s  f o r  nasa l  

inha la t ion  t h a t  tended t o  be about 10% t o  30% lower than t h e  observed uptakes 

i n  people i n  t h i s  study. This  may be explained by r e s p i r a t i o n  and r e s p i r a t o r y  

t r a c t  d i f ferences .  Formaldehyde uptake i n  beagles was only about 54% (5-12 

ppb), but was about 75% (about 5 ppb) i n  people. Because of its high water 

s o l u b i l i t y ,  t h e  uptake of formaldehyde might be expected t o  be c l o s e r  t o  100%. 

Formaldehyde i n  a n a t u r a l  metabolic product whose concentra t ion  i n  blood may be 

higher i n  beagles than i n  people, with reduced blood capacity.  Heck e t  a l .  

(1985) show t h a t  t h e  normal concentrat ion of formaldehyde i n  t h e  blood of 

people and rats is  from 2.2 t o  2.6 ppm (by mass). This g rad ien t  between body 

t i s s u e  l e v e l s  and t h e  inhaled  a i r  may have influenced t h e  r e s u l t ,  although t h e  

rad ioac t ive ly  labeled  formaldehyde should e x h i b i t  an independent behavior. 

If t h e  vapors s tud ied  i n  t h i s  projeot  were r e a d i l y  absorbed i n t o  body 

f l u i d s  a t  t h e  s u r f a c e  of a l l  p a r t s  o f  t h e  r e s p i r a t o r y  tract, uptake would have 

approached 100% f o r  these  vapors. This  is because t h e  high d i f f u s i v i t i e s  

(Table 1 )  would l ead  t o  an e f f i c i e n t  convective d i f f u s i o n a l  t r anspor t  i n  t h e  

conductive airways during breathing. Di f fus iv i ty  ( a l s o  c a l l e d  d i f f u s i o n  - 

2 c o e f f i c i e n t ,  cm / s )  is t h e  constant  of p ropor t iona l i ty  between t h e  r a t e  of 
2 3 d i f f u s i o n  (molecules/cm pe r  s) and a concentrat ion g rad ien t  (molecule/cm per  

om). Aerosol p a r t i c l e s  with d i f f u s i v i t i e s  less than those  of these  vapors a r e  

known t o  be near ly  q u a n t i t a t i v e l y  deposited i n  t h e  conductive airways and 

a l v e o l a r  region of t h e  lung during normal breathing i n  dogs and man (Raabe, 

1982). For example, radon decay products a r e  m e t a l l i c  ae roso l s  with 
2 d i f f u s i v i t i e s  about 0.054 cm /s (about 40% of t h e  d i f f u s i v i t y  of t h e  vapor 
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BENZENE INHALATION UPTAKE 

INHALATION EXPOSURE CONCENTRATION (ppm) 

Figure 4. Comparison of observed uptake fractions of benzene vapor i n  human 

volunteers by th is  study, i n  beagles by Raabe ( 1986) , and i n  human volunteers 
by Astrand (1975) and Nomiyama and Nomiyama (1974) with respect t o  exposure 
conuentration. 
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BENZENE INHALATION UPTAKE 

50 100 150 200 250 

INHALATION EXPOSURE DURATION (MINUTES) 

Figure 5 .  Comparison of  observed uptake fraotions o f  benzene vapor i n  human 

volunteers by t h i s  study, i n  beagles by Raabe (1986), and i n  human volunteers 
by Astrand (1975) and Nomiyama and Nomiyama (1974) with respect t o  duration of 

exposure. 
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TRICHLOROETHYLENE INHALATION UPTAKE 

INHALATION EXPOSURE CONCENTRATION (ppd 

Figure 6 .  Comparison of observed uptake fraotions of triohloroethylene vapor 

i n  human volunteers by t h i s  study, i n  beagles by Raabe ( 1986 ) , and i n  human 
volunteers by Astrand and Ovrm ( 1976) , Nomiyarma and Nomiyama ( 1974) , 
Bartonicek ( 1962) , Monster e t  a1 . ( 1976 ) , and Vesterberg e t  dl. ( 1976 ) with 
respect t o  exposure concentration. 
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TRICHLOROETHYLENE INHALATION UPTAKE 

INHALATION EXPOSURE O W T I O N  (UINUTES) 

Figure 7. Comparison of observed uptake fraotions of  trichloroethylene vapor 

i n  human volunteers by t h i s  study, i n  beagles by Raabe (1986), and i n  human 
volunteers by Astrand and Ovrum ( 1976) , Nomiyama and Nomiyama ( 1974) , 
hrtonicek (1 962) , Monster et a l .  ( 1976) , and Vesterberg et al. ( 1976) with 

respect t o  duration of exposure. 
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METHYLBROMIDE INHALATION UPTAKE 

INHALATION W O S W I E  CONCENTRATION (ppa) 

Figure 8 .  Comparison of  observed uptake fraotions o f  methyl bromide vapor i n  

human volunteers by t h i s  study, i n  beagles by Raabe (1986) , and i n  reported 
studies  with Fisoher-344 rats  by Medinsky et a l .  (1985) with respect t o  

exposure concentration. 
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METHYLBROMIDE INHALATION UPTAKE 
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INHALATION EXPOSURE DWUTION (MINUTES) 

Figure 9 .  Comparison of  observed uptake fractions of  methyl bromide vapor i n  

human volunteers by t h i s  study, i n  beagles by Raabe ( 1986) , and i n  reported 
studies  with ~isoher-344 rats  by Medinsky et al. (1985) with reapest t o  

duration of exposure. 
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molecules i n  t h i s  s tudy) ;  inha la t ion  of these  s m a l l  p a r t i c l e s  has  been 

ca lcula ted  and measured t o  l ead  t o  e s s e n t i a l l y  100% deposi t ion  i n  t h e  

r e s p i r a t o r y  airways (Harley and Pasternack, 1972). Uptake of xenobiotic  vapors 

a t  t h e  r e s p i r a t o r y  epithel ium is apparently l i m i t e d  t o  regions of  ready 

t r anspor t  and c i r c u l a t i o n  such as i n  c e r t a i n  nasa l  membranes and pr imar i ly  i n  

t h e  a lveo la r  region of t h e  lung. The e f f e c t i v e  accommodation c o e f f i c i e n t  

( f r a c t i o n  of molecules h i t t i n g  su r face  t h a t  adsorb) f o r  d i f f u s i v e  adsorption 

must be much less than un i ty  f o r  these  vapor molecules contac t ing  t h e  moist 

epithelium of t h e  r e s p i r a t o r y  airways. I n  c o n t r a s t ,  t h e  accommodation 

c o e f f i c i e n t  i s  un i ty  f o r  aerosol  p a r t i c l e s  contac t ing  t h e  moist w a l l  of t h e  

r e sp i ra to ry  t r a c t .  A l t e rna t ive ly ,  adsorbed vapor molecules r e a d i l y  desorb from 

t h e  airway epithel ium a f t e r  co l l ec t ion .  

These r e s u l t s  i n d i c a t e  t h a t  i n h a l a t i o n  uptake is pr imar i ly  a v e n t i l a t i o n  

process dependent upon pulmonary v e n t i l a t i o n  and t h e  d i f f u s i v i t i e s  of t h e  

r e spec t ive  vapors i n  a i r  wi th in  t h e  lung. The lung is not  a well mixed 

compartment as has  been assumed i n  some mathematical models, but has d i f fus ion  

g rad ien t s  from t h e  incoming vapor flow t o  t h e  a l v e o l a r  surfaoe  where t h e  

concentrat ion is lowest. Metabolic processes determine t h e  extent  of clearance 

of each chemical i n  t h e  body which is r e f l e c t e d  i n  t h e  concentra t ion  i n  blood 

coming v i a  t h e  pulmonary a r t e r y  t o  t h e  lungs. Higher r e s idua l  blood 

concentrat ion w i l l  tend t o  y ie ld  lower uptake f rac t ions .  However, t h e  low 

concentrat ions involved i n  t h i s  s tudy should r e s u l t  i n  e f f i c i e n t  metabolic 

clearance,  so  t h a t  t h e  rate l i m i t i n g  process i s  t h e  d i f f u s i o n  wi th in  t h e  lung. 

This  is shown during exerc ise  i n  which the  more than double minute volumes 

resu l t ed  i n  increased t i d a l  volumes and enlarged lung parenchymal air spaces 

during inhala t ion .  Because t h e  d i f fus ion  d i s t ances  were l a r g e r ,  t h e  uptake 

f r a c t i o n  was lowered, even though t h e  blood flow increased a s  minute volume 

increased. The formaldehyde with its much higher d i f f u s i v i t y  than t h e  o the r  

vapors, had t h e  highest  uptake, about equal t o  t h e  maximum expected i n  t h e  

t o t a l  r e sp i ra to ry  t r a c t .  



L ~ L  -3ilA 
0. G. Raabe -- 78 

Anderson, R. Lo and Banorof t , T. A. ( 1952) STATISTICAL THEORY I N  RESEARCH. 

N.Y. McGraw-Hill. Chapter 23. 338-344. 

Astrand, Irma (1975) Uptake of so lven t s  i n  t h e  blood and t i s s u e s  of  man, A 

review, SCANDo J o  WORK ENVIRONo & HEALTH 1: 199-218. 

Astrand, Irma, (1983) Effect of physical  exerc ise  on uptake, d i s t r i b u t i o n ,  and 
-7 

el iminat ion  of vapors i n  m a n ,  Chapter 5 ,  pp. 107-130 i n  MODELING OF INHALATION 

EXPOSURE TO VAPORS: UPTAKE DISTRIBUTION AND ELIMINATION, Vole 11, CRC Press,  

Boca Raton, Florida. 

Astrand, Irma and Ovrum, Per (1976) Exposure t o  t r iohloroethylene.  I. Uptake 
'\ 

and d i s t r i b u t i o n  i n  man, SCAND. J o  WORK ENVIRON. & HEALTH 2: 199-211. 

Bartonioek, V, (1962) Metabolism and excre t ion  of t r iohloroethylene  after 

i n h a l a t i o n  by hwnan sub jeo t s ,  BRIT. J. I N D o  MEDo 19: 134-141. 

Bergman, K o  (1979) Whol-body autoradiography and a l l i e d  t r a c e r  teohniques i n  

d i s t r i b u t i o n  and e l iminat ion  s t u d i e s  of  some organic so lven t s ,  SCAND. J o  WORK 

ENVIRON. & HEALTH 5 : 5-232 . 
Eger, E.I. (1963) A mathematical model of uptake and d i s t r i b u t i o n ,  pp,. 72-87 

i n  UPTAKE AND DISTRIBUTION OF ANESTHETIC AGENTS (Papper, EoM. & Kite, R o J o ,  

Eds . ) , MoGraw-Hill , New York. 

Elkins, HOB. (1967) Excretory and b io logic  threshold  l i m i t s ,  AMER. IND. HYGo 

ASSOC. J o  28: 305-308. 

Fernandee, J O G .  Droz, P.O., Humbert, B.E. and Caperos, J o R o  (1977) 

Trichloroethylene exposure simulat ion of uptake, excre t ion ,  and metabolism 
-1 

using a mathematical model, BRIT. J o  IND. MED, 34: 43-55. 



0. G. Raabe -- 79 

Fiserova-Bergerova, Vera (1983a) Gases and t h e i r  s o l u b i l i t y :  a review of t h e  

fundamentals, Chapter 1 ,  pp. 3-28 i n  MODELING OF INHALATION EXPOSURE TO 

VAPORS: UPTAKE DISTRIBUTION AND ELIMINATION, Vol. I, CRC Press ,  Boca Raton, 

Florida.  

Fiserova-Bergerova, Vera (1983b) Physiological  models for  pulmonary 7 
adminis t ra t ion  and e l iminat ion  of i n e r t  vapors and gases,  Chapter 4 ,  pp. 73-100 

i n  MODELING OF INHALATION EXPOSURE TO VAPORS: UPTAKE DISTRIBUTION AND 

ELIMINATION, Vol. I, CRC Press,  Booa Raton, Florida.  

Fiserova-Bergerova, Vera (19830) Modeling of  metabolism and excretion i n  vivo, 

Chapter 5 ,  pp. 101-132 i n  MODELING OF INHALATION EXPOSURE TO VAPORS: UPTAKE 

DISTRIBUTION AND ELIMINATION, Vo1. I, CRC Press ,  Boca Raton, Florida.  

Fiserova-Bergerova, Vera and Hughes, H.C. ( 1983) Species Differences i n  

B i o a v a i l a b i l i t y  of Inhaled Vapors and Gases, Chapter 4 ,  pp. 97-106 , i n  

MODELING OF INHALATION EXPOSURE TO VAPORS: UPTAKE DISTRIBUTION AND ELIMINATION, 

Vol. 11, CRC Press,  Boua Raton, Florida.  

Ganoung , W.F. ( 1979) REVIEW OF MEDICAL PHYSIOLOGY, 9th  Ed. , Lange Medical 

Publication. 

Harley, N.H. and Pasternack , B.S. ( 1972) Alpha absorption measurements 

appl ied  t o  lung dose from radon daughters,  HEALTH PHYS. 23: 771-782. 

Heck, H.d'A., Casanova-Schmitz, M., Dodd, P.B. ,  Schachter,  E.N., Witek, T. J., 

and Tosun, T. (1985) Fomnaldeh~de (CH20) concentra t ions  i n  t h e  blood of humans 

and Fischer-344 rats exposed t o  CH20 under con t ro l l ed  condi t ions ,  AM. IND. 

HYG. ASSOC. J. 46: 1-30 

Landry, T.D., Miller, R.R., MoKenna, M.J., Ramsey, J.C., and Watanabe, P.G. 

(1983) Application of pharmacokinetic p r i n c i p a l s  t o  problems i n  i n h a l a t i o n  

toxicology,  , Chapter 2 ,  pp. 39-66 i n  MODELING OF INHALATION EXPOSURE TO 

VAPORS: UPTAKE DISTRIBUTION AND ELIMINATION, Vol. 11, CRC Press ,  Boca Raton, 

Florida. 



0. G. Raabe -- 80 

Liebman, K.C. (1983) Enzymatic metabolism of gases  and vapors: Problems i n  

r e l a t i n g  i n  v i t r o  experimental r e s u l t s  t o  t h e  s i t u a t i o n  i n  vivo, i n  , Chapter 

2 ,  pp. 29-50 i n  MODELING OF INHALATION EXPOSURE TO VAPORS: UPTAKE DISTRIBUTION 

AND ELIMINATION, Vol. I, CRC Press,  Boca Raton, Florida.  

Medinsky, M.A., Dutoher, J.S., Bond, J.A., Henderson, R.F., Mauderly, J.L., 

Snipes, M.B., Mewhinney, J.A., Cheng, Y.S. and Birnbaum, L.S. (1985) Uptake 
14 and excre t ion  of [ Clmethyl bromide a s  influenced by exposure concentrat ion,  

TOXICOLOGY & APPL. PHARMACOL. 7 8: 21 5-225 

Monster, A.C., Boersma, G., & Duba, W.C. (1976) Pharmaookinetics of 1 
t r ichloroethylene  i n  volunteers ,  Influence of workload and exposure 

concentrat ion,  INT. ARCH. OCCUP. ENVIRON. HLTH 38: 87-102. 

Nomiyama, K. & Nomiyama, H. (1974) Respiratory Retention, Uptake, and 

Excretion of Organic Solvents  i n  Man, INT. ARCH. ARBEITSMED 32: 75-83. 

National Academy of Science ( 1980) DRINKING WATER AND HEALTH, National Academy 

Press ,  Washington, DC. 

Raabe, O.G. (1986) Inha la t ion  Uptake of Selec ted  Chemical Vapors a t  Trace Levels 

UCD-472-507, Contract No. A3-132-33, Final  Report t o  t h e  Ca l i fo rn ia  A i r  

Resources Board, Universi ty of Ca l i fo rn ia ,  Davis. 

Raabe, O.G. and Yeh, H.C. ( 1976) P r i n c i p l e s  of inha la t ion  exposure systems 

using concurrent flow spirometry, J. AEROSOL SCI. 7: 233-243. 

Sato , A. , Nakajima, T. , Fujiwara, Y., and Murayama, N. ( 1977) A 

pharmacokinetic model t o  s tudy t h e  excre t ion  of t r i ch lo roe thy lene  and its 
7 

metabol i tes  after an i n h a l a t i o n  exposure, BRIT. J. INDUSTRIAL MED. 34: 

56-63 

Snyder, W,S. (Chairman, Task Group of Committee 2 )  ( 1975) REPORT OF THE TASK 

GROUP ON REFERENCE MAN, In te rna t ion  Commission on Radiological Protec t ion ,  

Pergamon Press ,  Oxford. 



0. G. Raabe -- 81 

-1 
Stewart, R.D., Gay, H.H., Erley, D.S., Hake, C.L. and Peterson, J.E. (1962) 

Observations of t he  concentrations of tr ichloroethylene i n  blood and expired 

a i r  following exposure of humans, AM. IND. HYG. ASSOC. J. 23: 167-172. 

Vesterberg, O., Gorczak, J., Krasts, M. (1976) Exposure t o  Trlchloroethylene 3 
11. Metabolites i n  blood and urine,  SCAND. J. WORK ENVIRON. & HEALTH 2: 

21 2-21 9 

Wagner, Peter D., Saltzman, H.A., and West, J.B. (1974) Measurement of 

Continuous Distributions of Ventilation-Perfusion Ratios: Theory, J. APPL. 

PHYSIOLOGY 36 : 588-599. 

Wagner, Peter D. ( 1977) Diffusion and Chemical Reaction i n  Pulmonary Gas 

Exchange, PHYSIOL. REV. 57 : 257-31 2. 

Wagner, Peter D. (1981) Ventilation/Perfusion Relationships, Cl inical  

Physiology 1 : 437-451 . 



0. G o  Raabe -- 82 

APPEUDIX : Sample Worksheets f o r  Uptake Measurement 

The sample worlcsheets presented a r e  f o r  t r i ch lo roe thy lene  (C*HC~ ) 3 
exposure 59 i d e n t i f i e d  a s  ARB-HUHBN-TCE-EXP#9 and f o r  methyl bromide (CH Br) 3 
exposure #38 i d e n t i f i e d  a s  ARB-H-METHYLBROMIDEI38. The file-names f o r  each 

worksheet included t h e  vapor and exposure number. The worksheets were 

developed using t h e  spread-sheet program G C A L C  on t h e  Data General MV-8000 

at  LEHR. The d a t a  and r e s u l t s  f o r  each exposure were separated i n t o  15 

t i t l e d  columns; columns A t o  0. The area bounded by rows 1 and 6 and columns 

A and C i d e n t i f y  t h e  sub jec t ' s  i n i t i a l s ,  compound name, exposure d a t e  and 

time, and expoaure route. Rows (1-3) columns F and G were labe led  "BLANK 

DPM". The da ta  f o r  con t ro l  blanks i n  DPM f o r  dup l i ca te  samples o f  1.0 m l  

e t h y l  alcohol  o r  ohloroform + 19.0 m l  3a70B l i q u i d  s c i n t i l l a t i o n  c o c k t a i l  

appear i n  columns F and G . Data f o r  1.0 ml of 14~02-absorblng c o c k t a i l  + 
19.0 m l  Carbon-14 c o c k t a i l  were v i r t u a l l y  i d e n t i c a l  s o  only t h e  a lcohol  blank 

w a s  used . The C2HC1 #I5185 worksheet represented t h e  way i n  which 
3 

t r i ch lo roe thy lene ,  benzene, formaldehyde, and ohloroform vapors were s tudied;  

t h e  first two bubblers had a c i d i f i e d  e t h y l  alcohol  and t h e  t h i r d  bubbler had 

Carbon-14 c o c k t a i l  i n  each case. The methyl bromide s t u d i e s  u t i l i z e d  
chloroform i n  t h e  first two bubblers ins t ead  o f  alcohol.  

DBSCRIPTION OF DATA SHEET 

Column (A): Bubbler # 

A t o t a l  of 21 bubblers were used per  exposure i n  a set of t h r e e  bubblers 

per  in te rva l .  The first two bubblers were f i l l e d  with vapor a lcohol  o r  

chloroform and t h e  t h i r d  bubbler with Carbon-14 cock ta i l .  

Column ( B) : Exposure i n t  emral 

The experiment times were divided i n t o  seven c o l l e c t i o n  i n t e r v a l s ,  30 

minutes each. The vapors were co l l ec ted  f o r  30 minutes before and a f t e r  t h e  

exposure t o  measure t h e  concentrat ion of  vapor i n  t h e  inhaled  air. During 

t h e  exposure, t h e  exhaled vapor and C02 were co l l eo ted  f o r  two hours during 
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t h e  exposure and f o r  30 minutes immediately after the  exposure (c learance  

t ime) ,  I n  t h e  benzene exerc ise  s tudy,  t h e  c o l l e c t i o n  time was 15 minutes 

ins tead  of 30 minutes . 
Column (C): Bubbler t a r e  weight (g)  

Bubbler weight (g)  empty. 

Column (D): Bubbler f i n a l  weight (g)  

Bubbler weight (g)  with vapor o r  C02 t rapping agents.  

Column (E): Bubbler t o t a l  volume (ml) 

Volume ( m l )  = {bubbler final weight (g)  - bubbler tare weight ( g ) )  / Density 

Density of t rapping agents:  Alcohol = 0.8065, Chloroform = 1.4459, 

and Carbon-14 c o c k t a i l  = 0.9256. 

Ex: Vol (ml) of  alcohol  i n  bubbler # 13 t (496.76 -401.16) / 0.8065 = 120.54 

Column (F) & Column (GI : DPM / m l  f o r  a l i q u o t  A and B r e spec t ive ly  

Two one m l  a l i q u o t s  were taken from each bubbler and were counted with 19 m l  

of 3a70B l i q u i d  s c i n t i l l a t i o n  cockta i l .  

Column (H) : Bubbler nCi / ml 

nCi/ml = { Average sample (DPM/ml) - Average blank (DPWml) 1 / 2220 

Ex: nCi/ml = ( 5345.35 + 5332.95 - 28 - 31 ) / 4440 

Column (I) : Tota l  bubbler nCi without co r rea t ion  

To ta l  nCi = Total  volume ( m l )  x nCi/ml 

Ex: To ta l  nCi = 120.54 x 2.39 = 288.30 
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Column (J): Bubbler e f f i c i ency  (TCE and o t h e r  vapors except methyl bromide) 

E= ( nCi bubbler #I - nCi bubbler 62 ) / nCi bubbler #l  

Ex: E= ( 288.3 - 25.64 / 288.3 = 0.91 1 

Column (J): Tota l  methyl bromide (2)  & Tota l  C02 (3)  

For methyl bromide and C02 ca lcu la t ion ,  t h e  fol lowing equations were used. 

M + C t Act iv i ty  nCi ( b1 + b2 + b3 ) (1 )  

87.5 M + 5C = b l  x 100 (2 )  

C = Act iv i ty  nCi ( bl + b2 + b3 1- M ( 3  

( M= Methylbromide, C= Co2, b= bubbler ) 

Ex: M + C = ( 48-08 + 6.54 + 0.87 ) = 58.98 

87.5 M + 5C = ( 48.08 ) x 100 

Column (K) : Corrected nCi/ bubbler ( TCE & o t h e r s  except methyl bromide) 

C.b (nCi) = bubbler nCi/ Average e f f i c i e n c y  of bubblers f o r  

p r e  and pos t - tes t  run. 

Ex: Corrected nCi ( b l )  = 288.3/0.909 = 317.18 
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Column (K): nCi vapor o r  C02 / l i te r  ( Methylbromide da ta  s h e e t )  

n C i / l i t e r  = Tota l  nCi per  30 minutes / t o t a l  air breathed 

per  30 minutes 

Ex: n C i / l i t e r  methyl bromide = 54.92 / 163.4 = 3.05 

Column ( L )  : nCi Vapor o r  C02 / l i te r  ( TCE da ta  s h e e t )  
( Same c a l c u l a t i o n  a s  column (K) methyl bromide d a t a  shee t )  

Column (L): Volume of air (1 )  breathed / i n t e r v a l  (methyl bromide da ta  shee t )  

To ta l  amount of  air breathed by t h e  sub jec t  per  30 minute i n t e r v a l  during t h e  

exposure = Lung minute volume (1) x breath ing rate x 30 ( breaths/minute) 

EX: Tota l  air breathed (1)  = 0.363 x 15 x 30 = 163.4 ( 0-0.5 hours) 

Column (M): Volume of air ( I )  breathed/ i n t e r v a l  (TCE d a t a  s h e e t )  

( Same ca lcu la t ion  a s  column (L) methyl bromide d a t a  s h e e t )  

Column ( M ) :  To ta l  nCi Exhaled vapor (1 )  and Co2 (2)  (methyl bromide data  

s h e e t )  

To ta l  exhaled vapor per  i n t e r v a l  nCi = t o t a l  air breathed ( m l )  x nCi / l  

nCi = 163.4 x 3.051 t 498.53 

Tota l  C02 Exhaled per  i n t e r v a l  nCi = A - ( BxC) ) x 30 , where 
A = nCi C02 without co r rec t ion  during t h e  exposure. 

B = nCi/ l  based on t h e  average a c t i v i t y  i n  t h e  t h i r d  bubbler i n  

p re  and post-exposure test. 

C = 1 - uptake f rac t ion .  

Ex: C02 (nc i )  / first i n t e r v a l  = { -0.02 - 0.06 (1-0.582)) x 30 = 4.35 
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Column (N): To ta l  vapor exhaled o r  C02 per i n t e r v a l  (TCE da ta  s h e e t )  

( Same as column (M) methyl bromide d a t a  s h e e t )  

Column (N): $ uptake (methyl bromide da ta  s h e e t )  

% uptake = ( A - B ) x 100 / A 

Where A r Average nCi / l  pre  & post - tes t  (Air  concentrat ion of 

vapor without t h e  s u b j e c t )  

B =: nCi / l  ( a i r  concentrat ion of vapor during t h e  exposure) 

EX: % Uptake (&0,5 hours) = ( 7.44 - 3.33 ) x 100 / 7.44 = 55.2 

Column (0): Z Uptake (TCE da ta  s h e e t )  

( Same ca lcu la t ion  a s  column (N) methyl bromide da ta  shee t  ) 
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