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ABSTRACT 

l111L:rior ~lruL·lur:tl lin:lighling in\"<iln:s 111:a,·y ph)sical e:-.:crlion under e:-.:trc111c cm·iro11111c111al comli1ion~. 
l'cr~on;tl prolccli\ L" cloihing and equipment impose 50 lbs or weigh I on lire lighters and i111pcdc 1hc 
L"\ aporali, e cooling mechanisms 11or111ally responsible for thcrmoregul,11io11 during c:-.:crL·isc. The inlcns.: 
heal or lh.: lire ground rurlh.:r .::-.:accrhalcs !he physiological slrcss 011 worl-ing lire lighlcrs. ( kcupa1iu11al 
11111rhidi1:, and 11wr1ali1:, slalislics rellccl lhe i111pacl or such slrcssors on lire se1Ti.:c personnel. Non­
ill\·a~i, ,· phy~iological 111oni1oring capabilities arc needed to 111ore precise):, delin.: the cardim·:,srnlar 
n:sp1111sL"S 10 lh.: d.:111ands or lire lighting and identil)' markers or impending l:1ilurc or crn11pc11satory 
111.:chanis111s prior to collapse or onset or irre,·crsihlc pal ho logy. 

:\ suilL: or sen~ors 1ksig11ed to provide continuous remote 111011itori11g or lire lighters has hecn dc,·clopcd. 
< l.\i111l"lr~· srnsors arc inL·orporaled into SCll/\ focemask lo allm,· 1111e11cu111hered nwniloring and analysis or 
,·;1nlio, a,ntlar and p11h111111ar:, runction. Th.: present rcporl also describes a mod.:! system litr physiological 
~ludi.:~ ol I ire ligh1i11g. !"his syslc111 comprises a series or ti111ed si111ulatio11s or lire ground I asks JH.:rlon11cd 
11\ lire lighler~ in a healed cm·ironmcntal eh:unbcr. l'rcli111i11ar) lcsting conlirms lhL' kasihili1_, or reliable 
11, i111c1n , ignal aL"quisi1io11 111akr lire !,!ro1111d co11ditio11s. 

l..:l'.Yl\'onls SL'n~ors . l{.:11101c l'h~ siologic l\lo11itoring. ( >:-.:imetl). hr.: hghling 

c,·g,11·111ass111ed.orl,!: phone: 203-785-6159: fo\ 203-785-.11 %: \'al.: l l11iversi1y. Seel ion or I ·. mergenL·y 
l\-lcdic i11c. I kparl111L·111 111"S11rgL"ry. -led ( 'ongrL"ss .'\venue. Ne\\ I la,·c11. ( T Ot,'i I t/-J ."; J 'i 
s:111d:, .hog11d,i•ll')'ale.cd11: ph1111.:: 203-785-(1151): l:1., : 203-785-31 ')<1: \'ail" l lni, cr~it:,. SL'clion o r 
l · mcrµcncy l\-lcdicinc. I >ciwrlmenl of Surgery. -.U1..J l 'ongress ;\ venue. New I la,·.:n. ( T 0<,5 I 'J-13 15 
ll'\\ ·, 11 hioslargroup.eom: phone: 30)-<JJ(i-1007: fa,: 30)-<JJ<,-7155 llioST/\1{ Inc .. 12321 J\ liddkhrnok 
l{11ad. S11i1c 150 < i.:r111a11lmrn. l\·11 l 2087..J 
111arg:irL·t.kolka,11•11a.amcdd.ar111y.mil: phone: 508-25(1-..J8-IIJ: fo.\: 508-233-521>X : l 1.S . .'\r111:, J{cs.:an-h 
1 nsl i I ulc or I ·.m iro111m·n1,tl /\ led ici ne. llui ldi 11g ..J2 . Kansas St reel Natick. /\·I/\ O I 7(10 
11111;1 ·.1:1c linili·lcl.,,·_1al,· ,·cl11 · pl111111· : ,(), 'i(,, .<)<J()J : J:1,· _,0, -/l,.J .. J<)'iO: .loh11 ll Pinn· h11111clalie111 
J .ahora1orics & Yak l lni,·ersil:, School or J'vkdici111.:. 21JO ( ·011grc~s ;\,·c1111c. Nc11 I l:11-c11. l. I o,,., l'I 
11i11,:hr,,1·111111c.11rg: phonL': 207-77..J-238 I. J:1,: 207-77-1-0-159: llepl orTr:111111a S11rg.:ry. l\foinL' 1\1.:diral 
t 'cnkr. l'orll;111cl. 1\11 : 

£3iomeclic;il Di:igno:.lic. G11irlnnce, ;ind Surgical-Assist Systems IV, Tuan Vo-Dinh. David A. Benaron. 
Wmrcn S. Gr1111rllc:;l, r=<lilors. Proceedings ol SPIE Vol. 4615 (2002) © 2002 SPIE . I 605-7422/02/$15.00 71 



72 

I. INTRODUCTION 

l:ach year in the l 1.S .. roughly 100 lirl' lighlL'rs die ;111d 50-1110.0IHI arc injured in ihL· linl" 111 duh I I 1. I !:di 
or !he linc-of~duly deaths and m-cr hrn lhirds or !he ·injuries occur 011 lhL' lire ground . dc"pile lhL· l:1L·1 1'1:1 1 
fin: suppression c:011slilulcs less than IO'!·,, or the nal ional lire SL'ITiu: L'lnngrnc: c;d I , oh1111 L· ( :~ ). 1-i 11, 
pcn.:cnl or the deaths and 20% or the injuries arc due to 111yornrdial is1.:hc111 ia or oilier c1111<li11on •; 1c l:11 c· d 111 
the physiological stresses or lire fighting (I). 

l>cspite these statistic:s. lhL' physiologiL· strL'sscs associa tL'd 11ilh interior s lrucl11r;d lirL· li g h1i11 ,.: :irl" 1•01111_, 
understood. /\t onset or exerc ise. hc:allhy adults cxp<:riL'llL'L' ;1 rapid incn:asc in cardiaL· oulp11l. I hi " i., d11 c in 
parl lo acc:clerated heart rail' rL·stdling from ccnlrall: 111L'dialcd changes in ih L· cq11 ililiri11111 11r 
parasy111pathic-sy111palhct ic stimulation . Stroke n1lu111c ;dso innL'asL's II ilh aug111c11lalion or I l'111111 , rc l11111 
from thL' periphery and resulting inolrop ic cnhanccmcnl hascd on hw1k-Sl:1rling lo rL" L''- _!.! 01 n11i11 .!.! 
111yoc:ardial c:011trnctilil.) . /\s exercise progresses. hlood n1l11111c is n:di strihulnl 111 the 11orki11!! 111t1 , L·ks lo 
111cct oxygen demands and to !he skin for dissipation or the heat hcing produced In th e 111u \ dl' '-. l"l1i -; i-; 
ad1ic,·cd hy dilatation or the , ·:1sculatun: in these arc:1s . \ ':1sL·ular rl'dislrihulion or hlornl 111hn11l: 111_!,l" lhn 
,,·ith volume loss due to sweat ing during ongoing exercise hcg in lo dcnca,c s troke , oh1111L'. l,111 L· :irdiaL· 
011lpul is maintained b: c:ompc11salor: increases in heart ralc up lo the indi, idual ·s 111: l\ i111:d r:11 c. 11hid1 i·; 
related lo age and c:onditioning. Respirations arc both foster a11d deeper th:n1 during rL's l. hut "L"ld11111 re:1d1 
nw ximal during excrc:isc. The c:mnhination or inncascd respiratory rates. L'\ ·apor;1ti, L' s11 c:11 I<"' '· a nd 
rcdislrib11tio11 or blood to capillary hL'ds in !he skin pro,·idc adcqualc cooling lo 111ai111a in hod: IL"111pn:1l 11 rL' 
11ithin a degree or so or normal in acclimatized adults during L'\LTcisc. 

Previous studies suggest that c:ardiO\ asc:ular c:0111pcnsalio11. SfH:cilicall: lhL' ahilil: lo s11 s1ai11 cardi:1 l· 11ulp111 . 
is also the limiting. parnmclcr in 11ork capm:ity or lire lighters under conditions or unL·o111pL·11 -;:1h k heal 
stress (3 ). l:xc:epl in thl: prl:Sl:lll'l: or ;1cull: or d1roni1.: puln1t111:1ry pathology. 1·L'nlil:1l ion i, ahk 111 kn·p paL·L· 
with oxygen tlc111and beyond the point al 11-hid1 circulation bccorrn:" inadequate. t ·anli111 ·:1scul :1r 
dcco111pcnsation. hmn:n:r. is thought lo oL·cur much carlin in lire lighting th an in olhn lor111 -; ol L'\ LTL°i,L' 
for a lllllllber or r<:aSOIIS. 

Fire lighli11g inn>lvcs hea vy cxcrtio11 11ilh both dy11amic. or aerobic. a11d static. or a11anohic. co111po11L· 111 ,. 
This has bcc11 dcmo11slrated through sludics mcasuri11g heart rates a11d OX)g<:11 dcma11d or lire li g hti11 ;.: 1.; .. 11. 
The work acti\'itics arc pcrfonned while 11·cari11g thcrm:d a11d llamc resis1a11l prolccli1 L' L'll sL·111hk" lh:11 
quantitati vely prevent c,·aporali \'c loss or mctaboliL· heat. h1rthn111ore. the: :ire perl i1n11n l in IL'lllflL'l:111irL·s 
approachi11g or tra11sicntly cxcccdi11g. 700"F (.'i). cffcc.1i,·cl: eliminating c1·cn lhL· 111os l rL·111t1lL' po.,s ihili1_1 ol 
di ssipating body heal inlo the environment. The protecti1·e L'llsembk 1rnrn h: lire lighters i11d11dL·, ·,L"lr­
c:ontained brcalhi11g apparatus ( SCB/\ ). SCBJ\ adds signilic:1111 ly lo the IIL'ighl home h: Iii L' I iµ hll'1 ,. 11 ho 
rout inely wear 50 lb. or perso11al prolccli\T equipment (l'l'I : ) and c:1rr: an addi1io11:1I ."'O-<, '- 11> . 111 
cquipment as they climb stairs. ladders. or roor i11clincs . The Sl'l3 ;\ is a dL'111 :111d-l: fll' p11 , ili1L· fllL''-'- llll' 
respirator worn in a backpm:k-slyle harness. Both or lhcsc l"caturcs increase 11ork or hreathi11F. and tkncasc 
total work c:apai.:ily ((1). Finally. fire incidents arc unpredictable and require rapid i11ll'nc11lio111t, .._ a, c li1 L·, 
and properly. precluding any poss ibility or ·warming up · as alhlelcs routinely do hcforL· 11orkin!:'. 0111. ·1 he 
implic:alions or the li.1rcgoing disc:ussion must he viewed in lhe context or 1111salis fo L·lor: lilnL·ss In cl, ol 
many lire scrvii.:c personncl. There is great \'ariahilily in aerobic rnndilioni11g ol lirc lighln" L'SPL'L·i:ilh 
among volunteers who i.:rn1slitulc 75-80%, or the lire service. l'vlau~ arc s111ukcrs. m ·L·rncig hl. or 1101 
phys ically condilioned lo sa fely engage in this level or type or acli\'ily. /\erohic capac:il: is kn<11111 lo he the 
hes! prcdiclor or heat lolcrancc in adults ( 7 ). 

In addition to the added s tatic: workload and dcfcat or c1·aporati,·c cooling n1ed1a11i s111s in1po'-L'd I> _, lire 
fighting l'l'E. the c:ardio-accclcralor compensation that normally maintains canliac output during L' \ LTL·i.-;c is 
also lost to working fire lighters. This is because heart rates :1chie1·e 111axi111:d or 11L·ar-111 :1., i111 :d k1 cl " in li rL· 
lighters before they ever reach the incident scene (8 .9). This is thought lo he due lo a rn111hin ;1ti1111 o r 
adrencrgii.: sli111ulalio11 assoc ialcd 11·ith receiving the alarm. the lighls-and-sirl'II lrip lo lhL· lirL·. ;111d the 
inili:d 1'\<·n ·i•;t' n ·q11in·d lo don llw 1"1111 prnl!Tliw ensemble . II , lhrnrclical nL'l cffccl . ho11c1·L·r. is an :iln1osl 

i111111cd iatc dcc:rcmenl in cardiai.: output mlh initiation of <:.\erlron a11d s11cal1Jt!; <•11 the l11 L !,'. ltt1111 , I. 1111:. 
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initialcs ;1 cascatk or scqucnti;il l;1ilurc or compensatory n11.:chanisms. I h.:crcasing c;1nliac outpul leads to a 
L"OIISll'IL'tlllll or the lilH·i1,li0rnl \'ll~~ llhtllll'I.' Io 11111i111ai11 :,;rsioli \; hlood pn;~s11n;, Thi~ ri;s1ilts in a rapid risl' in 
corc lcn1pcr;1lurc. \\'hich is sustained c,·en alkr l'\Crcise ccases (3.10). Clear!). ii" this plausible scq11ence 
rnnsi~lenlly occurs. ii is easy to understand lhe c\cess cardiovascular morhidi1y associaled \\·ith lire 
suppression. < )nc slud.' ( I I J has used eslimalion of aortic valve area hy ullrasonography lo cslimale canliaL· 
output heli1re and immediately a lier simulated lire fighting aclivilies in l'l'L and did ohsen e .111 early 
decrease in app;1re11t cardiac output. h1rthcr work is necdcd. ho\\'evcr to confirm lhe hypothelical 
ph)siology or lire lighling. and lo idenlili· physiological paramders that indicate the ;1chievcmenl ol" near-
111a.\i111al 11ork c;1pacil) prior lo cardiovascular collapse. symp10111alic heat illness or olhcr ad,·ersc clinical 
11111co111c~. Such paramclcrs must he ;1111c11ahlc to 111>11i11,·asi, ·c moniloring on the lire ground. 

l{L'llll>IL'. nrn1-i1n·;1si, c. IIIL'dical monitoring ol" lirc lighters n>uld greatly reduce lin.: gro1111d n10rhidi1y and 
111or1alit) in lhc rnturc . I lo11c,·cr. rc111otc suncillam:c or ph) siologic d:11a from imli,·idu;ds cng;1ged in 
hc;w, C.\L'l'tion under conditions or l'.\lremc lik sakty lwz;ird in real time offers signilicanl lcdmical 
d1allc11gcs. The sensor syslcm must supporl rapid tlata collcclion. processing and cfli.:l'li,·e tra11s111issio11 
01 LT sufficient distances to nwnilor personnel operating rn1 a lire ground. Sensors require access lo lire 
lighlLT hiolo[.!ical signals. hul cannot he applied as additional steps in donning l'l'I ·. as this would 
compromise response ti111es. l'lace111ent and integration or sensors into lhc protecli1·c ensc111hle might he a 
11orl,ahlc solution. hut 111ust not compromise lit. c<i111for1 or airtight seals. and must provide accurate 
readings frllm all 11earcr~. The liill S)Stcm or scnsllrs. transmillcrs and pll\\l'r supplies 111ust not add 
, i.!!11ilican1 1\l'i[.!hl. L'.\IL'l'nal tcthering or --cube" that could cncumhcr a fin.: lighlcr or decrease essential 
111ohili1, or de,1nil) during lire ground operations. Bllth hanl11·are and solill'arc must he hanlcncd to the 
~c, LTL' L'n\ iro11mc111al and runctional crn1ditillns associated 11ith lire suppression acti\'ilies . Rohust signals 
and proL·csscd output an.: essential hl'liire inliumatilln can he relied upon for tlccisions inn,h·ing lili.: sakty. 
·1 hi s includes freedom from radio frequency i111erli.:re11ce 011 the electromagnetically complc\ lireground . 
1\lfonl;1hilit) li,r lire departments is another i111porta11t consideration. Cll111mercial. off the shell" (C< >TS) 
cll111poncnls may he the mllst cost-cflccti,·e solution for develop111ent and tL·sting or lire lighter monitoring 
S\"StL'IIIS. 

I ·.quail) challenging is de,·clopment and validation of a lire lighting simulation model through \\hid1 to test 
Ilic physiologic hypotheses and el'aluate instrumentation. I lardening e\pcrimental prototypes to " ·ithstand 
full lircground conditions prior to rnnlirming their clinical utility 110111d he liscally impraclical. 
l·urthnn10rL·. each emergent:.' incident is dilkrent frlllll any other. so accumulating sl;1tis1icall_\ signilicant 
data li,r multiple suh_icl'ls lln multiple occasions would also he impossible. It is dirlicult to emulate the 
physiological strcssc\ associated \\'ith the lire ground in the lahorator_1. l'vlost i11\·cstigators in the past have 
opted !"or either limited inliinnation that can he obtained hy cardiac tclemetr) llll the lire ground (.1)1.lJ) or 
11uirL' e.\tcnsil'c 111onitorint! during highly , ·ariahlc cllmhinalillns or heat L'\jHlstirc. l'l'I ·. use. and e\ercisc 
prolocols t -I.I~) . 

2. MONITORING PARAMETF:RS 

I he S( ·11 1\-ha~cd o,imclry syste111 described in this p_reliminary report is incorporaled into l'l'I : lo pro,·ide 
unc11cu1nhcrcd monitoring through face piccc-111ll11nted sensors. radilltclcmctry and processing soliware. 
I hi , ;illo\\ ~ li,r u1111i1111011s. r,·n10IL' me;1s111T111c111 or heart rail' ;ind o.\\·gcn sal11ra1io11 or hoth pulsalile ;111d 

11011-pul salik ti ssue co111p;irtn1L·nts. l'rom these par;1111ctcrs. \\C also derive hcarl ralL' ,·anahilil) . 

2.1 ( hillll'II')' 

l'ul sc o.,imctn is a ,,cll-cslahlished. 11011111,asl\·c medical 111011i1ori11g modal it_\ . 1'11lsc o.,illlL'tn dctel'ls 
altl'rations in hemoglobin o\ygen saturation. measuring arterial o\ygen saturntion based 011 

spl'l' lrnphotoml'lric principles ( 13 ). UvIS prol'iders in !he pre-hospital selling use ii. and its hardware has 
prnn:n nig):!cd l'IH>ugh lo ~11pport !his applicalio11. fl 1\'as sclcL·lcd ;i s one c1111111111w11I ol lhv .<. 1·11·.111 :.11ik 101 
lirL' lighter physiologic monitoring 1101 only because of its proven toughness. hul also hccaw;e lhe srnsors 
can he c.isil) inlegratcd into the SCll/\ face piece 11here ll\illll'try is performed in rcllecta11cl' 111odi.:. l'vlosl 
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i111porla111ly. IHmen:r. o.,imetry \\"as selected as the bas is fi,r the syslc111 hec:111SL' ol" lhc 11 ;11111 \· ;111d ;111H>111ll 
of physiologic i11formalio11 lhal c:111 he derfred li-0111 ii. 

Vital s ig11s such as heart rate. blood pressure and arterial o, ygen saturation .ire rclalin·h lalL' i11di L· :1111r~ 11 1" 
compromised ti ssue perrusion i11 palie11ls being mrn1ilorcd for sc,·crc n1cdiL·al or s111 g iL·;rl vo1Hli1i1111 ~. 
Increased heart rate is a 11rn1speL·ific sign Iha! is associated \\·i1h li:n-r. cn1o lional s!;rlL'. cnduninc 
al111on11alitics and 111:111_\ ulhcr factors . When used . as ;111 indicator or , oh11m· dq1kli1111 . 1;1,·h_, v; 11d i;1 i, 
n.:lati,Tly i11se11silire. requiring loss or 15-25% or 101al inlra,·ascular n1lu111c. Thi s 1r;111, ialL', lo 7- 111 lirn, 
of lluid li·om a 70 kg adull. Loss or blood pressun.: is even less sc11si1i,·c. and :rrlL'rial m_\ gc11 ,a11rr;11icin i., 
mai111ai1H.:d u111il f"ull cardim·ascular collapse occurs . Pulse o:--imelry ,,mild lhcrcli ,rc appear 111 h:I\ L' 
mi11i111al rnluc in dl'lecti11g suh-cli11ic:il fluid depletion or canlim·ascular in:1dL'quac_\ lor 11ork lk111 ;111d , i11 
lin.: lighlcrs. 

111 lhe critical care selli11g. morL' s11htlc alleralions in li ssuL' pcrrusio11 an.: i11krrcd In 111onito1 ing imlirL·L·I 
imlicalors such as lactic acid produt:lion. biochemical markers ofc11d organ injur_, and o\ 1!-! L'II s;1t11ralio11 in 
111i,ed 1·enous hluod. The laller paramt:ler. ,,hilc pufo1ps 111osl se11si1i,·c. rcq11ire, L·;111111il ;rli1111 ,,1· thL· 
pulmonary artery and perlimnance or co-o:--i111L'lry 011 i11lcn11it1c11tly ohl :1inl'll hlood sanrpk,. < >11n· ;1!:' ;1i11. 
lhcse markL'rs ,,011'd 1101 appear ame11ahlc lo rcal-l inll' "il1011iloring or1,01ling lirl' li _!! htn, . 

I listorically. non-invasi\"L' o.,i111L'lry bL'came clinicall.'' useful for 111onitori11g icspir;1tor_, st :1 111 , i11 !Irv l1J711 ·, 
\\·hen ii was recogni1.L'd thal regularly in1cn11illc111 changes in lhc lcnglh or the o.\in1L'IL·r" , lig ht p;1llr ;1 ., ii 
was lransmillL'd through I issue heds resullL'd from arterial pulsalio11s ( 13 ). 1'11lsc o , i,nclcr, 110\\ rn casurL· 
light absorption through li,·i11g ti ssue , ·ia an allernali11g cwn:111 (;\(.'). or pulsalik . u 1n1punL·111 and ;1 dircL·t 
c111Te11l (DC') co111po11e111. The pcrcenlagc ofo:--ygc11aled hc111oglohi11 i11 lhc arleri :1' L·rn11pa rl rn c111 is rcpurlL'd 
aHer processing lhal L'sse11lially subtracts lhL' slalic background ahsorplirn1 lrn111 the pul , :11ile u1111p1111L·111. 
The I)(' signal used by o.,imelry processors. but 11111 reported hy lhL' deYiL-c . rcprcsL'nl s s lali L· ti ssue 
absorption primarily due lo hL'mo1,dohi11 in the ,-c110us and capillary beds. The earliest lllL' lahnlic charl _!! L'S 
or hypoperhrsio11. may. therefore. be deleL'lable by 111easurL'111L'nl or changes i11 thL' I >l ' signal. 
Tra11scula11eous o.,ygL'11 and carbon dio:--ide mo11ilors 11·e1-c rct.:cnlly used as par! or a rn >n-ill\ :J<,i1·c s11ilL' thal 
al so included pulsL' o,i111L'lry and csti111alio11 or L'ardiaL: oulpul h_\ thoracic hioi111ped ,111cL·. I )al ;r lr11111 1h i, 
suite was found lo correlate well with he111odyna111ic 111L'asurL'111c111s hy eo11, L'l1ti1111al. ill\ ;1si, L' dl'I iL·L· s i11 
ICl I palie111s ( I~). 1\11alysis or lhL' plcthysmographic 11·;11·cfim11 ge11nated hy p11l se <1\i111L·tns " ;" :il ~. o 
found lo currdale 1Yilh volume.: status in 111eeha11iL'ally ve111ilated pat ients under general :111esth L's ia t 15 ). 
These find ings suggest that both the J\ C and DC eompone11ls should be 111011itorcd h.' lire o,i111dr_\ " s1L'111 
i11lcgraled into Sl'BJ\ fat·t.: piet.:es. 

Studies in the (%O's sugg.L'sled that hL'al-lo-beal d1anges i11 ln:arl ralL' . or heart ralL' , ·ariahili1 _, (Ill{\ . ) ma, 
ha,·c prog11ostie sig11ific:111cL'. and ne11· ted1nologies arL' foeililating increaso.:d use in dinic:1' , c11i11g,. l\olh 
shorl and long term oscillations or heart ralL' resull from thL' comple., i11tcractio11s or crl i: re111 ;111d ;1lkrL·111 
mrlonomit.: pathways. RL'duced I IRV has been shmrn \Yith agi11g and "irh di sL'ase .,la I L'S sud1 a, di ;rhL' le,. 
spinal L:ord in,iury and sepsis. II is associatL'd with increased mortalily in I('{ I populations and li1llt111 i11g. 
myocardial i11forelio11. MmiL'rale e:--crL'isc training. hom:1Tr. increases IIRV i11 adults . IIIZ\ . is rnr rrntl_, 
analyzed by various signal proL:essing manipulations int.:luding time domain slali s lics. rrL'qne11c.' dnrnain 
lechniquL's based 011 spL't:lral esli111alio11. and mclhods dcrin:d fro111 nonlinear d_\ nan1i L·s :11111 s l;rli sliL·:1' 
physiL:s. lligher frL'que11cy (0. 15 - 0.5 111.) co111po11enls primarily re flect par:1sy111palhetic lone. "hik lo\\e r 
frequc11t.:y compo11c111s ((l.05 - 0 . 15 I lz ) arc assoc iated with a t.:or11bi11alio11 or sy111p;rlhl'lic :111d 
parasympalhelit.: lone. /\I present. essentially all I (RV analysi s for mL'diL'al ;1pplica1ion, usL'S l·.l 'l i 
1,·al'clin111 dala . The ulilily or pulsL' o:--imclry wa1-cfor111s li,r 111{ \I :111ah-s is 1111dn s lrt.: 1111<H1 .~ 11orki11g 
rnmlitions is e:--amincd in the present study using established erih.:ria ( I h-18 ). 

2.2 Cure Temperature 

It is not anticipated thal core tL'mperature monitoring \\·ill be part or a practical. licldahk srn , m ~11it L' lor 
real lirne 111onilori11g or lire scrvin· personnel engaged in slrul'lural lire lighli11g. II is 1101 kas ihk 111 L'ilhn 
appl_\ or insert tl11:rmo111clr~ probes during an e111crgency n.:sponst.: . SincL' lire ocu111c11LL' <ii 11,,_1drn1 ·. , .. 
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1111111·L·diL·l;1hle. ii is 1wl possible lo i11gesl capsules like !hose used in lhese sludics. as lhcy 111us1 he gin:11 
1i111e ID lra,·cr,e beyond lhe pro\inwl small ho\\'cl hefon: !heir n:;1di11gs relkcl body core lcmpn:1111n:. 

Tlti~ due~ JHll di111i11ish lhc imporlam:e or including core 1c111pcralurc 111011ilori11g i11 studics lo clucidaic lhc 
ph: siology or lire ligh1i11g and c\'alualc !he prcdiclivc , ·:iluc or allernali,·c paramelcrs. A sig11ilica111 risc in 
u>re IL'IIIJllT:tl1JrL' is a reliable indicalor lhal an indi\'idual has C\L-eedcd the c:tpaL·il: or hi s or hcr 
1hn111orcgul:11o'ry and L·ardicl\·ascular eo111pc11salory 111ccha11is111s. As such. ii is essc111ial lo corrclalc 1his 
nilic:,I i11dic:11or \\ ilh olhn lcsl para111clcrs. 

J. SF.NSOH. SUITF. 
J . I Corl' T1·111pt·raf11n• 

Co1 .. I cmp" capsules. originally dc,·cloped by lhe Applied l'hysies I .ah al Johns I lopkins l J11iversi1y in 
n11l;1horalio11 \\ilh the N/\S/\ ( ioddard Space Flighl Center. arc 110\\' markclcd by I lu111a11 Tcchnologics. 
Inc . Lach ingcslibk. :! rn1. silicone coaled c,tpsulc remains in lhc human digcsli, ·e lracl liir ahoul 3 days 
and n,111:,ins a quar11 1hcr1110 sensor. micro hall cry and lclcmclry sysle111. The , ·ihral ion li·cq11c11c: o/' !he 
q11ar11 corrclalcs dirccll: \\ilh amhicnl lc.:111pcral1irc . 'rhc rcs11lli11g 111ag11c1ic 1111\ lransmils a signal lo lhc 
i111cµr:tlL·d lria\i:d a1tlL'1111:1. 1\'11ich in l11rn sends ii lo a recording dc, ice. The capsule is Fl ).'\-apprcl\ ed. and 
i, :1L"Lllr:11L' lo 0. 1 "l ·. I he 1:ilSL·nsc1: 11u111i1ori11g S: slL' lll i11d11dcs a \\Ti sf\\alch si1cd radio n:pcalcr lo hclllsl 
1he IL'le111L·lr: signal rccci,·ed rrom lhe capsule. and a pager-sited rccci,·cr/rccortlcr \\om 011 lhc hell . II can 
he dirL'L'll: linked lo a colllJltllcr for real lime mo11ilori11g and i11d11clcs an 8-hil micro L'Olllrollcr. llolh 
L·o111prn1c111 , or lhc L·orc 1c111pcra1111·c mo11itori11g system arc commcn:ially a,·ailablc and \\·ere purchased Ji,r 
1l1esc ~111dics. 

J .2 (hinH·fr_y 

/ 
:/ 

:/·Emitting LEO / JJt" .. . 

Detector 

Nosepiece 

l·i!,' lll'c' I. ViL'\\ frC1111 inside 111:isk . h11it1cr and 
dc1n:1or di.:111.:nl s inlq!rali.:d into li>rchc.id portion or 
S( 'I I:\ l;1L·c· pic·cc· . ,\rn111 s pCJinl !CJ I\\CJ L'n1hcddcd 
SL'n s11r, in till' (;1n· ~,·al 1h;1( l ' ll\'L' I' lhL· liin:hcad. 

Spirolronil( S model SCJl 1\ face ma.,k~ \\ ·ere J..i11dl:, 
pro,·ilbf by lntcrspiro. Inc or Bra11Jortl. Cl . llCI. 
Inc. ( Waukesha. WI) rclkclancc mode pulse 
O\i111L:try sensors were added lo lhc rcllcclcd rubber 
lining or lhc l:1ce picL'l.: lhal limns lhl.! sc:il II ilh lk 
\\Carer ·s forclil.!acl hy Jll'I l:iclory lcchnicians ( 1-igurc 
I). The:, \\·en: 111otmled lo lhe opposilc side or lhl.! 
lining \\·i1h heal slahle glue anti similar ruhhcr 
backing. The space.: hd\\'el.!n the Ji1rcl1l.!ad rclleclion 
and lhc clc.:ar shield allachrncnl lo lhc litcc piece 
pro,·idc.:s a channel lo accommodalc lhc hulk or lhc.: 
f.f:I) emillcr and dcleclor crn11po111:nls as \\ell as lhl.! 
wiring. The.: wiring c\ils near lhl' allaclm1enl or lhc 
low-pressure.: air fine so thal ii can he.: casil:, added 10 
lhl.! wiring bundle already prololypcd hy l11terspiro. 
Inc and designed lo nm wilh lhc 11>11· JHl.!SSltrl.! line 
hack lo a11 l.!lcclronics ho\ atlachcd lo lhl.! basl.! or !he 
SCI Ii\ harness. 

l'n.: , io11., lcsling (IC)) has indicalcd Iha! lhc J«in.:hcad is a suitable local ion for placing pulse 1> \ i111elry 
wnsor~. The airlighl seal required hy lhc.: National lnslilulc for Occ11palio11al Sakly and I lcallh ( NI< ISi I) 
ensures continuous conl,tcl wilh lhe integralc.:d sensors. The series or head slraps designed lo secure !he seal 
I\ i1h lhc face also reduces lhc incidence of' motion arlifocl. a conu11on problem 11·i1h ;m1hulalor: pul~c 
o,i111L·lr:. SomL· variahilil: had hc.:cn noted among different wearers in reliability or signal acquisition 
durin'.• pn.:, ·irn1~ \\ork 11·i1h SC 'Jli\-mm111tcd o,imclcrs (unpublished ohsc1Yalio11). This was s11spc.:clcd lo he 
due lo lhc placcmc111 of lhe c111illi11g and dclccting COJllflllllL'lll~ ol lite o,intl.!lry srnsor\ in lhl' l;1LT pil'lT', 
l'rior lo sending the masks for modilicalion. lhe oplimal dislance bcl\\·cc.:n lhc 1.1-:I > cmillcrs ;111d dclL'clors al 
lhc parlirnlar a11gk imposed h:, lite conlour or the mask lilling lhc forehead (hgurc 2) \\':Is empiricall:, 
dc1cr111incd 11 ~111g n1Ju11lcl'r s11hjecls \Yilh differing focc shapes and skin characlcrislics. There 11as ,w 

Pr oc. SPIE Vol. 4615 75 



76 

Sensors are Flush with fr1c;ernasr. 
Porrmndiculm lo Foretiead 

Emitter Detector 

l'igurL' 2. Uiagra111111atic n:pn.:sL'11lalio11 orrdkcta11cc 111odL· o,i111clr_1 
and loeatio11 ol" thc L'111i11i11g and dL'IL'eting ck111L'11ls or tire SL'llsor i11 
tlrc Sl'll/\ 111asl-. foec piccc. 

sig11ilic;r11t dillLTL'IIL'L' i11 pL·1 lor111;111L·L· 

1·s. sq1;ir;rtio11 di,-,1;111n· 1111L·L· tl1L· 

SL'll .sors \\C'l"L' 11 itl1in 1.11 •.' Ill. c'L'llkl' 
to cc11tcr. Startin.!! ;11 -I L"III. 

deLTL'asill_l! llrL· dislallL"L' ''L'I II L"L"II llrL' 
lkll'L"lor ;r11d llrL· L·tnillcr,-, innL"ascd 

tire rclkct;r11cc IIIL' :J s1ircd. 111!' ,ig11;rl 

slrL'llgllr did 11111 SL'L'lll lo ;1lkl"I lire 
.. rL'pOl"IL'Lf .. l"L';.1111.s . f fri s i,-, lil,L·h 

hL'ca11sc tire sig11;rl lllL';)Slll"<.'d is ;1 
r;rlio or tlrL' rl'd ;.ig11al Ill llrL' fl{ 

sig11al. 11 l1id1 IIILTL';lSL'S 

proportio11all_1 a., llrL· l'lllillL'r a11d 

detector get dosn . .- \ li11;il L"L' IIILT­

to-cc11lcr ;.L'par;rtio11 ol I .~7 L·n1 11·as 

sekcll'd tn prm idc ;1dcq11alL' pliable 

11r;11L'ri;il hl'IIIL'L'll tlrL' L"iL"IIIL'llh lo 

111:1i11t:1i11 1111ilorn1 1L'J1,i1111 OIi llrL' 

rnhhn strip cn11t;1i11i11g llrL· ;.c11,ur, 

;111d i11tegril_1 cir lirL' SL';ii ;11 lilt.' fa L' L' 
pieec/li.,n:lu.:ad interface. This distance also prevents larger 11·earers frn111 c.,cL'L'di11,! tlrL· I .'I u11 li111i1 1li1L'II 

the inter-sensor rubber is stretched . The final SL'paratio11 or thL' t11n SL'llsor co1111H111L·111 ;. 11; rs ln1111d to 
pro,·idc a continuous sig11al as _judged hy hoth plethys111ogr;1phic 11·a1 L'limn a11d l;1il11rL' or tire ci, i1llL'lLT· .s 

processor Lo detect any time points 11·ith signal dropout li1r all 11c,1J"crs 1111Lkr hotlr 1c;. ti11g ;111d actill: 
conditions. 

To conlirn1 that the post-manufacturing 111odilicalion or the foLT pieces did 1101 cn1111J1ciJ11i,L· their i11lq! rit_1 

as fili.: safely devices. they \\"ere returned to lnterspiro. I 11c li1r tcsti11g ( I· igurL· ., ). 1\ 11 n1;1.sk., L.' \CL'L'dcd 

N IOS I I spcei licat ions li>r sea I properties ;md 

\'Clltifatory pctformancc ( Figure ..j ). Volunteer subjects 

also cl'aluated the modified rn.rsks for co1111iirt: the) 
were worn for up lo an hour \\"ilhout diniculty. This is 
in eontradistinctio11 to previous prototypes in ll"h"iclr tire 
sensors protruded from tire surface or the nrnsi... 
causing localized pressure and discomfort to tire 
forehead within a li.:w minutes. 

The initial prototype generation or the O\imelry system 

utilizes an 01.:l'vl pulse oximetcr board from Bl'f. Inc. 

This board has three primary operating protocols that 

arc dctermi11cd through jumper settings. f :ach or the 

dirli.:rent protocols provides a rnriely or options and 

advantages. For the operation or this prototype. a 

protocol that eom1m1nicales through an RS-232. 3 
\\"ire. I 9200 baud. even p:ll"ily. I stop bit. 8 data hits 

intcrfot.:c was selected. The SCB/\ masks arc lillnf 

wilh !J-pin sub-miniature I) co1111edor that can 

connect dircclly to o,imcter processors from II( 'I. 

j ~/ 
f 

i'ig11rc 3. l\,lndilil'd SCII :\ 111;i~k 1111 l'o~i-l ·1rdH IL'sl 
apparatus. IL'slin!,'. ;rhilil \ · 111 111;1i111ai11 p(1siti1 L' 
prcssun:. \·an111111. and fll'I l11n11:111n: 1111(kt lii r lr ;111.I 
1011· 111i1111IL' 1 c111ilatin11 11orkl11:1ds. 

Nonin and Nellcor. Because most manufoclurers use a " lookup lahlc .. lo lrarr:,lalc 1'1L· II, 111 1nl ·, 1.t• 11;rl 1ali11 

into oxygen saturation (SpO~) lc\'els. it is important lo note thal the acrnrac_1 or the cakul.11cd Sp<>: 1 ;due 

must be re-calibrated 11hcn using sensors and prm.:essors rrorn dilkrcnl m,111ul:1L'lurcs. 

J\ serial cable was lelherctl between the oximctry processor board and a laptop crn1111trlLT for lhc prcsl'nl 

studies. The laptop computer operates in a "'lcrminal"' mode capturing a byte data slrca,n l"rnrn !he o\ir11L·lcr 

prol'l'<;Sor. t lsi1w the 11<'1 01-:l'vl ho;1nf's prolocof 2. the hoard generates '- h~ IL's at a ralL' or 120 111. 
Contained within lhc data pat.:kct arc signal strength . the :-iuhJeL"I · s hc;11 t r ;1tc ( I 11, /. 1 lrL· (: ;ii, 111;11.-. I \ I ,1 ' ·. 1 I 11 
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hµurc· -1. \ ' e111il:1lor~ p..:rl,1rn1a11..:c of 111odilicd l111crspiro 
Sl"l 11\ 111ask de111011s1 ralcd lw pressure lracill!!S 011 l'osi-
< ·11..:1, apparalus. ;\JI 111asks c·:-.cecdcd NH )SI I specilicalions 

l<>r l: ,ccpiccc and 111edi11111 pressur..: 1111der bolh sland:inl a11d 

11J:" i111al rcs piralor~ rales. 

lhal lhL· LTal11a1ion llr lhal stal11s 11·lltdd slill m.:cur large!) 
L·alihr:11i1111 dala. 

\·,due llr a plelhysmographic 1\'a\·c. sc\·cral 
hils or opcraling s1a111s and hils used lo 
conlinn lhc currenl a\·erag111g rali:s and 
scaling slalus as 1\'ell as a dala padl'I 
\'aiidi1y checksum. There is also a single hit 
used lo indieale when the processor has 
calculalcd lhal a lu.:art heal has occ111Ti:d. 
These dala arc currently kepi in hylc limn 
ll'hilc hcing generated and used as a s11urcc 
Ii Ii: for analysis alkr a lest protocol is 
co111plc1i:d . 

A second general ion or I he syslcm pcrrorms 
a dirt.:cl calculation or lhc plcthysmographic 
dala lhrough a cuslom processor hllard. The 
\'asl 111ajori1y or lhc dala arc stored on a 
memory t.:ard allacht.:d to lhe processor 
syslcm. ll'hilc a small s11h-st.:1 llr lhc dala is 
lclcml'lt.:rt.:d lo a porlahlc l'l' lhrough lhc use 
llr a simpll' ll'irclcss serial co1111eclio11 . This 
conneclilln is nlll used to 1ra11smil lhc enlirc 
data aequisilion. ratht.:r _j11sl enough dala Sil 

Jlwl personnel moniloring dala trials can 
conlinn tht.: qualify or lht.: acquired dala. 
( Jncc lhc uni I lransilions rro111 a rt.:searclr 10111 
lo a lidd-ahk sensor. p1.:rs1H1nd slalus can 
also he ldcmclcrcd: however it is anlicipalcd 

on Jhc processor hoard. using opcralor specilic 

4. EXPf.RIMENTAL MOllf.L 

-I. I h1viro111111·11tal ( ·1ia111hl'r 

' I liL' SL' rr sor sy.,1e111 is IL'slcd using lire liglllcrs as lt.:sl suh_jccls pcrlimnirrg simnlalcd lire ground !asks under 
Jhc uHllrollcd corrdilions ol an cn\·ironmcnlal chamber. The cha111hcr is one or several localed in lire John 
II. l'iLTL'L' l.ahoralorit.:s al Yale llni\crsily. and pro\'idcs roughly l.MiO Ii' or 1111ili1r111. precisely controlled 
IL'111pcralrrrc and h11111idi1y conditions liir conducling Jherrnal slrcss cxpcri1111.:nls. J\ppara111s and cquipmcrll 
required 10 co111plclc lire si111ula1ions are arranged \\'ilhin Jhc i.:ha111her lo lircililalc scqut.:nlial co111plction or 
lhc I ask\. I 110 ill\ csligalors. one 111oniloring data acquisilion and oni: leading lhc lirt.: lighlcr lhrough lhc 
prolocol 11hik ohscrYing liir hazards or signs or clini.cal dccompt.:nsalion. arc prt.:sent insidt.: lhL' cha111her 
1lrrouglr11111 caclr c:,pcrimcnl. 

·1 o cslahlish i11di1·idu:tl hasl'lin.:s liir L'ach suhjL'L'I undL'r corrdiliorrs ll'hnL' normal L'1 ·aporali1·L' c·oolin),! is 
possible. lhL' prolllcol is inilially pL'rliirmcd 11-ilh lire p,1rlicipa111 m:aring gym shorls. l"-shirl. and Sl'II ,\ . 
,rrrd lhl· chamhL'r lcmpcralurc sL'I al (>:'i" I-'. An identical Jrial in rull l'l'l: and \\'ilh lht.: chamlrL'r 111ai111aincd al 
I or I· is also perli1n111.:d hy each lirt.: lighlt.:r lo assuri: lcchnical kasihili1y aml rcliahili1y or lire 1.:quipmcnl 

1111dcr lhcsc corrdilions. ( ·1ra1nhcr h11111idi1y is 111ai111ai11cd al -1:'i'! ;, 11·ith holh lc111pcral11rcs. lllood pr1.:ss11r1.:s 
and hod: 11cighls arc ohlaincd al Jhc beginning and end or each chamber cxpcrimenl Jo cnrdcl: csJirnalc 
li_nlrat ion slallls. ·1 olal air depletion from Jhe Sl'BA cylinders is also recorded. 
l"lrt· k111p,-r:1111n· or JIil' lll'alcd d1a111hcr is siunilic:r11lh' lo\\'er Jhan lhal cncrn111Jered durinµ ,Jnrclural lire 
li!-!hling . II 11·as sckclcd lo give a largt.: nrargnr of sale!) Jo !Ire 1111111.111 \lllr_Jcll :, p,11lrup.rl111 Jc'. 111 llw ·.111.Jw·. 
prcd11di11g any danger or burns. \\'hich art.: regularly s·111krcd in Jhc line or duly dcspile Jhc prolecli\·t.: 
l'n,L·n1hlc 1rnrn h:, lirl' lighlcrs. hir purposes or Jhis sludy. an arnhicnl Jc111p1.:ralure or I 0-1" 1: is adcquali: lo 

Proc. SPIE Vol . ,16 15 77 



cnsun.: lhal sul~jccls. especially ll'hilc \\'caring rull l'l'I ·: ll'ill 1wl he c11olcd ll\ p:1s:-i'. L' rdc·:1 ·,L· 111 111 L l:1li,di,· 
heal lhrough lhc skin inlo lhc c1n·iro11111c11l. 

-1.2 llumau Suhjcrls 

The Yale l lnivcrsily School or Medicine ' s I luman 111,·cstigalion l 'omn1i1tcc apprm cd lhc, L' s111diL· , . I Il l' 
imcs1igah1rs ohlain inlimncd L·1111scnt rro111 each suhjccl prior lo parlicipation in the -; Jud, . :\II p:11li L' ip:1111 :: 
;1rc ( 'lass ;\ (inh:rior strnclural) lire lighlcrs and 1nc111hcrs or llll· llr;111li,rd 1-irL· I >q1ar1111,·111. ll1:11iln1d . < · 1 
i\lJ ll'crc medically dcarcd for lidl lire fighting duly h: the Yale (kc11palio11al ;111d l:111·in111111L·111:d I\IL'll iL·al 
Program clinic using NFI'/\. 1582. Slandard on Medical Requirements fi,r Fire 1:ighll'I' <.; . I 11117 cdi1io11. 
\\·i1hi11 one year or parlicipation in lhc s ludy. /\. total of' IO ct11Tc11II: acti,·c lire li 1::hll'l's lil'111 cL·11 Iii ,· :l ):.! L'S 111 
20 and 50 years comprise the study group. 

On study days. each off duty lire lighter scheduled lo parl1c1patc in thal d;1y ·s prolon il , i, q11l'l'icd Ii_, lhc 
principal in,·cstigalor regarding prcscnl hcallh slalus prior to i11gcslion or lhc l ·or l"c1111/ c 1J1, 11lc. :\in lire 
lighlcr 11ho rcporls any symplo111s lhal mighl he n: krahlc lo undiagnosed cardia,· i, d1c111ia i, di :,qualili n l 
from sludy parlicipalion and rcJ'crrcd for immcdialc cardiac c,·,duali1111 hcli>rc rcl tm1in!-' 111 d111 _, ;1~ a li1 c 
fighter. i\ny fire lighlcr ll'ho J'ccls foligucd or 111m·cll. \\ho h:1s soreness or di sco1nl'm1 i11 .i11i1111 •,1 or 
musdc( s ). \\ho has lakcn an: anlihista111inc in thL' prc,·ious 2-1 h11urs. or "ho has L' \(lc'I iL·111.:cd :1 k , L'I'. 
nausea. diarrhea. ,omiling. or rcspiralory symploms in lhc prc1·ious 2-l hours arc c, dudcd l'rrn11 lh:11 d:n ·._ 
\\ork in lhc cnvironmcnlal chamber. Ural tc111pcratun.:s and s;ili1·a alcolwl anal:·s is arc al so pcrl,,r111nl al 
lhal time. /\.11 oral tcmpcralurc grcalcr than or equal to 'N.5 "I' or a 11011-1.cro alcohol rL·:1di11 !,! di , qu:dilic , 
lhc imli,·idual from parlicipalion in lhal day·s sludy. !'ire lighlcrs taking ln:l:1 -hlo,·kl'I', 111 di !,: 11 , i11 :IIL' 
ineligible lo parlicipatc as !heir physiologic responses lo exercise and/or stress ma_, he 111:11!- cdh hl11111ul h: 
lhcse mcdicalions. 

4.J Simulations 

1:ach lire fighter goes through the protocol 111·icc. as described :1hon:. I he 2 tri:tl s :11c pl'l'l111111c·d 1111 
dilkrcnl days. The series or simulated lire ground lasks is llcsigncd to he roug h!: cqui,·:tll'III to th ,· \\ork 
tlrnl ,,mild he performed 11hilc consuming lll'o cylinders or air during 1111: inili :tl atlack 1111 a s lrnl'l111 L· lire. 
The protocol is also designed lo reproduce some or lhc cnwlional sti111ula1ion as~;oL·iall'li \I ilh \\() rki11g ()JI 

lhc lire ground. 

The prnlocol consists or: 

I. 
') 

3. 

-l . 

5. 

(). 

7. 

8. 
9. 

I 0 . 

/\. loud alarm sounds lo inilialc lhc lrial 
The subjccl dons full firclighling turnoul gear including Sl ' ll;\ as rapid I: a, pn~., ihk. an:()1ding 111 
established practice 
The subject enters the chamber. picks up a harnessed - 50 lh high ri sl' hosl' pack. and \\:ilks ;11 .J 
mph on a lrcadmill at 2% grade liir lll'o minutes 
The subject dismounts the lrcadmill. drops lhc hose pal' k. and procl'l'ds lo lhl' s t:1ir ,· li111hint' 
apparatus for a11 addilional lwo minutes 
The subject lhcn proceeds to a pre-determined l'orncr or the cha111hl'r. al \\hid1 ti111L· lh,· li ~hh in 
lhc dwmhcr arc I urned off. The suhjecl pcrliin11s a rig hi hand search ;11ou1lll lhL· Jl l' riph ,· 1: or I ir l' 
darkened chamber ll'hilc pulling a nozzle atlachcd lo I 31·1 ·· hose linl' . hu11dkd and tied li 11 , :1kl:: 
Alier the nou.lc has hccn pulled hack to the slarling corner. and 11ilh lh l' ch:1111hl'I' s lill dark . lht.: 
subject drags or carries a 120 fh rescue dummy from lhc same cornl'r arouml th,· pniphn ~ nl tlrL· 
chamber. keeping conlacl with the \\'all . until lhc dom is reached. 
The subject pulls the dummy out of' the chamber. drops it. and is ass is lcd 11·i1h ch:111g ing lhc Sl ·11 ,1\ 
air cylinder. During this cylinder change. the sul~jecl can drink 11alcr wl lihir11111 . 
The subject lhcn re-enters the chamber. repeals the stair dimh in // -l aho, L' 
The subject spends ten minutes (or to volitional fotiguc) 011 a 11cigh1cd breach and p11II s i11nrla11on 
using a pike pole that it is worked from mid~chcst level to just o\·cr the top or !ht: head. 
ThL· indi vidual cxils the chamber. removes. all 1'1'1-:. rehydrates ad /ih . and L'11J1li11uc, lo lr:11·c :di 
clinical para1netcrs n1onitorcd. 
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I hl' lol;tl prolornl and lhl' indi\·id11al tasks \H:rL' dl'iim:d hy their n:le\ ',IIH:e to actual lire lighting lask~. l·or 
e,a111ple . lhe high rise hose paek used in task 3 comprises 3 L·o1111ecll!d 50 li1ol le11g1hs of' I ~ ·,·· cam·as 
_jacl,cll'd hoseli11e harnessed li>r carrying m ·cr the shoulder \\·i1h webbed strapping. This n:prl'SL'nl s lhl' 
slandanl rnnliguration ror hosl' carrit:d by Jin: lighll'rs lo obtain w.tll'r from standpipl's in 111ulti-s1oried 
h11ildings. lh1: rnmhi11nli1111 or l\'ill!\in~ and climbing for appro:-.:imately ..J minutes is based on estimales or 
1i1m· 1al,L'11 lo gl"l fr11111 lirl' :1ppar;1tus or nl'arb_\ hydrants lo the interior fin: floor of' L'llllllllL'rL'i:tl . 111ullipll' 
slorinl slruL'lltrl's. Thl' sl'arch pattern lkscrihl'd in task 5 is that USL'd lo localt: \'ictims i11 dcgradnl visibilit_\ 
d11L' lo s111okl' and/or darl,11L's,. and !ht: t:m·ironml'nlal chamht:r is appro.,imatl'iy lhl' sit.L' or a room inside: a 
I~ pica! rL·s idl'11lial occupancy. The rl'seul' dummy may he light compart:d with mosl 11.S. adult s. Thl' 
apparrnl \\eight of' the loosl'ly packl'd sand dummy normally usl'd by lirL' personnel i11 trai11i11g L'\'olu1io11s 
is grl'all'r ht:L·ausl' or ils 1111\\'il'ld_\ limbs and the requirt:mt:nl that it he dragged ralhl'r tha11 carrit:d O\Tr lht: 
clw111hl'r llm>r. 1-irt: lighti11g acti\ itit:s. alier i11itial knockdo\\'n of' the fret: burning phase a11d search of' !ht: 
11L·L·11p;111c~ liir \ iL'lims. li1c11s 011 :1cli\·itit:s collccti\·L'ly hllll\rn as O\L'l'haul. ( >11 lhl' lirt: grou11d . tht:sl' 
aL·ti\ ilies t:\pose h11ilding compartme11ts ,rhere 1111appare11l lire may still he smoldt:ri11g. The: breach and 

l·i!-'llrl' ·' · l\n:ad1 and pull apparal11s. using a pike pole In p11II do\111 
;1!c! ;1i11s1 XII lh rn111IIL'r-11c:i !-'hl. Io hn:acl1. lhl' pike: pok is used to 
p11 sh 11p ;1 (,tl lh tr;1p door al lhl' sa111e heig.hl as lhe fra1m: shm111. 

p11II apparatus used to simulalt: 1his 
phase of' lire ligh1i11g 1s a s11wllcr 
, ·ers1011 of' !ht: l\folitor l\fachine11 

developed f'or ust: i11 the ( ·a11didate 
Physical /\g.ilily Test (( 'l't\T. l{L'i). Thl' 
Cl'AT and c.:ach of' ils tasks \\L'rl' 
\'al idaled as essl'lll ial job tasks li>r 
i11tc.:rior slniclural lire lighlers. l'urlhc.:r. 
the cmmter-weights used i11 the hreach­
a11d-p11II apparalus 1n:re \·alidaled ,rith 
strain gaug.t: a11alysis of' the force 
rl'quired lo pe11clrall' and dislodg.L' 
sla11dard gypsum hoard wall s a11d 
CL'ili11gs ,,·ith a pike poll'. ·1 ht: 
modilication or the apparatus den:lopL'd 
Ji1r the present studit:s is shorter. d11L' to 
hl'igh1 co11slrai11ts of' tht: t:11viro1111n:11t:tl 
chamber. It requires the subjects lo 

pe1fon11 lhl' pikl' pole \\ork 011 their klll'L'S ( i:ig.urt: 5), as if they ,,·t:re working i11 cra\\l spaces. \\hich is 110! 
a rarl' ocullTL'ncL' 111 lirt: ~uppressio11. !-:lapsed lime lo <.:omplete lhl' study protocol appro\imalt:s lht: Cl'/\T. 
;1s 1,ell. 

l · i~tllL: (1. ( ) \_\ !!l'II 

, a1111:11i1111. h<:arl r;1IL' and 
j'kli11 s1111,~raphiL· 
w;11 d11n11 1<:ninli11!! lrnlll 
f4..· lh:ct: 111n: 111ude 

11,i111<:ln d11ri11!-' prol11col. 

- - - ~ 

I 
·- I 

- -i · I 

, - - ... , 1' 

1- , . . . 

Proc. SPIE Vol. 4615 79 

:J 



111 mldilio11 lo lhc :ihovc t:011sidcr:iliom;. lhl' lc~I protornl i~ i,1i11jl'vtiH·I, 1:ilid:11nl for ·,,111!-111:111 i1111w,i 1, 
anJ spc<.:ifl<.: !ask dc111ands hy the c:\pcricn<.:l'd firl' lighicrs parli<.:ipali11g ;;s s lud.' s11hjed ·-. I hl· 1\· li ;1hili1y <;r 
lhe scnsorizcd SCBA mask under si111ulalcd lire ground nmdi1io11s is nll1lirr11ed 1hrn11.uh d1,c11111 l· 11l alill11 or 
valid signal acquisition ti111e ( Figure (,) repoi·ted as a perl'l'lltage or total prolm·lll I i1 11<.: . I· i11al I_, . till' 
measured and derived parameters or DC' o:\imetry and Im V arl' assessl'd ror their ;1hili1 _, 111 di :-. 1i11 .!.' t1ish the 
diflcrem;e in physiologic stress hctm.:en protocol replil'alions hy imli,·id11al s under cll11dil ill11 , or 11on11al 
u>oling and 1111co111pe11sahlc heal stress. 

5. SU I\ J M Al{ Y 

;\ Sl"Hi\-hascd o:\ illldry system lt,r ph_, s iologil·;il 111011ilori11g of lire lighlL"I.S li ;1·, hl'e11 d, ... ,., ilil'd Ir " 11 ,ul 
in a model sysll'lll of si111ulat<.:d tin: ground tasks li,r l'.\pcrimen1 ;1I p1111111sL·:-.. and i ... dc·. ig11l'd lllr lield 
dcploy111c11l. Applications or thi s S_\sh:111 e:\knd beyond lire lighters. \\ "hrn l"lllllllll'11·ialh : I\ ;1il;1hk. I hi s 
lcd111olog.y \\"ill ha vl' broad appli<.:al ions lo a , ·aril'I_\ or ,nnkcrs 11lw 11c;1r respir;1ltw, proleclio11 in 
poll'nlially hazardous L'll\'iromncnls . Thl' sysll'm is suilahil' for L'onli11c-d spa,·e opnalio11s 11ii lTl' pcrso1111L'i 
rnnnol he , ·isihly 111011itored. sul'h as fuel tank 111aintrn;mce. ship_\anls. 111i11ing. and ulilil_\ s,-r1 ices. ·1 he 
curTenl ( J.S. military emphasis on prL'paralion li1r operations in urban set lings mi rrors the requirc11H.: 11l s ol 
the L'i1·ilian lirl' ser...-ice liir prnl<.:L'li1·e L'l)Uip111rnl and 111<.:dical support logistics. lhl· i11crL·asi 11g ri , k or h1tur<.: 
<.:onflicts invoh·ing ch<.:111ical and/or biological \\"Capons 111L·,ms that 0111 li1rcc-s 11ill r,·q11ire pnsonal 
proll'clil'c equipment. h1rlhcr111orc. heal stress has co11sis ll'11lly been a s ig11iliL·,1111 prnhil-111 11 illi dqilo_, cd 
mi I itary forL·es. 
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