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Preface

At the request of the Nationa l Aeronautics and
Space Administration (NASA) and the Consumer Product Safety
Commission (CPSC), the Conunittee on Fire Toxicology has
undertaken the tasks of evaluating the state-of-knowledge
in fire toxicology and recommending guidelines for establish-
ing standard approaches for testing the toxicity of polymeric
materials in fires. Both NASA and CPSC have concerns for the
toxicity of pyrolysis/combustion products of polymers ;
however, the type of polymer of concern to each agency may
vary greatly due to its use. For examp le, the thermally
resistant polymer used to insulate the electrical system
in an aircraft and the polymer used in household furnishings
‘nay be vastly different materials.
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I. INTRODUCTION

Fires in the tInited States have become a very serious concern.
They cause an es tima ted 12,000 deaths , 300 ,000 injuries , and $11.4
billion in property damage annually in the United States.34 This nation
leads the ind’istria 1~ zcd world in fire deaths per cap ita . The rate is
nearly twice that of secoild-Lauking Canada . The majority of fire
victims die by inhaling smoke or toxic gases well before the flames
have reached them.

One approach to decreasing fire damage has been to reduce the
flammability of materials used to construct and furnish buildings and
transportation systems . Flammability standards have already been
established for many items such as carpets and mattresses. Because
flame retardants are often used to meet the flammability standards ,
their production rates have increased dramatically during the past
decade.

Because this approach does not address the problem of smoke and
toxic gases , it may not decrease deaths or injury . Flame retardants
can undergo pyrolysis when exposed to heat and may produce products
that are more toxic than those tha t would result from flaming of the
untreated combustible material.40 Untreated wool produces primarily
carbon dioxide , water , carbon monoxide and nitrogen oxides under flaming
conditions ; however , during pyrolysis, hydrogen cyanide and organic
cyanides are produced. The deaths of some aircraft crash victims have
been attributed to poisoning by combinations of carbon monoxide and
hydrogen cyanide .3°

The state-of-the-art in fire toxicology is considerably under-
developed when compared to other areas of toxicology. Relatively
standard approaches are used to evaluate the toxicity of food additives ,
drugs , cosmetics , and pesticides; however, no such approaches have been
developed to evaluate the toxicity of products resulting from the
pyrolysis and combustion of materials. The rapid growth of the
synthetic polymer industry has significantly increased both the
quantity and types of material s involved in fires. Investigations on
the toxicities of pyrol ysis and combustion products began in the
fifties. Many of the publications that resulted dea l with the types
of gases produced from the different polymers . Standard approaches
need to be deve loped to assist engineers in selecting materials for
specific uses based part ly on the toxicity of their pvrolvsis/combu stion
products.

1
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~ased on i t s  l i t e r a t u r t -  r i - v i . - w , p r e s e n t a t i o n s  by s e l e c t e d
resea rchers  t o  t ire consu l t  t e e , ari d t h e  e x p e r ie~iee of i t s  rnem ers , the
c o m m i t t e e  c o n c l u d e d  tha t t h e n  ar e  ~~ i a cc e p t a b l e  s c r een ing  t est s  to
eva lua’  e r e l a t i ve  o x i c i t  r i - c  ~ t pv r - ’ l - .- s i s  and c - c t i i h u ~~t i o n  p r o d u c t s  of
p o l - m e r i c  mat e r ia  I s .  A l  I p r e ’ . t :~ -t e  - hc t d s  have one or mo re shor t comings .
I t  fu r t h e r  co n c l u d e d  t h a t  t h e  s t a t e - o f - kn o w l e t h - e in f i r e  toxicology
prec ludes  the  est  ~ b 1 ish in en t  ul a s t a n d a r d  pro t ocol  for  screening m a t e r i al s .
h owever, t he  c o m m i t t e e  has developed some gu ide l i ne s  t h a t would l i m i t
t h e  va r i ab l e s  so tha t t h e  data  o b t a i n e d  could serve as a basis  for
dev i s ing  screening  sys tems and r e s u l t s  could be compared among labora-
t o r i e s .

[here  is an u rgen t  need fo r  re l iable  screening methods  to  identi-
f’: m a t e r i a l s  wh i ch evolve hi gh l y toxic products when subjected to
e i t h e r  p’- r o l v s i s  or flaming conditions. An adequate screening method
should  p rov ide  a basis fo r  r ank ing  m a t e r i a l s  into t o x i c i ty  g roups ;
however , re levance to the rea l f i r e  s i t u a t i o n  would depend on the
in tended  use of the  m a t e r i a l s  and other factors . Since incapacitation
is r e l a t e d  to  the a b i l i t y  to  escape the  f i r e  scene , t h i s  end poin t
shou ld  be s t r e s sed  in any screening  method as we l l  as the  measurement
of a c u t e  t o x i c i t y .  T o x i c i t y  d a t a  mus t  be used to evaluate hazard.

S h o r t c o m i n g s  and l i m i t a t i o n s  of a l l  sc reen ing  procedures  must  be
emp has ized . To be p r act i ca l , a screening method  must be economica l
and r e l a t i v e ly easy to conduct . This  probably eliminates tests
s imu la ~ i t i ~ a l a rge-sca le  ‘ rea l f i r e ’ s i t u a t i o n ;  however , i t  is impor tant
tha t tie toxic p yr ol - -si s/ combu st ion products produced in a screening
system be representative of those occurring in a “ rea l f i r e ” . Since
the sc reen ing  sys tem is desi gned to  i d e n t i f y  h i g h l y  toxic  m a t e r i a l s
and to rank materials , the primary toxic agent might not be identified
nor would the mechanism of toxicity be determined. The results from
screening systems for determining the toxicity of pvrolvsis ’com bustion
p r o d u c t s  a re  compa rable  to  “ r a n k ’ i - l i n d i n g ” s t ud i e s  used to determine
t h e  t o x i c i ty  of c h e m i c a l s .  In many cases , a screening s y s t e m  w i l l  not
p rov ide  a l l  t he  i n f o r m a t i o n  r equ i red  abou t the  m a t e r i a l ;  however , the
results should certainly provide a sound bas i s  for planning more
definitive experiments.

t h i s  report  b r i e f l y de sc ribe s  most of the  current  methodologies
i q e d  t o  investi gate the toxici ty of pyrolvs is and combustion products.

A1 1t o r ) ~! many gags In t h e  s c i e n t i f i c  knowledge must  be f i l l e d  before
p r i t t o c ~~t s  t o r  s t a n d a r d i z e d  s c r e e n i n g  methods  can he w r i t t e n  on a
s c i e n t i f i c a l l y sound bas i s , t h e  comittee has  recommended guidelines
t o r de v e l op i n g  sc reen ing  sy s t e m s . l’hese g u i d e l i n e s  l i m i t  the number
of v a r i a b l e s  In a screening method i n  t h ree  m a j o r  a reas :  burn condi t ions ,
exposure  c o n d i t i o n s , and end p o i n t s .

‘e t a l  led reconinenda t i o n s  cannot  a lways be made due t o  t he  s t a t e - o f -
kn o w l e d g e . For ex a m p l e , t h e  c o m m i t t e e  cons iders  t h e  measurement of
i n c a p a c i t a t i o n  to  be t h e  mos t i m p o r t a n t  end p o i n t ;  however , no one

2
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method can be recommended at this t ime . This report points out  these
areas in  wh ich  research is needed.  They are  i m p o r t a n t  fo r  develop ing
the basis  for  f i r e  t o x i c o l o g y  s c r een ing  sy s tems , and a re  not an
inclusive list of research needs in t he  genera l area of t i r e  t o x i c o l o b - - .

This document is directed toward those persons in government and
industry who are primaril y concerned with reproducible s t a n d a r d
methods  for  screening m a t e r i a l s  for  f i r e  t o x i c i t y .

3
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i i . ~;
-;v i vw  nv ‘ tv  F h l u I r  LOGY

t i e  report by a p ° n~~rked i~ e cf inning of fire toxicology .
Ii contained ti r e assessment ot toxic l~~ct ors created b~ fire as well
as pro ect i ye measures at -a i rist i n j u r  due to  fire. - i reported
that eyc-essive concent rat ions ~~ t v a n i on monox ide  and d e f i c i e n c i e s  of
oxV :e it  - not  d i r e c t  t-rtna l effects - were t i r e  p r e d o m i n an t  le t  a l
fact org .

In 1-154 . Colema n and } ‘na s’2 ci p t asized the necessi ty of
determinin g whether an-; spec ia l  fire i azards could result from new
po~~:t i - r i c  na ’erials. L i r e  stressed t h e  need to  i n v e s t i g a t e  t i le
p o s s i b l e  f or m a t i o n  of toxic gaseous p r o d u c t s  d u r i n g  the combustion
o r  d e c o m p o s i t i o n  ot  Lh e s e  m a t e r i a l s .  l i e ;  degraded chlorinated
p l a s t i c s  and  d e t e r m i n e d  t h e i r  the rma l decompos i t ion  p r o d u c t s ,  which
were p r i m a r i l y ‘v dro 1:en c h l o r i d e , carbon monoxide , and  c a r t on d i o x i d e .

on s i d e r ab l e  q u a n t it i e s  of - ; d r o g e n  c h l o r i d e , cor responding  t o  30 . of
t i ~e c h l o r i n e  c o n t e n t  of the  o r i g i n a l r a t e r i a l s , were evolved at  the
compara t iv e l v  low t i - n p - - r a t  ure ~ f 3 )O C. ~races of c a r b on - - i  ch lo r i de
were e v o l v e d  i n  sum ’- i - s t a n c e s , bu t  t h e  q u a n t i t i e s  we re smal l  compared
w i t h  t hose  of h~ ot he r  r u s e s . - ta t e r i a l s  decomposed i n c l u d e d  c h l o r i n a t e d
p o l vm e t h i - i  m e t i r a c r i at e , p u l  - v i n y l  c h l o r i de , v i ny l  c h l o r i d e  ar id
vinvlid ene chloride copo l-me r , and stabilized po lvvi tu-; l chlorides.

In 1 9 6 2  ~l a c I - a r I a n d  and Lcon g 29 r epor ted  t i r e  h a z a r d s  from t h e
therma l d e c o mp o s i t i o n  of p o l - . r e th a n e , p o ly u r e t h a n e - c o a t e d  n\ - lon ,

- - and epoxy r e s ins .  In t 1 e  same year , Zapp 50 d iscussed  the  t o x i c i t y  of
t h e  therma l decompos i t ion  p r o d u c t s .  Fle compared the m o r t a l i ty  01 r a t s
exposed to  the  decompo si ’  ion p r o d u c t s  ol  different p tastics produced
t i n der t he  same c o n d i t i o n s,  lie conc luded , “ In jud ging  the safet y of a
synt i - I  ic resin for a proposed use , t h e  hazard from con i f i s t  ion or
therma l decomposition should be conipared under equivalent condit ions
with tha t of alternative materials which have , if p o s s i b l e , a h i s t o r ’.
of s i mi l . -~r r i se . ”

In 1 Y ’ I 8 , lacgarland 2d discussed tie prob leri s of defining the
toxicity of t h e  p v r o i v s i s  p r o d u c t s  of p l a s t i c s .  t hese pr ob lems i n c l uded
dosage and v a r i a b l e  decorupos i t ion p r o du c t s  d e p e n d i n g  on tire burn
c o n d i t i o n s  as w e l l  as t h e  composi t  011 ~ t t t ie p last ic. In 1970,
Autia i-i 5 reviewed ~he t o x i c i t ;  of a number oh c o m b u s t i o n  p r o d u c t s .  l ie
discussed the needs for testi ng and f i r t i e  development of standardized
toxicity te sting procedures. This need still exists and will be
discussed later. A similar , less intensive review from Ant [an ’s
labo ra t ory

’
~ ’ emphasized tire urgent need to develop standa rd testing

systems for rating tin- t oxicity ot burning materials. I w o  separate tests
were reconznended on the sanie mat  eria I , n i ’  I rea  t i tig wit bout t Ire i rut rodrict ion

4
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of  f l a m e  and t i r e  o t h e r  w i t h  f l a m e .

Recent I ’ - , Ir u in e r ot i s  r e p o r t s  on th e  t o x i c i t y  of p v r o l v s i s / c o m b u s t i o n
products and n various eva hint i r e  m e t h o d o l o g i e s  have n-e r  p u b !  [shed .
In 1 ii is report (lie I 1 t cc 1105 i c v i  ewe(l t h o s e  m e t h o d o l o g i e s  i r a
have  been or a r e  being used fo r  po i \ - r n er s .  ~Ia ny of t h e s e  m e t h o d s  were
d e s i g n e d  f o r  r e search  a r i d  were ~~u t  intended to ~e app l i e d  as s c r e e n i n g
m e t h o d s .

I t  was r * - c o g : i z c d  i n  the Ee dera l R e p u b l i c  of Germany tha t a
, t an d a r . l  ‘r i  t ti -~il ‘~

} o l d  he devc 1 - t - . ~~i and  n b a ’  an  a p p r o p r i a t e  way to
a s s ess  I r e  i t a za  rd s of ti re p ; r o h v s i s  6 r o du c t  s of a ~v n r  ne t  i c  m a t e r i a l
WaS t o  comp ar e  t h e i r  r o x i c  e f f e c t s  w i t h  t h o s e  of p r o d u c t s  formed hr a
c ’ri - c - n t i o n s l n e r l a l -

~~ i t  p n op - ’ s e d  s t a n d a r d  method  was l i m i t e d
o smo I rb r rig c c c i i L i -  i r a  -

In  a g r e e m e n t  w i t  Ii t h e  German Commission of S t a n d a r d s  an
appa r a t u s  was deve l on~.d ( D !~ f l r a f t  53 436 of A u g u s t  lYhh )~~ to a d m i n i s t e r
t h e  t o x i c  prodtic~ i i  t e s ’  a n i m a l s .  E s s e n t i a l ly , t he  appa ratus consists
of a tusi- d s i l i c a  t h e  ar l e a s t  1, 000 mm long w i t h  an o u ts i d e  d i a m et e r
of + I) mitt ‘itid a w a l l  t h i c k n e s s  of 2 mm. An annular electric oven tightly
i - - c - l o s i n g  t t ~ - 0t  I~ ‘ r u t  d ~ r o r . i i J  t i r e  t ube ,  l i r e  oven is moved over
t i n -  samp le a t  iii- n a t e  a t  10 nu i i/ tn in  a g a i n s t - t h e  a i r s t r e a m .  K i mm e r l e ’ s 2 5
c ’ : r d i t  ion s for testin g are as f o l l o w s : Tem p e r a t u r e  of p v r o l y s i s
--- a r i e s  I rot’r 2 t ) 0  C-~~00 °C in i n c r e m e n t - s of 5 0 ;  air is supp l ied to tite
combust i ‘n c h a m f e r  a t  a r a t  e of 100 liters ‘hir , arid air is mixed with

: . r  I ’~’Hs ~ r “ t - - u t  i r  0)0 or 300 fi t e rs hr . The exposure chamber

~ S O — i  t •-~~ ~~~~ n - ’ -  y e ’  u- h t o  i i  -e~’h-rn t I or rh o - trier h a g l ass t u b e
v - i t t -  a ‘v - . q n ~- l e n  one , r p p n ; r Y t r m f l t c - !’; 45°  and  the other ah~~’ ’ i~~O ’ .

h i - i  ~ ra ‘ ‘is . t h e  i te a r 
~t twent y male rats are exposed

or 3 )  m m .  l i e  ob s e r v a t i o n  p e r i o d  is n o r ma l l y 7 days but is extended
o 14 - I t ni-i t ’ 5~~’i r - . ( ,i~~u , -  t i - ’ t I (

~( L9 i t  t i r e  most  i m p o r t a n t  gases a re
ana 1 vzed d i i  r i  rig t i e  t eat ; ca rho xv l iemog lob in det  erm i ria t ions and swimming
t i - ~ s a r e  c o n d u c t e d  a t  t~~i~~ “nd of t i r e  e x p o s u r e . For c o m p a r i n g  t h e

i r x i c i t  u - s  o f t i e  p - - r ~~ l~~-- s - i c  p r o d r i c - t s , emp h a s i s  is p laced on t h e  t emper-
a t u r e  ra ru ~-e- h~~twe~ n thc ,st  where  no dea ths occur red  and t hose  where
d e a t h s  d i d  o u t - o r  w i t ) ,  a g i v e n  wei gnt or given volume of samp le .  Based
on equa l vo1iirii ~ s , pol yst yr. In was t h e  safest material tested ; polyethylene ,
cork , p i n e  wood and  s pr uce p h  --woo d were i n  an i n t e r m e d i a t e  r ’  ro ip; a r i d
po i -- v i m i v l  c h l o r i d e , w o o d - c h i p b oar d , i n s u l a t i n g  board , ha rd board , and
rn I r )(-el lu lose were t hi- m U S t  t ox ic - Based on equa I we i ghts , p ine ~~od
drops to a lower t emperat ure t o y i c m t y  group. A number of building
ntater ia ls were compared base’! efl equa l volumes. ~one of t i r e  s y n t h e t i c
pol ymers t e s t e d  produced d e a t h s  b e l o w  400 ’ C;  however,  spruce wood and
cork produced d e a t h s  ~t 150~( ~ d 300 ° C , r e spec t ive ly .

h o f f m a n !  a - I  1 I ~ n ,  I a t t - ,qt  app a ra t r i s  t h a t  comp l ies
w i t h f b i -  1 i -

~~~~
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t i r e va I n- o f  t -  t e m p e r a t u r e  i s  r i - ad  w t t i i o c : t o~’ 1 .5  mm delay in the
s t a n d a r d  . Agai n :iic Oven is passed over t i r e  samp le a t  a v e l o c i t y  of
10 nun 1m i t i . A i r  a t  a r a t e  of  l i ) ) l i t e r s ,- h r  i s  forced t h r o u g h t i re  t ube
c o u n t e r  to t i r e  (not IOU of t h e  oven.  At  - re o t h e r  end of t he  oven , t h i s
c u r r e n t  of a i r  a r i d  p y r o l - - ;; is p r o d u ct s  are mixed w i t h  f r e s h  a i r  admitted
a t  100 l i t e r s - h r .  The corn b i - ie d  n ixture is led through a glass distribu-
tor t o  r a t s  w l r i u L  a r e  kep t  in s i x  smal l  g lass respira t ion chambers . The
d e c o m p o s i t i o n  : emp e r an ur e s  a re  300 G . 400 ’ C , 500 C , and 1 1)0 g .  As a
r u l e , t i r e  e x p o s u re  p e r i o d  i s  30 ru in arid tire experiments are repeated
once or t w i c e  I or a t o t a l  u t  I~ to 18 anima ls a t  eaclr t e m p e r a t u r e .
I m m e d i a t e l y  in tn ori 01 the  resp i r a t i o n  cir atm ibers t he  carbon monoxide
c o u i t e n ’ of t i re  fumes is measured .  I m m n e d i a t e l -  a f L e r  the  exposure ,
the cart oxvlremo globjn content cO the animals ’ b e d  is determined.
) c - a t l r  i s  the  o t h e r  end p o i n t . W i t h  samp le we ig h t s  of 5 g ,  a number

o f e x p a n d *- d  p o l v s t - :r e n i e s  were t o -  ad to produce no d e a t h s  when p v r o lv z e d
at  ‘400 C or I - d ow . Expanded cork a i d  n ob l er p r o duced  d e a t h s  when
pvr o l - ;zed  at ~U0 °C;  wool , p t - i c  wood , t e l t  and  l e a t h e r  produced d e a t h s  W C

p ;r o l vz e d  a t  300°c , which  was t h e  lowest t e m p e r a t u r e  used .

g i s h i t a n i  and  ~-,ak amura 2 ’
~ have d e s c r i b e d  two t e s t  methods , one for

b a s i c  research and the o the r  as a new me thod  f o r  judging the safety of
a b u i l d i n g  m a t e r i a l  du r ing  a f i r e . t h e  research tes t  a p p a r a t u s  is
composed of a combus t ion  f u r n a c e , exposure  chamber , and movement -
d e t e c t  i n g  device .  The c o m b u st i o n  fu r n a c e  a n  a gas b u r n e r  arid a
q u a r t z  t u b e  s ~‘s t em wi t i r  w ir i ch t he  m t  e r r o r  of t i r e  ube can be kept  a t
a c o n s t a n t  t e m p e r a t u r e .  ‘the c o m b u s t i o n  p roduc t s  ee~r e r a t e d  a re  led by
a n a t u r a l dra i t  into a 5 6 - l i  t er  exposure c h amb e r  made ot transpa rent
g lass  wIn ch contains the movement de t ect ion device. ir e natura l draft
is created during the test by an exha ist at a rate of 4 liters mm

- i r e  exposure  ch amber t i r r o rg i a smoke C c t iCL- i t r a t  ion  m e t e r .  ir e  th ree
I e ;e l s  of h e a t i n g  t empera tures  are  3 ’0~ C , 501) C and 750~ t ’ . i re  t e s t i n g
t ime is 15 m m .  i i i ~ sm oke and carbon monoxide conce m r t  r a t i o n s  are
measured  con t  Iliou ls ly and a samp le of gas i s  cal  l e c t e d  t ron tire exposure
chamber  e v e r - -  1 to 3 m m .  to ana lyze t o t  hy d r og e n  c - a u i d e  or hy drogen
c h l o r i d e . b l i c e  t h a t  surv ive  t ire t e s t  a r e  ob served  fo r  1 week.

The second tes t  appa r a tu s , deve l oped f o r  the screening of toxicit y

of building materials , consists of  a combustion furnace ,2~ dilution
chamber , exposure ch am ber , and movement detection dev i ce, l i re
specimen is heated by radiation from a 1.5 kw electric heater arid a
propane gas flame (contacting the bottom part of t in - surface of the
specime n ) from a gas burner. Three liters of air and 0~35 liter of
propa ne gas are mixed ever’; minute and delivered t o  the  gas burner ;
25 liters of air are delivered f u r t h e r  i n t o  t i re  c o m b u s t i o n  f u r n a c e
cacti mi n ute. l ire combustion products ge~erated from tire specimen
as a r e s r i l t  of t h e  heat  ing e n t e r  a 0 .5  m d i l u t i o n  chamber where t h e y
a r t -  a d j u s t e d  t o  a s u i t a b l e  t e m p e r a tu r e  and concentrat [air. ltev are tiren
led to the exposure chamber t hrom ig ii a connect lug tube with an inner
d i a m e t e r  of 5 cm. ‘ t h e  exposure chamber i s  a 0.5 m3 s t a i n l e s s  s teel
cube w i t h  S -ietnt hole on one side. in the exposure chamber there are
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ci ~l n t nm o v e m e n n t  —det ect i i i . - devices , 1)0th “rev oiv i mg ’ amid ‘‘ S t  r a i n ” t j

each cu~r t a i m n i m r g  - ‘at’ mo- are. Samp les are r c a ~ ed with t c- gas  h u rt e r  for
tire first 3 r im ; L i rei r Ld d idL ~ oIn h eat is added for t l ,  xt 3 w in . At ‘ er
ireating is stopped , exposures continue for 9 mm more , making t h e
exposure period a total of 15 m m .  A part of t hre gases produced is
vented from tire connect ing t u ’ c at a rate of 10 liters - ’wi nr to reduce
the quant it y of combustion produc ts entering tire exposure c - a n i t er .
l i ne t emperature inside tire exposure ciramber is maintained at 30~ c.
Throughout t ire testing period , the concentra t ions of ca n -on monoxide ,
carbon diox i de , and ox- -gem u wi thin t i r e  exposu re ch amber  amid tire exhaust
t empera t u re  a r e  m easu red  can t  inuous 1; - Ana 1, - s i r s  a r e  a iso made fo r
hydrogen cy a n i d e  and tn ~ U t u g e i n  ch lo r ide .  l o x i c i t , ’ eva lua t ton i  is based
on the state of activi t - ; of t i n e  m i c e .  ‘Ihe c o m b u s t i o n  p r o d u c t s  impeded
activity of the mice e-~er n  wmi ern  concentrations wer~t fa irl y low . This
suggests  t h a t  iiuma’ts in a b i m r n i ng b u i l d i n g  could become i n c a p a b l e  of
freely performing evacuation activities at the early stages of a fire
due to t o x i c i t i e s  of the  combus t ion  p roduc t s .

Carter et al. 1° have described a modified 142-liter Bethlehem
exposure chamber wit h P1exig las~ rep lacing the glass v i e w por t .  One
viewport was removed and rep laced with an a i r l o c k  c o n s t r u c t e d  so that tire
door otr the ciramber end of tire airlock can be opened remotel y from the
outside. A stainless steel wire partit ion confines tire rats t o  the
forward third of the chamber where the p y r o l v s a t e  is i n t r o d u c e d,  th e
p- --rolvs is chamber consists of a I— in diameter stainless steel tube
wh ich delivers ‘i r e p- - -ro l~-sate directly into tine exposure chamber. A
Lirrdberg I ir :nace equipped with a tempera t ure controller produces tire
therma l decompos i t i on .  A l t e r  t i re  samp le is p laced in time pvrolt sis
t r i b e , t i n e  pressure in t i ne s- -stem is reduced to bOO torr. l ire preheated
f u r n a c e  i s  p l a c e d  8 A  - i ‘1 t p - r o l v s  is  t~ ub e below lie sample .  The t u b e
is t h e ur h e a t e d  for  10 m m prior ~o introduction of t Ire samp le . With
t i e  furnace and the parol ys is tube at temperature equilibrium , air
flow is initiated through tine samp le tube from a compressed air source
at a rate of 100 cm3/min. lire samp le is then moved into tire h ot zone
where p.- rolysis is initiated wrr ile the air flow moves the pyrolysate
into the exposure chamber. After 30 mm , when comp lete p vrol~-sis is
ass u red , t ime furnace is removed, lime air flow is then increased to
i i r i n ~- t i n e  int:rmia l system to ambient pressure , simultaneously swee’ ing
amr y residua l pyrolys is product s out of tire combustion tube and i: ) the
exposure cha mber . After t i e  3O-miir exposures , tire rats are removed
and observed.

In this method , acute toxicity studies are based on 48-hr postexposure
sur,rlva l . cross end histopathologica l examinations are performed on
all rats tha t survive this period and , where poss ible , on thos e tha t
expire earlier . Garboxy hemoglobin is measured to determine if letha l
levels are reacired during the exposures. Samp les for quanti tating
carbon monoxide arid rart ’ou ’ diov ide concentra t ions in tire chamber are
obtained 0, L i , o~~~ iu ,rnl r ~ u m  l i l t ti nt - exposures. }‘vr o lys is tests are
conducted at 550 ( and 600 ’C , and t hit amount of pol ymer for an LC5O is
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det er-lmr i -red

rrt.ss~~-r I5  Iras designed an appara t us that includes a combustion
clnanmther , a:nima I chiam ker . ~‘ari urn s ye I -:es , a nd samp ii r i~ p o r t s .  The
ant ma 1 chamber provides for t l ’e  s i m r It ann -ai rs exposure of lh animals
( r a t s ) , u n r e s t r a i ne d arid tr a n r es t ie t ized . iii individua l cages. One
part provides for an envir or yr rent al a~nalvsis; tire other for ongoing
n nlr si - ”1a~’i ca 1 mon it - ’n ing. All parts of t i r e a p p a r a t u s  a re  I’vr ex
w i r h  Teflon oaskets , except for the modif ied self-cleanin g oven.
this facilitates cleanin g , a pre r e quisite for obtaining reproducible
res - Its. The fire I I ‘ ,~ r 1 I t ,  p laced i n-i ti n combr is  t ion chann !rer on a
wn - i ghr t or volume “asis. A radiant hea t source is used to either
smolder or i c n i t e  the load at a predesigna n ed t enrperatmmre . The smoke
is cooled h - - c i r i g  d rawn h\ - i n — l i n e  f a n s  h r r o r g i r  a le’rg th of p ipe. I f
increased tetnper atnire i~ desired , a heat ing element of ‘~ichrome wire
i s  p laced in-lin e ; other-wise , the smoke proceeds either through a
b-:pass or  i n t o  r e  anima l chanrnt- er . Followin g this , the smoke is e i t he r
v e n t e d  or re t  u r r i e d  on s closed c i r c u i t  t o  t i r e  comb us t  ion chamber .
i c r i u d i c  samp les are m o n i t o r e d  b y gas chroma ’ ograp l n i ,  a t n d  bo th  the
t empera ture of the combustion chamber amid animal chamber are monitored.
S e l e c t e d  a n i m a l s  are also monitored for temperature , resp iratory rate ,
h e a r t  r a t e , e l e c t r o c a r d i o g r a m , c ar h u x ’ h emno ~~Iob in . blood pH , and blood
g a s e s .  A n i m a l s  a re  exposed fo r  15 mm to smoke produced from the
burning of acrylic carpet , nylo n carpet , vin yl flooring, urethane
and rayon ip in r is r e r - , and vin yl and paper wall cove ring. Aircraft carpet
ma terials have also been tested by this tnethod . in

i~o r n i s i r  et  ~~~~l3 , l4 have r e p or t e d  r e s u l t s  f rom two d r a s t i c a l l y
d i f f e r e n t  exposure s -s t ems . O n l ’ -  m a l e  r a t s  were s tud ied  under bo th
exposure conditions .

~~~~ ic Chamber: r~rorrps of a n i m a l s  (usually l5n are exposed to
the combustion products of tire sanrp le  in a 1,500-l iter stainless
steel ch amber. Pol ymers are combusted in a \ -;cor tube t ha t is
wrapped v.’~~t hi resistance wire . Combusti on t emperature is usually
reached within I to 2 m m .  A 700°C temperature is maintained for

to 10 m m .  F ifteen animals are kept in tire static chamber and
exposed to time combmmstion products , both vapors and particulate
matter , for 4 hr. Animals are seriall y sacrificed , five in~nediately
af ter exposure , five at 24-36 hrs , arid five at 7 days for blood and
issue anal--se s and for histologica l studies . Ca rhox viremog lobi n

determ imna t ions are made at tire end of ti ne exposure period . T~
determine tire approximate LC5O for a particular polymer, groups
of 1 5 ariimals are exposed in ‘1 re stat i c chamber to tire combustion
products of Increasin g quantities of the polymer being evaluated.
These an imals are observed for 7 days after exposure t~~ determine
dela yed mortalit y .

h ) :rn~ m mii c C h a m b e r :  In t h i s system t ine samp le i~ decomposed in a
ceramic  boa t p laced i n  a c o m b u s t i o n  f u r n a c e  t h a t  is progr.n~~ed for
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t emperature increases at t 1 r e  r a e  of 5° : ’min . lime t emperature is
measured  i n  tine rnm hn rst. ion boa t h -  a thermocoup le - I t  - i sua  ll~ reaches
a maximum of a p p r o x i m a t e l ’ -’ ~OO ° (’ a f t e r  l - ~’) mm , at which time pyrol--si s
is essent jail- -’ comp lete . During t i e  p v r o lv s i s , 1 l i t e r  of a i r ’m i n  is
passed over tir e samp le .  T h i s  a i - - s t r - a m  i s  cooled by d i l u t i o n  w t h  an
a d d i t i o n a l 2 l i t e r s  of  a i r - b r i m  ;-n r ro r t o  i t s  e n t m v  into the animal
expo sure  c h a m b e r .  Th~ a n i m a l s  a r e  exposed i n  a Pvre,~ g lass  t u b e
c o n t a i n i n g  s m a l l  chamb ers  tha t a re  c o n s t r u c t e d  so t h a t  onl y t ire ra t ’ s
nose i s  exposed t o  a tiow of d i l u t e d  pvro 1’~’sis m a t e r i a l s .

The two exposnire conditions described by Cornish ~ t al.13 ’’4
are obvio u sl y ver’- different . In tire static chamber th e animals are
exposed ‘ o tine total produ”ts of combustion for a 4-m r period . In the
dynamic system the animals are exposed t o the therma l degra dation
products oni’ during the rime t h a t  they are actuall’ - bein g released
from the pol’mer , since th e airstream carries ire gases past the
anima l and ou t  into the exhaust system. Thus , in tine dynamic chamber ,
the animals may he exposed to a specific decomposi tion product for
a relatively short time as products vary a t  d i f f e r e n t  t e m p e r a t u r e s .
Anot her difference is that volatile orgarnics produced from the
decomposing polyme r are likely t~~~ be burned because of tin e flaming
in M e  static chamber in contrast to the pyrolvsis in the dynamic
system . Concentrations of carbon monox i de , h’~-dr ogen chloride , hydrogen
cya nide , and o x i d e s  of n i t r o g e n  are m o n i t o r e d  i n  bo th  e x p o s n i r e  chambers .
~ re  n a t r r r a l p roduc t , wool , was among t h e  l e a s t  t o x i c  when r ap i d l \  corn-
busted , hu t amon g tine most toxic after slow p rolasis .

Moreci et al .32 have extensivel y modified a Nationa l tnnreau of
Standards (NBS) Smoke Ch am ber19 t o  expose mice to the gaseous prodt’cts
of p~ rol- - sis. The- . a p p a r A r r H c o n s i S t s  esse n tia l ly of a met a llic chamber
to wh i ch is attached a Plexi glas ductwork for  o b s e r v a t i o n  and exposure
of test animals to circulating gases. A radiant ireater wit 1’ a power
output of 2.5 W/cm2 i~ used to hea t t ire materials being evaluated. The
ductwork contains an anima l test ciramber in which a grou p of four m ice
can move freely. A cylindrica l holder restrains one animal. Monitoring
usually includes electrocardiograms and recording of respira tor-v
movements. Oxygen , carbon monox ide , and t emperature are monitored
in the exposure chamber. Periodic gas samp les are collected from
the chamber for la ter analys i s by gas /l iquid ch romatograp lrv and
mass spec trometr’~- . The dura t ion of the pyrolysis varies with each
experiment . It usually ranges from 20 to 3h minutes. rhe experiments
are terminat ed when the animals die or appea r to he at tire point of
death. In the latter S itu m 8t jOn , t ire animals are immediately transported
from the exposure chamber to fresh air to see if tire— , will recover.
Surv ivors are held for 1 week after exposure . Tempera t ure in the
anima l exposure chamber does not exceed 34°C and oxYgen never falls
below I7 .S~~. R p e ,m l t q  of in”estiga t jons using this system ind i cate
t h a t  uni que thernnodecotmiprmci I on  pr odm rc ts of the polymeric materials
(chlor inated aromatic pol-’amide and a copolymer of viny lidene fluoride
and hexafluoropropene l are ,r ~ t e  ~,‘r’jr to mice than are the p roducts
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from cot ton under similar , controlled conditions .

tlontgomerv et al. 31 i rave described a static exposure appar atus
consisting of two sepa rate stainless steel chambers , each measurin g
I’ x I’ ‘a se x 2 ‘ he i girt a i-id coa t ed on tire ins ide with p o l vt  et r e f  i r n o r o  -

ethylene (PTFE) to minimize adsorption of pola r mo lec u les . these
(- ‘ ainners are p laced about a foo t- apa rt and connected by 2” d iameter
p ipes . Observation portholes of Lucite abrasion-resistant sheet are
located in the front of tire chambers . A lO-g polymer sheet is p laced

a glass Iranger in tine ri ght of the combustion chamber. The lower
edge of tire test polymer is p laced 3/4 inch above tire f la me so u rce
w ici n is a horizontal torch regulated to give six 3-inch jets of flame .
he 30-sec burn t ime is counted from contact of the polymer with the
lame to torch shut-off. Ni ’ attemp t is made to extinguish the polymer

if it con t in rre s to burn after the torch is extinguished. A blower
in t h e top of the rig ht chamber circulates gaseous combustion products
and soot . In the left or amn imna l chamber , six alb ino ra ts are exposed
from igniti on through the 30-sec burn t ime and for 1 hr thereafter
at which t ime the rats are removed from the chamber. During the
exposure , the concentrations of oxygen , ca rbon monox ide , nitrogen
oxides , carbon diox i de , hydrogen cyanide , and ammonia are determined.
‘repending on the composition of the product being tested , ana lysis
may be made for hydrogen chloride , hydrogen bromide , or sulfur dioxide.
Exposure chamber temperatures are less than 33°C. Ana lytica l data on
the chamber atmosphere and tine mortality ratio are correlated with the
weigh t of the burned portion of the samp le. Montgomery et al. 3’ suggested
tl rat LDSO and CD5O data for princi pal combustion gases be established.
El)50 is that dose tha t will produce a specified effect in 50% of the
an imals. It was also suggested that ED5O criteria need to be generated.

Jouany et al .23 have described a system for the evaluation of
t he toxicity of combustion products. The annular furnace techni que
prod uces combustion or pyrolysis with a maximum temperature of 1,000°C.
Combustion in which the air and the furnace move in the same direction
is irregular and best represents a rea l fire . Flaming combustion is
a t  840 °C w i t h  excess oxygen ( a i r f l o w  at  120 l i t e r s /b r ) ;  p y r o l ys i s
occurs at 400°C to 500°C with limited oxygen (airflow at 20 liters/hr.)
After pyrol ys i s , oxygen is added to the produc ts prior to animal
exposure . The gases are mixed and cooled to room temperature . Oxygen ,
carbon dioxide , carbon monoxide , and other important toxic substances
(e.g., hydrogen chloride end hydrogen cyanide) are measured continuous ly
by ali quots. The var ious weights of the materials are recorded in
grams per cubic meter of air. The animals (rats or rabbits) are
exposed for 30 mm , the maximum time generally accepted by f iremen
tha t is needed to give assistance with efficacy ; the immediate
recovery period lasts 4 h.. The combustion or pyrolysis products
reach the pulmona ry alveoli by tracheo tomy and controlled ventilation .
Arterial blood is mon itored for carbon monoxide , carbon hemoglobin ,
part ial pressures of oxygen and carbon dioxide and blood ph-I . In
addi t ion , free brea thing experiments are conducted. Cardiovascula r
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and centra l nervours system activities are recorded continuousl y by elec-
t rocardiograms , readings of arterial pressu re , and electroencep halograms .
Using these data , a th ree-coordinate diagram called a “physiogram ,” can
he developed for comparisons of effects among major toxicants alone
and with associated toxicants.

Smith et ~~~~~ p lace t h e ir samp les into a 2-incir diameter Vycor
combustion tube which is then inserted into a closed prehea ted furnace.
Samp les are burned at oOO°C. The system insures an oxidative burn by
recirculating the gases wi thin the closed system through the burn zone
at a flow rate of 4 liters/mm . Oxygen concentration is monitored
and maintained within 90/ of normal atmosphere by manual addition of
oxygen. rhe total volume of 12.6 liters includes the recirculation
nathwav and the animal chamber of 10” x 10” x 10” constructed of 1/4”
Plexiglas . White rats are exposed in groups of three it -i three
cy l i n d r i c a l cages rotating at 6 rpm , which enables the investigator to
make a very precise determination of the time to physica l incapacitation .
The average tempera ture within the chamber is kept at or below 32°C;
typ icall y it averages 28°C. Samp le size is adjusted so that a response
can be observed within 30 mm . Hydrogen cyanide, ca rbon monox ide ,
carbon diox ide , and oxygen are monitored at various intervals during
the experiments. Survivors of the 30-m m exposure are observed for
7 days or more . Results from the burning of the test materials are
compared based on t imes to phys ica l incapacitation and to death.

Potts and Lederer41 have exposed animals to the products of
combustion or pyrolysis in a cubic chamber having a volume of 160 liters .
The sides and front are constructed of glass; the top , bottom , and
back are made of stainless steel. Heat is supp lied by an electric
furnace containing a stainless steel cylindrica l cup . A cylindrical
quartz beaker , 6 cm in diameter and 12 cm high, slip-fi ts into the
sta inless steel cup . The upper lip of the beaker slightly protrudes
above the top of the steel box encasing the furnace. A thermocoup le ,
wh i ch is p laced at the junction of the bottom and side , controls the
elec trica l hea t input via a pyrometer and maintains the temperature
at the preset level to ± 15°C. Init ial experiments with no animals
present determine the temperature tha t readily sustains comp lete
combustion of the samp le, afte r Igni tion. To initiate an exposure ,
a few drops of e thanol are placed on the sample which is then dropped . 

-

into the preheated furnace. It is immediately ignited with a spark-gap
located in the mouth of the beaker. The combustion is carefull y
observed . Should the flame go out at any t ime , it is immediately
reignited with the spark.

For pyrolysis , the temperature selected is the maximum to which
ti re samp le can i)e heated without causing self-ignition . Rats are ob-
served throughou t the 30-mm exposure and for 30 mim i postexposure .
Rats that die during the exposure are subjected to gross patholog i ca l
examination. The survivors are observed periodically for 14 days
post exposure . They are then sacrificed by anesthesia. A few are
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sub ~ec ted  t o  g ross  pa t  l i o l o g i c a  1 exam [mra t ion. i c  amount of material
decomposed is det ermined by we i g i r l  ug t i  e samp le he fore and after tine
p- rolysis. The air t emp eratnrr c in tine chamber is mn o tn itored and does
not exceed 35°C. Car t o n  monoxide , carbon dioxide , nitrogen , ox gen ,
ni l rogen oxides , lr- ~’drogen - ‘:a’~id€- , tormaideltvde , ac ro le i n , and
certain ot her possible produ cts genera t ed Ii- , - tine samp le are monitored
a t  reh r lar intervals. l:ata I i u ies and r od :  wei ght changes , wh ich are
the most objective end points , are tire basis for the conclusions drawn
in th is stn ndv . F i n e  t~~ll ow inrg ma teri als have been combusted in this
tec irn i qun e : red oak , yellow p i n -re , fire plywood , corrugated cardboard ,
cot n oun li n te r s , three t ormulal ’ ons ~~t p i l - ~stvrerie , and rigid urethane

oam.

‘ I r e  method of Al arie en al. 3 cins ists of an exposure chamber
w h i c h  is a glass cylinder 25 cm iorr h with a 10.5 cm diameter. It is
fitted with a gronmnd glass cover consaining a 1.5 cm diameter entry
port and a glass dif t i r gion p late for fl~~~~rsi on of tire decomposition
products. A 2 cm diameter exit is rnsed to aust the chamber. Four
alb in o male mice are exposed s i m u l t a n e o u s l y  t o  cl-i c o n c e n t r a t i o n  of t i re
decomposit iomr products. ‘the mice are positioned ‘j, sma l l , cylindrica l
restraining tumbes so tha ’ - t~’~~r hreads protrude i n t ~~-~ he exposure
chamber. Resp irator’ - rate is monitored by a pressure transducer tha t
is connected to a port on ‘he sealed tui,e. The decomposition furnace
imas a linear t emperature progrannaner that insures uniform heating of
t h e  samp le. he t emperature is monit ored with a recording p’~-rometer
amnd a ireating rate of 2Yr ’ -’mnr in is used. Airflow through the furnace
is 2 liters/m m ; however, tine conceti t ration of the decomposition
p r o d u c t s  is changed by varying the airflow through the exposure
ciramn-mber (up to 100 liter /min lt this keeps the amount of sample de-
composed constant . rn tire case of highl y irritating products , the
concentration is changed by burning less material and holding the
expos’i re airflow constant (100 liters/minl . After the mice have
i)een been secured in tine exposure chamber , the resp irator’ rate is
recorded for 2 mm before tine decomposition is started , th us giving
ti ne cont ro l val e. Monitoring of the respiratory rate continues
dnr ri ng the appea rance of visible smoke and terminates 5 mm after
the smoke disappears . The percentage decrease in respiration rate
during tine exposure period is calculated. Dose-response curves are
determined for each material. rhe RDSO values (the concentration
required to decrease t ire resp iratory rate by 50’/) is determined.
Therma l gra v imetric ana 1~’s is (TCA ) curves are recorded to indicate
when the decomposition occurs. To characterize tire decomposition
products of some po l :nr et inane foams , gases are ana lyzed by
ch romatograp hy aird mass spectromet r’ . based on i nvesti gat ions of
sensory irritation of the nipper resp i rauor\’ tracts in mice
and immu m ans by various chemical s ,’ Ala rle em al. 3 offer t he
follow ing speculat Ions , as l isted in Table I.
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F a b l e  1. Speculations on Response in Humans from Results
Obtained in ‘lice.

E xposm ire of ~ice Predicted reactions of humans

Concentration RD5O Intolerable and rap i d l y  incapacitating

Concentration 1/10 RD5O Slig htl y irritating with burning
sensation of the eve-nose-tbrroa t

(h-incen trat ion 1/100 RD5O Tolerable with very slig ht or no
irritating sensation

In the screening method developed by Rider et al. 42 a known
amount of material is stmhjected to radiant hea t at a rate of 2.5 W/cm2.

en rats are exposed to the emissions of the materials in a chamber
connected by a tube to the combustion chamber. They are observed
until 50 + 10,, fataliti es occur. Survivors are observed for 14 days
af ter exposure for changes in behaviora l responses as well as for
mortalit y . i’ire radiant hea t source is housed in all-glass , 20 liter
heating chamber , which is used for oxidative pyrolvsis of the study
materials. The p’-rolvsfs products are ducted through a top port to
a glass 40-l iter exposure chamber. Sufficient oxygen ~ 

l6~
is maintained by adding air to the system at the rate of 8 liters/mm .
Afte r a 5-mm preheat period , the samp le is p laced on the heating
element and the exposure begins . ‘Fhe following observations are
made throu ghout the exposure period : oxygen content of ti-re exposu re
chamber , temperat ’mre in the exposure chamber , animal behav ior , and
t ime of death-i of each test animal. At the time of death of the
f o u r t h  and /o r  f i f t h  t e s t  anima l , the  f l o w  of o x i d a t i v e  p y r o l v s i s
prod ucts into the exposure chamber is term inated. The survivors are
observed for 14 days after exposure. The upper limit for temperature
in the exposure chamber is 30°C in this method , and tire exposures do
not exceed 30 m m .  Blood samp les from two of the dead rats are drawn
f rom tire aorta for carboxyhemog lob in ana lysis. No attempt is made to
evaluate relative oxygen dep let ion or incapacitation as a factor tha t
may lead to fire fatality. Studies using this methodology have been
conducted on samp les of polyvinyl ch loride , styrene , urethane foam,
s o u t h e r n  w h i t e  p ine , red oak , a n d  wool .

Peta jan et ~~~~~ described the technique in win ch extreme
tox icity from the combustion products of a fire-retarded polvureti rane
foam was observed. Long-Evans rats are exposed in a chamber designed
b’. the Nationa l Bureau of Standards for smoke density research . The
chnamber is equ ipped with a heater modified to give a radiant-energy
flux of 5 W/cm2. Four rats are held radially nose-to-nose in slings
that permit free movement of legs and head. In this position all
animals Inhale smoke from the same zone . The blood of one of the
animals is removed by intraarterial cannulation. The blood samples
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a n -  a mn a l ;zed f o r  e r rno ~’ 1 o b i m n  ari d car ox:! rpnrio ~-i ohimn . I r e  r a t e  of ret  urn
to a b a s e l i r n c  ca r ’ ro x - - ’ l r e mog l o b i n  l eve l  is  used t i  i n d i c a t e  t ire e f f i c i e n c y
of p lmona r- t u n c t  i ’in . Clinical ~ igtns are recorded and animals are
s i r ’ j ec  ed o g r m ~r s pa t  h o logy exami na t  i on.

‘e t a j a n 39 d e s c r i b e d  e x p e r i m e n t s  i n  wh i ch one r a t  is exposed in a
“static ” c~ramhe r~ wi tch is a 40-liter acr-- l i c  glass-lined box . Fluxes
on 1 t n  7 . ’, ~~/c mni L are used to combust materials in hotir tire flaming and
rr~~u nt laming nodes, Conditio ned avoidance responses are studied. In
ea c in  e x p e r i m e n t , t ine r a t  is t r a i n e d  t o  avoid  a sirock t h a t  i s  de l ivered
t o  ~i s left in - rd loot oi r cont act w i t i r  a m e t a l  p l a t e  loca ted  a
p r e d e t e r m i ned d i s t a n c e  below t i re  loot . l-’e’ponses to polyquinoxaline
foam , t r i m e t l r ’ : l o i  p ropane-based  p o ly u r e t h r a n e  foam w i t h  a phosphate-
con ’ aini ng fire retardant , and polyviny l chloride foam were described.

~nnt- ronrs blood pa rameters including blood counts , oxyhemoglobin,
car tox :l emoglobin , iremogl uhi u r , bl ood pit , and partial press ures of
car hon dioxide and oxygen , are monitored at intervals up to 35 mm
f r o m  s t a r t  of exposure . Flue work illustrates the various examp les of
intox i cation syndromes from materials.

~.n1:r e z  and A n r t i a n 35 irave descr ibed  three  d i s t i n c t approaches  to
fire toxicolo gy studies , all of win c h  have been used in their
la 1 oratory . In one , tire combus t ion chamber iras an infrared gas burner
mo nit -ited i n  t~ r€~ top. hea t is reflected down on the samp le , whrich rests
on a -n~-taI su pport grid directl y tinder the burner. The combustion
c ira in r i r er  is moun ted  on one end of t i re  exposure chamber. Ten rats are

~ e I d  t h d i v i d m r a l l y  in s t a i n l e s s  s t e e l  cages in the exposure chamber , wi- i tch
i s  equi pped with circulating fans and a thermometer. Tire tota l capac it~-
of t i r e two cinambers is ~+62 liters. A we i ghed samp le is p laced on the
support grid and raised to within 5 cm of the ignited burner in the
prese ’ce of a 10 liters/m m airflow through the combustion and exposure
cirambers . ‘flue samp le u s u a l l y  b u r s t s  i n t o  f lames.  Three m i n u t e s  a f t e r
i g n i t i o n  t h e  burner is turned off , the air flow stopped , and the exhaust
tu be sealed with a diap irragm. ‘Fire rats remain-n in the exposure chamber
f o r  2 hr du ring wh ich time the chamber atnnosp hrere is chemical- 1-~’ analyzed.
t r vivi ng rats are removed and kept for 2 weeks , postexposure.

Fine second approach of Nn itne z and Autian 35 involves pvrolyzing the
material slow i ’: i n  a quartz furnace , by it-rcreasimrg the temperature
l0~ C / m i n .  l ie products are transferred via a flexible Teflon~ tube
l i nt o a ‘~3- l i t e r  exposure  chamber .  ‘Fine q u a r t z  furnace  tube  is 25 nun
inside diameter wi tir thermocoup les t o measure the air temperature in
the vicinity of t ire samp le. the airflow rate is 1 .0 lit er/mm before
the fu r n a c e  tub e and an a d d i t i o n a l 0.5 liter/m m after it passes
throug h ti re samp le t ube. Four rats are Individuall y caged in the
exposure chamber wh i ch is equi pped w i t h  the  thermocouple and a
magnet ical1’~’ driven circulating fa rm . Folded fabric samp les are
p laced in t im e  c e n t e r  of t i re f u r n ac e .  -rhe run is i n i t i a t e d  by t empera ture
progr amming at a ra t e of 10°C/w in and terminated at the maximum tempera-
Lu re (tire t emperature , determ ined b y thermogravi nretric anal y sis , at 
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w r ich t o  t r n r t t t - r  d e g r a d a t i o n  occurs  p lus  50’C). The airflow and
exposure are cont  i nued  fo r  I ho ,r r  a f t e r  t he  t e r m i n i a t i on  of h e a t  ing.
ihe survivors are then removed and maintained for 14 days. As in the
pre viously described combustion experiments , t h e  amoun t  of m a t e r i a l
reqnrired to kill halt the animals may be e v a l u a t e d  and a c o m p a r i s o n
sca l e com ’r s t  r u c t e d .

F h e i r  t in i rd m e t i r o d  used t i re  hy p e r b a r i c  chamber appa r a tu s  as
p r e v i ’ o r i s i y  de sc r ibed  by C a r t e r  et a l .  -‘ In a l l  approaches , tine
exposu re  chamber  a tmosp here is samp led p e r i o d i c a l ly b r  carbon monoxide
by gas chromatograp hy. (,)xygen is mon i to red  b y a pa ra nn agnet i c  ana lyzer .
h e n d i x  gas  d e t e c t o r  t u b e s  a r e  used t o  cireck fo r  hydrogen cyan ide ,
p~rosp lnine , etc. Rats that die during t h e  experiment are ani topsied ,
and gross histopathologica l observations are recorded. he r e l at i v e
c a rh o x \ ’ l en r og l ob in  c o n t e n t  of the  r a t s ’ blood is d e t e r m i n e d .

The l i t e r a t u r e  a l s o  con ta ins  descri p t i o n s  of three  exposure
chambers that can be used either with combustion sources or as portable
chambers in a larger fire situation. ililado 2° des cr ibed a ~at [ona l
,\ e r o n a u t i c s  and Space Administration (NASA) chamber , which is constructed
of c l e a r  p o l v m e t l i v l m e t h a c r v l a t e .  The chamber is composed of two
‘, e r - t  i ons - an upper dome and a lower base. The diameter of both is
2 0 . 3  cm. For short-exposure acute toxicity tests , the chamber can
accommodate up to six mice or two rats. Instrumentation of one test
anima l provides  usefu l i n f o r mat i o n  on responses such as resp iration
r a t e  and e l e c t r o c a r d io g r a p h . ‘Fhe chamber  ma accommodate  two s m a l l
e x e r c i s e  win e e l s  w i t i r o u t  e x t e r n a l d r ive .

Ihilad o ~~ ~~~
2l have recent ly developed a te.-it appara t us in wh i ch a

pyrol ysis tube is connected Lu tire exposure chamber. A tare weig h-it is
o b t a i n e d  be fo re  and a f t e r  p y r o l \ z i n g  ti -n e samp le so tha t tire we i gh t of t he
pvrolyzed samp le can be calcu lated . The mice are p laced in the exposure
chamber and given 5 mm to adjust to their surroundings . After both
‘ i r e samp le and animals are in p lace , the system is sealed and the
furnace is turned on at the predetermined heating rate of 40°C~ min .
- i n cu r the upper limit temperature of 500~c or 800°C is reached , it is

r r.i ir itained at tha t leve l until the end of the 30-win test period or
u n t i l  a l l  a n i m a l s  d ie , whn ic i r eve r  occurs f i r s t . Survivors are observed
f o r  14 days p os texposure .  M o r t a l i t y  is recorded at  10 , 20 and 30 mm
to provide information for different fire situations . lime to in-
capacit.at ion is judged as the time to the first observed losses of
equilibrium , prostration , collapse , or convulsions. Time to death is
judged as the t ime to cessation of observable movement and respiration.
In actua l tests conducted with thi s system the highest temperature
i n  the cimamber has been 30.5~ c and ti m e lowest oxygen concentration ,
15 .0” . these mnueasuremenls are not used in every experiment. They
are determined i n  various experiments at random. A fixed weigh t of
each imm ateria l Is pyro l~yzed under a specific set of conditions so tha t
tire relative toxi c i t’ o~ maLe ! i~~ls can be ranked. This ranking is
based on such criteria as mortality , time to incapacitation , and t ime
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to dea th.

hi rk’; et ~~~~~~~~~ have used an exposure chamber in tests of animal
exp & -u s ’ res t o  l a rg e r  fires . A 3 ’ diameter exhaust line is used to
t r a n s f e r  c o m b u s t i o n  p r o d u c t s  from the fire area ,to a motorized
r e v o l v i ng  cage vi ic ir  i s en c l osed I n a P lex i g las ’

~ box. ‘Fhe cage
contains irree male rats. Each rat is p la ced in a separate compartment
w i t h i t n  t i n e  w h e e l , which is rotated at 8 rpm. Prior to the ~nxperiaient
the ain i -ura ls are trained to walk in the wheel in two 5-mm training
s e s s i o n s  a day for S da\-s. Iw o  days prior to each test , an abdom inal-
sort a cannnr la is surgica l i v  p laced in one anima l so that blood can be
rapid i’- removed for carboxvhemog lohin determinations . T h i s  an ima l is
h o n  t r a i n e d  to  walk in the wheel prior to exposure . Since a large
hir ’rod sample is required for hydrogen-i c- snide determination , one
anima l is sacri ficed for this purpose. Samp l ing ports are installed

‘i st before tine interface of the transfer line at the anima l exposure
c~ auirt-e r. Samp ling for co unt inuous analysis of carbon monoxide , carbon
dioxide , and lnvdroge n chloride and intermittent sampling for hydrog en
cyanide takes p lace at these ports.

~ a u i me 17 described a system in w h i c h  ph.’siologica l data on rats are
c o l l e c t e d  and ana l yzed dun  rig l a rge-sca le  burn  t e s t s  to  assess t i n e
r~~la t ive toxicit y of burning materials and selected extinguishing
SL ’ C f l t S.  instrumentation for measuring electrocardiogram (ECG),
r esp i r a t i on , au -nd cage t emperature are used. ‘ti n s system has a simp le
design a n d  a relatively low cost. It is easy to transport , dep loy ,
and  o p e r a t e .  I t  is a iso adaptable t o  a wide variety of fire test
f a c i l i t i e s .  Some ver ’- good physiological recordings of heart and
resp iration rates have been obta ined in a wide range of testin g , from
t i r e  a u t o m a t i c  d is c h a r g e  of e x t i n g u i s h i n g  a g e n t s  to p ro longed  (30 mitt ’)
f u l l - s c a l e  burn tests. Tim e exposure cha mber is eq uipped with rotary
wheels for measuring t ime of useful function (TUF). ;aume observed
addi t iona l end poi n t s that are more sensitive than TUF and are also
worthy of consideration in toxi city screening . These include
hrad :cardia , cardiac a r n l n - ; th m i a s , changes in resp iratory patterns ,
and hiccups .

Suimi and :snu chi ya 4t),47 have suggested a method for evaluating the
toxic Irazard from experimental data on decomposition products.
rox i c it v , t , of a gaseous compound is defined as t c/cf where c is
t i r e  concent  r a t  i o n  of tire gas and c~ is tire concentration of the gas
ti r a t is fatal t O  man in 30 win. If an atmosp here contains two or
more t o x rC components , a first approximation -n of the toxicity is
assumed to Ire t t j. lf synergistic effect is confirmed , it can
1(~ taken in t o account by rising the expression t = m l + t~ + st ~t 2
where s is a synerg istic factor.

The propensity of different materials for generating lrarmful gases
atid vapors can be determined by using m ime “ toxicity Index ” concept .
‘,‘.‘!ren a imm a terial of weigh t , W , is decomposed In volume , V . and the
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us I t  ru g t oxici t of t t r e  ~ t u ur o~r p ~L e re is I . r u n  I r e toxicit v i ndex ,
F , L S  def i r r e d  ~s 1’ t V / W .  I f  tire runnih er of t o x i c  components  i n  a
m u -. - re of deccrmpos it ion products is none t Iran one , F - T1 + 2 + ~‘‘ C.
w er ’’  i

~~ ~ ‘‘d 2 are t u n ox i  c i t y  n d i  ces d i r e  t o  c ompone t n t I , comp o n e n t
e t c .  r r e s e  a - uti rr s i r a - - u - r e c e n t  lv  s t a t e d  t h a t t i e- b e l i e v e  t h a t

a n t  Y a  1 exp e ri rr u’o t s pr o ’ : ide  t r e  ,es t  da n  ~ f rom w i r i c i n  materials t h a t
,- ‘ r c r a t  e t o x i c  ga se s  can -c r e g u l a t  ed . 4 ’  Assessment  of t i r e  fire tox-

I c i  . - “ I m at e r i a Is doca not  a c c o u n t  f o r  all t ine h a r m f u l  componen t s
o r r nd i n  a f ire at nr o sr n r e r & .  t Irere f ore , s m a l l  q u a n t  i t  ies of some

ex t  re~re lv t ox i c cor ’up ~‘ eu ~ t s c a r  Ir e ov e r l o o k e d .

hi rkv ‘as di scusseri r r e  p 1  losop Ii ’ of fire t rixi cit ‘
~‘ t e s t  i rig .

• r r r c l r ’ ’ l r - r t , a s d i d  ~a c i a r I a t r d  i n  air earlier publication ,28 that an
i i  n c t oxi c i t  v of conrbtrs tron products from various

~~uri a1s is very comp lex . Chem i ca l arralvsis of t u e  p .-r ol- -.- si s or
cor n ’ s i o n  prod u cts ca u r n ’ n  he ‘used as a basis of t ox i c  i t -  a s s e s s m e n t

-c e ’ ‘-C t s o f  these products on living organism s must be det ermitned.
li ed u r e e  nnr a ~ r men rods r e qu i r ed  for  t he  a s se s smen t  of

n • ’ i a i i ~~u t o x i c i t r € - s r f  p - r ~~i ’ ,- gj s / c o i n b i i s t j o n p n O d U c t S of r f l a t e r i a i s .
- es ’-  ‘ I ree r i - I  ods a r e :  t i r e  m e t h o d  of p roduc t  gene ra t ion , t i n e  me t  r o d
o t  a - i r r i a  I exposu re . arn d t ire m e t h o d  of ana ly s i s  of t u x i  c a nt s  and
- o r r , - l a t  i ’ n u  w i t h  t o x i c o l o g i c a l  r e s u l t s .  Each me t i rod  s p e c i f i e s  t h e
ran’ ,’ p a r a m e t e r s  t h a t  r r r r s t  l)e m e a s u r r e d . An i m p o r t a n t  m e t h o d  not  l i s t e d
is den~ - r ’u r n - r a t i o n  of toxicologica l en d p oints.

s ‘ “~- n - \R

e ‘ire - I oils reviewed i n  ti n s report represetit a spec t r rnn of
ap 1- r ’a (-’ es c r rrre ru t 1’: used t o  assess tire toxicologica l hazard of
ma ’en ia l s i n  f i r e s .  Sonrne of t i r e  i mp o r t a i r t c h a r a c t e r i s t i c s  o f  tine
m a j o r i t y  of t l r e s e  me thod s  a r e  t a b u l a t e d  i n  T a b l e  I I .  l i r e  hun ’ condi—

i on s var - f rom p ro! ’ s i s  c o n d i t i o n s  to  ignition wi t Er a f l a n r e . A
s a da rd m et n od rag been a d o p t e d  i n  t i r e  Federa l R e p r r b l i c  of (errnanv ;
owe-o r , i t  is l i m i t e d  t o  sm o lde r ing  condi  t i ours “era  I o t h e r  m e t i r o d s

- s t  on i - . p ro l - z i n g  c o n d i t i o n s ; some are a t  f i x e d  t empera t u r e s , 43
w h i l e  o ’le r s are p’.’nr ’ilvzed by i nc reas ing  t e m p e r a t u r e  l i n e a r w i t h  t ime . 3 ’ ’3
i t t  cr  r u n - t h u d s  r i se  coinhust  ion  c o n d i t  ion -is only ’ . 13 ,2 r r , 31 , 35

Expos u re  conditions are equa ll ’- - variable , i n  a f ew  cases ,
c o m b r i s t i o n  and exposure  occur in t h e  same ch amber ;  Inowever , t h e
nnr a j r ) r i  t ‘ - ‘ ~~ 

r 0. m e t h o d s  i n v o l v e  tire t r a ng i e r  of t i n e  p ’- r o l ’- si  s 1co m b u r s t  i on
L ; r s i ’ ~~ i u I ~~ a sepa r a t e  chamber .  ‘i’ ire l a r g e  s - s t e m  des i gned by itress her ’5
‘u s e s  l a r g e  sa rn r t ’ ies and t i r e  c o m bu s t i o n  p r o d u c t s  t r a ve l long d i s tan c e s

b i r o t i g u r  f’ -  rex t ubes and are  rou t ed a round  c o r n e r s .  T h i s  may remove
s i n - n i  t icant a m o u n t s  of m a t  e r i a l s  p r i o r  t o  a n i m a l exposure . N r u r r e z  a t n d
A t  ian 3’ use a q r r a r t  z furnace tribe t h rat is connected by’ a teflon tube
‘ o tire anima l ciramber. In t !r is mnne t irod , onriy pvro lvs is products wbrose
lifetimes exceed l~ sec are breathed by the rats. Nunez and Autian
also point out that ti n s techni que may h)e too slow to he compa t ible
wu tin a ‘‘ rea i ~ i re ’ sit n a t  ion -i .
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x p o s u i  e times var- - t ron ~ few m i n t t - s  to 2 E r r ;  b r o w e v e r , t i r e
ma ~oni t v  r a n ~- t- f r om I’i to 30 m m .  n oru i~~h e t al . 14 brave developed two
s- sterns and nave ‘used t i n e : r r  in the same Ia - rat or’.- , When the same
pol lue r s are eva l -at ed by t k ue wi method s , ex tremely different results
are obtained , Fh ls emph&sizes t i e  re qu irement for a “sta ndardized”
test system u s i n g comparisioir standards , i t material s are to be compared
i n  d j tt e r ennt la ro rat o ri es. It also underscores tire limited conclusions
n 1 ra ’ can 1~~ reached from a sin g le experimental protocol.

A mult i p i i c i t v  ot end p o inrts is -red; ~-~‘wevt- r , the most common
are rnr~n r t a i i t v , time to incapacitation , a n d  time t o  death. Mortality
inc l- ,dcs i ic leat i: of ann irna Is occ nn rr r ng d u n  ng tire test period and
t h o s e  h a t  occur I rom 2 to 14 da’-s a fter exposure . A ni -r r n i) er  of
in v e s t i : . u a t ors  c o n s i d e r  t h a t  time to i ncapacitation is an important
curd poi u r ’ . ~e c i n n i ~~nies to inreasure i ncapacitation include t h ~ swinrorn ing
tf-S t of Kin rrm er 1e ,2~ performance in a rotar- .- wheel ,9’1~~’

17 ’4~ conditioned
avo i dauo e n’-sponise 3~ and s imp le observations .2’ ‘ru e time to deat b r has
been determined by observa t ion and by physiologica l measurements si-rch i
as t ine p 1 ~- t  m r s n n r o g r a p }n used by Alarie et al . 3 ~iost of tirese end point s
brave rio t heenI eva l uated for sen siti vi t~~, accuracy , or reproduci b ili ty .

li r e “nrn ious meth odologies used for product generation . exposu res ,

and end points prevent any comparison of data obtained on tine same
p01 -ru - n c rn an er ia l s tha t brave been investigated in more tha n one

o r : .

4ased oru his review , the committee h as conn cluded tr ia t acceptable
scr eerni ng tests to evaluate the relative toxicities of pol -m eric
:,~~t enial s are ut available. All present methods have one or more
siIo n ? curn iuu s. lan ’ of ti n e methods described in this report were
des j-’ ,~-d for res ear ciu; t h e ’.’ were not intended for use as screening
: r r e t  hrods
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i i i . RI-: ’ ~h- -~~Hi r) ~ui n F:LT’;’~S i n ’; ~- l i . l ~~! t l n n ~~ A g ; ’

:4. cumia it n ee has developed guidelines for a screeni ng procedure
o c - a  I nu a i- the (ox i c i t  y 1)1 ti r e pv ro 1 vs is /combnns t ion prod nrc t s of

p’’1 u r i c  ,ut~ - r n a l s .  Its uh~ ect iv e s are to s ugge st a sta ndard metinod
fur p’-ruI’:~:inig or bn rr ni’ug samples that will sim u la ’ e t~ r e  noxio us

a osp ueres t a t  co nrid c e n c uunn t ered i ri “rea I” fires and to spec i f -
-

c ’ a nda rd i zed exposnnre conditions ar id end points for first -level
scr e c :ui n r- (ii n ni at eri als .

i’IRr !,‘nh- IS /~ - ~ hl’S 1’ J r n N  Cr )~~[) J  i i

Si n ~ - pvn ol ’.-s is and connn h - r s t  ion occn ir under an almost infinite
nu: -h-er nt a ctn ra l cond :t ions , the laborator -- simulation should bracket
I i ~ ely conditi ons and should attemp t to simulate t i e  worst case that
c u - r id occur in “real” fires. Fire reaction processes generally invo lve
oxi d a t i o n  and or decomposi tion , so that tire product molecules are
hreakdown or oxidati on products of the orig ina l material. The two
m a  or variables are heat transfer to tine samp le-- particularl y by

radiation , which controls snrrf ace t empera t i-rre-- and the ava i labilit y
- The t w o  extremes are free burning of tine samp le with

r e a d .  access uf air and n’-.-ro l ’.-sis under reducing conditions ; therefore ,
s :nI-u i mens shun Ed he t esi ed under both pvrolvs is modes and flaming
c - on n n h r u s  t i (ru n -

‘r empera t n r r e s  i n  f r e e  bn rrn in g w i l l  be h i g h  and tin e molecules
re l a t i v e l y  s i m p le and u s t r a l l y p r e d i c t a b l e  by t h e r m o d y n a m i c  me thods . 45

e conuiron toxic substances are carbon monoxide , lrvdrogen cyanide , and ,
v- -crc la logens are present , hydrogen Ira lides and free halogens. The

i o n  t o x i c i t y  o f  t h e s e  individua l gases is reasonabls well
nrnderstood .~~ Svner i-’i sms undoubtedl y exist , but tbr ev are yet to be
clear l y demonstrated . tf these gases the most comm r,m lethal agent is
l i - I r h o : -  ‘n on ox ide. ~ 11 condi t ions are r i cm enough t o produce soot , tire
st )Sorpt i o n  of gases on particles tha t are carried into tire lungs and
s -seq ue nt lv libera t ed rnra v be a serionrs prob lenn . 44 By cont rast
p - ro I vs is of mat en ha l ill atmosp heres of low oxygen conceui t rat i o n  under
red ir cing condit ions is poorl y understood . Here , dependin g on the
l i - e l  -~ f heat ing (rad iant or convective ), comp lex spec ies can be
vu la t iliz ed or produced and the prediction of products is difficult.

I or tine l ir nn i t ed goa l 01 a screening test , hea t fl uxes
( n  4 - m n ) . -  rat i n ’s  should be chosen at three Ieue Is — one just above tha t
il- cessar- . ( ( I  s u s t a i n  pvr olv sis , one just below tha t required for
lam I ing r o u n n t  us I ion wit In norma I oxygen concent rat Ion , au-id one I hat

s upp ort s flaming combnist ion wtnen n supp lied wit In a source of Igniti on .
I f  a f u i r n a e Is used , t ine s t atic t emperatures prior t~~ int roducing
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c - r I i1 ’~’ir1r( u1 s i r o n r l d  be n ’ c i u n-d e d .  if a radian t h ea t s . rnl rc €- is rrsed ,
- , ox  s~r o n u  I d  ‘c ca I I trz -~ t

‘h~ u ’ ,- ~-it lu g  mode i s  rot spec i fLed in the commit t e*- ’ .s r e commenn d a  —

I I  m s  s i : u o I  t u e  chemica l decomposition is not governed exp li c i t l y
by t u  uuurdt- of  hea t transfer. There fore , the appa ra t us  fo r  r u - u r n i  ng
o r  p vr’ ’lvz I ng the satnp le need not operate in a p nr re lv radiant or
C ) ’ d i - I c t  i — :n’ mode ; rather , it should he reproducible and relat I vel ’,’
sinnnt ’ i e in  constr n rc t ion , characterization , and operation . I-or tinis
r n - -ls on , t h e  committee prefers a shallow furnace with a we i Ltina ’ul e
‘ ra tmng lc cup over e laborate radiant hea t ing dev ices , lire furnace
should provide a unif orm temperature in the samp le region and be
C-s - :u&-rI so t h a t  u n d u e  condensa t  ion and  r e p y r olv s i s  of t h e  s a m p l e
w r i h i n  t h&,- test chamber a rc a v o i d e d. l e m p e r a t u r e , r a d i a t i o n  f l u x ,
-‘ r su n uni -  o t  n c r  c i n a r a c t e r i s t  ic pa r a m e t e r  should  be m o n i t o r e d  t o  e n s n n r e
c ’nst an rc- - of conditions. ‘tire cup should be o resistant ma teria l such

as q u r a r t z or aluminum oxide .

m t  samp le  s h o u l d  be prepared  in a s t a n d a r d  m a n n e r  and  i t s
rni s n c al properties reported. Weight , vo lume , subdivision , porosit’ :
and geome t r-: should he recorded. Samp le size should be scaled so
hat it reaclnes the specified test end point within 30 m m .  the

samp l e shoi-rld be introduced rapidly into a preheated furnace or a
nrn,-se t radiant flux . The t ime of pyrolvsis or combustion should ne
short compared with the anima l exposure t ime . Pvrolvsis or conrh nrst h i - i n n
I i rnre ar u d the weig ht and character of any residue should he reported.
the dose sirould he expressed as the amount decomposed i n  the chamber

- ‘n ) In r fl re i f l  u n i t s  of mg/rn3.

V iAl . hXI ’ nm sCR J - :  C (tN OIt ’ IONS

A sin g le ch amber for both p \-rolvsi s/combustion and animal exposure
i s  hi Cl n l v desirable . i;oth stat ic and dynamic chambers are feasible;

‘we ’i- r , the committee ’s opinion is that the single static chamber wi t h
u m j t  egra l p - . r o l v s i s  f n r r n a c e  is  a s imp le approach  t h a t  p r o v i d e s  more
r e a l i s t i c  informa t ion. This not only approximates the rea l fire
si n u a t ion h~it prevents large losses of combustion particles and gas es

r i  t h e  walls of any transfer apparatus. The samp le holder and p v r o l v s f s
e l ements should he enclosed in the exposure chamber as close to t i n e
a i nir a l a rea as pract ica l , consistent with provid ing therma l shielding
tn r n n n  l e a n  and iron gases. Adequate mixing of toxic gases and part ic i rlat e s,

i - i t  nc r C- : Convect ion or mechani ca l agi tat ion , is requr i red. Other nreans
f t emp eratnrre control at the location of tine exposed animals may

I nr c li -ide size of tine chnamher and the p lacement of the py r u  [vs is  ‘combust  j o i n
m i i i

he c hamber  should he airtig ht t o prevent toxic gases from
Ic;u k I ng l i nt  u the labora t onv ; however , there should be a safety pressure
reli e f diap hragm vented t o  a laboratory hood . Con str ictio n materials
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p
s h i n  I d  he in e r t  aind easy to clean between r n rnns . Glass is an excel len !
cIr~’ i ce except f o r  I I u n o r u r p o l v m e r s , wh i cii generate m ol ecn m les t Ira t a t  t a c k
the glass surface. Ca re s h n o n r l d  he t a k e n  t o  a v o i d  r e a c in  i ng exp l o s i v e
l i m i t  s dun i rug p~ rolvs I s . Sal et ‘i precaurt ions sho u ld c. on rt lined.

) im np Ii ance ~v opera t I rig and c learning personne I sh un ld ‘i-- eni forced.

A small rodent species , such as the rat or rnonrse or a comhina t ion
u i  h o t h , sh ou ld be rised as the ani m al models. Enough animals must
‘c nn sed at each exposnire condit ion to give stat istical lv valid results.

Th e exposnrre t hue ginould range from 15 to 30 mm , pre ferably
30 ruin. Measurement o f  exposur re t ime should begin at tire time p -- rolvsis
or COrni)Ustiofl is initiated.

In addit ion to t emperature , carbon diox ide , carbon monoxide ,

~n urm id i t v , and oxygen levels should be monitored in the chamber during
exposure. The oxygen should be maintained above Ihh . This is usuall y
accomp lished by limiting samp le size. Other expected toxic degrada-
t ion products such as hydrochloric acid or hydrogen cyanide should be
monit ored. he optica l density should be recorded as a measure of
smoke ehscnrration . Additiona l ana lyses for volatile gases may be
des i rable as an indication of reproducibility of pyrolysis/combustion
and for deducing the mechanism of intoxica t ion.

E N D  POINTS

The end points for toxicit y tests in animals should be app l ica b l e
to ti ne interpretation of effects in humans . Incapacitation is con-
sidered to be the most important end po int as this is related to the
a b i l i t y  to escape from the fire . Next in importance would be the
latent impa i rment of organ function or damage to organ structure .
R a t s  and mice are generally used because of prac tica l considerations .
The end po ints tha t can be measured in animals are as follows :

I ncapacitation. The t ime of usefu l function (TITF) has been
-u sed to indicate the t ime available for a person to escape the fire
environment before incapacitation by fire gases.’8 An imal end points
that can be related to TIJF should be measured. I ncapacitation of
ani m a l s  E ras been meas u red by ma ny techni ques including mechanically
rotated act ivity wheels;43 the condi tioned avoidance response , wh ich
measures an animal’s avoidance of foot placement against a constant
electr ic shock ;39 and fa ilure of a trained anima l to respond to a
bnrzzer and to withdraw from one shuttle-box compartment to another
compartment to avoid electric shock.6 Another measurement is the
ab il i t y  of an animal to maintain its position on a rotorod to avoid
the shock that would result If It were to fall from the rod onto an
electric grid. 24
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‘t 0rn , il jt . n o r t h  arc nh’ - -u 1 ntn- -u ru’ , or  I r i n r u r 2 n c  t~~ 2 w -e -k s  i i  i i -  r ,
nfljv u t I m  i-’h Lu i - : i - umni -mn nitrai lOfl 01 t b  s u b a t a u i t _ c and L i m e  durat i on of
u - x i u o ~~r n u u  - I r o u u n  t h - u-u - an t 5 0  for a - pci - 1 f L e d  1 L~ue: m u i- - xp i-n--”l ru: unray he
di  r i \ i - n

u n u l u n n ,  this u sm y m i -  judged nu ni b j i- -cLi ve ly , b y a magnitude

~st  ima t ion s c n l  in I n n s  - . i n i  u xpo - ;n mr t - , or oh] i - ct ive ly , by nus a’-r u rem e ni  S

such r u -  t m m -  u u - n o r m n n  I ol i i  t m - r e n t  r i - t i m ~cn ry nrc rye trail ic in animals. IL
u n i  so i a -  n t -  i-st unit n !  by nmn e u n o ur jug re- I h -u .u c h r nnt n gu: -i at fee L ing v i s ce ra l

n nm ~ I r ens. Tin t - n  - m l  i r i  t n nu n u ry hi -- r n - n t  n ated by tire: parasympathet ic m u  r
yu ,n lua t li t I ic n( - r yu n nm :- ,vu ; t e r n , or by t i t h e r  nneciran hums  surch as tire

‘ Ii r ing -Br enmc r ” ri -sponse , or components of tire i—rn-n Lex ot P a i nt a l  , 38
lir e aj:mm n unt o t  irrit; i n mc v re m ’ nnl ;o m m -  r u n u-n: - n m n i - - i f rom L i r e  rcsuultant t is~ nmi -
ri - act ion i- r u-n r n :f Im- c t n - n  in t i nt: gross or mic roscop ic appearance ot the-

i Su - imn S ot the i - y e s , airways , or lungs. n~c - s ’n i r aLory  Ir equency
mn hihi t ion nit m a l t- or depth nil b r e ra t iu in g ) was desc r ibed  by Kra tschmc r 2 7

and rt-v ui- w u d b y A l a r u i - - .~ - D u r i n g  ex p o s u r e , se n s o r y  i r r i t a t i o n  b y
cli - t u ’ u u u i i - u s it  ion l-iru(Iucts i r an - hue-en assessed b y n u s - a r - u r i n g  t i r e  r e s p i r a t i o n

- I I  - .

Morhidi~~~ Observation of animal behavior and physica l condition
luring and - mm t a r  n - x p o : ; n i n i -  by a qualified invent igator can detect Lire

l u r c - t :ni -  u o f  c o n v n m l n  I one ; and o ther  s igns  of morbid  i c y .  ( ar h oxy hemoglob in
ii - vi -- i s  m t th e  c m i i i  o f  -up o mn- can indicate i t  t h e  t o x i c  r esponse  is
dui- t o  o r l ’ m m r i  ‘ i m u  Ou ’,ldC  C m ) m n c  mmml  L rat i on-i or 10 oilier L ou-_ i c ounponc-ni t in
th i- combnn ; I I urn ; m  i’ o n n - i- I :- . C runS and sri . ron-ic op ic patinolog ical  ii ni-I ings
at 24 hrs or 2 wm - u k n - am ti-- r i-xposure can g iv c -  i n i t o r n u n a l  ion on tine
u m n e n ’I m an i n-urns on J a m n i g u -  and t ir e- target organs.

Pati roplrysioiogy. Another main group of criteria for end point 01
i - f u r - i - I would be Il u n c t i n a m i r l a b n o r m a l i t ie s  of tine body that could
co n t r i b u t e  to incapacitation du, described above , First are those-
t unctions required for escape , i-- . g . ,  v i s ion , I icar ing  ( it  needed to loc ati--
i: ’-. l t S ) , and mm :sp iratory , circulatory , and central nervous systems ;
other s la y , to do with latent impairment of function of time kidneys ,
li’ i-- i-r , and ce ntra l nervous syst ems . Cauunc ’7 has measured brad yca rd i a ,
crr Ji ac arrlm yiinrni as , and change in respiratory patterns .

All t in t - n -;c c r i ter i a would relate to or be t ranslated more to
h u e r l t l m v  h uman s t h a n  t i m o s t -  who have s p e c i f i c  diseases (c- .g. , coronary
i n n - i - i l l  ic i en c v , pulmonary  i n s u f f i c iency ,  or i n tox i ca t i on  by alcohol ,
dr rm gs , or ot im e - i u - o p o r t t  I cs) . lin e mecimani sm for comparison of animal- with
bmn mn u;ar n l a t a  k-pends on juxtaposition ot dose-response  re la t ionsh ips in
nonpr in ur atu s and humans . Ib is is possible- in estimates of sensory
st n n n n n r l , n t  ion u n ,  for m m d o r :  in cranial ni --rv c’ I (Cr I) ,~~~~ for eye or nasal
irritat ion (Cr V i , - and , t o  some exit-nt , for Line effects of lower airway
r esponses  to  - n u b  i r r i t a n ts  Un , s u lf u r  diox ide  or sulfates on airway
r m- I - - t m m m c , -  (a  I I t - n - n i  Cr  IX , n- I I e r en t  C r  X )  - ‘

~ ‘ 33
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In t i tc  o p i n i o n  i- u t  t i n t -  i- otn u n i t  t e e  , t i n e  i nnp l e st  mm ci l ea s t  c o ; t  ly
u - m u  n i t a - t u m i - m i t  s n l n o u l 1 t n ’ nI n o: - u made most frequent iy ; t i re  more d i  I t  i cul i

o r  c O - - I lv o r n c - : -  s i n o u r i d  l i - c r e - - n  rvcd f o r  un de r s t and ing  of mechanisms and
t i  - n u n  ion t n t  spi t. j a l  p r o h l t - : u n m ~ t ha t  a r i se .  The coimnit tee s p e c i f i c a l l y
t n -c u ’nrr c i i i - !  s t h a t  t in’ i- m u  e i i  i- n i l  p o i n t  u provide a measure of both
m n i c ap a c  i t , m :  ion u i - I  dcl r’:i- - - u i t  !ccts . An a n n i n im u n - i , t he  end po in t s  of
a ui- r c-en m nn ; ~ t n -St Ircu ; n [d lii- US tol lown; :

• Ob i-- rt.-;r t ic r nr- -O b’ - t- r vu r t ions of animal heiravior and piryr;icai
c o i n - i  i t  ~u n n  - n n t  i i ; ’, and a lter exposure are e x t  remel y impor tan t
bun- , t I n e  - i  , i r m n n n i~j  i - n  i - f on t -  b y a qual  i t ied investigator . Some

t Y p e 01 q ua n t  it i-nt i” n -  t e t may be required to evaluate obser—
v a t  i o u - - m m d i i i -  by tire invest ihator.

• hn~_~j~a i - 1t Lt 1on -- In ca lm uc i t a ti o n  i n - m u d  be measured using a
r o n. m i t  n nn ~ ’, -c~ r~ -c I or an equiva lent ti - st . Measurements should
hi -  t n - ; m r u u i - i n n c  ib le , -c-nsit ive - , am-id v a l i d . Packham et aL .  37
h~~vc ru -p ort n d  t h a t  t i n t -  ;r c t l v i  t y when- i and a conclit ioned
leg— I L t - x u i - m m n  d v i i i  i - l a n c e -  r e - u i - p o n l n ( -  a r c -  r ep r o dt m c  ih Ic paradigms
for c ,ir l u u nn n m n u u i m u > u i d c -  t o x i c i t y .  Mc-asurt-mcnt of sensory
rn I - nt ion rue.- provi ult - a has is for a u -; . ;e s sing  i n c a p a c i t a t i o n .

l i m e -  rotating wh it-n - i or an equivalent t e n t  is in LentatiVe
nc -c mo- ~ u e- tn uIimt join mint ii a more valid n uc- I u ; m m r e  of  incapacitat ion
i- s  i-le t i - - r u : n e i n e - d

• or t uili t ,y -- tic-a t lns during er xpo- :nmr e and limo: i- o ccur r ing  w i t h i n
- l i - s  p Ostcxpuu: nmnr- should be recorded. P o s I c - u - : p e m s u r c

ob-  m r - i - a t  ions and - ort ;m l i t y  ar e- a s imp le approach to  i t i v c ’SL i P, a-
ti rW di--layed e l I c i t s .

• C-u ’nuu n - .iic- ~~~jI o h in  i - i c - i  u rt m m i nat ion- -Carhoxy iremoglohin le v i- - is
sirould -c - m i t -  n --ured n t  l im e end of tire exposure to determine
i i  I r u n -  t m)u •i C reu ;p emnse - is due to c a rhom ’r monoxide  c o n c e n t r a t i o n
or  to i - m t  i n e r  t o u - u ic component a in tine coml)ust ion products.

tic -  second c’e:lnelon should be used t cnr more definitiv i- and mechanis-
t ic studies , and includes u blood pu , part ial pressures of oxygen and
carh,on diox i de , and blood cyanide- ; elc-ctrocardigram ; re spiratory
rn - cord by p ictimysmograp in; organ t n m c t  ions ; and gross and microscopic
pa tho logy , l i m e -  an i n n i - i l  dat a obtained by su tu re  or all of timese methods

- m o u ld  he- i n t e r p r e t e d  a- we l l  as poss ib i c -  in term s of h uman a b i l i t y
to S t e  or to hear  t i m e  d i r e c t i o n  fo r  e scape , to  j tmdgc-  a course  of
ac t ion , to move I rom or remain in tire area , and to avoid serious
sequclac that ifl c-c t tine heart , lung s , l ive r and k idney .  This would
pertain to normal healthy peop le as we l l  as to those especial1~’
‘at risk ’ from preexisting conditions such as old age , coronary hear t
iii s(:(ir~ , or other disabilit ies.

Relative toxicity of. materials should b(- determined on the basis
of dose-response relat ionsh ips in animals (Fig.t). A steep slope
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(hi it hn exponent indicates a low m argin of safety between the onset of
tox ic signs and more severe , poss ibly letha l , effects . A shallow
slope (low eXponent ) indicates a wider margin of safety between tire
inset of si gns and severe effects. A “saturated” response leve l in-
d icates tire maximum response tha t can be obtained from ar -n v leve l for
time dmmra t ion of the exposure . Sideways disp lacement to right i n-
dicates that nnore material is required to satirrate time receptor sites
or fre t norma l enzymes compete for those sites.

iu x j c jt v data shonnld be re latable to human c a p a b i l i ty  for  escape
and effective survival. This requires the comparison of different
t est materials with reference materials. The latter may he either a
detined material in common use or a reference material , ciurr entl ’.- used
t i - -’r a p a r t  i c n m l a r  purpose , t i - n a t  is be ing  considered fo r rep lacement by
tn- c new m aterial to ire tested against it . In addition , the absolute
toxicity can some t imes he judged in re lation to t ine fire conditions
t inat might occur , the amount of material tha t would he used , and the

a n n o m m n t  of tu in i s material evolved or combusted under these circumstances.
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IV ~lu-\ n - ~’ i i-\ . l )  R.ESimAR fdiI ~~~~~~~~~~~~~~~

i1 c n in e ’ nods c nrr e unt i be i ng used [or e v a l u at  in ng t I n e  t o x i c i t v  of

1mv r i - ’ lvs  u s / c o m i - - -s ’ i- nm products have beet-i reviewed. These un met im od s
m i r e  l m m d c  t inose des u - u : - e u l  pri m ari l y ton researcmr anrd tirose designed for
sc m - n -  mg ests. 1 m -  : irnun com rditions var\ from smoldering to flaming ,
ex p o s u r e  ~ i n - - d i  I l o r i s  a m i d  imes are vari ahie , and tine ma jority of met - i-nods
i r - - t - nI ye I rans t n - n - ot pro dnn ct s to separa t e exposirre chambers.

-i-ca se tm t t i e  varie n -
- of burn condition s , exposures , and er nd

p o ints, q- ..ilt i t a t i- n -  comparison of data on tine same pol’;nneric material s
c a u m ’ n u t  - t -  - 

~~~! n ~ ann mong Ia !-o rat on es -

t-  ( t ’nnm n ’ I ’ n ,-~~
- i - o r  lire ox i (:&mli)O’ , inas  c o n c l m m d e d  t rat accept able

scr n -c -- i ’ .i- - t n -s ’ s i i - -  eva l’ :atn - th e relative toxi c ities ~ f tire p- rol- :sis/
t i - n u n ’ - -  - -~ t r i - - n u n  u i - n d ct S i - n t  f l a t  er Ia Is are not cnm rren [lv eva i lab le , as all

‘ r m , ’ ~ 
: odS i m a v e  i - t i n t -  or  more sirort comi ngs . Time stat c—of—kn owled ge

s u i - n ’ mmf ;a nc e d s u r f  I ici n -nt i v  f o r  the committee to recommend a standard
p r - u i - ednu re I or n’  ;u~ I ~ 

- I ng I I :  m - I ox j ell v of p ;  ro l ’i--s i s/combust ion prod nmct S
I t has , - o w n -  - m r . prepared f - n-  m o l l o w i m r u t  g i - m i d e l i n i e s  f o r  d e v e l op i n g  t i m e
needed - r n-  - - - 

- u d i  I m m n y  -

A .  ‘ a teri a is s m - m i l d  I - c  eva l n m a t  ed -m u rd e r n i - - n t  in p .  r i - i l ’. s is  and  f l a m i n g
t i- nm d m t  i o u r s  - o n  in - a s m - i- u - r s a m i d  par t ic in lat e cornihust ion  p r o d n m c t s  s h n m i n n i d
he- mixed mi -r i f o r ’n i iv in n tin e ci n a munhe r atmosp h ere with n onr Oe-ing un di niv
s i t u  i - - n - t e d t o  s - r r f a c e  c o n d e n s a t i o n .  - r e r e t o r e , i t  i s  inig l m i v desirable
u o  use u:r c ci ianmi mer for ho tir pv rol ’.-sis arid aninm a I exposure.

R. n a I l  rodent species sn mcim as rats or nn ice sir on r Id be umsed as
t h e  anima l model. itnough animals N’ give s t a t i s t i c a l l - .- v ai id results
must }

~~~ mms ed at each exposmrre condit i o n . Time  t i m e  of exposure should
he in t i nt- range of 15 t o  30 mii i , p r e f e r a b l y  30 m m . t i re  t empera t n. mre
in t i - t -  anima l exposure chamber  should not exceed 35°C and time oxygen
l e v e l  s h m o u m i d  ne  m a i n t a i n e d  above b ’ .

C. i ncapaci t ation 15 coui s i dered to he the most important eu-id
point sinc e it siro nnl d i c  dir e- ct I- i-- related to escape c a p a h u i  I i t v .
!~~ b or a n i - m r . - animals should he held for 2 weeks post exp osmmre and

i- r i - sn . rved I or  be im avior a 1 and phvs i cal changes as a meas mmre of latent
c i t  e c u  s -
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0. As a m n i n n m n u n : un i sm of p a i a : n i n - ’ n r i-u , n : : q u -  r a t m  mire , carbon monoxide ,
ca n - i- ’ d i i - , x i m t , - , a , u i  r u i n m m u l r t y  s i i - m m n l d  - : i - . m  j i or .’i - b inn t n  u -  m i n n i e- u d — : r —  1 m g

n m -  i - n t  a -  june15 . i - n t tm -r - m i x i c  d m - _ ‘ u i - i - t o t m i - n - n pr o d - u i - - ’ s S i - m c ! i  as I ;dro i-menu

i- ’ - t o r i  i i . -  o r  - ‘ m m  - - n U a n n r  i - I n - , w i d n  i- m i - m i d  - n -  a - i- ’ m c i pa ! ed - i - c e R i s e  of
-i- - p t- m i t  p o l v  n - n - n  i n n  ti n -u f t  I , sh o u l d  also i- u n i t - n i - i  t u n e d .  Fcn rt m e n ,

s m n n o k t  d s i t ’ ~ in t On’ a : 1 - a  (i anum t i - m . r’ g i m n - n n n l d  ic rmmea sured as a

- - i- - t  i n n  i- - n t t m u m -  I ~u l t ow i ng i ri it i at i or: i - m t  p r i - I  - S i  S mi n nm 1 u s  t m o n  i - u i  n he

ma t n - r i  a 1.

E . ke’ I at j n i-~y. I i- i t ‘i- o f  rue t m r  [a I i-~~~ i - u —  m i d  m m -  mi mi - n e r-m i ned lu ’. com —

pa r i u m ~.m t n - i - r I mnma t e r n a  is wr tin n m - f  (-rn- ire- imm ateria l s , either th ose cu rren t I

I ”  s m  or t en d  i d a t e  inR ! e r i e  Is , rat i c r  r ‘ i - a n  a I t emp t l u ng to make absolute
t - u x i e i t v  i- - i l  a u  it -n n r s .

g~ i - i - m ” f t ’~. - -

i - i -c r e - i -. new of t i- i-c  l i n t -  t o x i c o l t u i - ’ . l i t e r a t u r e  c l e a r l y i n d i c a t e s
- a d m i i t i i -  a I n i - - c earcir is required before a standard proced u re fo r

I r .-  ‘ i- tx  i C l i  s~ i n n g  can ‘ i - n - e s t a bl i s i r e d .  l i r e c o m m i t t e e  recommends
- t -  t o t  I tiw i m e - areas of researcir -

- I x p n s - r e  cn a:’r ’ i - m- rs e q m m i p p e d  with p . ri-m i -sis/combustion apparatus
s i o n i l d  - b r - i f t  a c ’ i- ’r d i  m g  t o  t i r e  commit t ,ee ’ s r ecommenda t ion  in order  to
a L i da - c t - - - i - - n ra I n ine :  hodo logy - ~-iore elaborate measures than the

o n - s dis c csm - d in t im i s  report m a y  he usefu l to evaluate tire suitability
of ! n - 5 t  p a - a r - . - ’e r s  f o r  c h a r a c t e r i z i n g  t ine t o x i c i t ’ ,- of m a t e r i a l s .

2. I n  e x ’ e u v  mit m i x i n g  and effects i-ni stratification sirould be
u - e  st i. i - m t  n - u i  hs t emni pera  t u r e  and gas mapp ing during t ‘-p ica I runs of the

t * - ~~ ‘i -’ g t c n n i , it stratif ice ’ ion appears  serious, a fan or other mixing
dc vi i - .  i - m r redcs iu ’ - ma-i- i-c required.

3. u e t enirpe ra ’ - : re a ‘i-d t I :e flow of tire t l rerma 1 p lume above t ire
t s r  ace  or red i a ’ t  t r e a t e r  and m ine r a t e  a t  wh i c i r  t i re  therma l wave
P C -  C tm r a t e s  t i - c samp le sl i - su ld he m easu red.

4. l i e  effect s m i t  s u b d i v i s i o n  of the  samp le (powder and foam vs
l u t i l k  m a t e r i a l )  sho -n l d - i- . invest i n ’~~t ed.

- Research sim o nn id lie cornduct ed m o det  erm i ire wi n cii end p o i n t s  i n
a n i m a l  mode l s  a re  most  app l i c a b l e  t o  l i r e  eva l u a t i o n  of compara t ive

i - mx I (mit V 1 p -~-r o I - Si S / C o f l n i ) m n S  t i u - n n i  p r o d m u c t  s and to  t i n e  e x t r a p o l a t i n g  m i t
t n -se ’ da ’ a ‘ o b o t i m  immed ia t e  and d e l a - e d  response in Iruman s.  P a r t i c u l a r
emp im a s i s  shm ou i d  be p laced on develop i ng, s i unp ie reproduc ib le  techni ques
f o r  a s se s s ing  i n c a p a c i t a t i o n .

0 . R a s i c  research s imo u ld  c o n t i n u e  on f i r e  toxicology methodologie s
and  m e c h a n i s m s  to  p rov ide  a s c i e n r t  i f  Ic i-nasi s for improved methods in the
I Hire.
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