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P-8 is the primary jer fuel used by the 
US Air Force IUSAF) and orher 
North Atlantic Treaty Organization 
(NATO) air forces. Routine open- 
tions involve subrle, inhalation cxpo- 
sum of this fueE for associated ma;? - 
tenance personnel. Most jer f i i c ' ~  ..-: 
kerosene-based. with variabIc m8.i- 
mres of rhe hydrocarbon crimp-lir; k: 
included carbon chains may r m r e  
from C4 ta C16. Tlre jer fuel yrci . - 
ously used by USAF was k-- %\vn .I.; 

JP-4. This fuel had added vn'rra 2 

hvdrocarbons ro improve per.(--- 
mance.' The current U S M  jer f11i.l. 

JP-8. is sirniIar to inrernarional jet 
he1 Jet PI-1. except that JP-8 in- 
cludes for additives to meet required 
military specifications. Aromatic 
(toluene. xylenz, and benzene) h1.- 
drocwlmn content for jet fuels nor- 
mally ranges from 5% to 75% by 
volume. depending on Ute desirr,: 
performance chmcteristics. The av- 
erage aromatic content for P-8 jet 
fuel was 145% in a tecent US* 
survey, with rhe highest reported as 
18.8%.'-' 

Jer fYeI expsure may be associ- 
ated with adverse health effects to 
the neumkogicd system. Although 
very few neuro2ogical studies of h e  
effects of jet fuel have been con- 
ducted, the central nervous system 
(CNS) is noted as the primary w e t  
of toxicity after acute inhalation.' 
Short-term exposure to high vapor 
levels of jet fuel is known to cause 
staggered gait. slurring of speech. 
headaches, nausea. and menral con- 
f u s i ~ n . ~  Long-tern effects of JP-4 
may include neurological dam- 



~ge. ' " '  S c a n d ~ n a v ~ a n  ,tudics bv 
Knave c l  al"-" and Stmwc et all2 
are of particular interest because [hey 
address4 neurological effects from 
MC-77 jet fueE (thc Swedish military 
c~uivzlenf to JP-4) exposure over a 
lifetime of work. The~r sludv ~ m u p  
consisted of aircraft mainterlance 
workers exposed at 8-hour averaze 
exposure le\~els of between 250 
mdrn' (30 parts per million rppml) 
and 300 rng!m3 140 ppm). These 
studies used a battery of psychoiog- 
ical rests. e l ~ t r o e n c e p h a l o ~ ,  re- 
action time. nerve-conduceon veloc- 
ity, and threshold of vibration 
sensation measurements. Their in- 
vestigation revealed significant dif- 
ferences between their exposed and 
nonexposed goups for psychiatric 
symprams. attention, sensorimotor 
speed. and elecrrwncephalo_gnrns. 
Two quanritarive CNS measure- 
ments. nerve conduction and vrbra- 
[ion sensation. identified $mailer 
nerve acrion prenr~al and an ovcr- 
representarion of higher vibration 
thresholds of extremities in the t x -  
posed _wup." Sevemi animal expo- 
sure studies using mice. rats. mon- 
keys. and dogs were conducted by 
rhe USAF for JP-4 jet fueE. Their 
results indicate neumlogical effeczs 
ranging from "poor coordination and 
convulsions*' (rats) w i h  a 38,000 
rndrn' (4750 ppm) acute exposure to 
"quiescent and prosmte" reaction 
(dogs and monkeys) with up to 5OOQ 
rne/m3 (625 ppm) mdemte expo- 
sure. The moderate exposure period 
was 6 hours per day, 5 days per 
week. over 8 months.' 

No published research on the 
s h n i c  neurological effects of low- 
level exposure to SP-8 jet fuel is 
available. The acute toxicologcak ef- 
fects of JP-8 jet fuel are expected KO 

resemble those of kerosene. a CNS 
depressant." A 1996 report from the 
US National Research Council's 
(WRC) Cornminee on Toxicology 
nored the tack of quantitative re- 
search on CNS and associated per- 
formance measurements of workers 
with c h n i c  low-level exposure to 
' e t  fuel vapors. The NRC repan mc- 

Jet Fuel Exposure 

c)rnmended inore research using 
qunnritarlre measurements on the ef- 
t ' e c ~  of jet fuel vapors to the nemus 
systern.13 One quanritative method 
of assessing neurotrehavioral effecu 
of exposure to neuroroxic chcmicals 
is  [he use of quantitative postura- 

14-19 graph y. 
Postural balance measurement 

provides a unique "biological 
marker" of environrnenlal chemical- 
associated changes in functional as- 
pects of the nervous system. The 
technique has been tested snd vali- 
dated and found to be sensitive 
enough to detect significant changes 
in body balance with a reference 
solvent (ethanol) lcvel as low as 
0.02% blood alcohol level." In a 
prospective study in our lahmrory 
sponsored by the National lnstiture 
for Environmenrai Health Sciences 
( NIEHS). t hc above-menrioned tech- 
nique has been found to 'be effective 
in qunniifying postural disequilib- 
rium in children with a known his- 
mr)r nf lead exposure."n'" ResuIrs 
show a s iy i f icant  relationship be- 
tween posrunl rway and blood [end 
levels in these children.") Other stud- 
ies have been recently compkted to 
determine the effecriveness of rhe 
force piarfom technique for investi- 
gating the relationship between pos- 
tun1 sway and expasure to other 
neurotoxic agents such as pesri- 
cidesl%d solvents. '' 
The specific aims of h e  present 

smdy WelT (1) to COIllQXt? ~ s W U ~  

balance k n v e n  a JP-8-exposed 
USAF population and a nonexposed 
populac~on. and (2) to determine if 
there is a relationship between 
chronic expasure to jet he1 constit- 
uents and changes in psrural sway. 

Methods 

Subjects 
Individuals selected for the pas- 

tuml sway tests was limited to USAF 
employees working in JP-S jet fuel- 
related occupations for ar least six 
monhs. The se3ecred work areas in- 
cluded Jet Enpine Repair. Jel Engine 
Test Cell, C-5 Aircraft Fuels Main- 

and Postural 8alance * Smith et al 

tenance. and Base Fuels Distribution 
Center. al l  of which were reporred as 
having potential jet fuel exposure. To 
measure an effect size'' of 0.25. the 
study required 30 exposure suhjects 
lo meet an alpha of 0.135 and hera of 
0.20 (80% power) ns defined in the 
study hy Dick ct al l '  on postural 
sway testing pmtmol for nevtobe- 
havtorai ~oxtcology. 
me exposed group consisted of 30 

USAF employees at two air bases. 
This p u p  had a mean exposure 
period of working: in jet fuels-related 
occupations of 12.0 years and a 
range of 0.8 to 30 years. Their mean 
pen4 of exposure to IP-8 jet fuel 
was 4.56 years. n i q - s e v e n  percent 
of the cxpsutc group had worked 
only with JP-S. Three volunteer suh- 
jects urere excluded from [he spud!: 
two hecause of their failure to com- 
plere the  assessment. and one he- 
cwse of our  identifying a disqualify- 
ing neurological condition after t h p  
assessmenr was complete. The tinai 
sample srze I r t  = 23) had a mean age 
of 37.5 years (range. 13.6 to 57.1 
yemi :  20 were male and seven were 
female. A group af 25 unexposed 
subjecrs with comparable age to [he 
exposed group w a  used for posrunl 
sway comparison. T3us group con- 
sisted of volunteers from the mili- 
tary, the university. and other 
sources. The ,group had a mean age 
of 34.0 years. with a range of be- 
wcen 21.0 to 57.0 years and a gen- 
der mix of 14 male and 11 femaIe 
suhjecrs. 

Each subject's physical measure- 
ments for weight and height were 
collected at the- time of testing. Sub- 
jects also completed health and work 
history questionnaires. The health 
questionnaire identified age, sex. 
race. weekty consumption of aico- 
hol, and daily consurnprion of caf- 
feine and of cigrtrcrtes (Table 11. 

T h i s  questionnaire was also used to 
collecx health history data for idcnti- 
fying factors that may influence pos- 
tural balance. The work hisrory ques- 
tionnaire was used to determine 
"years worked with JP-8" and "total 
;'cars worked with all jet fuels." 
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TABLE 1 
Qemographics Comparison' 

Exposed group In = 27l Uwrgo3ad group 
Wean 5 @o)J [n = 24 mean = (St#)] 

- 
Variabies [Range. rn~nimurn - Maxinm)  (Range, m~nfmurn - Maximuml 

Age (years) 37.5 (~9.3) 34.0 (-8.3) 
(24 to 57)  (21 to 57) 

Herght (cm) 172.5 (27.4) 169.3 (28.7) 
(1 57 lo 1831 (1 52 to 185) 

Weigm w 79.6 (?118.6) 70.5 (113.21 
(50 to 126) (52 to 10T) 

Wllfr Rrglcm) 0.46 (?O.IO) 0.42 ( to.nq 
(0.3 to 0.7) (0.3 to 0.6) 

Smoka {ciqarettedday] 6.4 4rs.n 1.4 (~3.9) 
(0 ta 20) (0 to 16) 

Akdml (drink*) 9.3 ( 2 1  8.4) 0.95 (z: 71 
(0 to 84) (0 to 5) 

CaMne (Wnks/day) 3.3 (22.61 2.7 (52.0) 
(0 to 12) (0 to T )  

' W T ,  weight-lo-Mght ratio. 

Exposure Assessment 
The level of jer fuel cxposure was 

characterized using industrial hy- 
siene I IH) techniques. JP-13 exposure 
assessmenr involved the coIEect~on of 
IH Rhour breathing zone samples 
tram each of the subiecrs. IH moni- 
toring was conducted during two 
sepmte 8-hour work perids tbr 
each exposed worker. All air samples 
were collected on charcoal tubes a d  
in accordance with National Institute 
for Occupational S a f q  and Health 
Analytical Methcds 15ME. E 50 1,  and 
1 5 5 0 . ~  Analysis was carried out 'by 
gas chromatography with a flame 
ionization detector IGC/F.'ID) at a 
nationally cemfied laboratory. All 
analysis is reported in rhe units of 
pans per million (pprn). The andyte 
group evaluated in h i s  study in- 
cluded jet fuel and the solvenu ben- 
7~ne .  toluene, and m-.a-,p-xylene. 
Jet fuel is reported as naphthas (total 
h y c t m d n .  chains C4 ta ~16).'.' 

Three sepaate exposure periods 
were used for analysis. These are ( 1) 
'TWA-acure."' the acute exposure 
baqed on 3-hour time weighted aver- 
age (TWA) air samples for each 
subject. (2) '*Cam JP-8." and (3) 
"Cum All-J?." The acute exposure 
period. 'TWA-acute," was also used 
to determine any pofential effect5 
from acute exposure prior to testing 

an the day of the balancr: rest. Sub- 
jects were divided info early and late 
rest groups. Each subjecr was as- 
signed a score: 101 for  hose tested 
durinz the first four houm of the 
work period and ( I )  tbs  those tested 
in the last Four hours of [he work 
shift. The groups were then com- 
pared to deternine if any qrqnificant 
difference was present in sway tesl 
results. The other exposure periods, 
"Cum P-8"  and "Cum All-P," we 
cdculacions of cumulative exposure 
derived from averaging current daily 
%hour samples taken from each sub- 
ject and using individual dam pra- 
vided in the work history question- 
naires. "Cum IP-8" is the period 
during which the subjects worked 
with only JP-8 jet fuel. This period is 
the most recent exposure work p- 
riod for all exposure subjbjects. "Cum 
All-IF' is total jet he1  exposure and 
covers dl jet fuels (JP-4. JP-5, IP-8) 
the subjects were exposed to during 
their USAF weers. Each analyte 
was assessed for each e x p u r e  pe- 
r i d  by using current exposure levels 
to estirnare prior exposure. This esti- 
mation of curnularive exposure is 
known te be conservative because 
the previous Sue1 used, JP4, had a 
higher percentage of small carbon- 
chain solvents than JP-x.'-~ To ease 
identificaGon of specific analysis, the 

rcsulrs 2re aodressed by exposue 
period and rhen analylc IF: for 
example. "Cum JP-8 Benzene" is the 
analysis of cumulative benzene ex- 
posure during the JP-8 work pried. 

All subjects' cumulative expo- 
sures were calculated for their JP-8 
and total jet fuel work periods to 
determine the rod ppm of each ma- 
lye of expsure. Calculations of cu- 
mulative exposue combined indi- 
vidual exposure in units of ppm per 
hour multiplied by the total number 
oh hours worked in each curnutative 
exposure p e t i d ,  The number of 
hours worked was dearmined by 
using actual years worked multiplied 
by a standard 1800-hour work period 
per year. The standard work yew 
hours was determined from the nor- 
mal annual work perid. in rems of 
hours. for USAF maintenance wo&- 
en,  less normal leave. sick leave. and 
federal holidays. The numkr of 
hours worked was used for the as- 
sessment of exposure during the JP-8 
work p e r i d  (Cum JP-8) and the total 
jet fuel work penad (Cum All-JPS. 

Postural Balance Test 
Posnrral sway measurements were 

conducted with an Advanced Me- 
chanical Technology. Inc. (AMTI. 
Wa~enown. Massachusetts) Ac- 
cuSway System ponable force plat- 
fom and a Halikan ChapIa System 
(Hdikan. Taiwan. China), NBD 486 
laptop computer. This force platform 
i s  equipped with "Hall Effect" sen- 
sors with a built-in micmpmessor lo 
capture signals of forces and mo- 
ments resulting horn these forces. 
The plarform provides direct outpurs 
Tor forces in the vmical direction 
(Fz), horizantal directions (Fx and 
Fy). and moment mund the x-axis 
(lateral), moment around h e  y-axis 
(anterior-posterior) and moment 
arwnd the venical z-axis.IA These 
captured signals are then msferred 
directly to h e  microcornpurer via an 
RS-232 serial pon. Data were ac- 
q u i d  at a 50-Hz sampling nte and 
were transmitted h u g h  the RS-232 
interfact at 9600 baud. The data 
were analyzed with rhe Body En?- 
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ance Software developed in our lab- lowed the vtst~bular system lo acr The bivariate comlatron investi- 
oratory (all nghts reserved 1995. by 35 the primary control of postural gated associa~ons bttween indepen- 
the Universirv of Cincinnati). This s ~ a v . ~ O  dent and deoendent variables and 
sof~ware calculates the x-y coordi- 
nates of the body's cenret of prcssuse 
tor each 30-second tes!. Total area 
and leneth wen: used to characterize 
the swav patterns obtained in rhis 
study. Total area of sway ISA) is  the 
area enclosed within the envelope of 
the wter perimeter of the x-y plot of 
the cater of pressure. Total length of 
sway (SLE is determined bv the dis- 
tance. in cenrimeters. biersed by 
the center of pressure during the test 
period* 
The postural sway testing method 

foilowed protocol approved by the 
Umversiry of Cincinnari Institutional 
Review Board. The test indirectly 
measures the effect of pmpriocep- 
[ive. visual. and vestibular systems 
on the maintenance of postural hal- 
ance. As postural control systems are 
cernpromised. changes in [he sway 
pattern can be quantified through 
mapping of  changes in postural 
sway. For the postural sway tests. all 
subjects performed a series of four 
separate 30-second tests in two sep- 
arate r i a l s  (Trial 1 md Trial 2). For 
Trial 2. the tests were conducted in 
the reverst order. The tests included 
the following: 

EO: eyes open. sfanding on bare 
plarfom. This tested the colEective 
effect of the visuaI. pmpriocep- 
tive. and vestibular systems con- 
trolling posrud sway. 

EC: eye.7 closed standing on bare 
plajonn. This test removed [he 
visual system and therefore tested 
the proprioceptive and vestibular 
systems. 

FO: eyes open, stmding on n piece 
of Cinch foam placed over the 
plarfonn. T h i s  test modified the 
pmprioceptive system and there- 
fore rested the visual and vesa~bu- 
lar systems. 

FC: eyes closed. standing on a piece 
of 4-inch foam placed over the 
pla@am. This rest removed the 
visual system and mcdifrad the 
pmprioceptive system. which al- 

Exact foot placement was main- 
tained k i w t x n  resrs try dnwing ar. 
outline of [he subject's feel on a 
paper taped onro rhe force plat- 

The subject's fwt angle 
was maintained at 30 degrees. This 
angle was determined by use of a 
wedge during alignment of feet. pnor 
to testing. 

Data Analysis 
All andpsis used the mean SA and 

SL for each test from the two balance 
trials (1 and 2) conducted by the 
subjects. Analysis of variance 
(ANOVA) and Student r tesr were 
used to compare rhe sway variables 
of [he exposure group to sway vasl- 
ablcs of [he conrrol group. Pcmon 
product moment comlarions were 
used to identify significant con- 
founders and covarirrtes. A linear 
multiple regression analysis using a 
backward eiirninarion d covariates 
was used to determine the relation- 
ship between jet fuel exposure and 
psrural sway variables. ' ' +19 .24  The 
Statiszical Analysis System (SAS) 
sofnvare packagez4 was used for data 
analysis. 

The dependent variabIes used to 
quantify postural sway were mean 
SA and mean SL for each tesr. For 
the statistEcal analysis. SA and SL 
variables were msformd to heir 
natural logarithm. The independent 
variables used were exposure periods 
WA-acute. C u f l - 8 ,  Cum All-P) 
for each seponed analyte (ppm), age 
(years), weight to height rario 
(WTHT), gender. alcohol consump- 
tion ( 12-ounce beer equivalent 
drinks per week). caffeine consurnp- 
tian (84unee drinks per day), and 
smoking (cigarettes per day). WHT 
was used in place of weight and 
height individually because these CQ- 

variates are highly correlated." Se- 
lection of rhese variables were based 
on those found to tK significant in 
previous s t ~ d i e s . ~ ~ . " ' - ~ ~  

between analvtes within the indepen- 
dent expsure variables TWA-acule. 
CurnJB-X. and Cum All-JP. A non- 
zero correlation was reponcd as sta- 
tistically significant at P 5 0.10. 
Potential confounders were defined 
as variables wirh non-zero cornla- 
tion with the exposure variables and 
with the sway variables. Covariates 
were identified variables with 
n o n - m  cornlation with the sway 
variables on 1 y. 
The regression model's backward 

elimination m e t h d  systematically 
eliminates the independent variables 
with the least predictive power. unt~l 
nlt remaining variables have a P 
vaiue of 5 0.1. The exposure vari- 
able was forced to remmn i n  rhe 
model regardless of its P value. Co- 
vmatcs that remained after back- 
ward elimination are identified as 
cofactors of the rizyression model. 
Because (by hypothesis) sway is ex- 
pecred ro increase with increasing 
exposure. a one-tailed alpha of 0.05 
was used for staristical inference. 
The initial linear regression models 
for SA and SL, with bO to b7 as the 
regression coefficients, were the fol- 
lowing: 

NarunI lag of dependent sway 
variable = 

To test the potentiat e&n of 
acute exposure that may have oc- 
curred during the day of testing. a 
Student t tesr was conducted for sta- 
tistical comparison of subjecrs tesred 
early in the day and subjects tested 
after cornpietirig mom than half of 
the work shift. This comparison be- 
tween the time a subject rested 
and results of the subject's balance ! 
test was used to identify any i d u -  I 

e m  on sway results caused by acute 
exposure prior to testing. 
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5w.r Area: 1.62 cm' 

5- tmehr 19.7 2 em 

Fig. 1. Comparison of rwn r x v u r e  wbjtcrs. EC rear (eyer dad, \randing on ~ I ~ z c I .  

shows a p s i  rive cnm'nr ion between 
curnularive exposure and increased 
sway. In comparison ro SL. [he 
model for SA was significant for [he 
EC test only (Table 3.1. Fnr  he T W A  
benzene and AIL-JP benzene. SL re- 
p-ession rndels showed statistically 
ngnifican~ 2 for the FO I$= 0.6 E 
and 0.57) and the FC (4= 0.48 and 
0.451 tests only. The SA model was 
statistically significant for W A  
knzene (F = 0.19) and All-JP ben- 
zene (4 = 0.21) for the FC rest only. 
For the jet fuel constituenrs d tolu- 
ene and xylent. the SA regression 
ncwfels ~ h o w e d  st3tist1calIy signifi- 
cant 2 values for FC tests I;= 0.21 
All-EP toluene; ;= 0.11 JP-8 xy- 
lene; r'= 0.22 A1T-JP xylene). FO 
test (3= 0.20 TWA xylene), and EC 
rests (;= 0.13 I l - S  tolucne; ;= 

0.16 JP-8 xylene). The sratistically 
significant St models were for FC 
tests (r'= 0.46 All-JP toluene; j= 
0.48 JP-8 xylene, and tf= 0.47 
All-JP xylene), FO test ( S =  0.52 
All-JP toluene). EC tests (r?.= 0.13 
JR roluene: 3= -15 IPR xylene), 
and €0 test (?= 0.51 JP3 xylene). 
No statistically sipificarlr relation- 

ship w a  nored between naphtha ex- 
posure and posmnl sway. 

Seveml cofactors were idemified 
in the  regression modeling: ( 1 )  
WTHT. which had a statistically sig- 
nificant a s s ~ ~ a r i o n  with 34 of €he 96 
rota1 sway tesr conditions. Notable in 
this result is that WTHT is x w i a t e d  
in 36 sf 48 tesc conditions for SL- 
dl 12 unassmiacd conditions were 
for the EC tesr: (2) gender arid caf- 
feine for C u d - 8  benzene EC test 
for SL; and (3)  age for 10 of the 12 
FQ tests for SL and all four Cufl-8 
solvent-exposurc FC tests for SL. 
Consistently through the regression 
models. h e  U r W  eofxtor was in 
the negative direction, whereas all 
other coefficients were in the ps i -  
tive direcwon. Because WTH"S is not 
rebted to exposure, it should not 
chanee modeled exposure effects. 
Smoking: did not have a statisticalIy 
significant asswiarion with rhe sway 
variables. 

No statistically significant differ- 
ence in SA and SL was noted be- 
tween the subjects tested early dur- 
ing the work day and hose subjects 
tested later. 

Discussion 
This study demonstrated a pos~rive 

relatronshlp between changes in p s -  
rural balance variables and expowre 
to consrlruents of jet fuel under a 
number of postural balance test con- 
ditions. An incmased exposure Itvel 
showed an increase in p s r u n l  sway, 
imptying poorer postural balance. An 
ovcrvicw of h e  regression models 
implicates Cum JP-8 benzene as the 
most significant exposum variable 
affecting psnurll balance. Of the 
two dependent variables. SA and SL. . 
regression models for SL had morc 
statistically significmr results (P 5 
0.05) and much higher coefficients 
of daermination ( j )  mging  from 
0.13 to 0.64 (for SA. statistically 
significant P ranged between 0.1 I 
and 0.22) for all exposure periods. 
SL models for Cum JP-8 xyltne 
were significant in Rhree of four sway 
tests. A review of regression models 
of SL For she t h  exposure perids, 
'IWA-acute. Cum SP-3. and Cum 
All-JP, indicates that the Cum IP-8 
pcriod showed the most (12 of 32 
models) statistically significant re- 
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TABLE 3 
Cum JP-8 Benzene Regresston Models (n = 2$) 

~epandent lndspsndent P m m & ~  Standard P Vdus 
Test Variable" Variable Estimate Error (om+tailed) Modsl? 

EO 
S A Intercept 0.7P C.1" 0.08 

W u r e  0.02 0.0% 0.08 
SL Intercept 4.35 0-15 0.56 

Exposum 0.01 0.004 0.01 
WTHT - 1 .43  0.3 1 Q.OM31 

lntwcept 1.05 0.10 0.19 
Exposore 11-03 0.01 0.07 
intercept 3.95 0.09 0.44 
Exposure 0.02 0.01 0.0005 
Gender -0.17 0.09 0.03 
Caffe~ne 0,03 0.62 0.04 

IflteEept 2.01 0.39 0.22 
Exmure 0.01 3 0.01 0.13 
WTtlT -1.80 0.87 0.02 
Intercept 4.30 ". 15 0.64 
E X ~ O S U ~  0.01 - c  - 0 .0~9 

@e 0.00R - CI-? 0.007 
W - 1  60 , . ~ g  0.0001 - ., 

SA lmetcept 1.72 T.10 0.08 
h m m  0016 r >  2 ,  0.08 

SL Intercept d 40 - , _  --, 0.52 
Exposure 0.01 rl . - 0.009 
Age 0.014 L 29.: 0.003 
WTHT - 1.35 0.42 0.002 

' h e n d e n t  variables are natural log transfmed. 

sults, One orher result of nore was 
that the regwssion models of SA and 
SL with naphthas were not found to 
be statistically significant for m y  test 
in any exposure perid. 

This ssudy examined possible as- 
sociations between exposure to con- 
stituents aE jet fuel, and a tow of 
four cornlared outcome measures 
for SA and for SL. To reduce the 
likelihmd of finding a false-posiuve 
bemeen exposure and sway. a Bon- 
ferroni correction-was applied to all 
the regression modeis. By applying 
Bonfemni comtions to Table 3 ,  
the conclusions of significant find- 
ings  main unchanged in all five of 
the starisricatly significant test re- 
sults. Bonferroni comctions did not 
affect conclusions in rwo of seven 
smristicdly significant test resuIts for 
SA and nine of the 15 sratisrically 
significant test results for SL from all 
of the solvents analyzed. Const- 

quenzly, sway relationships with P 
values between 0.05 ant! O.OL3' zrz 

W ~ T '  .:.e ro be interpreted as only sue, 
of significant effects. The conclusion 
after Bonfemni comtions is that 
cumulabve benzene expasum main- 
tained the smngest associarion wi& 
increased SL, 
The comparison of sway stabile- 

graphs (Figure 1) for low- and high- 
exposure subjects suggest that here 
is 3 cumulative effect of neurotoxic 
solvents on postural sway. The expo- 
sure s u m q  in Table 2 provides an 
interesting campanson af how dif- 
ferent the solvent exposure levels 
can be, even when total hydrucarbon 
exposure levels are relatively cornpa- 
nble. This difference in curnuEative 
solvent level may be explained by 
the hgh level of exposure that sub- 
jects can receive when opening stor- 
age tank. Small carbon chain (C<8) 
organic solvenu evolve considerably 

faster than total hydrocarbons ro fill 
tae iflr;?nt "head space" of stomp 
m k ~ . ' ~  Jet he!  jobs involved wirh 
opening closed head space areas. 
such as checking the level of a fuel 
storage tank, may receive a much 
higher exposure to the smaIler<hain 
carbon solvents. 
The regression mdels implicate 

potential Functional impairment of 
postural balance from cumulative ex- 
p u r e  to low levels of solvents. The 
strongest effect was seen in h e  Cum 
JP-8 benzene exposure perid re- 
gression model. The regression rnd- 
els for SL fur all four test conditions 
were staristicall y significant. Among 
alt SL models. the highest md the 
second highest vaiues were ob- 
senred for the FO (3= a).&) and the 
FC ($= 0.52) tests. resptively.  
Increases in sway measured during 
these test5 imply that functional abil- 
ities of proptioceptive and vestibular 
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Fig. 2. .A reprzlon plot of covariate ~djusred sway length ISL) and ~umularwe IP-S benzene (cum IP-3 benzene) expocure value lor the eyes 
closed. on iaam tcst. 

pathways are p s i b l y  affected.".'' 
This result is consistent w i h  the 
findings of the Kuo et all9 study of 
sewer workers, which naed a p s i -  
tive correlation between postural 
sway and organic soLvent exposure 
for h e  EC. FO. and FC tests. 
Xylene and toluene regression 

rncdels of SL were dso statistically 
significant for cumulative periods, 
but not for acute TWA periods. The 
xylene models were similar to the 
benzene models and had the most 
statistically significant effect of Cum 
JP-8 pricd on SL for the €0 test and 
the FC test. Only FC was statistically 
s~gificant in the Cum Ail-JP perid.  
The xylene model was only sfatisti- 
cally significant in the TWA-acute 
period for SA in h e  FO test. The 
lack of an acute effect is consistent 
with the findings of h e  Savolainen et 

study, in which subjects exposed 
to I00 to 400 ppm rn-xylene for four 
hours. which found no smtistidly 
significant increase in postural sway. 

The difference in outcome of the 
solvent models during different ex- 
posure time perids anti she strength 
of these correlations may implicate 
individual differences such as ab- 
sorption rates, metabolism, mute of 
exposure. or other factors that affect 
bow each solvent interacts with the 
afferent systems and thereby cause 
degradation of balance. The outcome 
of these models d m  suppon the 
rheory of a lowdose curnularive ef- 
fect of ~eurological toxicants, as op- 

' 3-27 posed to an acute effect.'-. 
This outcome may be contrasted to 

the findings OF Bergin et a12%study of 
body sway md vibntion and h e  
Knave er aP study of jet fuel expo- 
sure. The Bergin et al study used a 
similar force-plate system and pro- 
prioceprive chalknge tests for vision 
(EC. FC). a compliant surface IFO, 
FC) 10 masure p o s t u d  balance. and 
t b  different tests for vibration per- 
ception. Bergin er al showed how 
subjects with a higher vibration 

threshoId sway more than those with 
lower thresholds, implying potential ' 
modification of the peripheral ner- I 

I 
vous system. Their study noted that 1 
when rhe proprimprive system is 
stressed. small differences in vibra- 
tion perception threshold in the nor- 
mal population may become impor- 
tant far postural sway control. The 
h a v e  et d9 srudy identified signs 
and symptoms that were possibly ! 
indicative of ptyneuropathy in a 
popularion mutineIy exposed to jet 
fuel. 71us finding included identifi- 1 
cation of an overrepresentation of I 
higher vibration rhresholds of h e  
extremities in the exposed p u p .  i 

1 
Our study essentially provides fur- 1 
ther support to the findings in these 1 
studies but with a shorter expasum 
period than that observed in h e  stud- 
ies by Rergin t t  al" and Knave et 
al? The strongest comlarion be- 
tween routine low-level exposure to 
jet futt md increased sway idenltified 
inourstudywasfoundforthetests . 
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thar chailen~e rhe prnpnoception 
system r EC. FO. and FC). Because 
the mean age of our study population 
is considerably younger rhan that of 
the subjecrs i n  the studies by Bcrgin 
er al and Knave e t  al. the cffcct fmm 
cumulative exposure appem lo be 
manifested carliet rhan was ex- 
pected, The immediate irnplicnltion 
of these sesuIts i s  that if jet fuel does 
reduce pmprioccption functionality, 
then th is  could be a significant safety 
factor for personnel worhng around 
aircraft in dark aseas. or on slippery 
(oil. water. ice) or compliant surfaces 
(mud. soft soil). The Ions-term im- 
plication of continued routine expo- 
sure is .m increased risk of de~rading 
specific neurological functions. 

The posmnl balance rest provides 
a good preclinical noninvasive 
method ro identify the nnset of long- 
term GNS degradation. Posrural 
sway testing may he used as a prc- 
clintcai roo1 to monitor changes in 
powunl balance, jusr as an audiom- 
2try pro-pm monitors changes in 
hearing threshold. A system by 
which annual posruml sway mta- 
suremcnts are compared to a baseline 
measurement could provtde wcupa- 
tional medicine providers with a 
method of measuring the effects of 
neurotoxic chemicds on the work- 
force. There is published work thar 
indicates a need For associating the 
two sypts of preventive medicine 
tools. Findings h m  the Morata et 
idZ9 study noted a positive associa- 
tion between occupational exposure 
to solvents and hearing disorders and 
a specific effect when these are corn- 
b i n d  with noise. Odkvist et a12' 
identified vestibular-ocular motor 
darnase Srsm solvent and jet he! 
exposure, and Betgin et slZ8 ~ s e d  an 
audiomerer's bone vibrator to assess 
pmptioceptive funcrion. It is appar- 
enr thar poshmi balance measure- 
menu may be useful in combination 
w i h  a hexing conservation pmgnm 
to better quantify h e  synergistic ef- 
fects of occupational noise and sol- 
vent exposure on an at risk popula- 
tion," 

In addition to moniroring the vs- 
tun1 halancc effects ol' neurotoxic 
solvents on maintenance workers. 
the balance test may be useful for 
neurobehavinral monirortng of 
USAF flight crews. Pilots must have 
excellent vestibular-ocular motor 
funct~an to cqxrate aircnfr safely. 
However. this p u p  ha- potential for 
significant pressure chanpes associ- 
ated with high-altitude flight and re- 
ceives routine Pow exposure to jet 
fuels and jet enpne exhaust {person- 
al cornmunicsbon wich USAF Flight 
Surgeon concerning jet fuel cxposure 
to pilots, Henderson J. USAF Medi- 
cal Center. Wright-Patterson AFB. 
OH. 1996). Two studies emphasized 
[he importance of these exposure 
Actors. The first i s  the study by 
Adolfson et a13" on atmospheric 
pressure changes on divers, which 
nored an cffect on the pesrunl bal- 
ance portion of the vestlhuiar sysrem 
wilrh slgnificanr pressure change. The 
other study. by Odkvist er al." re- 
searched mlvent effects on !Re ves- 
tibular-wulornotor system and noted 
a 50% abnormal response in jet fuel- 
exposed subjects for the visual sup- 
pression test (tracking of non- 
periodic targets). These findin ys  
k o m e  even more imponant when 
viewed in the context of flying at 
supersonic speed, where minute deg- 
ndation ta any neural pathway could 
be catasqhic. They also support 
the use of balance testing as a quan- 
titative measurement during mutine 
medic31 examination. Medical ser- 
vices supporting flight crews may 
also find bdance testing usehI as a 
raol to measure recovery prior to 
medicalIy qualifying a pilot to flying 
status. In sinrations in which a crew- 
member is grounded because of 
some type of neurological insulr. 
such as acute high exposure ro a 
neurotoxic solvent in which recovery 
cannot be easily measured thmugh 
subjective tests? the use of a quanti- 
tative balance test to carnpm against 
a basetine measurement would prove 
useful for determining recovery. 

In summary, this study showed an 
increase in postural sway fmm rela- 

t~veiy low TWA cxpsure  I e ~ ~ l s  
over modenre work periods of 5 
years for cumulative JP-8 exposure 
to 12 yem' cumuIarivc exposure to 
all jet fuels. Mean n V A  exposurc 
lcvels of JP-R cnnstituents wcrc slg- 
nificantly M o w  ACGIW threshofd 
limit values and lower ~ h a n  other 
exposum studies previously rnen- 
zioned [references 6, 9. 12 3 1-34: 
personal communication concernin? 
jer fuel feasibility study, with ternas- 
ten G, and Simpsan S. Depmment 
of Environmental Health. University 
OF Cincinnati. Ohio, 1996: and per- 
sonal communication concerning 
evapontive aspects of JP-S in vacant 
h a d  space. with US AF taxicolo,gist 
Matlie D, Armstrong LablOccupa- 
tional Environmental Toxicolo~y. 
Wnzht-Pairenon AFB. O'H. 1 OL'\ I. 
The regression models indicate that 
chronic low-levei solvent expowre 
has  a rnaior inlluence on pasrural 
balance. The implication is [hat .,.!I- 

rrne low-level doses of these ne::rC)- 
toxic solvents has a cumulative :*'. 

feet. This result may provide an early 
indication of potential long-(em 
neurological health effects. F U C ~  3s' 

d e p d e d  nerve conduction. changes 
in vibration sensation. or psycho- 
organic syndromes as noted in rhe 
Scandinavian studits."-'" 
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