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A prospective follow-up study on psychological
effects in workers exposed to low levels of lead
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MANTERE P, HANNINEN H, HERNBERG S, LUUKKONEN R. A prospective follow-up study on
psychological effects in workers exposed to low levels of lead. Scand j work environ health 10 (1984)
43—50. A prospective follow-up study on new lead workers who began work at a storage battery factory
was carried out between 1975 and 1981. Psychological performances (eg, intelligence, memory,
visuomotor functions, vigilance, and personality) were assessed before the commencement of exposure
and after one, two, and four years of work. Of an initial number of 89 workers, 24 were available for
the one-year, 16 for the two-year, and 11 for the four-year reexamination. The time-weighted average
blood lead values ranged between 0.68 and 2.17 pmol/1 (14 and 45 pg/100 ml, respectively). A reference
group, nonexposed workers in a cable manufacturing plant and an electrical power plant, was similarly
followed. Initially the average psychological performances were similar among the lead workers and the
referents. For some of the psychological tests learning effect, which was clearly evident among the
referents during the follow-up, was almost absent among the lead workers. The lead worker’s visual
intelligence and visuomotor functions in particular were impaired significantly after the first two years
of follow-up. When the lead workers were divided into two groups according to the median time-
weighted average of the blood lead values (1.30 pmol/1), the Block Design and the Santa Ana coordina-
tion tests were those which best separated the subgroups. Although the impairment of the lead workers’
performance was rather slight and the dispersion in the psychological changes was wide, it was evident
that some higher nervous functions were affected by lead levels above about 1.45 umol/1.
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nervous system impairment.

Improved health care systems have decreased the
number of overt cases of occupational lead poi-
soning, but the consequences of long-term, moder-
ately increased lead absorption still remain a concern
(24). Recently it has been demonstrated that behavi-
oral impairment occurs even at relatively low levels of
absorption (4, 6, 8, 9, 12, 14, 18, 19, 22). At present
the threshold for these effects is not known with cer-
tainty, but our previous results have indicated that
slight effects may occur even below a blood lead (B-
Pb) level of 1.93 umol/1 (40 pg/100 ml) (9, 13), which
is the health-based limit for occupational exposure
recommended by the World Health Organization
(23). To increase the sensitivity of our previous study
design by controlling for interindividual variability,
we initiated, in 1975, a prospective follow-up study
of newly employed workers not previously occupa-
tionally exposed to lead. The follow-up was to focus
on both behavioral and neurophysiological effects.
We found that especially the sensory conduction
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velocities of the median nerve decreased during two
years of follow-up (16). In the present paper we pur-
port to show that some psychological functions were
also impaired for the same group of workers.

Subjects and methods

Subjects, referents, and assessment of exposure

The exposed subjects were recruited from among
workers newly employed at a storage battery plant
between 1 September 1975 and 1 February 1977. All
of the 89 employees hired during that period were
enrolled. None had had previous occupational expo-
sure to lead or any other neurotoxic chemical, but
five workers were disqualified because of previous ill-
ness which could affect the results. After an initial
examination, the workers were reexamined after one
year, two years, and four years of work.

The turnover rate was very high at the beginning.
Only 24 of those initially examined were available for
the one-year reexamination. Their age ranged from
18 to 54 years, the mean age being 30.5 (SD 10.1)
years. Seven of the workers were women. At the two-
year reexamination only 16 subjects (10 men, 6
women) were still employed and available for the
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study. At the four-year reexamination only 11 sub-
jects (six men, five women) remained. Table 1 shows
the age distribution and the B-Pb levels during the
follow-up period.

The referents were recruited from workers at a
cable manufacturing plant and an electrical power
plant. All of them worked in departments where ex-
posure to lead did not occur, and they had never been
occupationally exposed to any neurotoxic agent. At
the outset there were 33 referents (29 men and 4
women), and they had been employed at their respec-
tive plants for at least two years. Their age ranged
from 23 to 43 years, the mean age being 31.0 (SD 5.6)
years. Of the referents, 31 came for the two-year re-
examination, whereas only 10 were available for the
four-year reexamination (six men, four women). The
educational background of the referents was the
same as that of the lead workers. Their use of medi-
cines, alcohol, and tobacco did not differ from that
of the exposed workers.

Both the exposed subjects and the referents were
examined with exactly the same methods and during
the same calendar periods. The lead workers had
their initial examination within one to six weeks after
they began work in the storage battery plant. This
slight delay, although not optimal, was considered in-
significant with regard to the development of toxic
effects. However, it explains why the exposed sub-
jects had higher B-Pb levels than the referents in the
initial examination. Both the initial and the consecu-
tive examinations during the follow-up included the
same psychological and neurophysiological measure-
ments.

The B-Pb levels of both the exposed subjects and
the referents were recorded at the time of the exami-
nations. The B-Pb values for the exposed subjects
were also regularly recorded during the entire follow-
up period, at intervals of two months.

The B-Pb concentration was always measured
from duplicate samples by atomic absorbtion spec-
trophotometry (11). Strict quality control was

adopted. The results of this quality control, including
those of the most recent interlaboratory checks, have
been reported in prior publications (9, 15, 16) and
have been excellent. The concentration of zinc proto-
porphyrin in the erythrocytes was measured accord-
ing to Blumberg et al (1).

The B-Pb results for different examinations are
presented in table 1. The lead workers’ levels of both
B-Pb and zinc protoporphyrin rose mainly during the
first year of exposure. The time-weighted averages of
the B-Pb levels were used to describe the uptake of
lead among the exposed workers, as these values dis-
criminated between the subgroups better than the
actual B-Pb values, the maximum B-Pb value, or the
level of zinc protoporphyrin. The mean values of the
B-Pb levels measured at each reexamination were
used for the referents.

The exposed workers were divided into two sub-
groups with the median values of the time-weighted
averages of the B-Pb values (1.30 umol/]) as the
splitting point. The subgroups thereby obtained at
the one-year reexamination were then kept as such,
ie, the “‘low lead”” and the “‘high lead’’ groups com-
prised the same workers as the year before.

Psychological methods

Consecutive psychological examinations took place
at one, two and four years after the initial examina-
tion. The clinical psychological examination com-
prised a structured interview (history and changes in
the workers’s life and health, each worker’s assess-
ment of his work load and tasks, etc), a questionnaire
on a variety of subjective symptoms, a performance
test battery, and a personality inventory. The exami-
nation, performed separately for each worker, lasted
about 1 h. The psychologist did not know the B-Pb
values of the subject being tested.

The psychological evaluation included tests for
intelligence, memory, visuomotor functions, vigi-
lance, and personality. These tests are generally con-
sidered sensitive to disturbances of the central ner-

Table 1. Age, blood lead (B-Pb) levels, and erythrocyte protoporphyrin (ZnPP) concentrations of lead workers and referents

during a follow-up period of four years.

Time-weighted

Age Actual B-Pb B-Pb ZnPpP2
[T} /100 ml
Group N (years) (umolf1) {wmolll) (g )
Mean SD Mean SD Range Mean Median Mean SD
Lead workers
Initial 24 30.5 101 0.74 032 0.34—1.45 . . 408 1.2
One-year reexamination 24 315 101 146 043 0.63—2.32 138 135 744 597
Two-year reexamination 16 33.0 104 1.47 0.46 0.68—2.17 136 1.30 756 50.9
Four-year reexamination 1 426 100 139 0.40 0.82—2.13 140 1.40 . .
Referents
Initial 33 31.0 5.6 0.51 0.18 0.05—1.01 . . 41.7 11.8
One-year reexamination 33 32.0 5.6 0.51 0.16 0.29—0.87 051 0.14 389 101
Two-year reexamination 31 31.4 54 050 0.19 0.24—1.01 051 0.14 419 9.0
Four-year reexamination 10 36.0 6.2 033 0.12 0.19—0.58 040 039 . .

2 1 u4g ZnPP is equivalent to 0.018 ymol.
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vous system, and they have proved to be sensitive to
the early effects of lead in previous cross-sectional
studies (6, 9, 18). They have been described in detail
in another publication (10).

Cognitive functions were measured with three tests
from the Wechsler Adult Intelligence Scale (25): Sim-
ilarities, a verbal intelligence test (raw score maxi-
mum 26); Block Design, a reasoning task which mea-
sures visuoconstructive functions (raw score maxi-
mum 48); and Picture Completion, a test of percep-
tual organization (raw score maximum 21).

Three tests of the Wechsler Memory Scale (21)
were used to measure concentration and short-term
memory. They were Digit Span, a task which involves
the immediate recall of digits (raw score maximum
17); Logical Memory, a verbal memory test (raw
score maximum 23); and Visual Reproduction, a
visual memory test (raw score maximum 14).

Visuomotor functions were studied by the Bour-
don-Wiersma Vigilance Test, a clerical inspection
task which measures the speed and inaccuracy of
visuomotor performance, as well as fluctuations in
speed. The number of rows completed in 8 min indi-
cated the speed of performance. Inaccuracy was mea-
sured as the number of errors and omissions. Fluc-
tuation in speed was defined as the difference
between the means of the three longest and the three
shortest times for row performance.

Another test used was the Santa Ana Dexterity
Test, in which the task is to turn pegs successively
180°. It measures both the speed of manual dexterity
and visuomotor coordination. It is performed sepa-
rately with the preferred hand (Santa Ana right) and
the nonpreferred hand (Santa Ana left), and hand
coordination is checked by simultaneous perform-
ance with both hands (Santa Ana coordination). The
numerical values refer to the number of pegs turned
in two 30-s trials.

The Eysenck Personality Inventory (3) was used to
test personality. The results of the personality inven-
tory and the questionnaire on subjective symptoms
will be reported elsewhere. Similarities, Picture
Completion, and the Eysenck Personality Inventory
were used only at the initial examination and at the
four-year reexamination because their results are
easily affected by memory. To avoid learning effects,
parallel versions of the tests from the Wechsler
Memory Scale were used to test memory. The Finnish
standardization of the Wechsler Adult Intelligence
Scale (20) and the data collected at our institute made
it possible to compare the results with the mean
scores for corresponding groups of other industrial
workers.

Data analysis

As the size of the samples was small, mostly non-
parametric methods were used. The two-sided sign
test (17) was used to examine changes in the subjects’

intraindividual performance, ie, to determine whose
performance improved, remained stable, or deterio-
rated during the follow-up period. Group compari-
sons between the lead workers and the referents were
tested by the chi-square test (5) and a two-sided
Kolmogorov-Smirnov test (17). The relations
between the changes in performance and the uptake
of lead were inspected with the exposed group split
into two subgroups by the median of the time-
weighted average of their B-Pb values. The perform-
ances of these subgroups were also compared with
the referents’ performances. The relation between the
degree of lead uptake and the extent to which per-
formance changed was analyzed with a stepwise
linear regression analysis (2), the different back-
ground factors which affected the tests also being
taken into consideration. In this procedure the fol-
lowing factors were selected as independent variables
in the regression analysis: the level of exposure (me-
dian of the time-weighted average B-Pb values), the
duration of exposure, age, and the primary level on
the psychological tests (the test score at the initial
examination).

When the data were analyzed, attention was pri-
marily paid to the results obtained at the two-year
reexamination, particularly to the results of the Santa
Ana and Block Design tests, as these had proved to
be the most sensitive tests in our earlier cross-sec-
tional study (9).

Results

Comparison between the exposed workers
and the referents

Table 2 presents the initial mean performances of
both groups on the various tests.

The mean scores of the lead workers and the refer-
ents on the tests of the Wechsler Adult Intelligence
Scale agreed with the standard score 10 of the corre-
sponding age group in the Finnish standardization of
the Scale. Similarly the mean scores on the other tests
corresponded with the mean scores of other groups
of industrial workers (10). Initially the mean psycho-
logical performances were similar for the lead
workers and the referents.

At the one-year reexamination the performance of
the reference group showed statistically significant
improvement in five of the nine test variables. The
most improvement occurred in visuomotor speed, as
measured by the Bourdon-Wiersma task (p < 0.001).
The lead workers had more declined than improved
results for four variables (Block Design, Digit Span,
Bourdon-Wiersma fluctuation, and Santa Ana coor-
dination). The differences between the lead workers
and the referents were statistically significant at the
1 % level for the Block Design test (x,> = 12.7) and
the Santa Ana coordination test (x,2 = 10.8).
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Table 2. Mean values and standard deviations of the psychological test variables at the initial examination of lead workers

and their referents.

Lead workers Referents

Test variable (N = 24) (N = 33)
Mean SD Mean SD
Similarities? 19.1 2.7 20.2 26
Picture Completion? 14.9 3.6 14.9 35
Biock Design? 333 8.5 353 8.8
Digit Span® 10.1 1.7 10.8 1.7
Logical Memory® 11.0 3.6 126 3.4
Visual Reproductionb 10.8 27 10.7 28
Bourdon-Wiersma speed 32.9 7.3 31.9 55
Bourdon-Wiersma inaccuracy 21.2 18.5 14.6 10.4
Bourdon-Wiersma fluctuation 59.8 25.9 60.0 19.4
Santa Ana right 49.3 6.7 47.0 6.4
Santa Ana left 43.3 5.7 42.3 71
Santa Ana coordination 29.7 5.1 28.0 5.8

2 From the Wechsler Adult Intelligence Scale.
b From the Wechsler Memory Scale.

Table 3. Changes in the psychological performance of lead workers and their referents during two years of follow-up.

performance deteriorated, 0 = no change in performance, + = performance improved, NS = not significant)

Differences

Lead workers Referents between the lead
Test variable N — 0 +  Sign test N — 0 + Sign test workers and their
) ) referents
(X12)
Block Design? 14 10 1 3 < 0.10 31 0 9 22 <0.001 23.7***
Digit Spant 16 10 5 1 < 0.05 31 9 11 N NS 6.3*
Visual Reproduction® 16 5 1 10 NS 31 6 5 20 < 0.01 05
Bourdon-Wiersma speed 15 1 3 N < 0.01 30 4 2 24 < 0.001 03
Bourdon-Wiersma errors 15 6 2 7 NS 30 9 4 17 NS 0.5
Bourdon-Wiersma
fluctuation 15 5 1 9 NS 30 N 3 16 NS 0.1
Santa Ana right 16 7 3 6 NS 31 4 12 15 < 0.05 3.7
Santa Ana left 16 8 1 7 NS 31 6 12 13 NS 1.6
Santa Ana coordination 15 9 4 2 < 0.10 31 3 11 17 < 0.01 13.4***

2 From the Wechsler Adult Intelligence Scale.
® From the Wechsler Memory Scale.
*p <005 ** p<0.01,*** p < 0.001.

Table 4. Regression analysis of the changes in performances on the Block Design and Santa Ana coordination tests during
the two-year follow-up period as a function of different exposure levels. (B-Pb = blood lead)

Regression g 2
Regressor coefficient t-Value R F
Change in Block Design
Constant 1.55 3.35%*
Time-weighted average B-Pb level < 1.30 ymol/l —2.88 —296"* . -
Time-weighted average B-Pb level > 1.30 umol/l —2.69 —2.50* 0.22 6.3
Change in Santa Ana coordination
Constant 1.16 2.16*
Time-weighted average B-Pb level < 1.30 umol/l —3.05 —2.70"" . -,
Time-weighted average B-Pb level > 1.30 zmol/| —0.73 —0.58 0.14 3.7

*p<0.05 " p < 0.01.

At the two-year reexamination the lead workers
had a continued and even more pronounced deterio-
ration in performances, whereas the referents still
had improved performances on most of the tests
(table 3). The Block Design and the Santa Ana coor-
dination tests now yielded a group difference at the
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significance level of 0.1 %, and an additional statisti-
cally significant difference was detected for the Digit
Span test.

Figures 1 and 2 show both the degree of positive
and negative changes in performance on the Block
Design and the Santa Ana coordination tests and also



the statistical significances of the group differences
when the cumulative distributions of the changed
scores were compared. The changes in Block Design
recorded among the lead workers ranged from decre-
ment in nine raw scores to improvement in eight;
those recorded among the referents varied from no
change to improvement in eight scores. The range of
changes in the score of the Santa Ana coordination
was wide in both groups, but there were only a few
decreased scores among the referents.

At the four-year reexamination the performances
of both groups were markedly reduced. There were
statistically significant differences at the 5 % level
for Santa Ana coordination (x,2 = 7.2) and Bour-
don-Wiersma fluctuation (x> = 6.5), but the low
number of subjects renders significance testing less
meaningful.

Examination of the results obtained throughout
the follow-up period revealed that the most sensitive
indicators of psychological impairments among lead
workers in this study were the Block Design test, the
Santa Ana coordination test, and, at a lower level of
probability, the Digit Span test. However, despite
decrements in performance, all test scores were
within the normal range of variation.

Comparison within the exposed group

There were no initial differences in performance
between the workers in the ‘‘high’’ and “‘low”’ lead
groups. The regression analysis plotted the scores of
the changes in performance against the time-weighted
average B-Pb values. It revealed that no statistically
significant changes had occurred in the ‘‘low lead’’
group during the first year, whereas some slight dete-
rioration in visuomotor performance could be de-
tected in the ‘‘high lead” group.

Two years of exposure had produced more changes
in psychological performances. The multiple correla-
tion coefficient of the regression model was 0.47, and
the F-value was 12.8 (p < 0.01). Table 4 shows the
results of the regression analysis after two years of
follow-up for the Block Design and the Santa Ana
coordination tests. On the Block Design test signifi-
cant differences were found for the changes in the
scores of both subgroups exposed to lead when com-
pared with the changes in the referents’ scores. The
scores of the ‘‘high lead”’ group on the Santa Ana
coordination test failed to predict changes in per-
formance because of the wide dispersion (as can be
seen in figure 4).

Figures 3 and 4 illustrate the relationship between
the time-weighted average B-Pb values and the
changes in performance. The changes in psychologi-
cal performances were wide for the lead workers
whose values were between 0.68 and 2.17 umol/1. Ex-
cept for at the initial examination, the referents per-
formed the tests more uniformly than the lead-
exposed workers.

To obtain more clarification of the changes in per-
formance, the regression analysis was repeated with
exposure, age, and the primary level of psychological
performance as background variables (table 5). In
addition to exposure, the primary level was a statisti-
cally significant regressor to the regressants, ie,
workers whose general performance level was higher
in the initial examination had fewer performance de-
crements and/or more improvements than workers
with lower scores at the beginning of the follow-up.
Age did not offer any auxiliary explanation for the
changes in performance.

At the four-year reexamination the number of lead
workers had dropped because of turnover, especially
in the “‘high lead”’ group; the mean time-weighted
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Figure 1. Change in the results of the Block Design test dur-
ing two years of follow-up.
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Figure 2. Change in the results of the Santa Ana coordina-
tion test during two years of follow-up.
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average of the B-Pb values of the dropouts was 1.64
pmol/l. As a consequence the differences between the
subgroups were reduced, and all were statistically
insignificant.

Discussion

The decrements recorded for the performances of the
lead workers during the follow-up period indicate
that lead affects the efficiency of some functions of
the central nervous system at very low exposure levels
and already during the first years of the work history.
However, the psychological impairments found were
slight and did not affect all performances.

It is notable that the deterioration recorded for
performance was a net effect resulting from lead tox-
icity on one hand and the opposite effects of learning
and training on the other. The effects of learning and
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training were clear among most of the referents, who
improved their performances in the successive reex-
aminations. The performances of the lead workers,
by contrast, continued to deteriorate more often than
they improved.

The performances most affected by lead depended
on visual intelligence and visuomotor functions. This
result is coherent with the results of other studies on
lead-exposed workers (4, 6, 8, 9, 12, 18, 19). Of the
performance tests used in this prospective study, the
Block Design test and the Santa Ana coordination
test appeared to be the most sensitive indicators of
lead-induced impairment. The results have been simi-
lar with respect to other toxic substances (7) and also
in earlier cross-sectional studies on lead (6, 9, 18).
Both tests require complex psychological functions,
ie, the cognitive processing of visual material and
visuomotor integration, not only motor speed.



Table 5. Regression analysis of the changes in performances on the Block Design and Santa Ana coordination tests as afunc-

tion of various background variables.

Regression g 2
Regressor coefficient t-Value R F
Change in Block Design
Constant 1.55 3.39** . .
Exposure —2.88 —3.57*** 0.22 12.8***
Constant 2.84 1.71
Exposure —2.73 —3.45"" . .
Age —0.04 —0.80 0.23 6.68**
Constant 4.31 2.76™*
Exposure —2.79 —3.65"** . .
Primary level —0.08 —1.84 0.28 8.45**
Change in Santa Ana coordination
Constant 1.16 213 . .
Exposure —2.04 —2.18* 0.10 4.78*
Constant 1.81 0.91
Exposure —2.00 —2.11* . .
Age —0.02 —0.33 0.10 2.40
Constant 6.00 2.80"*
Exposure —1.77 —1.97" . .
Primary level —0.17 —2.32* 0.20 5.33**

*p<005 " p<001 *** p < 0.001.

It is possible that routinely performed tasks do not
show impairment, whereas tasks that demand new
learning or complex psychological functions may be
more sensitive to subclinical effects. Among the ex-
posed workers, the ‘‘high lead”’ group tended to have
the most decrements in the Block Design and Santa
Ana tests. However, the changes in psychological
performances found among the lead workers varied
widely, and the results do not support the existence of
a strong linear relation between performances and
the B-Pb values when the time-weighted average
varies between 0.68 and 2.17 ymol/l.

The regression analysis indicated that the early
effects of exposure can easily be concealed by inter-
individual differences if the variation in the level of
exposure is slight. Intervening variables (such as vari-
ation in the ability and motivation to compensate for
functional impairments with increased effort) can
also mask the toxic effects on performance.

This study, which unfortunately became hampered
by a high frequency of dropout, could not define any
exact threshold between a noneffect level and a risk
level, except for the observation that more changes
occurred in the workers whose time-weighted average
B-Pb value was over 1.30 ymol/l when compared
with those whose corresponding value remained be-
low this level. The slight psychological impairment
found in the higher B-Pb group has probably no
practical importance with regard to mental health or
work ability. Rather the importance of these impair-
ments lies in their nature as warning signals that indi-
cate incipient changes in the function of the central
nervous system. However, in subjects with restricted
adaptive resources, the effects of exposure to a mod-
erate level of lead can essentially lower the ability to
cope with the demands of everyday life.

4

In conclusion the present study showed that, al-
though the impairment of performance among lead
workers was slight, some higher nervous functions
were affected by rather low levels of exposure. Slight
damage to the peripheral nervous system, evident as
reductions in some nerve conduction velocities, also
occurred in the same workers (15, 16). Hence B-Pb
levels in excess of about 1.45 umol/l had detectable
effects on both central and peripheral nervous func-
tions. This multiple action increases the importance
of any isolated finding as an early warning signal for
more severe and more widespread consequences.
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