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INHALATION TOXICOLOGY: V I I I .  
ESTABLISHING HEAT TOLERANCE L I M I T S  FOR HATS AND M I C E  

SUBJECTED TO ACUTE EXPOSURES fiT ELEVATED A I R  TEMPERATURES 

F i r e  i n  t h e  environment o f  an a i r c r a f t  accident  s i g n i f i -  
c a n t l y  increases t h e  l i k e l i h o o d  of  se r ious  i n j u r y  and death f o r  
passengers o r  crew who otherwise might escape unharmed. The 
burn ing o f  s p i l l e d  f u e l  and/or nonmeta l l i c  cab in  m a t e r i a l s  pro-  
duces the  two elements p r i m a r i l y  respons ib le  f o r  t h i s  increased 
r isk,  namely, an e levated environmental temperature and an atmos- 
phere o f  t o x i c  and i r r i t a t i n g  gases. Many l a b o r a t o r i e s  a re  cur -  
r e n t l y  i nvo l ved  i n  e f f o r t s  t o  i d e n t i f y  t h e  na tu re  and s i g n i f i -  
cance o f  t h e  t o n i c  hazard associated w i th  t h e  f i r e  environment, 
bu t  t he re  i s  l i t t l e  o r  no research on t h e  thermal hazard. 

Thermal e f f e c t s  could be e i t h e r  d i r e c t  o r  i n d i r e c t .  A 
d i r e c t  e f f e c t  would be one t h a t  r e s u l t e d  from the  t r a n s f e r ,  from 
the  environment t o  an i n d i v i d u a l ,  o f  a q u a n t i t y  o f  heat  suff i- 
c i e n t  t o  produce phys ica l  , i ncapac i t a t i on  o r  death. Some i n d i r e c t  
e f f e c t s  might  be: t h e  panic r e s u l t i n g  from being swrounded by, 
o r  having an e x i t  blocked by, a mass of ho t  a i r  o r  a sheet o f  
flames; t h e  increased r a t e  o f  accumulation o f  t o x i c  gases brought  
on by increased r e s p i r a t i o n  r a t e  i n  a ho t  environment; o r  t h e  
increased t o x i c i t y  or i r r i t a t i o n  of gases inha led  a t  an e leva ted  
temperature. 

Almost a l l  assay p r o t o c o l s  i n  combustion t ox i co logy  u t i l i z e  
some p h y s i o l o g i c a l  response o f  an experimental animal t o  measure 
t o x i c i t y .  If thermal s t r e s s  t o  t he  animal i s  s i g n i f i c a n t ,  i .e., 
t h e  temperature and c a l o r i c  content  of t h e  exposure atmosphere 
exceed c e r t a i n  c r i t i c a l  l e v e l s ,  one will be measuring combined 
e f f e c t s  o f  heat  and t o x i c  gases. Thus,  f o r  meaningful e v a l u a t i o n  
o f  t e s t  procedures and r e s u l t s ,  it would be des i rab le  t o  know t h e  
magnitude o f  any thermal hazard component o f  a t e s t  procedure. 

When- a small- animal t e s t  system f o r  eva lua t ing  t h e  t o x i c i t y  
o f  combustion products  was designed and used at t h e  C i v i l  Aero- 
medical I n s t i t u t e  (CFIMI) % chamber atmosphere temperatures up t o  
.A "C were shown t o  have no e f f e c t  on t h e  t o x i c i t y  o f  CO o r  HCN. 
The e f f e c t  o f  temperatures above 35 "C was n o t  explored s i n c e  it 
was q u i t e  easy t o  main ta in  t h e  atmosphere below t h a t  va lue i n  
t h i s  smal l  system. 

TC 

For those s tud ies  t h a t  r e q u i r e  a l a r g e r  system, and espe- 
c i a l l y  f o r  so- ca l led "full sca le"  systems, it becomes d i f f i c u l t  
if not  imposs ib le  t o  main ta in  an atmosphere below 35 "C. To 
eva luate  these and other  t e s t  procedures, it would be h e l p f u l  to 
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1::now the  thermal t o l e rance  l i m i t s  f o r  t h e  species o f  experimental 
animal used. Since t h i s  in fo rmat ion  cou ld  no t  be found i n  de f in-  
i t i v e  form i n  t h e  s c i e n t i f i c  l i t e r a t u r e ,  we undertook a l i m i t e d  
i n v e s t i g a t i o n  t o  d e f i n e  the heat t o l e rance  l im i t s  o f  r a t s  and 
mice when exposed t o  e levated atmospheric temperatures f o r  r e l a -  
t i v e l y  shor t  pe r i ods  o f  time. 

A n  exposure chamber w i t h  a removable t op  was constructed o f  
0.125-inch plywood sandwiched between 30-mil sheets o f  aluminum. 
I n s i d e  dimensions were 22 by 24 by 26 inches: t h e  enclosed volume 
is approximately 225 L. A con t ro l l ed ,  e l e c t r i c a l  res is tance  
hea t ing  element ( 9 - i n  d i a l  was mounted i n  f r o n t  o f  a ?- in  fan i n  
one corner o f  t h e  f l o o r  w i t h  the  f an  ou tpu t  d i r e c t e d  toward t h e  
d iamet r i c  corner. Two add i t i ona l  6- in  fans were mounted near t h e  
c e i l i n g ,  b lowing p a r a l l e l  t o  the  c e i l i n g ,  bu t  i n  oppos i te  
d i r e c t i o n s .  

An 8- in-diameter,  three-compartment r o t a t i n g  cage, as used 
i n  t he  CAM1 t o x i c i t y  test pro toco l  was mounted near the  c e i l -  
i n g  and d r i ven  a t  6 rpm by a powered s h a f t  t h a t  extended through 
one wa l l  j t he  sub jec t s  were thus fo rced  t o  walk a t  a l i n e a r  
v e l o c i t y  o f  150 in /min .  The c e i l i n g  of t h e  chamber has a pane of 
t he rma l l y  r e s i s t a n t  g l ass  mounted over t h e  cage area t o  permit  
v i s u a l  observat ion o f  t he  t e s t  animals. The animals were 
sh ie lded  from d i r e c t  thermal r a d i a t i o n  o f  t h e  heater  and heater 
shroud by t h e  placement of  an aluminum-f o i  l- covered asbestos 
board between t h e  r o t a t i n g  cage and t h e  ho t  sur faces.  Re la t i ve  
humid i t y  (RH) w i th in t h e  chamber was n e i t h e r  c o n t r o l l e d  nor meas- 
ured dur ing  a t e s t ;  however, the  RH a t  t h e  s t a r t  of each t e s t  has 
been 20 t o  3:) percent .  

Animals were obtained from the  Char les R iver  Breeding Labor- 
a t o r i e s ,  Wilmington, MA. Rats were male a l b i n o s  (Sprague-Dawley 
der i ved)  and mice were randomly bred male a lb inos,  CD-1 s t r a i n .  
Both species were inspected by a v e t e r i n a r i a n  on r e c e i p t  and then 
he ld  i n  i s o l a t i o n  f o r  8 days. A l l  were mainta ined f o r  4 days on 
drini : : ing water con ta in i ng  1.5 g/L o f  s u l f a t h i a z o l e ,  then normal 
t ap  water f o r  t h e  remaining 4 days o f  i s o l a t i o n .  A l l  were fas ted  
overn igh t  p r i o r  t o  use but  were a l lowed access t o  water. 

The exposure chamber was preheated t o  t h e  des i red  tempera- 
ture and maintained f o r  5 minutes tu a l l o w  thermal e q u i l i b r i u m  of 
a l l  components. The cage was then removed, an animal was placed 
i n  each o f  t he  t h r e e  compartments, and t h e  cage was replaced i n  
t h e  chamber. The r o t a t i o n  motor, t h e  temperature recorder char t ,  
and a t imer  were a l l  turned on simultaneously. The elapsed t ime 
a t  which each animal became p h y s i c a l l y  incapac i ta ted,  as deter-  
mined v i s u a l l y  by t h e  observer, was recorded as t h e  t ime-to- 
i ncapac i t a t i on ,  ti. 



For t h e  r a t  study, a minimum o f  two r e p l i c a t i o n s  were con- 
ducted a t  a l l  bu t  two temperatures; o n l y  one run  ( t h ree  ra t s ; )  was 
conducted a t  38 "C and one a t  48 "C. A t o t a l  o f  59 r a t s  were 
exposed a t  11 d i f f e r e n t  temperatures. 

Some l a b o r a t o r i e s  u t i l i z e  mice f o r  f i re- hazard  t e s t i n g :  
the re fo re ,  we f e l t  it was d e s i r a b l e  t o  conduct a few experiments 
w i t h  mice even though the  CAM1 i n h a l a t i o n  t o x i c i t y  p ro toco l  util- 
i z e s  r a t s  exc lus i ve l y .  The same chamber and techniques were used 
f o r  t h e  mouse study as were f o r  t h e  r a t  study. Exposures were 
conducted a t  f i v e  temperatures w i th  a t o t a l  o f  13 mice. 

The j u s t i f i c a t i o n  f o r  any amount o f  t h i s  type o f  animal 
research- - necessar i ly  accomplished w i t h  unanesthet ized subjects--  
is t he  d e s i r e  t o  reduce f i r e  hazards f o r  humans. We f e l t  t h a t  t h e  
need f o r  a meaningf cil smoke t o x i c i t y  assay p ro toco l  ? t h a t  is ,  one 
f o r  which t h e  c o n t r i b u t i o n  from hyperthermia would be neg l ig ib l ' e ,  
was a power fu l  j u s t i f i c a t i o n  i n  i t s e l f ;  however, we a l s o  f e l t  
compel l e d  t o  ask how the  animal responses might r e l a t e  t o  those 
f o r  humans i n  s i m i l a r  thermal environments. We t he re fo re  con- 
ducted an in- depth survey of t h e  1 i t e r a t u r e  concerned w i t h  human 
thermal t o l e rance  l i m i t s .  

RESULTS AND DISCUSSION 

The r e s u l t s  of  the  exposures w i t h  r a t s  a re  i n  Table 1; those 
f o r  mice a re  i n  Table 2. These data, f o r  each of t h e  two spe- 
c ies ,  were used t o  der i ve  by non l inear ,  l e a s t  squares regress ion  
techniques an equation t h a t  bes t  f i t  each data set .  Since t he r-  
mal r a d i a n t  energy flux i s  a f u n c t i o n  o f  t h e  f o u r t h  power of t h e  
temperature i n  degrees Kelv in  ( K 4 )  , t h e  exposure temperature 
appears i n  t h e  f i t t e d  equations i n  t h a t  form. Those equat ions 
are: 

where tr = t ime- to- incapac i ta t ion ,  i n  minutes, and 
K = exposure temperature, degrees Kelv in .  

F igures  1 and 2 ,  r espec t i ve l y ,  i l l u s t r a t e  t he  correspondence 
between t h e  data  set  and the  de r i ved  equat ion f o r  r a t s  and f o r  



T A B L E  1. R A T  I N C A P A C I T A T I O N  T I M E  A S  A F U N C T I O N  
OF  A I R  TEMPERATURE, FOR TOTAL- BODY EXPOSURE 

T i m e - T o - I n c a p a c i t a t i o n ,  m i n .  
R u n  No. A i r  Temp.  

" C  (1) ( 2 )  (3) 

1. 
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J. 2 
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e 
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T A B L E  2.  MOUSE I N C A P A C I T A T I O N  T I M E  AS A F U N C T I O N  
OF A I R  TEMPERATURE, FOR TOTAL- BODY EXPOSURE 

T i m e - T o - I n c a p a c i t a t i o n ,  m i n .  
R u n  No. A i r  Temp .  

" C  (1) ( 2 )  (3) 

m i c e .  T h e  f igures, as w e l l  as the tabu la ted  data, d e m o n s t r a t e  
the d i f f e rence  i n  res is tance t o  t h e r m a l  stress tha t  e x i s t s  
b e t w e e n  the rodent species. This  d i f f e rence  m o s t  l i k e l y  r e f l e c t s  
the d i f fe rences i n  body m a s s e s  and i n  the surface a r e a / m a s s  
ra t ios .  
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FIGURE 1. TIME-TO-INCAPACITATION AS A FUNCTION OF EXPOSURE 
TEMPERATURE, FOR RATS. Each datum point represents one ani- 
mal, n=56. 

i, 

Degrees, Ce 1 s i  us 

FIGURE 2. TIE-TO-INCAPACITATION AS A FUNCTION OF EXPOSURE 
TEMPERATURE, FOR MICE. Each datum point represents one ani- 
mal, n=13. 
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The s t a t i s t i c a l l y  d e r i v e d  c o n s t a n t s  f o r  t h e  e q u a t i o n s  s u g g e s t  
t h a t  t h e  s h o r t e s t  time i n  w h i c h  t h e r m a l  c o l l a p s e  c a n  b e  p r o d u c e d  
f o r  e i t h e r  s p e c i e s  would  b e  a b o u t  1 m i n u t e .  F o r  t h e  r a t ,  t h e  
ma:.:imum a i r  t e m p e r a t u r e  f o r  which  t h e  b o d y ' s  t h e r m o r e g u l a t o r y  
s y s t e m  c a n  c o m p e n s a t e  would  b e  308.7 t::: (35.5 "C) ? w h i l e  t h e  cor- 
r e s p o n d i n g  v a l u e  f o r  t h e  mouse is 310.7 K (37.5 "C). A t  a l l  a i r  
t e m p e r a t u r e s  a b o v e  t h e s e  r e s p e c t i v e  v a l u e s ,  t h e  r o d e n t  would  
e x p e r i e n c e  a n  i n c r e a s e  i n  t o t a l  body h e a t  c o n t e n t ,  l e a d i n g  e v e n-  
t u a l l y  t o  a n o n s u r v i v a b l e  core t e m p e r a t u r e .  

One may c o n c l u d e  f r o m  t h e s e  d a t a  t h a t  test a n i m a l s  ( r a t s  or 
mice) u s e d  t o  a s s a y  t h e  t o x i c i t y  of  c o m b u s t i o n  p r o d u c t s  may n o t  
b e  e x p o s e d  t o  a i r  t e m p e r a t u r e s  o f  45 " C or h i g h e r  w i t h o u t  r i s1 : : ing  
i n c a p a c i t a t i o n  ( a n d  d e a t h )  w i t h i n  30 m i n u t e s  b e c a u s e  of  t h e  t h e r -  
mal s t ress  a l o n e .  I n  a d d i t i o n ,  o n e  a l s o  risks t h e  p o s s i b i l i t y  
t h a t  a g i v e n  tox ic  a t m o s p h e r e  w i l l  b e  r e n d e r e d  s t i l l  more tox ic  
a t  e l e b a t e d  t e m p e r a t u r e s - - a  c i r c u m s t a n c e  f o r  which  w e  h a v e  p r e -  
1 i m i n a r y  e v i d e n c e  i n  t h e  case of  CO a t  m o d e r a t e l y  e l e v a t e d  a i r  
t e m p e r a t u r e s .  I t  would  seem, t h e r e f o r e ,  t h a t  t h e  u p p e r  t e m p e r a-  
t u r e  l im i t  o f  35 "C f o r  a n  e x p o s u r e  a t m o s p h e r e ,  a s  s p e c i f i e d  i n  
the  CAM1 protocol1 a n d  recommended b y  t h e  N a t i o n a l  Academy of  
S c i e n c e s" ,  h a s  b e e n  j u s t i f i e d  b y  t h e  r e s u l t s  o b t a i n e d  f r o m  t h i s  
s t u d y .  

Our s u r v e y  o f  t h e  l i t e r a t u r e  a d d r e s s i n g  t h e  t o p i c  o f  human 
t h e r m a l  t o l e r a n c e  l imi t s  h a s  c o n v i n c e d  us t h a t  n o  a c t u a l  human 
e x p o s u r e s  h a v e  b e e n  c o n d u c t e d - - o r ,  a t  leas t ,  n o n e  h a v e  b e e n  
r e p o r t e d - - u n d e r  c o n d i t i o n s  t h a t  a c h i e v e d  or e v e n  a p p r o a c h e d  i m m i -  
n e n t  p h y s i c a l  c o l l a p s e  f r o m  h y p e r t h e r m i a .  A m y r i a d  of  s t u d i e s  
h a v e  b e e n  c o n d u c t e d  f o r  w h i c h  t h e  e n d p o i n t  w a s  v o l u n t a r y  to le r-  
a n c e  ( d i s c o m f o r t ) ,  some d e g r e e  o f  p e r f o r m a n c e  d e c r e m e n t ,  or a 
l i m i t i n g  v a l u e  f o r  some p h y s i o l o g i c a l  p a r a m e t e r  s u c h  a s  core 
t e m p e r a t u r e ,  b l o o d  p r e s s u r e ,  h e a r t  or r e s p i r a t i o n  rate,  e tc .  We, 
h o w e v e r ,  are n o t  c o n v i n c e d  t h a t  t h e s e  e n d p o i n t s  are s u f f i c i e n t l y  
c lose  t o  t h a t  o f  h y p e r t h e r m i c  c_ollapse t o  b e  o f  real v a l u e .  

SUMMARY AND C O N L U S I O N S  

R a t s  a n d  mice were f o u n d  t o  b e  s u r p r i s i n g l y  s u s c e p t i b l e  t o  
p h y s i c a l  i n c a p a c i t a t i o n  ( h y p e r t h e r m i c  c o l l a p s e )  when e x p o s e d  t o  
m o d e r a t e l y  e l e v a t e d  a i r  t e m p e r a t u r e s .  F o r  rats,  t h e r m a l  c o l l a p s e  
o c c u r s  i n  a b o u t  60 min a t  40 "E, 3 : )  min a t  45 "C, a n d  5 min a t  85 
"C. Mice are somewhat  more s e n s i t i v e  t h a n  ra ts ,  w i t h  a 5-min 
callapse produced by expo5~1r-e at a b o u t  65 "C. 

The  r e s u l t s  o f  t h i s  s t u d y  s t r e n g t h e n  o u r  p r e v i o u s  b e l i e f  t h a t  
smoke t o x i c i t y  tests should n e v e r  s u b j e c t  r o d e n t s  t o  t e m p e r a t u r e s  
a b o v e  40 " C- - p r e f e r a b l y  n o t  a b o v e  35 "C. I f  t h e s e  t e m p e r a t u r e s  
are e x c e e d e d ,  t h e n  t h e  o b s e r v e d  e n d p o i n t  is a p t  t o  be t h e  r e s u l t  
of b o t h  toxic a n d  t h e r m a l  i n s u l t s ,  r a t h e r  t h a n  a m e a s u r e  o f  toxic 
p o t e n c y  a l o n e .  
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