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Abstract
Objectives—It is plausible that neurode-
generative processes of aging might have a
contributing role in the development of
chronic eVects of exposure to organic sol-
vents. This study evaluated the risk for
neuropsychological deficits among retired
workers, relative to their histories of ex-
posure to occupational solvents.
Methods—This cross sectional study
evaluated retired male workers, 62–74
years of age, including 89 people with pre-
vious long term occupational exposure to
solvents (67 retired painters and 22 retired
aerospace manufacturing workers), and
126 retired carpenters with relatively mini-
mal previous exposure to solvents. Subjects
completed a standardised neuropsycho-
logical evaluation and psychiatric inter-
view, structured interviews for histories of
occupational exposure and alcohol con-
sumption, and questionnaires assessing
neurological and depressive symptoms.
Results—By comparison with the carpen-
ters, the painters on average reported
greater cumulative alcohol consumption
and had lower scores on the WAIS-R
vocabulary subtest, usually presumed to
reflect premorbid intellectual function-
ing. These findings, however, were not
suYcient to account for the other study
findings. Controlling for age, education,
vocabulary score, and alcohol use, the
painters had lower mean scores on test
measures of motor, memory, and reason-
ing ability; and a subgroup of aerospace
workers with moderate to high cumulative
exposure to solvents (n=8) had lower mean
scores on measures of visuomotor speed,
and motor, attention, memory, and rea-
soning ability. Subjects were more likely to
have an increased number of relatively
abnormal test scores (three or more
outlier scores on 17 test measures) among
both the painter group (odds ratio (OR),
3.1; 95% confidence interval (95% CI) 1.5
to 6.2) and the subgroup of aerospace
workers with higher cumulative exposure
(OR 5.6; 95% CI 1.0 to 38). The painters,
but not the aerospace workers, reported
significantly more neurological and de-
pressive symptoms.
Conclusions—The findings are consistent
with residual central nervous system dys-
function from long term exposure to

organic solvents, persisting years after the
end of exposure.
(Occup Environ Med 1999;56:93–105)
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There is considerable evidence that long term
excessive occupational exposure to mixed or-
ganic solvents can cause a wide range of chronic
central nervous system abnormalities.1–4 The
more severe cases of encephalopathy associated
with chronic exposure to solvents are character-
ised by mild to moderate degrees of cognitive
impairment, and are distinguished from those of
other neurodegenerative diseases, such as
Alzheimer’s or Parkinson’s disease, by the static
nature of cognitive impairment and possible
selective improvements in neuropsychological
functioning if exposure to solvents is dis-
continued.5–7 Consistent with these findings,
epidemiological studies of disability compensa-
tion records have repeatedly found up to a
threefold risk among workers exposed to sol-
vents for early retirement because of various
neurological or psychiatric disorders, whereas
studies of hospital admission records or death
certificates, generally reflecting more severe dis-
orders, typically have found less or no evidence
of risk related to solvents.2 Similarly, numerous
cross sectional studies comparing workers ac-
tively exposed to solvents and workers not
exposed have shown relatively worse neuro-
psychological test performance related to expo-
sure, particularly aVecting memory, attention,
perceptual or visuomotor speed, and visual spa-
tial functioning. The findings, however, typically
suggest only subclinical eVects or relatively mild
impairment of cognitive performance in indi-
vidual subjects.1

The nature of the possible connection
between long term occupational exposure to
solvents, subclinical neuropsychological defi-
cits in actively exposed worker populations,
and the development of clinically evident
encephalopathy in subgroups of exposed peo-
ple is not clearly established. The frequency of
high peak exposure to solvents with acute
intoxication and the amount of cumulative
exposure to solvents are reported to be major
predictors of risk for chronic adverse eVects of
organic solvents on neuropsychological funct-
ioning.1 8 However, non-related factors, such as
alcohol consumption, may modulate any
chronic eVects of exposure to solvents.2 9–13
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It is plausible that neurodegenerative proc-
esses of aging might have a contributing role in
the development of chronic eVects of exposure
to solvents, such that a neurotoxic injury related
to solvents that remains subclinical during the
years of exposure could manifest itself clinically
in later years of life. Thus, age related neurode-
generation, in the context of residual solvent
related central nervous system injury, would be
more likely to exceed the threshold to develop
clinically notable levels of neuropsychological
impairment. If cumulative exposure to organic
solvents, alcohol, and age are important interac-
tive factors in the development of persistent
neuropsychological impairment, then their ef-
fects on cognition should be most evident and
identifiable in populations of older adults
exposed to solvents. To investigate this possible
relation between the eVects of solvents and
aging, the present study evaluated the risk for
impairment of neuropsychological functioning
in retired male workers 62–74 years of age and
compared men who had previous long term
occupational exposure to solvents (retired
painters and aerospace manufacturing workers)
with people who had relatively minimal histo-
ries or previous exposure to organic solvents
(retired carpenters).

Subjects and methods
SUBJECTS

Populations
The study populations consisted of retired
painters receiving pensions from Painters’ Dis-
trict Council 5 of the International Brother-
hood of Painters and Allied Trades, and retired
aerospace workers (painters and fuel cell
sealers) receiving pensions from a single
aircraft manufacturing company, as former
active members of Aerospace Machinists In-
dustrial District Lodge 751. The comparison
population consisted of retired carpenters
receiving pensions from the Carpenters’ Trusts
of Western Washington, as former active mem-
bers of locals of the United Brotherhood of
Carpenters and Joiners of America. The study
procedures and supporting documents were
approved by the University of Washington
Human Subjects Review Committee.

Eligibility
Pension data were used to determine potential
eligibility. The inclusion criteria at the time of
evaluation were: (a) age 62–74 years; (b) men;
(c) at least 10 years cumulative work experience
with routine exposure to organic solvents, or
for carpenters no more than 5 years cumulative
work experience with more than incidental
exposure to solvents; (d) retired from the
former profession for at least 1 year; and (e)
current residence within a 1 hour driving
distance of the study site. The aerospace
worker database contained no information
about experience before the mid-1960s or with
other employers; those retirees were deemed
tentatively eligible if they had at least 1 year of
recorded service in a targeted job category,
pending confirmation of longer exposure
history. Because of the few women in the

retired painter population (n<10), women were
not recruited for the study.

Recruitment
All identified, potentially eligible painter
(n=189) and aerospace worker (n=93) retirees
were invited to participate. The retired carpen-
ter population was larger, and potential partici-
pants (n=480) were selected randomly within
age groups (62–65, 66–69, 70–74), to achieve a
distribution comparable with the painter par-
ticipants. All carpenter retirees known to have
been floor finishers were invited (n=6), to be
included as study subjects exposed to solvents.
An additional 10 retired painters, who met eli-
gibility criteria and were inadvertently not
invited to participate, initiated contact on their
own and were included in the study.

Eligibility of respondents was confirmed by
telephone interview and a subsequent posted
questionnaire. Potential subjects were excluded
from participation if any of the following crite-
ria were met: (a) non-English primary lan-
guage; (b) past or current medical problems
that might cause brain injury or aVect perform-
ance at the study session—for example, stroke;
(c) exposure to solvents on more than an inci-
dental basis during the 2 weeks preceding
evaluation, or for more than 2 weeks cumula-
tively in the 6 months preceding evaluation; (d)
use of alcoholic beverages, drugs, or medi-
cation to the point of acute intoxication more
than twice during the 2 weeks preceding evalu-
ation, or once during the 48 hours preceding
evaluation. Subjects who gave histories of alco-
hol use consistent with past or current alcohol
misuse were not excluded. There were no
exclusions from study participation on the
basis of race or ethnicity.

Participation
The frequency of response to study invitations
was 47%–52% in each of the three groups. Of
respondents in each group, 24%–30% chose
not to participate, and 11%–19% elected to
participate but did not meet eligibility criteria;
in total, 54%–61% of respondents participated
(25%–31% of those approached). Based on
information from the study evaluations, four
studied subjects were excluded from data
analysis (one industrial electrician represented
by the painters’ union, and three aerospace
painters with only 1–2 years total career expo-
sure to solvents). Also, 12 study participants
were reclassified between study groups, includ-
ing initially anticipated reclassifications: floor
finishers from carpenter to painter group
(n=3); drywall workers from painter to carpen-
ter group (n=6); and subjects from aerospace
worker to painter group based on predominant
career experience and dual union membership
(n=3). The final sample consisted of 126
carpenters, 67 painters and 22 aerospace
workers. The three participant groups showed
no significant diVerences between the larger
groups and the invited retirees in distribution
of age, the only variable uniformly available for
such comparison.
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Survey of non-responders
After completing recruitment eVorts, samples
of invited retirees who did not respond to the
posted letters were contacted to ascertain
reasons for non-response (34 painters, 55 aero-
space workers, 127 carpenters selected; then
79%, 56%, and 80% contacted, respectively).
Invited retirees who responded negatively to the
mailings were not surveyed, to preserve their
presumed desire for privacy. A substantial pro-
portion of surveyed non-respondents (meas-
ured only in the carpenter group: 40%) did not
recall receiving an invitation. About two thirds
of the surveyed non-respondents reported
being disinterested or too busy to participate
(painters 63%, aerospace workers 60%, carpen-
ters 72%); 4%–20% cited health limitations
(painters 4%, aerospace workers 20%, carpen-
ters 13%); 4%–7% were dead at the time of
survey; and 11%–26% either were interested,
thought they had responded, or had disqualified
themselves because of ongoing employment
(painters 26%, aerospace workers 16%, carpen-
ters 11%).

METHODS

Data collection took place from March 1990 to
June 1992. Each interested, eligible respondent
participated in a single 6–8 hour evaluation
session. Painters were evaluated over study
days 1–535 (median 150), and carpenters, days
1–724 (median 516). Aerospace workers, who
were recruited later to supplement the number
of formerly exposed subjects, were evaluated
over study days 724–831 (median 752). Each
subject received $50 reimbursement plus a
written report of his findings. Participants
completed questionnaires on personal back-
ground, medical history, medication, alcohol
use,14 neurological symptoms,15 16 employment
history, and exposure history. A targeted physi-
cal examination emphasising cardiovascular,
pulmonary, and neurological systems was con-
ducted by examiners blinded to each subject’s
exposure. Blood cell counts, chemistry panel,
thyroid function, and blood lead were
measured to detect possible unrelated causes of
central nervous system dysfunction. No subject
had clinically abnormal physical examination
or blood results that would warrant exclusion
from the study.

Structured interviews
Each subject underwent a structured interview
about past and current exposures to solvents
and other hazards, and a structured interview
about past and current alcohol consumption.
The exposure interview was structured around
each subject’s employment history, focusing on
periods involving one or more similar jobs;
within each period subjects estimated the aver-
age proportion of work time during which
direct or indirect exposure to paint or solvents
occurred. Long periods of similar employment
were divided into decades. For each interval
with >10% direct exposure time, subjects esti-
mated the average proportions of exposure
time involving types of paint (oil or water
based), application technique, work environ-
ment, ventilation, and personal respiratory

protection. Information was collected for other
activities that used solvents, exposures to other
known or suspected neurotoxicants, and expo-
sures to metals, dusts, and other chemicals.
The alcohol consumption interview was struc-
tured similarly around intervals of relatively
uniform drinking pattern, within which sub-
jects answered structured questions with fixed
choice answers, based on the Jessor “quantity-
frequency” model.14 The self administered
Michigan alcoholism screening test (MAST)
also assessed drinking behaviour and possible
consequences of alcohol overuse.17

Neuropsychological evaluation
Trained examiners (n=5), blinded to subject
exposure, administered a standard battery of
neuropsychological tests, including: a verbal
fluency test18; vocabulary, similarities, block
design, digit span, and digit symbol subtests of
the Wechsler adult intelligence scale
(WAIS-R)19; Wisconsin card sorting test
(WCST)20; verbal aphasia screening, trails A
and B, and finger tapping tests from the
Halstead-Reitan battery21; logical and visual
subtests of the Wechsler memory scale-revised
(WMS-R)22; Rey auditory verbal learning test23;
Benton visual retention test24; d2 test25; Stroop
test26; grooved pegboard test27; and simple
reaction time.28 AVective status was assessed by
the Beck depression inventory29 and the
interviewer administered, computer assisted
diagnostic interview schedule (demographic,
alcoholism, anxiety, depression, panic disorder,
somatisation modules).30 31

STATISTICAL METHODS

All analyses were performed on personal com-
puters with SPSS/PC+ or Epi-Info.32 33

Exposure to solvents
Indices of exposure to solvents were calculated
for each person within each reported period,
with a semiquantitative model adapted from
Fidler et al, incorporating duration and inten-
sity of exposure and frequency of protective
factors.34 The usual amount of work time spent
in activities with exposure to solvents was frac-
tionated by the proportions of time involving
specific application techniques (spraying, roll-
ing, brushing, sealing, sealing in confined
space; weighted 1.0, 0.5, 0.4, 0.7, 1.0 respec-
tively), and by the proportion of time spent
outdoors or indoors (weighted 0.2, 1.0). Each
weighted application-environment time frac-
tion was reduced multiplicatively for time pro-
portionate use of personal respiratory protec-
tion (none, dust mask, cartridge mask without
or with adequate hygiene, air supply mask;
weighted 1.0, 1.0, 1.0, 0.5, 0.1, respectively)
and ventilation (none or passive, fan or sucker,
engineered exhaust system or spray booth; 1.0,
0.6, 0.2; not applicable outdoors), and then
summed to yield the average annual exposure
index value, constructed so as to range 0–1.
Annual values were summed or averaged to
generate cumulative or average exposure indi-
ces for subjects’ entire careers.

Neuropsychological function in workers with occupational exposure to solvents 95
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Alcohol consumption
Alcohol consumption indices were calculated
for each person within reported periods, by
multiplying the frequency of alcohol consump-
tion and the frequency weighted average quan-
tity of drinks per sitting, with weights suggested
by Jessor et al.14

Neuropsychological tests and areas
Analyses of neuropsychological test perform-
ance were limited to white participants
(n=203), because strong, independent associa-
tions were found with race, and because the
numbers of non-white subjects were small
(5.6% overall) and disproportionately distrib-
uted across the study groups. Two other
subjects were excluded because of failure to
complete testing (one carpenter, one painter),
for a total of 201 subjects.

To minimise multiple testing artifacts during
analysis and interpretation, and to maximise
the ability to interpret findings in a readily
understandable manner, neuropsychological
test scores were grouped into initially deter-
mined, mutually exclusive “area” scores corre-
sponding to major areas of neuropsychological
ability (language, reasoning, memory, atten-
tion, visuomotor speed, motor function). Also,
memory was subdivided into non-mutually
exclusive suborea scores to reflect the dimen-
sions of memory (visual, verbal, immediate,
delayed).

To validate the assignment of neuropsycho-
logical test indices to areas and subareas, seven
neuropsychologists independently ranked the
degree to which each of the neuropsychological
test indices reflected function in each area of
ability (scale 0–4; 4=highest). All component
test indices received average ranks >3 for the
respective areas of ability.

Distributions of neuropsychological test in-
dices based on timed performance or number
of errors were non-normal, and were logarith-
mically transformed for parametric statistical
tests. Time and error scores, furthermore, were
adjusted so that for all scores, a positive value
indicated a better performance.

After standardisation of test scores (z scale,
relative to raw or transformed values in the
internal reference carpenter group), scores for
each area and subarea were calculated for each
person as the unweighted average of selected
individual component test scores (two to four
representative tests per area and subarea).

The significance of diVerences in neuro-
psychological functioning, between subject
groups or relative to measures of exposure, was
examined by analysis of covariance or multiple
linear regression models, with z scores for indi-
vidual tests and mean z scores for each area and
subarea. Regression models included, where
appropriate (stepwise entry; p to enter <0.10; p
to remove >0.25): integer terms for age, years
of education, and WAIS-R vocabulary score (as
an index of pre-morbid intellectual ability) plus
dichotomous terms for alcohol use (current or
never drinking, high recent drinking, high
cumulative drinking, high MAST score).

Influence of examiner
Area and individual test scores for carpenters,
whose participation spanned the 2 year study
period, were evaluated for possible diVerences
between examiners or with time. Examiners 1
and 3 assessed 37% of the carpenters during
the first half of the study; examiner 5 58%,
during the second half; examiners 2 and 4 5%,
at intermediate time points. Among carpen-
ters, all individual memory tests and several
other individual non-memory tests showed sig-
nificant diVerences between examiners (each
test, p<0.05) in analyses that adjusted for age,
education, WAIS-R vocabulary score, and
alcohol status, with each diVerence primarily
involving examiner 5. When only carpenters
assessed by examiners 1 through 4 were con-
sidered, diVerences between examiners were
minimal. Due to these findings, and because
examiner 5 examined all aerospace workers
and only five painters (7%), analyses of scores
for areas and individual tests were conducted
separately (stratified) for examiners 1–4 and 5.

Outlier test scores
Scores on individual tests were categorised as
outliers or not, relative to performance of the
internal reference carpenter group, to denote
relatively abnormal test performance. For each
test, the residuals for adjusted scores (from
stratified regression models) were dichot-
omised relative to the lower 10th percentile for
the distribution of residuals in the examiner
stratified carpenter group. For each partici-
pant, the outlier number was calculated as the
number of individual tests on which the
participant’s test score fell below the 10th per-
centile, within each area and in total (17 test
measures representing five of the six areas).
Language tests were not included in calculating
the total outlier number, as these tests were
administered primarily as premorbid and
screening measures rather than as outcome
measures.

Results
DEMOGRAPHIC BACKGROUND

Distributions of age, years of education, and
marital status were similar in the three subject
groups (table 1). Overall, mean (SD) age was
67.9 (3.2) years, and the mean (SD) years of
education was 11.1 (2.3). The proportion of
non-white subjects was smaller in the painter
and carpenter groups (3%–5%) than in the
aerospace worker group (27%). CaVeine con-
sumption was common but uniform among
groups, median three to four drinks a day. The
frequency of alcohol consumption in the
preceding 6 months was similar in each group
(64%–72%), with carpenters and painters hav-
ing comparable mean rates of recent consump-
tion, but aerospace workers, much lower.
Cumulative alcohol consumption was higher
among painters than carpenters, particularly
among former drinkers, whereas the aerospace
workers reported similar or less cumulative
consumption than the carpenters. Similarly,
the frequency of higher scores on the Michigan
alcoholism screening test was higher among the
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painters, and lower among the aerospace work-
ers compared with the carpenters.

EMPLOYMENT HISTORY

The average time since retirement was about 6
years in each group (table 1). The painters on
average had spent about 6 more years in their
trade than had the aerospace workers, with lit-
tle overlap in occupational experience. Most of

the painting experience in the painters group
was in construction (n=59, 88%; median 31,
range 1–46 years), although 37% had worked
as shipyard painters (n=25; median 5, range
1–27 years) and 32%, as other painters (n=22;
median 8 , range 1–43 years; mostly mainte-
nance painting). The three floorlayers, who
were categorised with the painters, had worked
in their trades for a median 42 (range 37–48)
years. Other than the three subjects recatego-
rised from the aerospace worker to the painter
group, no painters had worked as an aerospace
painter or sealer, and only four of 22 aerospace
workers had worked as painters outside the
aerospace industry (median 8, range 5–16
years). Among the aerospace workers, 14 had
worked as aerospace painters (median 26,
range 2–42 years), and 11 had worked as aero-
space sealers (median 29, range 2–34 years).

EXPOSURE HISTORY

The cumulative exposure to solvents index was
similar on average in the painters and aero-
space workers groups (table 1). However, the
mean exposure index during periods of expo-
sure to solvents was about 50% greater among
aerospace workers. Cumulative exposure was
greater among aerospace sealers (median 4.5,
range 0.2–10.6) than aerospace painters (2.8,
range 0.2–8.7). Age showed no correlation
with exposure indices or with years of exposure
to paint or solvents, among painters and aero-
space workers (−0.08< r< 0.08).

The carpenters group included 120 carpen-
ters and six drywall workers, with median 36
years experience in those trades (range 15–52).
Sixteen reported periods of routine but inci-
dental painting activity (average exposure

Table 2 Symptom prevalence as reported on the questionnaire

Symptoms (n (%))
Carpenters
(n=126)

Painters
(n=67)

Aerospace
painters or
sealers (n=22)

Tired easily 23 (18) 25 (37)** 3 (14)
Lightheaded or dizzy 9 (7) 5 (7) 1 (5)
DiYculty concentrating 9 (7) 14 (21)** 2 (9)
Confused or disoriented 4 (3) 5 (7) 0
Trouble remembering:

Noticed by subject 35 (28) 28 (42) 3 (14)
Noticed by relatives 14 (11) 18 (27)* 2 (9)

Make notes to remember 29 (23) 24 (36) 4 (18)
Hard to understand reading 6 (5) 10 (15)* 1 (5)
Irritable 12 (10) 9 (13) 1 (5)
Depressed 4 (3) 6 (9) 0
Heart palpitations 4 (3) 1 (1) 1 (5)
Seizure 0 0 0
Sleeping more 9 (7) 12 (18)* 1 (5)
DiYculty falling asleep 17 (13) 12 (18) 1 (5)
Incoordination or imbalance 7 (6) 8 (12) 2 (9)
Loss of strength:

In legs or feet 11 (9) 14 (21)* 4 (18)
In arms or hands 10 (8) 10 (15) 4 (18)

DiYculty grasping 7 (6) 8 (12) 3 (14)
Numbness or tingling:

In fingers 11 (9) 5 (7) 2 (9)
In toes 10 (8) 8 (12) 0

Headaches 9 (7) 5 (7) 3 (14)
DiYculty driving (dizzy or tired) 2 (2) 5 (7)* 0
“High” from chemicals 3 (2) 11 (16)* 3 (14)**
Lower alcohol tolerance 6 (5) 9 (13) 1 (5)
Recheck actions 25 (20) 23 (34)* 5 (23)

*p<0.05; **p<0.01; v carpenters, with logistic regression to control for age, years of education,
vocabulary score, and alcohol use.
Symptoms were defined as positive when reported frequency was >1 time a week.

Table 1 Demographic and employment background

Carpenters (n=126) Painters (n=67)
Aerospace painters
or sealers (n=22)

Age (n (%)):
62-65 31 (25) 19 (28) 6 (27)
66-69 52 (41) 25 (37) 11 (50)
70-74 43 (34) 23 (34) 5 (23)

Education (n (%)):
< 12 years 45 (36) 31 (47) 9 (41)
12 years 59 (47) 27 (41) 9 (41)
> 12 years 22 (17) 8 (12) 4 (18)

Married (n (%)) 114 (91) 59 (88) 20 (91)
Race or ethnicity (n (%)):

White 124 (98) 63 (94) 16 (73)
Black 0 (0) 1 (1) 4 (18)
Other 2 (2) 3 (4) 2 (9)

Alcohol consumption (n (%)):
Recent 88 (70) 48 (72) 14 (64)
Former (>6 months) 30 (24) 18 (27) 7 (32)
Never 8 (6) 1 (1) 1 (5)
Recent drinkers (median (range) drinks/day) 0.75 (0.0-12.6) 0.87 (0.0-11.0) 0.15 (0.0-6.5)
Cumulative use (median (range) drinks/day):

Current or recent drinkers 42.4 (0.7-653) 57.5 (0.8-688) 45.5 (4.1-304)
Former drinkers 15.2 (0.0-217) 84.2 (5.1-458) 8.6 (0.8-172)

Michigan alcoholism screening test score (n (%)):
0-1 46 (37) 14 (21) 11 (50)
2-4 46 (37) 16 (24) 9 (41)
5-7 21 (17) 18 (27) 1 (5)
>8 13 (10) 19 (28) 1 (5)

CaVeinated beverage consumption (n (%)): 108 (86) 57 (85) 19 (86)
Employment history (median (range)):

Years employed as painter, floorlayer, or sealer (see text) 37.0 (15.0-49.0) 31.0 (9.0-41.6)
Years retired 5.4 (0.4-15.3) 5.4 (1.2-14.3) 6.4 (2.1-12.3)
Solvent exposure index* [n=23]

Cumulative 0.19 (0.00-2.40) 3.31 (0.29-13.0) 3.77 (0.20-10.6)
Average 0.04 (0.00-0.29) 0.10 (0.02-0.38) 0.15 (0.02-0.51)

Blood lead concentration (median µg/dl) 6.0 (0-14) 7.0 (0-22) 4.0 (2-17)

*Exposure index values are presented only for subjects with non-zero values. The average exposure index only reflects periods of
solvent exposure.
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index <0.05; for 3–10 years, n=10; and for
18–38 years, n=6), and three reported heavier
painting exposures for short periods (average
index 0.19–0.29; for 1–3 years). Four others
reported intermediate painting experience; one
had the highest cumulative index for a carpen-
ter (2.5; average 0.09 for 26 years), nearly twice
that of the next highest carpenter’s value.

Painters and aerospace workers were divided
into three similarly sized subgroups, based on
the cumulative exposure index (<2.6, low; 2.6–
4.35 mid; >4.35 high); all carpenters’ index
values were in the low category. Because of
small subject numbers, the mid and high expo-
sure groups of aerospace workers were com-
bined into one medium+high exposure sub-
group.

BLOOD LEAD CONCENTRATIONS

The distribution of blood lead concentrations
diVered significantly among the three study
groups (p<0.005, Kruskal Wallis test), and
concentrations >10 µg/dl were significantly
more common among painters (carpenters

3%, painters 18%, aerospace workers 5%;
p<0.002, ÷2 test). Only two subjects, however,
had concentrations as high as 20–25 µg/dl (two
painters, each 22 µg/dl). Values in the range of
10–25 µg/dl exceed the usual population range
but generally produce no clinical manifesta-
tions in adults.35 Blood lead concentrations
showed no significant association with symp-
toms reported or neuropsychological test
performance.

SYMPTOMS

Most subjects reported no more than two posi-
tive responses to 25 symptom questions
(carpenters 73%, painters 51%, aerospace
workers 63%; table 2). The painters, however,
reported significantly more positive responses
than did the carpenters (painters’ median 2.0,
range 0–15; carpenters’ median 1.0, range
0–14; p=0.001, Mann-Whitney test), and par-
ticularly reported greater fatigue and diYculty
with concentrating (each, p<0.01). Dichot-
omising the total number of symptoms per
subject as 0–2 and >3 (based on the approxi-

Table 3 Mean unadjusted neuropsychological test scores and area z scores before adjustment for potential confounding
factors, without non-white subjects (n=201)

Cognitive areas and individual tests

Direction of
better
performance

Test and area scores

Carpenters
(n=123) Painters (n=63)

Aerospace painters
or sealers (n=15)

Language ↑ 0.00 (0.81) −0.34 (0.86) −0.03 (0.80)
Aphasia screening (verbal errors)† ↓ 2.4 (2.3) 3.9 (2.6) 2.1 (1.8)
Verbal fluency test† ↑ 41.4 (10.5) 41.0 (9.9) 39.5 (11.4)
WAIS-R vocabulary (scale score) ↑ 10.7 (2.4) 9.9 (2.2) 10.1 (1.5)

Reasoning ↑ −0.01 (0.70) −0.26 (0.86) −0.32 (0.56)
Trails B (time, seconds)† ↓ 107.2 (41.0) 120.9 (56.7) 121.2 (45.2)
WAIS-R block design (scale score)† ↑ 12.1 (2.5) 10.6 (3.1)* 10.7 (1.8)
WAIS-R similarities (scale score)† ↑ 10.9 (2.4) 10.4 (2.3) 10.3 (1.8)
Wisconsin card sorting test

Categories completed (<3)‡ ↓ 19 (16%)‡ 9 (15%) 7 (50%)*
Perseverative errors† ↓ 26.4 (15.7) 22.6 (13.6) 32.4 (22.2)

Attention ↑ 0.00 (0.70) −0.01 (0.81) −0.32 (0.77)
d2 test (error score)† ↓ 30.3 (32.3) 33.6 (36.3) 32.5 (46.2)
Stroop test

Word trial† ↑ 85.4 (12.7) 84.8 (14.6) 77.8 (14.1)
Colour-word trial§ ↑ 28.3 (6.8) 29.4 (7.4) 26.9 (4.3)

WAIS-R digit span (scale score)† ↑ 9.6 (2.4) 9.6 (2.3) 8.7 (1.9)

Memory ↑ 0.00 (0.69) −0.11 (0.75) −0.50 (0.79)
Benton visual retention (errors)† ↓ 5.9 (2.8) 7.2 (3.3) 6.5 (2.8)
Rey auditory verbal learning

Trials I-V ↑ 35.4 (7.8) 36.8 (8.9) 29.4 (5.5)*
Trial VII: after interference† ↑ 6.8 (2.6) 7.4 (2.7) 5.1 (2.3)
Trial VIII: delayed ↑ 6.3 (2.8) 6.7 (2.8) 4.6 (1.8)

WMS-R logical memory
Immediate† ↑ 19.9 (6.5) 20.1 (6.2) 14.9 (6.4)*
Delayed ↑ 15.6 (6.4) 16.0 (7.3) 13.4 (4.7)

WMS-R visual memory
Immediate ↑ 29.0 (5.7) 27.5 (6.9)* 25.8 (7.0)
Delayed† ↑ 22.6 (7.6) 20.3 (8.8) 19.3 (8.7)

Visuomotor speed ↑ 0.00 (0.78) −0.10 (0.94) −0.35 (0.80)
d2 test (accuracy score)† ↑ 341.2 (64.4) 333.9 (64.6) 317.4 (52.3)
Trails A (time, seconds)† ↓ 41.8 (14.9) 42.4 (18.9) 44.4 (16.4)
WAIS-R digit symbol (scale score)† ↑ 10.3 (1.9) 9.9 (2.2) 9.1 (2.1)

Motor ↑ 0.00 (0.68) −0.18 (0.72)* −0.22 (1.16)
Finger tapping (dominant hand; taps)† ↑ 46.7 (5.8) 46.1 (6.9) 47.9 (7.8)
Grooved pegboard (dominant hand; time, in seconds)† ↓ 85.7 (15.7) 89.8 (19.0) 98.6 (46.4)*
Simple reaction time (seconds)† ↓ 0.294(0.047) 0.301(0.053) 0.307(0.033)

*p<0.05 v carpenters, with multiple linear regression to control for age, years of education, WAIS-R vocabulary, and alcohol use,
and stratifying by interviewers, Nos 1-4 and No 5.
WAIS-R subtest scale scores are presented to facilitate reader interpretation, but raw scores were used in analyses.
†Tests that were used to create the respective neuropsychological area score.
‡Subjects (n (%)). Significance of the diVerence between groups was determined by logistic regression, controlling for independent
variables and stratifying by interviewers. Seven subjects did not complete the Wisconsin card sorting test (3 carpenter, 3 painters, 1
aerospace worker).
§ Stroop colour word scores were not valid and are not included for 21 subjects with deficient discrimination ability of colour vision
(13 carpenters, 7 painters, 1 aerospace worker).
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mate 75th percentile among the carpenters),
and with logistic regression to adjust for poten-
tial confounding factors including alcohol use,
the painters were about twice as likely to report
three or more symptoms (odds ratio (OR), 2.6;
95% confidence interval (95% CI) 1.3 to 5.1).
The relative symptom excess was evident for at
least nine of the 25 individual symptom
questions (each p<0.05). The aerospace work-
ers reported symptoms no more often than did
the carpenters (median 0.5 symptoms, range
0–7; OR 1.7; 95% CI 0.6–4.7).

There were no substantial diVerences in
symptom reporting (or in the background vari-
ables other than race) between the full study
sample (n=215) and the subsamples for whom
the results of psychiatric assessment and
neuropsychological testing are presented
(n=199 and 201).

PSYCHIATRIC ASSESSMENT

Psychiatric interview results were available for
199 subjects. In general, there was a low preva-
lence of self reported current or past symptoms
consistent with diagnostic criteria for psychiatric
disorders other than alcohol dependence or
overuse. Clinically diagnosable alcohol depend-
ence or overuse was significantly more common
among the painters (39%) than the other study

groups (each, 20%; p=0.02, ÷2 test), with more
alcohol use apparent both currently and histori-
cally. Nine subjects reported symptoms consist-
ent with a generalised anxiety disorder (includ-
ing four subjects with onset of symptoms in the
preceding year), with no significant diVerences
across the study groups. Only four subjects in
the painter and aerospace worker groups, and
none in the carpenter group, described symp-
toms qualifying for diagnosis of previous major
depression; this association was not significant
(p=0.33; ÷2 test). The painters, however, did
have a significantly higher mean score on the
Beck depression inventory, a measure of current
depressive symptoms (carpenters’ median 3.0,
range 0–15; v painters’ median 4.0, range 0–29;
p=0.002, Mann-Whitney test). This finding was
not aVected when Beck depression inventory
scores were stratified by categories of current,
former, or cumulative alcohol use. The aero-
space workers showed no significant diVerence
(median 3.0, range 0–15; p=0.99). All Beck
depression inventory scores were below the
range of borderline clinical depression
(17–20),29 except for three painters (scores 17,
20, 29).

Figure 1 Mean (SEM) adjusted neuropsychological area z scores, among study groups and cumulative exposure subgroups relative to carpenters
(mean=0); measured in z scale units; adjusting for age, years of education, WAIS-R vocabulary score, and alcohol use; and stratifying by interviewers, Nos
1–4 and No 5. Statistical significance (p value) is printed adjacent to error bar; p>0.05 if not shown.
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NEUROPSYCHOLOGICAL TESTS

Language ability
There were no significant mean diVerences
between groups or clinical abnormalities on the
tests selected to screen fundamental language
ability in this older subject sample (aphasia
screening, verbal fluency; table 3), after adjust-
ment for WAIS-R vocabulary subtest score.
However, the mean vocabulary score tended to
be lower in the painter group than the carpen-
ter group (p=0.06, analysis of covariance).
Because this may not be a consistently robust
measure of premorbid intellectual ability,36

analyses of scores of areas and individual tests
were compared both with and without adjust-
ment for vocabulary score.

Test scores among study groups
Mean raw scores for individual neuropsycho-
logical tests and mean area z scores are
presented in table 3 (WAIS-R subtest scale
scores are presented to facilitate reader
interpretation, but raw scores were used in
analyses). After stratification by examiner and
adjustment for age, years of education,
WAIS-R vocabulary score, and alcohol use

through analysis of covariance, the painters’
and aerospace workers’ neuropsychological
performance diVered from the carpenters’ with
at least marginal significance on several indi-
vidual tests. In the area of reasoning, the paint-
ers had significantly lower mean scores on the
WAIS-R block design test (p=0.03), and the
aerospace workers had marginally lower scores
(p=0.09). However, the aerospace workers, but
not the painters, were significantly less likely to
complete three or more categories on the Wis-
consin card sorting test (OR 4.2, 95% CI 1.2 to
14.5, p=0.02; adjusted by logistic regression).
The painters scored lower than carpenters on
one test of immediate visual memory, whereas
the aerospace workers scored lower on two
tests reflecting immediate verbal learning and
memory (each p>0.05). In the motor tests, the
aerospace workers showed slower mean fine
motor coordination and dexterity (grooved
pegboard, p<0.05), whereas the painters only
showed marginally slower simple reaction
times (p=0.09).

Figure 2 Group mean (SEM) values for adjusted neuropsychological test z scores among cumulative exposure subgroup relative to carpenters (mean=0);
measured in z scale units; adjusting for age, years of education, WAIS-R vocabulary score, and alcohol use; and stratifying by interviewers, Nos 1–4 and
No 5. Significance (p value) is printed adjacent to error bar; p>0.05 if not shown.

1

0

–1

Aphasia screening

Language

Low Medium High

Aerospace
workers

Painters

1

0

–1

Verbal fluency

Low Medium High

1

0

–1

Vocabulary

Low Medium High

1

0

–1

Trails B

Reasoning

Low

p = 0.02

HighMedium

1

0

–1

Block design

Low Medium High

p = 0.04

p = 0.01

1

0

–1

Similarities

Low Medium High

1

0

–1

WCST, Perseverative
errors

Low Medium High

M
ea

n
 t

es
t 

sc
o

re
 (

z 
sc

al
e,

 r
el

at
iv

e 
to

 c
ar

p
en

te
rs

)

1

0

–1

d2 test, errors

Attention

Low

p = 0.03

HighMedium

1

0

–1

Digit span

Low Medium High

1

0

–1

Stroop, word trial

Low
Cumulative exposure subgroup

Medium High

1

0

–1

WCST, Perseverative
errors

Low Medium High

100 Daniell, Claypoole, Checkoway, et al

 on M
ay 26, 2023 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
O

ccup E
nviron M

ed: first published as 10.1136/oem
.56.2.93 on 1 F

ebruary 1999. D
ow

nloaded from
 

http://oem.bmj.com/


Area scores
When analysed at the level of tests combined
within the areas of neuropsychological ability
(after stratification by examiner and adjust-
ment for age, years of education, WAIS-R
vocabulary score, and alcohol use; fig 1), paint-
ers performed significantly below carpenters
on the motor score (p=0.04) and marginally on
the reasoning score (p=0.10). By contrast, the
aerospace workers performed below the car-
penters only on the memory score (p=0.07),
most noticeably on subarea scores for verbal
memory (mean −0.34 z scale units, SD 0.16;
p=0.03) and immediate memory (mean −0.31,
SD 0.16; p=0.06).

The neuropsychological area scores were
examined relative to indices of mean and
cumulative exposure to solvents, with multiple
linear regression to test raw, log transformed,
and ranked configurations of the indices, and
analysis of covariance for categorised indices.
The strongest associations with area scores were
found with the categorised career cumulative
exposure index, considered separately for the
painter and aerospace worker groups (fig 1).

Compared with the carpenters, the aero-
space workers with medium+high cumulative
exposure had significantly lower z scores on
two of the neuropsychological areas, visuomo-
tor speed (p=0.008; fig 1) and motor abilities

1

0

–1

d2 test, accuracy

Visuomotor speed

Low Medium High

1

0

–1

Trails A

Low Medium High

1

0

–1

Digit symbol

Low Medium High

1

0

–1

Rey auditory verbal
learning, trial VII

Memory

Low

p = 0.02 p = 0.09

HighMedium

1

0

–1

Logical memory,
immediate (WMS)

Low Medium High

p = 0.04

1

0

–1

Logical memory,
delayed (WMS)*

Low Medium High

1

0

–1

Benton visual
retention, errors

Low Medium High

1

0

–1

Visual memory,
immediate (WMS)*

Low

p = 0.02

HighMedium

1

0

–1

Visual memory,
delayed (WMS)

Low Medium High

1

0

–1

Finger tapping

Motor

Low HighMedium

1

0

–2

Grooved pegboard

Low Medium

Cumulative exposure subgroup
High

p < 0.01

–1

1

0

–1

Reaction time

Low Medium High

Figure 2 (continued)

Neuropsychological function in workers with occupational exposure to solvents 101

 on M
ay 26, 2023 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
O

ccup E
nviron M

ed: first published as 10.1136/oem
.56.2.93 on 1 F

ebruary 1999. D
ow

nloaded from
 

http://oem.bmj.com/


(p=0.04), and marginally lower z scores on two
others, attention and memory abilities (each,
p=0.08). Aerospace workers with low cumula-
tive exposure showed no diVerences from the
carpenters on area scores. The painters,
however, showed exposure related diVerences
from the carpenters only in the motor area,
where the diVerence in scores were marginally
significant for painters with a history of mid or
high cumulative exposure (p=0.08 and
p=0.06, respectively).

Test scores and cumulative exposure in painters
The association between cumulative exposure
in painters and motor area performance
seemed to reflect aggregate contribution by the
individual tests comprising the area; cumula-
tive exposure did not show a singular associ-
ation with any one test (fig 2). Among the other
areas, the painters had significantly worse
scores for mean block design with increasing
cumulative exposure. Otherwise, within the
painter group, there were no significant
exposure-response trends on individual tests.
Isolated findings included significantly more
errors by the painters with low exposure on the
d2 test, and marginally lower mean scores by
the painters with medium exposure on the
WMS-R visual-delayed memory test (p=0.10).

Test scores and cumulative exposure in aerospace
workers
On average, aerospace workers with
medium+high cumulative exposure (n=8) per-
formed less well than did those with low expo-
sure on all three individual tests in the area of
visuomotor speed (fig 2), diVering significantly
from the carpenters on the d2 (accuracy score)
and WAIS-R digit symbol tests. The other sig-
nificantly diVerent areas related to exposure,
primarily reflected diVerences involving only
one or two tests within each area: the Stroop
word score in the attention area; grooved peg-
board score in the motor area; and WMS visual
immediate score in the memory area (plus the
WMS-R logical immediate memory score, not
a selected component of the memory area
score). The Stroop colour word score, by con-
trast with the word score, showed no significant
diVerences related to exposure (not shown).

Although not apparent at the level of the
reasoning area score, the marginally lower trails
B score for aerospace workers as a whole was

primarily attributable to subjects with
medium+high cumulative exposure. Other
tests of reasoning ability, however, showed no
adverse association with cumulative exposure.

Test scores of outliers
The 10th percentile thresholds used to define
scores as relatively abnormal outliers averaged
1.13 (SD 0.15) z scale units below the respec-
tive carpenters mean score, for the 17 test
measures used to derive the total outlier
number (representing the five study outcome
areas, excluding language, after adjustment for
the independent variables described). Consid-
ering the 17 measures in aggregate, 85% of
outliers were <1 additional z scale unit below
the respective threshold (median −0.37 units;
90th percentile −1.17 units).

Most subjects had no more than two outlier
scores on the 17 selected test measures
(carpenters 77%; painters 52%; aerospace
workers 67%). On average, the painters had
significantly higher total outlier numbers than
the carpenters (painters’ median 2.0 range
0–10; carpenters’ median 1.0 range 0–8;
p=0.02, Mann-Whitney test), but the aero-
space workers did not diVer from the carpen-
ters (median 1.0 range 0–6; p=0.28). When the
total number of outliers was analysed dichoto-
mously (0–2 and>3 per subject, based roughly
on the carpenters’ 75th percentile), the likeli-
hood of a high value was increased threefold
among the painters (OR 3.1; 95% CI 1.5 to
6.2), and was increased to a smaller, non-
significant degree among the aerospace work-
ers (OR 1.7; 95% CI 0.4 to 6.0; n=15), relative
to the carpenters. This was less evident for the
painters when other dichotomisation thresh-
olds were used (>2 outliers OR 1.9; >4
outliers OR 1.9).

All of the aerospace workers with a high total
outlier number were in the medium+high
cumulative exposure subgroup (5/8), indicat-
ing a large risk related to exposure for this out-
come (>3 outliers OR 5.6; 95% CI 1.0 to 38.0;
fig 3). By contrast, the painters showed no sub-
stantial variation in risk for an increased
number of outliers relative to cumulative expo-
sure.

Vocabulary score adjustment
When area scores were reanalysed without
adjustment for WAIS-R vocabulary scores,

Figure 3 Subjects (%) in each subgroup who had either 0–2, 3–4, 5–6, or 7–10 relatively abnormal outlier scores (below
the 10th percentile of the carpenter group) on 17 neuropsychological test measures.
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which was used as an index of premorbid intel-
lectual functioning, the painters’ reasoning and
memory scores averaged about 0.1 z scale units
lower than when analyses were adjusted for
vocabulary. The mean (SD) reasoning score
was −0.21 (0.14, p=0.10) and −0.33 (0.14,
p=0.02), with and without adjustment for
vocabulary respectively; and the memory score,
−0.10 (0.11, p=0.38) and −0.21 (0.12,
p=0.10). The changes did not reflect a
predominant eVect on any one individual test.
Reanalysis without adjustment for vocabulary
had inconsistent eVects on painters’ scores
relative to cumulative exposure, in most
instances resulting in less evidence of dose-
response relation. Reanalysis had no substan-
tial influence on painters’ mean scores in other
areas, on aerospace workers’ mean area scores,
or on estimates of risk for many outlier scores.

Discussion
This study found varying degrees of evidence
for probable adverse eVects on neuropsycho-
logical functioning associated with organic sol-
vents among two groups of retired workers,
painters and aerospace workers, with previous
long term occupational exposure to solvents. It
is noteworthy that, compared with a group of
retired carpenters, the painters on average
reported greater cumulative alcohol consump-
tion and also had lower verbal ability on the
WAIS-R vocabulary subtest, presumed to be an
indicator of premorbid intellectual function-
ing. These potential biases, however, did not
seem to account for our findings. By compari-
son with the neuropsychological performance
of the carpenters—and while controlling for
the potential confounding influences of age,
education, verbal ability, and alcohol use—the
painters on average had a significantly lower
motor area score and a marginally lower
reasoning area score, broadly assessing their
performance on tests in each of those areas of
neuropsychological functioning. The painters,
however, had significantly lower mean scores on
only two individual neuropsychological tests,
each principally assessing abilities of reasoning
and memory. Finally, the painters reported
neurological and depressive symptoms signifi-
cantly more often than the carpenters.

The smaller group of 15 aerospace workers,
primarily eight subjects with moderate to high
cumulative exposure to solvents, on average
had significantly lower scores in the areas of
motor and visuomotor speed and marginally
lower area scores for attention and memory.
The aerospace workers performed significantly
less well on one or more individual tests in each
of those areas of neuropsychological function-
ing, and on one individual test of reasoning
ability. By contrast with the painters, reporting
of symptoms by aerospace workers and carpen-
ters did not diVer.

Also, the painters and the subgroup of aero-
space workers with moderate to high cumula-
tive exposure to solvents were each significantly
more likely to have an increased number of
relatively abnormal neuropsychological test
performances (outlier test scores), compared
with the carpenters.

By contrast with the aerospace workers,
there was less evidence in the painter group
that greater amounts of cumulative exposure
were associated with relatively lower neuro-
psychological test performance, other than on
the WAIS-R block design subtest and on the
motor area score, although this was not evident
at the level of individual tests of motor
functioning.

There was no evidence that alcohol influ-
enced or mitigated any long term eVects of
organic solvents on reporting symptoms or
neuropsychological functioning in this study
sample. The painters as a group reported much
greater cumulative alcohol consumption than
the aerospace workers or carpenters, but
showed no more evidence of possible eVects of
solvents than the aerospace workers, and in
many analyses showed less evidence. None the
less, the painters’ higher reported alcohol con-
sumption is striking and may represent a risk
for health problems related to alcohol overuse
or alcoholism.

The findings of the present study are
consistent with those of two retrospective
cohort studies, in Denmark and in Sweden,
that evaluated painters with long term expo-
sure to solvents and included pre-exposure
psychometric data from the subjects’ testing at
the time of military conscription.37 38 The sub-
jects’ average age in each study was about 50
years (Danish study, mean 53; Swedish study,
median 50). Both studies found few differences
between painters and comparison groups when
performance on individual neuropsychological
tests was analysed numerically, comparing
group mean values. The Swedish study found
no interactive eVect of exposure to solvents and
alcohol consumption on central nervous sys-
tem function, but by contrast with the present
study, found no diVerences in reported alcohol
use associated with exposure.38 The Danish
study further found that the odds ratios for
mild or greater degrees of dementia, as judged
by a psychologist, were 3.6 and 5.0 for painters
with medium and high exposure to solvents,
respectively, compared with bricklayers; how-
ever, the association did not predominantly
involve any one area of neuropsychological
functioning.37 This is analogous to the ap-
proach and findings in the present study, which
examined the number of outlier or relatively
abnormal neuropsychological test scores, as
defined internally relative to the 10th percen-
tile of performance in the carpenters’ group.
The present study found up to a fivefold
increased risk for having a relatively high
number of outlier test scores, among subjects
with greater degrees of previous exposure to
solvents.

The findings of the two Scandinavian studies
and the present study aYrm the methodologi-
cal need for studies to examine the relative fre-
quency of outlier or clinically abnormal test
performance and to examine scores in a global
manner. The analysis of outlier or abnormal
test performance may augment the ability of a
study to detect phenomena associated with
exposure for which an exposed group is
broadly at risk. It also may increase the
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feasibility of detecting phenomena that place
only a subgroup of exposed people at risk, con-
ceivably due to heterogeneity of people’s
genetic or constitutional susceptibility to ad-
verse eVects on the central nervous system of
exposure to organic solvents.

Consistent with most previous studies that
used comprehensive neuropsychological evalu-
ation, this study found minimal evidence that
previous exposure to solvents diVerentially
aVects selected aspects of neuropsychological
function more than others. This study found
that aerospace workers with moderate to high
cumulative exposure to solvents had relatively
lower mean test scores across most tested
neuropsychological areas, with relatively worse
performance in memory and learning, and with
relative sparing of more complex reasoning
abilities. The painters, however, even those
with moderate or high exposure, showed
relatively less diVerence than did the aerospace
workers, in mean test score comparisons with
the carpenters. Also, the diVerences in outlier
test scores related to exposure were most obvi-
ous globally, by the number of outlier test
scores in total rather than within neuropsycho-
logical areas.

The ability to interpret the findings of this
study or generalise its findings to other exposed
people, is potentially limited by features of the
study design and sample selection. The cross
sectional study design may have failed to iden-
tify members of the populations of truely
exposed and comparison workers, including
people who migrated out of the trade before
eligibility for a pension, particularly those leav-
ing the trade due to adverse eVects of solvents,
and people who were eligible but did not file for
a pension or died before receiving a pension.
There were deficiencies in the ability of the
painters pension fund to accurately identify all
eligible painters; some retirees receiving pen-
sions were identified only by inquiry by a
volunteer.

The low ratios of response (47%–51%),
interest (34%–38%), and eligibility for partici-
pation (25%–31%) by invited retirees are of
particular concern in this study. The two men-
tioned Scandinavian studies used similar re-
cruitment approaches and achieved remarkably
higher participation ratios, 60%–90%, in their
diVerent subject groups.37 38 Fortunately, in the
present study the recruitment statistics and the
findings of the non-respondent survey were
reasonably uniform across the three study
groups, and distribution of the one variable
available for comparison, age, was similar in
each of the subject groups and respective popu-
lations. However, despite the problems with
subject recruitment, the findings of the present
study do generally agree with those of the two
Scandinavian studies, showing a pattern of rela-
tively mild to moderate but diVuse decline in
neuropsychological functioning.

Another concern is examiner or temporal
bias. Subjects for this study were recruited over
a long period, with painters generally being
examined earlier in the study period, aerospace
workers later, and carpenters throughout.
Neuropsychological tests were administered by

a single examiner during the final portion of
the study period, including all aerospace work-
ers and about half of the carpenters. Despite
study procedures to control quality of test
administration, analysis of carpenter scores
showed significant diVerences between exam-
iners on several tests, most evidently associated
with the final examiner. The diVerences
presumably reflect either a true examiner bias
or an unrecognised associated temporal phe-
nomenon. The analysis of the scores of subjects
tested by this examiner separately from those
tested by the other examiners, should eVec-
tively control this confounding influence,
although with the loss of some statistical power.
However, it is conceivable that this approach
might not have been completely eVective. At
least, this occurrence emphasises the need to
consider the possible influence of examiner
bias in studies of neuropsychological function-
ing, despite seemingly appropriate study proce-
dures for quality control.

It is not clear why the present study found
dose related adverse associations between
exposure to organic solvents and performance
on many individual neuropsychological tests in
the small group of aerospace workers but only
on one test in the painters’ group. One credible
explanation is the qualitative diVerence in types
of paints and solvents used in aerospace manu-
facturing, compared with painting in construc-
tion, shipbuilding, and other settings. The
exposure index had no ability to assess
diVerences in the numerous, diverse, and often
unknown chemical ingredients of the solvent or
paint agents. Also, the exposure index was
based entirely on subjective recall, and it is
conceivable that the painters, who generally
had more complex employment histories than
the aerospace workers, were less able to
accurately recount their exposure histories.
Quantitatively, the painters and aerospace
workers had similar distributions of cumulative
exposure index values, and the exposures of
most subjects in these two groups should have
exceeded any no eVect level, as characterised in
the review by Mikkelsen et al.37 The painters
and aerospace workers, however, did have
diVerent temporal patterns of exposure, with
the aerospace workers generally showing
slightly higher average exposures across shorter
career spans and even higher exposures during
certain periods. It is possible that these
reflected diVerences not just in degree but also
in the frequency of high, acutely intoxicating
exposures, which in theory could be associated
with greater long term or cumulative risk of
central nervous system injury than would more
uniform exposures. Finally, it is conceivable
that the previous exposures of some carpenters
to low concentrations of solvents or over short
periods, and their possible exposures to other
neurotoxicants such as lead, could have
weakened the ability of the study to detect
eVects related to solvents in the groups of
painters or aerospace workers.

In conclusion, the findings of this study are
consistent with residual eVects on central
nervous system function from long term occu-
pational exposure to solvents, persisting long
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after the end of exposure, and appearing as a
severalfold increased risk for relatively abnor-
mal neuropsychological function. The magni-
tudes of risk in this study sample are similar to
those found in two retrospective cohort studies
of career painters, who on average were 15
years younger than those in the present study.
Given the limited age range of the subjects in
the present study (62–74), this study has little
ability to assess directly whether there exists
any interactive contribution to chronic solvent
neurotoxicity by age related neurodegenera-
tion. However, the evidence of a relative risk
related to solvents that persists years after the
end of exposure, and that persists into years of
life when age related neurodegeneration is
increasingly prevalent in the general popula-
tion, suggests that career long exposure to sol-
vents could have greater clinical importance in
later years of life than during the years of active
exposure. A study with a longitudinal rather
than cross sectional design could examine the
issue of an interaction between age and
solvents in a more direct manner but would be
logistically challenging to conduct. Finally,
given the small size of the group of aerospace
workers, it is not possible to conclude that
workers with exposures similar to those of the
studied population are at greater risk of neuro-
toxicity related to solvents than are painters in
other industries. A study that includes many
more aerospace painters and sealers would be
necessary to make definitive assessments about
health risks in those trades.
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National Institute for Occupational Safety and Health, grant
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