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Neu ropsychological effects associated with exposure to mercury vapor 
among former chloralkali workers 
by T Mathiesen, PsyD, '3 DG Ellingsen, MD, H Kjuus, MD 

Mathiesen T, Ellingsen DG, Kjuus H. Neuropsychological effects associated with exposure to mercury vapor 
among former chloralkali workers. Scand J Work Environ Health 1999;25(4):342-350. 

Objectives This investigation studied possible neuropsychological effects among former chloralkali workers with 
past exposure to merculy vapor. 
Methods Seventy-five formerly exposed workers who had been examined with an extensive neuropsychological 
test battery were compared with 52 referents frequency-matched for age. The tests measured general cognitive 
function, motor and psychomotor function, attention, memory, and learning. The groups were similar in education- 
al level, age, and verbal comprehension. The mean exposure time to mercury vapor in the index group was 7.9 
(range 1.1-36.2) years with an annual mean urinary mercury concentration of 539 (range 41-2921) nmoU(1. 
year). The mean time since the cessation of exposure was 12.7 (range 1.0-35.0) years. 
Results Performance on the grooved pegboard (dominant hand 75.8 versus 70.9 seconds, P<0.05; nondominant 
hand 82.2 versus 76.3 seconds, P=0.02) and the Benton visual retention test (mean number of correct reproductions 
6.9 versus 7.5, P<0.05) was poorer among the formerly exposed workers when compared with the referents. In 
addition the subjects who had experienced the highest intensity of exposure [cumulative urinary mercury index 
2550 nmoV(1. year)] had a poorer performance on the trailmaking test, part A and B, on the digit symbol test, and 
on the word pairs test (retention errors). 
C O ~ C ~ U S ~ O ~ S  The presented results suggest a slight persistent effect of mercury vapor exposure on the central 
nervous system, mainly involving motor functions and attention, but also possibly related to the visual system. 
Previous exposure does not seem to have affected the workers' general intellectual level or their ability to reason 
logically. 

Key terms ceased exposure, cumulative mercury exposure, neurobehavioral effects. 

The central nervous system (CNS) is a well known tar- 
get for mercury vapor toxicity. Among the early signs of 
toxic effects are tremor and various neuropsychiatric 
symptoms (1). Neurobehavioral effects of occupational 
exposure have been described as falling into the 3 major 
groups of alterations in emotional state, effects on cog- 
nitive functions, and effects on motor functions (1, 2). 
Ongoing exposure to lower concentrations of mercury 
vapors has been associated with increased hand or fin- 
ger tremor, subclinical changes in coordination, neu- 
romuscular functions, and deficits in memory and atten- 
tion (3-20). Magos (21) suggested that it may be a mis- 
take to relate defects to exposure estimates valid at a time 
when the possibility of higher exposure in  the past can- 
not be excluded. Only a few studies on populations cur- 
rently exposed to mercury vapors have addressed the 

magnitude of effects related to previous exposure when 
current exposure was assessed. 

This study focuses on nervous system effects after the 
cessation of exposure to mercury vapors. Little research 
on previously exposed subjects has been published. There 
is, however, evidence of persisting neurological abnor- 
malities in subjects with past exposure (22-25). In ad- 
dition, evidence of persisting neurobehavioral impair- 
ment in former Japanese mercury miners, especially mo- 
tor coordination, has been presented (26). The workers 
included in the study also had a history of clinically overt 
mercury poisoning, and the reported air mercury concen- 
trations at the time of exposure were usually above 1.0 
mg/m3. An American study of 247 workers in a lithium- 
producing plant who were previously exposed to mercu- 
ry vapors also reported slight effects of exposure on 
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motor functions without a concomitant impairment of 
cognitive functions (27). More than 40% of the subjects 
had had a recorded urinary mercury concentration ex- 
ceeding 3000 nmolll at least once, indicating that they 
had been exposed to high concentrations of mercury. The 
question remains to be further elucidated whether the 
neurobehavioral effects related to motor and cognitive 
functions associated with ongoing exposure to mercury 
vapors at lower levels are persistent. 

After the closure of a mercury-based chloralkali plant 
which started production in 1947 and was closed in 1987, 
former workers were invited to participate in a compre- 
hensive study on the possible health effects related to 
previous exposure to mercury vapors. A cross-sectional 
study was performed during 1989-1990. The main re- 
sults of the neurological and neurophysiological parts of 
that study were an increased prevalence of reduced dis- 
tal sensation, impaired coordination, postural tremor, and 
signs indicating station and gait disturbances (24, 25). 
Furthermore, a dose-related decrease of the conduction 
velocities of the median motor and sensory nerves was 
observed, together with reduced amplitudes of the sural 
nerve. Measurements also showed that the visually 
evoked response was altered in the previously exposed 
workers. The aim of our present investigation was to 
study neuropsychological functions among the same 
former chloralkali workers in relation to their past expo- 
sure to mercury vapors. 

Subjects and methods 

Subjects 
The overall study design has been presented earlier (25). 
Briefly, the main inclusion criteria for the former chlo- 
ralkali workers were men below 65 years of age at the 
time of examination, exposed to mercury vapors for more 
than 1 year between 1947 and 1987, and known urinary 
mercury measurements from at least 4 3-monthly peri- 
ods during employment. One hundred and thirty subjects 
identified from the company's records met these crite- 
ria, of whom 7 were deceased and 5 had moved to dis- 
tant parts of the country and were thus not considered 
for inclusion. The main exclusion criteria were alcohol 
abuse, major head injuries (unconsciousness >6 hours), 
metabolic disorders, neurological, psychiatric or other 
diseases causing severe disability, and exposure to other 
known occupational neurotoxicants above specified lev- 
els. Twenty-four subjects were excluded altogether, of 
whom 2 were excluded owing to diseases of the nervous 
system (1 because of encephalopathy with epilepsy di- 
agnosed 1 year after the start of exposure to mercury va- 
pors and 1 because of episodes of cerebral ischemia). 

The reference group comprised randomly selected 
male nitrate fertilizer workers employed by the same 
company as the former exposed workers. They were fre- 
quency-matched for age. None of the referents had ever 
been occupationally exposed to mercury compounds. 
Identical exclusion criteria were applied to the exposed 
subjects and the referents. 

Of the 77 former chloralkali workers included in the 
neurological examinations (participation rate =82%), 2 
subjects declined to be neuropsychologically examined. 
One of the 53 referents taking part in the neurological 
examinations (participation rate 4 6 % )  was excluded 
from the neuropsychological examinations owing to a 
low general intellectual level, which caused obvious dif- 
ficulties in understanding the instructions during the test 
session. 

Initially, all the subjects underwent a clinical inter- 
view which emphasized their job history, life-style hab- 
its, and medical history. A brief clinical examination was 
also conducted. The current concentrations of mercury 
in urine and whole blood and lead in whole blood were 
recorded for all the subjects. Details of the sampling and 
analytical methods of the trace elements have been pre- 
sented elsewhere (28). 

No major differences were found between the ex- 
posed group and the referents for age, duration of gener- 
al education, or alcohol consumption (table 1). Further- 
more no significant differences were found for dental 
amalgam status or fish consumption (28). The prevalence 
of reported earlier mild concussion of the brain was high- 
er among the former chloralkali workers (28%) than 
among the referents (15.4%). Three subjects with a long 

Table 1. Characteristics of 75 former mercury-exposed subjects 
and 52 referents. 

Characteristic Exposed Referents 

Mean SD Mean SD 

Age (years) 
Education (years) 
Ethanol consumption (Ilmonth) 
Current urinary mercury 
concentration (nmollmmol 
creatinine) 
Current blood mercury 
concentration (nrnolll) 
Current blood lead 
concentration ( ~ m o l / l )  
Mercury exposure (years) 
Years since last exposure 
Cumulative urinary mercury 
concentration (nrnolll) 
Mean urinary concentration 
per year [nmol/(l . year)] 
Earlier concussions (%) 
Current smokers (%) 
Current shift workers (%) 
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duration of unconsciousness, but which was below the 
exclusion criterion (>6 hours), were evaluated clinically 
after all the examinations, and they did not show partic- 
ularly poorer performance. The prevalence of shift work- 
ers was higher in the reference group (42.3%) than in the 
exposed group (25.3%). 

Exposure assessment 
The plant started production in 1947 and was closed in 
1987. Biological monitoring of the workers had been 
performed since 1948. The historical exposure assess- 
ment for the previously exposed workers is based on 
more than 2300 urinary mercury measurements. 

The main indicator of past exposure was a cumula- 
tive urinary mercury index (cum U-Hg), which was cal- 
culated for each exposed person. This index represents 
the individual mean urinary mercury concentration for 
each year of exposure and for all years added together 
(expressed as nanomoles per liter). A detailed descrip- 
tion of the mercury exposure and the calculation of the 
cumulative mercury exposure has been reported else- 
where (25). 

As the cumulative exposure index is not only related 
to the duration, but also to the intensity of exposure, 2 
other exposure indicators were used. These were the "du- 
ration of exposure" in months, and the "intensity of ex- 
posure" calculated as the mean urinary mercury concen- 
tration for each year of exposure (cum U-Hglyear, ex- 
pressed as nanomoles per liter per year). 

The mean duration of exposure was 7.9 (range 1.1- 
36.2) years, and the time since exposure cessation aver- 
aged 12.7 (range 1-35) years. The mean cumulative uri- 
nary mercury exposure was 3244 (range 167-17229) 
nmolll. The individual mean intensity of exposure (cum 
U-Hglyear) was 539 (range 41-2921) nmoll(1 . year) (ta- 
ble 1). 

Neuropsychological test battery 
Tests reported to be sensitive to ongoing mercury expo- 
sure were included. Likewise tests considered to be non- 
sensitive to neurotoxins and, finally, tests making it pos- 
sible to discover a possible differential diagnosis were 
included (29, 30). Both computerized and noncomputer- 
ized tests were used. The neuropsychological tests have 
been grouped by the assumed principal function meas- 
ured in the following description, since most tests involve 
several different capacities. 

General intellectual function. The vocabulary test (WAIS- 
R) consisted of 35 words of increasing difficulty that had 
to be defined or explained (31). The test gave an esti- 
mate of verbal and general intellectual ability. 

The similarities test (WAIS-R) consisted of 14 pairs 
of words (31). The task was to say what each pair of 
words had in common, preferably with the closest 

denominator. The test measured the ability of verbal con- 
cept formation and reasoning skills. 

The picture completion test (WAIS-R) consisted of 
20 cards with pictures (31). The task was to say what 
was missing in each picture within a 20-second time iim- 
it. The test measured visuoperceptual analysis. 

Memory and learning. The digit span test (WAIS-R) in- 
volved repeating orally presented digits either forwards 
or backwards (3 1). The WAIS-R score added forward and 
backward performance. Digits forward and digits back- 
ward expressed the actual length of the span. Digits for- 
ward measured attention span, while digits backward in- 
volved both a memory component and a reversing oper- 
ation (mental double-tracking). 

The word pairs test consisted of 15 cards with 1 word 
on each side forming pairs (32). After the initial presen- 
tation of all the cards, the first word in each pair was 
shown. The task was to say the associated word within 
10 seconds. The test measured association learning and 
the delayed recall of verbal material. 

In the serial digit learning test (SDL-8) (33) a string 
of 8 digits was presented orally, and the task continued 
until the string was repeated correctly in 2 consecutive 
trials or until 12 trials were performed. SDL-8 assesses 
short term memory and learning. Incidental memory was 
tested by asking the subjects to supply from memory as 
many as possible of the 9 symbols used in the digit sym- 
bol test (WAIS-R) immediately after the completion of 
the entire matrix (34). 

The Benton visual retention test (form C, adm A) con- 
sisted of 10 cards containing 1 to 3 figures with increas- 
ing difficulty (35). After an exposure of 10 seconds, the 
task was to reproduce each card by drawing. The number 
of correct reproductions and errors was recorded. This 
test involves immediate memory span, visuospatial per- 
ception, visuomotor response, and visual and verbal con- 
ceptualization (29). 

The Kimura recurring figures test consisted of 160 
cards with geometric or irregular nonsense figures (36). 
First, 20 different cards were presented. Among the re- 
maining 140 cards, 8 of the initial 20 occulred 7 times 
mixed with 84 new (one-of-a-kind) figures. False posi- 
tive responses were subtracted from the correct respons- 
es to give the total score. This test is a test of visual mem- 
ory requiring a recognition response; hence it is inde- 
pendent of drawing skills. 

Tests for perceptual-motor speed and reaction time. In 
part A of the trailmaking test (29), the task was to con- 
nect consecutively numbered circles by drawing lines 
between them, while part B required an alternation be- 
tween 2 sequences, with numbered and lettered circles 
respectively. The time taken to complete the test and the 
number of errors were recorded. This test involves 
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attention, motor speed, visual scanning, and visuomotor 
tracking. 

Digit symbol (WAIS-R) is a symbol substitution task 
(31). Based on a printed key the subject was asked to 
combine 9 symbols with the corresponding 9 digits. The 
WAIS-R raw score is the number of correctly placed 
symbols in 90 seconds. The position after 90 seconds was 
marked, but the whole worksheet was completed. The test 
measures motor speed, visuomotor coordination, visual 
scanning, and sustained attention under time pressure. 

In the simple reaction-time test (NES 2) (37), the task 
was to press a button as fast as possible when a large 
square appeared on the computer screen. Individual re- 
action-time latencies were recorded. The mean reaction 
time, omitting the first block of trials, was used by us. 
This test measures visuomotor speed and attention. 

In the continuous performance test (NES 2) (37), five 
different letters have flashed briefly on a screen in ran- 
dom order. The task was to push a button whenever the 
letter S appeared. The response latencies (mean RT) for 
each critical trial, but omitting the first block of trials, 
were used. This test measures sustained visual attention. 

Manual dexterity and visuomotor coordination. In the 
hand-eye coordination test (NES 2) (37), the task was to 
trace over a sine wave pattern on a screen using a joy- 
stick in the dominant hand. A cursor moved horizontally 
at a constant velocity while the subject controlled the 
vertical motion. The deviations in the vertical distance 
from the set line were recorded. The mean of 2 test trails 
was used. This test measures visuomotor accuracy and 
motor coordination ability. 

The grooved pegboard (KlaveIMatthews Motor 
Steadiness Battery) consisted of a small board with 5x5 
holes with randomly oriented slots and small pegs with 
a ridge along 1 side (38). The pegs must be turned into 
position in order for them to fit correctly in the holes. 
The completion time was recorded. The test measures 
manual dexterity and complex motor coordination. 

The static steadiness test (KlgveMatthews Motor 
Steadiness battery) consisted of a metal plate with 9 holes 

Table 2. WAIS-R results (age-scaled scores) among 75 former 
mercury exposed workers and 52 referents in the analysis of vari- 
ance. 

Testa Exposed Referents P-value 

Mean SD Mean SD 

Similarities 10.2 2.2 10.2 2.0 0.99 
Vocabulary 8.8 1.4 8.7 1.2 0.80 
Digit span 8.0 2.3 8.5 2.1 0.18 
Picture completion 9.4 2.2 9.1 1.7 0.38 
Block design 11 .O 2.9 10.7 2.5 0.49 
Digit symbol 8.3 2.1 8.5 1.8 0.59 

a A high score indicates good performance. 

with decreasing diameters from 13 to 2.5 mm. The task 
was to hold an electric pen in each hole for 15 seconds 
without touching the metal plate. The measures obtained 
were the number of touches and touch time. The sum- 
mation scores for all 9 holes were used. The test meas- 
ures intentional tremor. 

Visuospatial ability. The block design test (WAIS-R) (3 1) 
uses 4 or 9 cubes colored red on 2 sides, white on 2 sides 
and red or white on 2 sides. The task is to construct 9 
geometric designs with increasing levels of difficulty. 
Bonuses are given for fast performance. The test meas- 
ures abilities in visuospatial organization, planning, and 
construction. 

The results on the WAIS-R subtests have been pre- 
sented in age-scaled scores (3 1). American norms were 
used owing to a lack of Norwegian ones for the revised 
edition. For all the other tests, raw scores have been used 
owing to incomplete norms for several tests. 

Table 3. Neuropsychological test results of the 75 mercury ex- 
posed workers and 52 referents in the analysis of variance. 

Test Exposed Referents P-value 

Mean SD Mean SD 

Digits 
Forwarda (N) 
Backwarda (N) 

Serial digit learninga 
Word pairsb 

Learning errors 
Retention errors 

Benton visual retention test 
Correcta (N) 
Errorsb (N) 

Kimura recurring figures test, 
total scorea (N) 
Incidental memorya,c (N) 
Digit symbol, total timeb,C (s) 
Trailmaking testb 

Part A (s) 
Part B (s) 

Simple reaction timeb,C (ms) 
Continuous performance 
testb, (ms) 
Grooved pegboard, time (s) 

Dominant handb. 
Nondominant handb 

Hand-eye coordination testb, 
Static steadiness 

Dominant handb 
Time (log) 
Number (log) 

Nondominant handb 
Time (log) 
Number (log) 

a A high score indicates good performance. 
A low score indicates good performance. 
74 exposed subjects on these tests. 
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Test procedures 
The examinations were performed individually in a 
quiet room, always by the same psychologist (TM). The 
test session started at 0900 and lasted an average of about 
4 hours. Tests were always administered in the same se- 
quence, and everyone was given a break about halfway 
through. The testing and scoring were performed with- 
out knowledge of exposure status. For the persons work- 
ing shifts, the examinations took place at a minimum of 
3 days, often more, since the last night shift. 

Statistics 

The distributions of the measured parameters of the stat- 
ic steadiness test were skewed, and consequently they 
were log-transformed to allow the use of parametric test 
methods. Group comparisons were performed with an 
analysis of variance (ANOVA). When more than 2 
groups were compared, the least square difference was 
calculated to assess which 2 groups differed significant- 
ly from each other. In order to control for potential con- 
founding, a simple factorial ANOVA was performed 
which introduced current alcohol consumption (llmonth), 
age, vocabulary (age-adjusted scores), head injuries 

(yes,no), and shift work (yes,no) as covariates. The cho- 
sen procedure was hierarchical, and the main effect (ex- 
posure) was entered with the effects of the covariates. A 
multiple linear regression analysis (stepwise) was carried 
out for all the subjects. Dependent variables were the 
neuropsychological effect measures. Age, current alco- 
hol consumption (llmonth), head injuries (yes;no), shift 
work (yes,no), vocabulary (age-adjusted scores), months 
exposed, and intensity of exposure (cumulative urinary 
mercury index) were included as independent variables. 

The level of significance was set at 0.05 (2-tailed). 
All statistical processing was carried out on a personal 
computer using the statistical data SPSS 7 .50 package 
for Windows@. 4 

Results 

None of the WAIS-R subtests discriminated significant- 
ly between all the exposed subjects and all the referents 
(table 2, see page 345). General intellectual function, as 
measured by the vocabulary, similarities, and picture 
completion tests, was similar in the 2 groups. 

Table 4. Neuropsychological test results for the 52 referents, the 50 workers with low cumulative exposure (cum U-Hg < 3000 nmolll), 
and the 25 workers with high cumulative exposure (cum U-Hg 23000 nmolll). (MA = mean adjusted for covariates, cum U-Hg = cumu- 
lative urinary mercury concentration) 

Group Age Years since Vocabulary Benton visual retent~on test Grooved pegboard test 
(years) exposure 

cessation Correct (N) Errors (N) Dom~nant (s) Nondominant (s) 

Mean SD Mean SD Mean SD Mean SD P- Mean MA SD P- Mean MA SD P- Mean MA SD P- 
value value value value 

Referentsa 45.5 10.8 . . 8.7 1.2 7.5 1.4 0.03 4.0 4.0 2.3 0.01 70.9 71.1 11.6 0.00276.3 77.1 11.8 0.01 
Low 
exposedb 41.9 11.0 12.9 11.7 8.7 1.3 7.1 1.5 4.0 4.2 2.5 0.02 72.8 75.2 14.1 0.01 80.3 81.6 17.5 
High 
exposed 50.5 10.6 12.2 12.0 9.0 1.6 6.7 1.6 5.5 4.9 2.9 81.6 76.5 18.1 86.1 81.8 17.2 

a Least square difference (P<0.05), referring to comparisons between referents and workers with high exposure. 
Least square difference (P<0.05), referring to comparisons between workers with low and high exposure. 
Level of significance between the groups after adjustment for potential confounders (age, alcohol consumption, head injuries, shift work, vocabulary). 

Table 5. Neuropsychological test results according to the mean level of exposure expressed as cum U-Hglyear (intensity) among the 52 refer- 
year 2550 nmolll). (cum U-Hglyear = cumulative urinary mercury concentration per year) 

Group Age (years) Years since Vocabulary Benton visual retention test Word pairs retention, errors 
exposure 
cessation Correct (N) Errors (N) 

Mean SD Mean SD Mean SD Mean Mean,,," SD P-value Mean Mean,,," SD P-value Mean Mean,,," SD P-value 

Referentsb 45.5 10.8 . 8.7 1.2 7.5 7.4 1.4 0.001 4.0 4.0 2 .30 .003  5.4 5.5 3.3 0.02 
Low 
exposedC 41.8 11.9 8.2 10.2 9.0 1.4 7.3 7.2 1.4 0.008 3.8 4.1 2 .40 .002  5.3 5.5 2.7 0.01 
High 
exposed 50.5 8.5 21.5 9.3 8.4 1.4 6.3 6.6 1.6 . 5.8 5.1 2.8 . 7.2 6.4 3.2 

P-valued 0.003 0.002 0.03 

a Adjusted for covariates. Least square difference (P<0.05), referring to comparisons between referents and workers with high exposure. 
adjustment for potential confounders (age, alcohol consumption, head injuries, shift work, vocabulary). 
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The results of the other neuropsychological tests are 
shown in table 3 (see page 345). The performance on the 
Benton visual retention test (number of correct reproduc- 
tions) and grooved pegboard test (both dominant and non- 
dominant hand) was significantly poorer for all the ex- 
posed workers when compared with the referents. These 
differences remained statistically significant after control 
for potential confounding from age, vocabulary, alcohol 
consumption, head injuries, and shift work (not tabulat- 
ed). 

Only the test results of the Benton visual retention 
test and the grooved pegboard test differed between the 
25 subjects with high cumulative exposure and the ref- 
erents (table 4). The results among the workers with low 
cumulative exposure were not significantly different from 
the results in the reference group. A similar result was 
obtained (not tabulated) for 25 subjects with the longest 
duration of exposure. More differences were found when 
the sample was stratified according to the intensity of ex- 
posure (table 5). In addition to the Benton visual reten- 
tion test and the grooved pegboard test, the high-expo- 
sure intensity group also had a poorer performance on 
the word pairs test (retention errors), the trailmaking test 
(parts A and B), and the digit symbol test. The biggest 
difference was found for the trailmaking test, part B. 
Results of the low-intensity exposure group were close 
to those of the referents. 

As a further approach, the neuropsychological test 
results of all the participants were used as dependent var- 
iables in a stepwise multiple linear regression to assess 
the exposure measures (months exposed and intensity of 
exposure) while taking into account potential confound- 
ers (age, shift work, current alcohol consumption, head 
injuries, and vocabulary (table 6). The exposure intensi- 
ty (cumulative urinary mercury index) appeared to be a 
better predictor for performance on the Benton visual re- 
tention test (number of correct responses), the trailmak- 
ing test (parts A and B), and the digit symbol test. For 
the Benton visual retention test (number of errors), the 
exposure intensity was nearly included in the model as 

an independent variable (P=0.052) (not tabulated). Ex- 
posure duration was the better predictor for the outcome 
of the grooved pegboard test. 

As American norms related to age and duration of 
education were available for the trailmaking test (Nor- 
wegian norms were not available), the raw scores of the 
trailmaking test, part B, were transformed to T-scores 
(39). Figure 1 shows the results (in terms of T-scores) 
for the trailmaking test, part B, for the 52 referents, 50 
exposed workers with a cumulative urinary mercurylyear 
of 4 5 0  nmol/(l . year), and the 25 workers exposed to 
the highest mean intensity [2550 nmolI(1 . year)]. The 
mean performance in the latter group was approximate- 
ly 112 a standard deviation lower than for the referents 
and the low-intensity exposure group and thus indicated 
the magnitude of the suggested effect of exposure on this 
test. When the material was stratified according to the 
duration of exposure, no significant difference was ob- 
served among the 113 of the workers with the longest 
duration of exposure when they were compared with the 
other exposed workers or the referents (not shown). 

Discussion 

Several studies have reported neurobehavioral effects 
related to motor and cognitive functions (3-20) in hu- 
mans during ongoing exposure to mercury vapors. Con- 
trary to the large number of studies on currently exposed 
workers, few epidemiologic studies have focused on the 
long-term effects on workers who are no longer exposed. 
The studies have mainly utilized neurological effect 
measures and have indicated a slight persistent impair- 
ment of the central nervous system after the cessation of 
exposure. The reported neurological effects have mainly 
been related to motor functions, such as decreased coor- 
dination and increased tremor (22-25), or decreased sen- 
sation (22,24,25). 

Only 2 epidemiologic investigations using neuropsy- 
chological effect measures to study workers previously 

?nts, the 50 workers with low exposure intensity [cum U-Hglyear 1550 nmol/(l . year)], and 25 workers with high exposure intensity (cum U-Hg/ 

Grooved pegboard test Trailmaking test Digit symbol 

Dominant (s) Nondominant (s) Part A (s) Part B (s) 

Mean Mean,,," SD P-value Mean Meanadia SD P-value Mean Mean,,," SD P-value Mean Mean,,," SD P-value Mean Mean,,," SD P-value 

70.9 71.1 11.6 0.01 76.3 77.1 11.8 0.001 33.7 33.6 12.5 0.01 100.3 100.0 53.5 0.001 8.5 8.6 1.8 0.02 

79.7 74.7 14.9 . 88.4 83.0 17.0 . 43.5 39.3 22.5 . 153.2 133.6 85.0 . 7.4 7.6 1.7 , 

0.01 0.001 0.02 <0.001 0.008 

.east square difference (Pt0.05), referring to comparisons between workers with low and high exposure. Level of significance between the groups after 
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Table 6. Results (intercepts and regression coefficients) from 
the stepwise multiple regression analysis for 75 former chloralkali 
workers exposed to mercury vapor and 52  referent^.^ (cum U-Hg 
= cumulative urinary mercury concentration) 

Test Result 

Benton visual retention 7.5b - 0.0009C cum U-Hglyear 
test, correct ( N )  
Static steadiness (log) 

Time, nondominant hand 0.7b t O . O O l d  months of exposure 
Grooved pegboard test 

Time (s), dominant hand 40.5b t 0.7b age t 0.04e months of 
exposure 

Time (s), nondominant hand 71.3b t 0.6b age t 9.5"ead injury 
- 2.6evocabulary t 0.03' months of 
exposure 

Trailmaking test 
Part A (s) 8.60 t 0.6b age t 0.007d cum U-Hglyear 
Part B (s) 113.4e t 2.4b age - 14.Zb vocabulary 

t 0.04c cum U-Hglyear 
Digit symbol 5.4b t 0.411 vocabulary 

- 0,00081 cum U-Hglyear 

a Independent variables: months exposed, intensity of exposure (cum 
U-Hglyear); age, current alcohol consumption; head injury, shift work; 
vocabulary (WAIS-R). 

P-values for intercepts and regression coefficients; P<0.001; 
P=0.001; P=0.02; P=0.01; P=0.04; g P=not significant; P=0.004; 

I P=0.03. 

3 o L  7 -- 
N = 52 50 25 

J 
Referents Low exposed High exposed 

Figure 1. Results (mean and 95% confidence interval) of the trailmak- 
ing test, part 6 (expressed as T-scores), of 52 referents, 50 exposed 
workers with a low mean level of urinary mercury each year of 
exposure [cumulative urinary mercurylyear 450 nmol/(l . year)], and 
25 exposed workers with high mean urinary mercury during theirtime 
of exposure [cumulative urinary mercurylyear 2550 nmol/(l . year)]. 

exposed to mercury vapors are available to our knowl- 
edge (26, 27). Fine et a1 (27) found poorer performance 
on a hand-eye coordination test for 247 workers former- 
ly exposed to mercury vapors when they were compared 
with unexposed referents. Overall the exposed workers 
performed slightly poorer on tests for psychomotor skills. 
Fine et a1 (27) also used a limited selection of cognitive 
tests without detecting poorer cognitive functions in these 
workers. Exposure to mercury vapors had ceased approx- 
imately 20 years prior to the study. In a study of former 

mercury miners, deteriorated motor coordination, simple 
reaction time, and short-term memory were found. Fur- 
thermore, a reduced performance on tests for hand-eye 
coordination, motor speed, and reading speed was report- 
ed in relation to duration of exposure. The history of pri- 
or mercury intoxication showed no significant correla- 
tion with current neurobehavioral performance overall, 
but the age-related deterioration in performance in sev- 
eral tests was reported to be more pronounced among the 
older ex-miners with a prior history of intoxication. Ex- 
posure had ceased approximately 20 years prior to the 
study (26). 

The results on the WAIS-R subtests in the present 
study did not indicate an effect of past exposure to mer- 
cury vapors on general intellectual function. Both on the 
vocabulary test, considered as a fairly robust measure of 
premorbid intellectual function, and the similarities test, 
described as a WAIS-R subtest little affected by socioe- 
conomic and educational background (29), the results 
were almost identical when the formerly exposed sub- 
jects were compared with the referents. These results fur- 
ther suggest that the exposed subjects and the referents 
were comparable with regard to intellectual functioning 
and, consequently, were of similar intellectual back- 
ground. This assumption is supported by the identical 
mean duration of formal education of the studied groups. 
As the formerly exposed subjects and the referents were 
also comparable with respect to age and their background 
as industrial workers, one may conclude that the select- 
ed referents were comparable with the formerly exposed 
workers with regard to several critical background vari- 
ables in neuropsychological studies. As the chloralkali 
plant under scrutiny was closed more than 1 year before 
the examinations and the referents were currently em- 
ployed workers, a possible selection of healthier refer- 
ents is possible, but not likely however, as only 7 of the 
examined exposed subjects were unemployed at the time 
of the examination (4 due to early retirement and 3 due 
to diseases not leading to exclusion). 

Few significant differences emerged between the ex- 
posed group as a whole and the referents in our study. 
However, the subgroups with a particularly high expo- 
sure appeared to have reduced performance on the Ben- 
ton visual retention test, the trailmaking test (parts A and 
B), the digit symbol test, the grooved pegboard test, and 
the word pairs test (retention errors). 

The Benton visual retention test involves visuocon- 
structive capacities and visual memory. This test did not 
discriminate between previously mercury-exposed lithi- 
um production workers and referents (27),  and the test 
was not administered to previously exposed Japanese 
mercury miners (26). Soleo et a1 (12) did not observe 
poorer performance on this test in a small study on cur- 
rently exposed workers who were compared with refer- 
ents. The workers with the highest intensity of exposure 
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also had a statistically significant reduced performance 
on the word pairs test (retention errors), which is anoth- 
er test of memory and learning. However, several statis- 
tical comparisons were made in our study, and the word 
pairs test results were not associated with exposure meas- 
ures in the multiple linear regression analysis. It could 
therefore be a random finding. Still, several studies on 
cussently exposed populations have reported reduced per- 
formance on memory tests (9, 10, 14, 18), and the possi- 
bility cannot be excluded that the observed poorer per- 
formance on the word pairs test among the workers with 
the highest exposure intensity was real. 

The grooved pegboard test is a test of manual dex- 
terity and complex motor coordination. The poorer per- 
formance on this test among the exposed workers is in 
accordance with the observation of impaired coordina- 
tion in the clinical neurological examination of the same 
workers (24, 25). Impaired manual dexterity or coordi- 
nation has been suggested as an effect of past exposure 
to mercury vapors in other neuropsychological studies of 
previously exposed workers (26, 27). Workers exposed 
to mercury vapors at the time of examination have been 
shown to have poorer results in similar tests (lo), whereas 
other studies on populations with lower exposure have 
shown no difference between exposed subjects and ref- 
erents (1 1, 17, 18). Neither did Bluhm et a1 (20) detect 
impaired test results for the grooved pegboard test among 
workers who had experienced acute intensive exposure. 

The results of the trailmaking test (parts A and B) 
were consistently reduced in the highest exposure group. 
These tests mainly measure attention, motor speed, vis- 
ual scanning and visuomotor tracking. They were not 
applied in the 2 neuropsychological studies of previous- 
ly exposed workers (26,27), but poorer performance has 
been reported for currently exposed populations (16, 18). 
It is an interesting observation that workers with high 
acute intensive exposure showed a substantial improve- 
ment in the test results of parts A and B after chelation 
with 2,3-dimercaptosuccinic acid (20). The digit symbol 
test is a test measuring functions similar to those meas- 
ured by the trailmaking test. Reduced performance in the 
highest exposed group could therefore be in accordance 
with the poorer performance observed for the trailmak- 
ing test among the same workers. This test was not ad- 
ministered to the Japanese ex-miners (26), and a similar 
test (symbol digit) did not discriminate between the pre- 
viously exposed American lithium plant workers and 
their referents (27). 

In summary, tests suggesting impairment in motor, 
psychomotor, visuomotor functions, and attention dis- 
criminated between the exposed groups and the referents 
in our study. 

We used three indicators of past exposure in this 
study, exposure duration, the intensity of exposure, and 
a combination thereof (cumulative exposure). When we 

stratified the exposed subjects according to these expo- 
sure indicators, the exposure intensity appeared to dis- 
criminate better between the groups than the exposure 
duration or the cumulative exposure did. The regression 
analysis suggested duration of exposure as the more ap- 
propriate exposure variable for the outcome on the 
grooved pegboard test. However, for the trailmaking test 
(parts A and B) the Benton visual retention test, and the 
digit symbol test, the intensity of exposure appeared to 
be the most appropriate predictor. These differences 
could perhaps suggest that different neurological func- 
tions may be harmed by different mechanisms, one in- 
volving a higher intensity of exposure, and one involv- 
ing continuing, but perhaps lower, exposure. It should 
also be noted that the subjects with a low intensity of 
exposure or a low cumulative exposure, as defined in our 
study, had an intact performance on the tests used in the 
study, indicating that a higher level of exposure might 
be required to induce long-term neuropsychological se- 
quelae. The workers who had experienced the highest 
intensity of exposure had an average exposure-free in- 
terval of 21.5 years, showing that the poorer perform- 
ance may be a real long-term effect, which is also the 
expel-ience gained with the former Japanese mercury min- 
ers (26) and the formerly exposed American lithium pro- 
duction workers (27). The workers who had experienced 
a lower intensity of exposure had an average exposure- 
free interval of 8.2 years prior to the examinations. This 
finding could suggest that, if they have had a poorer neu- 
ropsychological performance during exposure, it may 
have been reversible in the time span from the cessation 
of exposure to the current examinations. Whether the 
neuropsychological tests discriminating between the ex- 
posed workers and the referents are more sensitive to 
long-term effects of mercury exposure or are more per- 
sistent after exposure cessation cannot be decided by this 
study design. 

In conclusion, the results of our study suggest that 
previous exposure to mercury vapors does not affect the 
general intellectual level or the ability for logical rea- 
soning among the workers. The results suggest a slight 
persistent effect of inorganic mercury on the central nerv- 
ous system, mainly on motor functions and attention, but 
also possibly in relation to visual pathways. 
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