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Abstract Objectives: The neurotoxicity of occupational
exposure to aluminium (Al)-containing welding fumes
has been discussed with controversial results. The aim of
the longitudinal study was to examine a group of Al
welders for significant central nervous changes in com-
parison with a non-exposed cohort. Methods: A group
of 98 Al welders (mean age 37 years) in the car-body
construction industry, with a median of 6 years of
occupational exposure to Al welding fumes, and an
education-matched, gender-matched, age-matched con-
trol group of 50 car-production workers (mean age 36
years) at the same plant, were included in this longitu-
dinal study. Two cross-sectional studies were done in
1999 and 2001. In the second cross-sectional study 97
welders and 50 controls could be examined. The exam-
ination programme consisted, for example, of a stan-
dardised anamnesis, focussing on occupational history,
education, illnesses, medication, accidents and current
alcohol consumption, a physical examination that
included neurological status, and the assessment of Al

concentration in plasma and urine. The neurobehavioral
methods included a symptom questionnaire, modified
Q16, and computerised and non-computerised tests:
psychomotor performance (steadiness, line tracing,
aiming, tapping), verbal intelligence (WST), simple
reaction time, digit span, block design (HAWIE),
symbol–digit substitution, digit span, switching atten-
tion (European neurobehavioral evaluation system,
EURO-NES), and standard progressive matrices. The
data were analysed by multivariate analysis of covari-
ance (MANCOVA) for repeated measurements with
covariates age, education, and carbohydrate-deficient
transferrin in plasma (CDT). Results: The median
Al urine concentration (mean preshift/postshift) was
52.4 lg/g creatinine (2001) and 57.6 lg/g creatinine
(1999). Median respirable air dust was 0.67 mg/m3

(2001) and 0.47 mg/m3 (1999). Welders and controls did
not report significantly more symptoms in the modified
Q16. Furthermore, no significant differences in psycho-
motor performance and other neurobehavioral tasks,
except for reaction time, were seen between welders and
non-welders. Regression analyses reveal a significant
relationship between reaction time and Al excretion in
urine that was confounded by other factors.
Conclusions: At present the outcome for reaction time
has to be interpreted as a single result. However, as the
modified Q16 questionnaire and the rest of the psycho-
motor performance showed no significant changes, the
next cross-sectional study, in 2003, will provide further
information on which a final conclusion can be based.

Keywords Aluminium Æ Aluminium welders Æ
Neurotoxicity Æ Welding fumes

Introduction

Aluminium (Al) is abundantly present in our environ-
ment and constitutes approximately 8.1% of the earth’s
crust. Due to its affinity with oxygen Al is found only as
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compounds. Uptake is most likely in our environment,
as Al is present, for example, in drinking water, food
and pharmaceuticals. Occupationally, Al can be found
in various industries, e.g. the Al-powder industry, the
metal industry and in Al foundries.

Al is primarily absorbed from the air via the lungs at
the workplace. Ingestion is possible, but according to
current scientific knowledge, the inhalation route dom-
inates. Parenteral uptake occurs when medication is
administered intravenously. Absorbed Al precipitates in
the whole organism and is excreted only by the kidneys.
It is not known whether Al can pass the haemato-
encephalic barrier. Data on the Al half-times of
occupationally exposed persons varies widely in the
literature, from days to months, depending on the
duration of the exposure. Certainly, the bioavailability
of different types of Al has to be considered (Letzel et al.
1999). In non-exposed persons Al levels are <25 lg/l in
urine and <10 lg/l in plasma.

The first studies on neurotoxic effects of Al exposure
in humans were carried out on patients who had died of
dialysis-related encephalopathy. Alfrey et al. (1976)
found, for example, elevated levels of Al in the brains of
patients that had died of dialysis-related encephalopa-
thy. Other studies in the 1990s associated Al levels in
the brain with Alzheimer’s disease (AD); however, no
conclusive evidence has yet been found that Al con-
tributes to the development of AD (Armstrong et al.
1996; Doll 1993; Savory et al. 1996).

Only few epidemiological studies were conducted on
workers occupationally exposed to Al. In Canadian
miners who used McIntyre powder by inhalation as
prophylaxis against silicosis, Rifat et al. (1990) found a
weaker performance in cognitive tests than in the con-
trols. Hosovski et al. (1990) found deficits in perfor-
mance of foundry workers.

Sjörgen et al. (1996) reported higher frequencies of
neurological symptoms in Al welders than in other
welders.

Hänninen et al. (1994) and Akila et al. (1999)
reported effects on the cognitive function of Al welders.
Sjörgen et al. (1996) showed a poorer performance by Al
welders than stainless steel welders on four different tests
of motor functions. Bast-Pettersen et al. (2000) demon-
strated effects on hand tremor and a reduced reaction
time in 20 long-term exposed Al welders. Iregren et al.
(2001) studied effects on the nervous system in a group
of potroom and foundry workers, Al welders and a
small group of flake-powder production workers. In the
potroom and foundry workers no effects on the nervous
system related to Al exposure were detected, whereas the
welders, who had been exposed to high levels of Al,
showed a reduced performance, though not significant,
in four tests of motor function and one pegboard test.
However, in the highly exposed flake-powder produc-
tion workers, no effect on the central nervous system was
seen. Letzel et al. (2000) showed no measurable cognitive
decline in 32 dust-exposed workers in a German
Al-powder plant.

Altogether, occupational exposure to Al seems to
have different effects on workers in different industries.
The measurable effects on the central nervous system
might only develop after a protracted exposure, and the
intellectual domain, mainly affected, varies. The
following study presents neurobehavioral and exposure
data of a cohort of Al welders in comparison with non-
exposed controls across the first two examinations of a
longitudinal study.

Materials and methods

Study design

The design of the longitudinal study comprises three cross-sectional
studies (e.g. with three neurobehavioral and three Al-exposure
examinations of two cohorts, Al welders and controls). The pre-
sented data result from the first two examinations carried out with
an interval of 2 years (Fig. 1).

All human studies were reviewed by the appropriate ethics
committee and have therefore been performed in accordance with
the ethical standards laid down in an appropriate version of the
1964 Declaration of Helsinki. All persons gave their informed
consent prior to their inclusion in the study. Details that might
disclose the identity of the subjects have been omitted. Essential
results have not been and will not be published elsewhere.

Groups

The two cohorts comprise employees of a car manufacturer. In the
first examination 98 male Al welders and a demographically similar
control group of 50 non-exposed car-production workers from the
same plant were investigated. In exposed employees the median
exposure to welding fumes was 6 years (mean 4.7). Ninety-seven
exposed and 50 non-exposed employees of these cohorts (identical
individuals, participation rate: 99% for welders, 100% for controls)
were examined again in the second examination. The inclusion
criterion was an Al-welding time of at least 2 years. Exclusion
criteria were neurological diseases not due to the exposure, cere-
brovascular diseases, diabetes, head injuries, insufficient knowledge
of the German language and exposure to neurotoxic solvents.
Table 1 shows that exposed workers and controls with repeated
measurements are similar in age, level of education (four categories:
0–3, 0 = low level), and level of carbohydrate-deficient transferrin
in plasma (CDT), which was used as a biomarker of alcohol con-
sumption. For temporal reasons some tests could not be performed

Fig. 1 Design of the longitudinal study
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with the whole control group at examination 2. In these cases
the control sample is reduced to 38 subjects. However, the reduced
control group shows values that are nearly identical to the total
control group in demographic parameters, with no significant
differences from the exposed group. The study participants were
three-shift workers (morning, afternoon and night shift) and were
examined during the day shift between 0800 and 1300 h only if they
had worked on the morning or afternoon shift the week before, in
order for us to prevent undue fatigue at testing in either group.

Of the welders and controls, 83.7% and 84.0%, respectively,
were German by nationality; 61% of the subjects had German as
their mother tongue, which is a precondition for the administration
of a German verbal intelligence test.

Exposure assessment

Exposure was measured by plasma and urinary Al concentrations
in pre-shift and post-shift samples and by personal air sampling at
selected work places. The monitoring was done 3 months in
advance of the neurobehavioral testing. Furthermore, a question-
naire aimed at working conditions, working hours, and individual
free-time exposure, was applied.

The quantitative determination of Al in serum and urine
samples was carried out by graphite furnace-atomic absorption
spectrometry. For calibration the standard addition technique was
used. The determinations were performed under a strict internal
and external quality assessment scheme (Lehnert et al. (1999).

Medical examination

The examination programme consisted of a standardised anam-
nesis that focused on occupational history, education, illnesses,
medication, accidents, current alcohol consumption and a physical
examination that included neurological status.

Neurobehavioral methods

We used neurobehavioral methods to evaluate the level of neuro-
toxic symptoms, pre-morbid intelligence, and deficits in the
domains of motor performance, logical thinking, short-term and
working memory, perceptual speed, and switching attention.

Psychomotor performance tests, simple reaction (time) test and
the European neurobehavioral evaluation system (EURO-NES)
were administered by computer. All other tests were non-comput-
erised. Most neurobehavioral examinations were performed
repeatedly in examinations 1 and 2: symptom questionnaire, psy-
chomotor performance test battery, simple reaction-time test, recall
of digits, block design test, and trail making. The standard
progressive matrices test was performed at examination 1 only. The
EURO-NES and the test of verbal intelligence were introduced at
examination 2 for the first time.

Q16

A German version of the well-known Swedish questionnaire Q16
(Hogstedt et al. 1984) was used. Three questions were modified and
two were added to improve the sensitivity of the questionnaire
(Ihrig et al. 2001). The added questions were related to signs of
peripheral neuropathy. The questionnaire is designed for the
screening of workers for psychological and neuropsychological
symptoms of neurotoxic exposure.

Verbal intelligence

We administered a German multiple-choice vocabulary test
(WST, Schmidt and Metzler 1992) to estimate pre-morbid intel-
ligence. It could only be used for workers with the German
mother tongue.

Psychomotor performance

Manual-dexterity functions of all participants were examined by a
computerised test battery for motor performance (MLS). We used
the five sub-tests ‘steadiness’, ‘line tracing’, ‘aiming’, ‘tapping’, and
‘peg board’ to screen for static and dynamic changes in psycho-
motor performance of the upper limbs. Precision and speed were
measured for the dominant and non-dominant hand.

Simple reaction time

Simple reaction time is part of the motor performance test sys-
tem (MLS). The subject had to respond with a quick movement
from a home key to a target key whenever a yellow dot
appeared on the screen. Reaction time, motoric time and errors
were recorded.

Recall of digits

Recall of digits is part of the Hamburg Wechsler Intelligence Scale
for Adults (German HAWIE). In this short-term-memory test the
subject had to recall series of increasing length. The maximum
achievable points were 14 (2·7 series of different lengths) for for-
ward recall as well as for backward recall.

Block design

The block design test is also part of the HAWIE. The subject had
to arrange nine different geometric patterns with 12 cubes at
maximum speed. The scores consider the combination of accuracy
and speed. A maximum total score of 42 could be achieved
(Thomas and Dahl 1969).

Standard progressive matrices

The standard progressive matrices test (SPM, Raven) was
administered as a German version (Heller et al. 1998). The task
requires the subject to recognise the rules of an incomplete
matrix of signs and to fill in the missing sign. It is a test of
inductive thinking and general intelligence independent of speech.
The test score indicates the number of correct solutions of 60
matrices.

Trail-making test

The German form of the trail-making test (TMT;
Zahlenverbindungstest, ZVT, Oswald and Roth (1997) consists of
connecting numbers from 1 to 90 in four series. The series are
presented on four sheets of paper in different random distributions.

Table 1 Demographic parameters for Al-exposed welders and
controls. Education index: 0 = no elementary school, 1 = primary
school, 2 = secondary school, 3 = high school graduation

Parameter Exposed
workers

Controls

n=97 n=50

Mean SD Mean SD

Age (years) 37.3 7.2 36.4 7.9
Education (index) 1.1 0.5 1.2 0.5
CDT (U/l) 3.4 1.4 3.7 1.4
Al welding (years) 4.7 1.6 – –
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Scores represent the time it takes in average for the subject to
complete one series and the mean number of errors.

EURO-NES

The EURO-NES (e.g. Gilioli 1993) comprises elements from the
neurobehavioral evaluation system (NES), Letz et al. 1996) and the
Swedish performance evaluation system (SPES), Iregren et al.
1996). The following three tests were administered:

– Symbol–digit substitution. The test measures perceptual speed,
working memory, motor planning and speed. The task asks the
subject to perceive a combination of symbols and digits and to
complete a new scheme of symbols with the corresponding
digits.

– Digit span. The test measures short-term memory. It is adaptive
in difficulty and requires the reproduction of digit sequences of
increasing lengths displayed on the screen via keyboard. In the
first part the sequences have to be reproduced forward, in the
second part, backward.

– Switching attention. The test measures the response speed and
the switching of attention toward different features of a complex
design. The sign varies in complexity and is displayed on varying
sides of the screen compatible or incompatible with the response
keys. The test consists of three parts of increasing difficulty for
which reaction time and error measures were obtained.

Statistical analyses

The data were generally analysed by multivariate analyses of
covariance (MANCOVA) for repeated measurements. Factors
enclosed in the model for multivariate analyses were Al exposure
(welders vs controls), examination (second measurement as repe-
tition factor) and the covariates age, education and CDT. The
repeated-measurements model allows one to test the hypothesis of
whether exposed subjects and controls differ in changes from
examination 1 to 2 (interaction term: exposure · examination).

We used stepwise multiple linear regression analyses to assess the
statistical relationships between Al exposure (Al urine, Al plasma,
years exposed) and potential confounders (e.g. age, education,
CDT) as independent variables, and neurobehavioral performance
as dependent variable. For these analyses individual pre-shift and
post-shift measurements of Al in urine and plasma were averaged.

The variance analyses for exposed workers and controls were
repeated for the subgroups for which verbal intelligence data as
covariate were available. Results of these subgroup analyses are not
shown because there was no difference from the results of the total
sample.

Results

Biomonitoring and ambient monitoring

Table 2 shows a reduction in Al exposure on a group
basis in the welders’ median concentration of Al in
plasma (Al-P) and in urine from examination 1 in 1999
to examination 2 in 2001. Plasma levels decreased from
10.3 lg/l (1999) to 4.3 lg/l (2001) (Al-P pre-shift) and
from 8.3 to 4.1 lg/l (2001) (Al-P post-shift). One person
exceeded the German BAT value of 200 lg/l for urinary
Al. However, respirable-dust exposure increased from a
median 0.47 mg/m3 (1999) to 0.67 mg/m3 (2001). This
reflects the results of improved instructions on how
individuals should use personal protection items.

Q16 symptoms

The mean number of reported neurobehavioral symp-
toms (Table 3) was small, approximately two symptoms
in exposed subjects and controls. No significant differ-
ence between both cohorts could be observed (Table 4)
with regard to Q16 symptoms. A detail analysis of the
number of subjects reporting more than five symptoms,
a critical level, did not reveal significant differences
between welders and controls.

Psychomotor performance

The data from the motor-performance tests are pre-
sented in Table 3 for the dominant and non-dominant
hand. The differences between exposed workers and
controls are small, and both cohorts show only minor
changes from examination 1 to examination 2. For each
performance task the speed data were tested, together
with the accuracy data for both hands, in one model, by
MANCOVA for repeated measurements, with age,
education and CDT as covariates (Table 4). The

Table 2 Data from
biomonitoring of Al welders,
1999 vs 2001 (n=96) (Al-U
urinary aluminium)

Parameter 1999 2001

Median Range Median Range

Respirable dust—air (mg/m3) 0.47 0.1–6.17 0.67 0.2–1.5
Al-U pre-shift (lg/l) 71.75 12.1–223.70 58.25 2.4–244.0
Al-U pre-shift
(lg/g creatinine)

38.41 12.9–112.2 35.4 5.13–194.53

Al-U post-shift (lg/l) 47.6 7.0–181.8 39.8 3.1–200.2
Al-U post-shift
(lg/g creatinine)

37.87 7.0–120.5 33.57 9.0–230.11

Mean Al-U pre-shift/post-shift (lg/l) 92.75 26.5–314.6 87.42 14.35–284.90
Mean Al-U pre-shift/post-shift (lg/g creatinine) 57.55 11.9–202.75 52.4 2.4–192.5
Al–P pre-shift (lg/l) 10.25 2.3–20.7 4.3 1.1–11.2
Al–P post-shift (lg/l) 8.3 2.3–42.3 4.1 0.72–11.7
Mean Al-P pre-shift/post-shift (lg/l) 13.47 4.45–44.5 6.4 1.63–17.00
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psychomotor performance of exposed and non-exposed
workers improved to a comparable extent, from exam-
ination 1 to examination 2, in all variables. With the
exception of steadiness—in this case one can only sup-
pose an unknown change in the system or proce-
dure—the changes are small. Neither for steadiness nor
for line tracing, aiming, and tapping was a significant
difference between both cohorts detected. Furthermore,
there is no significant trend difference between exposed
subjects and controls from examination 1 to examina-
tion 2 (interaction term: examination · exposure).
However, the covariates show significant relationships
with the motor-performance outcomes. CDT is related
to line tracing (explained variance 8.0%), and age to
aiming (explained variance 12.2%).

Simple reaction time

The MANCOVA of performance in the simple reaction-
time task included reaction time (decision time) and
motoric movement time in one model. Exposed workers
and controls differed significantly in the reaction-time
performance (P=0.017, eta2 =0.062) (Tables 3 and 4).
Of the covariates, only age (P=0.001, eta2 = 0.11) is
related to this performance measure. The trend from
examination 1 to examination 2 shows no significant
difference between exposed subjects and controls
(interaction: examination · exposure, P=0.799;
Table 4).

Univariate covariance analysis reveals that the dif-
ference between exposed workers and controls in mul-
tivariate analysis goes back to differences in reaction
time and not in motoric movement time. Figure 2 shows
the significant difference in reaction time and Fig. 3 the
insignificant difference in motoric time. Figure 2 reveals
a small but insignificant increase in the reaction-time
difference between both groups from examination 1 to
examination 2. However, both groups improved in the
motoric time from examination 1 to examination 2,
possibly reflecting a learning trend.

Because of the significance of the exposure variable
in simple reaction time, further in-detail analyses on
dose–response relationships were performed separately
for examination 1 and examination 2. The stepwise
multiple linear regression analyses included, as the
dependent variable, reaction time and, as predictor
variables, Al in plasma, Al concentration in urine, Al
concentration in urine referred to creatinine, and years
of Al exposure, as well as age, CDT and education.
Analyses were performed for the exposed group as well
as for the total sample; in the latter case years of
exposure were fixed at zero for the control subjects.
For the total group the models predicting reaction time
included age and the mean Al concentration in urine.
The explained variance was, in the first examination,
9% (total R2 =0.090; age: R2 =0.047, Al concentra-
tion in urine: R2 =0.043) and, in the second exami-
nation, 15% (total R2 =0.150; age: R2 =0.099, Al
concentration urine: R2 =0.051). Similar models could

Table 3 Means and SDs of motor-performance tests [dominant (Dom) and non-dominant (Nd) hand], simple reaction time, and symptom
questionnaire Q16 for exposed and non-exposed workers 1999 vs 2001

Parameter Hand Exposed 1999 Exposed 2001 Non-exposed 1999 Non-exposed 2001
n 95 95 38 38

Mean SD Mean SD Mean SD Mean SD

Motor performance
Steadiness
Errors (n) Dom 12.49 17.60 2.62 5.22 9.84 8.10 2.00 2.20
Error time (ms) Dom 1.13 3.31 0.13 0.26 1.43 5.12 0.17 0.23

Line tracing
Errors (n) Dom 22.46 9.32 20.54 7.11 22.10 7.98 22.68 6.59
Error time (ms) Dom 1.77 0.99 1.94 0.87 1.65 0.84 2.1 0.90

Aiming
Hits (n) Dom 19.70 1.09 19.93 0.54 19.55 1.10 19.84 0.89
Total time (ms) Dom 7.45 1.62 7.11 1.15 7.3 1.11 7.18 0.90

Tapping
Hits (n) Dom 203.72 19.39 199.77 16.75 202.92 26.43 195.07 20.30

Steadiness
Errors (n) Nd 14.85 20.37 4.17 8.77 13.07 12.19 3.52 4.85
Error time (ms) Nd 1.24 3.04 0.36 0.93 0.91 0.99 0.25 0.36

Line tracing
Errors (n) Nd 25.35 9.35 24.24 7.53 26.15 8.81 25.68 5.96
Error time (ms) Nd 2.09 0.93 2.70 1.14 2.12 0.98 2.79 0.87
Total time (ms) Nd 7.70 1.40 7.63 1.40 7.94 1.34 7.78 0.87

Tapping
Hits (n) Nd 184.40 21.90 179.21 16.45 186.76 27.21 181.05 21.04

Simple reaction
Reaction time (ms) 278.87 42.86 282.41 53.46 263.89 31.56 260.89 50.21
Movement time (ms) 147.98 49.78 142.95 51.40 150.08 34.63 142.05 42.77
Q16 sum (n) 2.02 2.06 2.22 2.08 2.31 1.89 2.13 1.75
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be obtained with the urine Al concentration per cre-
atinine, because this variable is highly correlated with
Al concentration in urine.

Both urine biomarkers showed significant correla-
tions, with the plasma Al biomarkers, between r =0.83
and r =0.15, varying across the two examinations and
the samples (total sample, exposed subjects only).
However, only the Al urine markers and never the Al
plasma markers were significantly correlated with reac-
tion time. Another feature of the urine markers when
compared with the plasma markers is that they revealed
a stronger relationship with the duration of Al-welding

exposure, between r =0.22 and r =0.69 within the total
sample, and between r =0.15 and r =0.25 within the
exposed workers. Duration of exposure itself was also
positively related to reaction time, but if this relationship
is controlled for age it becomes insignificant. Further-
more, if we take a one-sided view of the multiple
regression models within the exposed group, only age is
a significant predictor of reaction time, explaining
between 5 and 15% of variance. Compared with the
approach with the total group, Al concentration in urine
and duration of exposure are no more relevant in the
model.

Fig. 2 Adjusted mean reaction
time of exposed workers and
controls (adjustment: age,
education, CDT)

Table 4 Results of multivariate and univariate covariance analyses
for repeated measurements of motor performance, simple reaction,
and symptoms (Q16). Exposure and examination are grouping and

repetition factor, respectively. Age, education, and CDT are co-
variates. eta2 portion of explained variance, Dom dominant, Nd
non-dominant

Parameter Hand Exposure Age Education CDT Examination Examination
exposure

F P eta2 F P eta2 F P eta2 F P eta2 F P eta2 F P eta2

Steadiness
Errors (n) Dom 0.354 0.841 0.011 0.752 0.559 0.023 1.615 0.175 0.049 2.010 0.097 0.060 0.065 0.992 0.002 0.145 0.965 0.005

Nd
Error time
(ms)

Dom
Nd

Line tracing
Errors (n) Dom 0.164 0.956 0.005 1.883 0.117 0.057 0.412 0.799 0.013 2.726 0.032 0.080 1.577 0.185 0.048 0.865 0.487 0.027

Nd
Error time
(ms)

Dom
Nd

Aiming
Hits (n) Dom 1.378 0.246 0.042 4.324 0.003 0.122 0.082 0.988 0.003 1.026 0.396 0.032 1.835 0.126 0.055 0.913 0.459 0.028

Nd
Total time
(ms)

Dom
Nd

Tapping
Hits (n) Dom 2.339 0.101 0.036 1.246 0.291 0.019 0.804 0.450 0.012 0.055 0.946 0.001 0.482 0.688 0.008 1.158 0.317 0.018

Nd
Simple reaction
Reaction time
(ms)

Dom 4.214 0.017 0.062 7.864 0.001 0.110 0.317 0.729 0.005 0.564 0.570 0.009 2.092 0.128 0.032 0.224 0.799 0.004
Nd

Movement time
(ms)

Dom
Nd

Q16 0.193 0.661 0.001 0.376 0.055 0.028 2.014 0.158 0.015 0.478 0.491 0.004 2.155 0.145 0.016 0.871 0.352 0.007

544



Cognitive performance

Non-computerised tests

The subgroups of exposed and control subjects with
German native language were investigated in the second
examination with a multiple-choice vocabulary test, an
estimate of verbal IQ. The subgroups of exposed sub-
jects and controls did not differ significantly (Table 6)
and revealed the same average IQ of approximately 100
(Table 5). The SPM test, a test of logical reasoning and
general intelligence, was performed in the first exami-
nation with the total samples of exposed and control
subjects and led to approximately the same mean values

and variances for both groups (Table 5) and, corre-
spondingly, to non-significant statistical results for the
group differences (Table 6).

The vocabulary test shows a stronger relationship to
education (eta2 =0.08) than the SPM test (eta2 =0.03,
Table 6). Because it was not possible for us to use the
vocabulary results as covariate for the total group, we
used education as covariate to control for intellectual
differences. Block design, like SPM a measure of so-
called fluent intelligence, did not reveal a general per-
formance difference between exposed and non-exposed
subjects (Tables 5, 6). However, the performance
increase from examination 1 to examination 2 is stronger
in the exposed group, reflected in the significant inter-
action examination · exposure (P=0.012) (Table 6).

For the trail-making performance we used multivar-
iate analysis to control for possible trade-off effects
between accuracy (errors) and speed (time). The per-
formance increased from examination 1 to examina-
tion 2 and showed a clear influence of age (eta2 =0.08),
a small but significant influence of CDT, but no influ-
ence of exposure (Table 6).

Digit span was investigated with a verbal form
(HAWIE) and a computerized (EURO-NES, examina-
tion two only) form. The performance in the verbal task,
forward and backward, were analysed together by
multivariate analysis and increased across the examina-
tions significantly (P=0.000, eta2 =0.21) (Table 6). In
addition, age, but not exposure, influenced short-term-
memory performance.

Fig. 3 Adjusted mean motoric time of exposed workers and
controls (adjustment: age, education, CDT)

Table 5 Means and SDs of
cognitive performance tests
(SDS symbol–digit
substitution)

Test Exposed
1999

Exposed 2001 Non-exposed
1999

Non-exposed
2001

Mean SD Mean SD Mean SD Mean SD

Cognitive performance
n 95 95 38 38
Digit-span (HAWIE)
Forward (n) 7.45 2.21 9.43 2.23 7.55 2.16 9.92 2.22
Backward (n) 6.41 1.91 8.15 1.99 6.71 2.12 8.63 2.51

Block design 28.86 6.62 33.12 5.38 29.00 5.65 31.13 7.78
Trail making
Errors (n) 3.73 3.13 0.03 0.18 3.53 3.90 0.32 1.95
Time (ms) 80.67 19.27 79.60 22.05 81.07 17.51 75.58 20.70

n 97 50
SPM 47.48 6.82 46.38 6.66
n 55 34
Verbal IQ 99.87 10.15 100.56 8.30
EURO-NES
n 93 50
SDS (ms) 2826.22 590.61 2713.52 503.05
Digit span
Forward (n) 6.01 1.14 6.18 1.12
Backward (n) 5.38 1.39 5.22 1.10

Switching attentio
Reaction time (ms) Side 389.67 87.53 377.54 67.43

Arrows 625.04 137.29 627.36 118.61
Mixed 632.74 186.25 630.96 145.00

Errors (n) Side 0.31 0.51 0.40 0.63
Arrows 0.50 0.71 0.82 1.00
Mixed 3.40 4.20 4.14 4.91

545



T
a
b
le

6
R
es
u
lt
s
o
f
m
u
lt
iv
a
ri
a
te

a
n
d
u
n
iv
a
ri
a
te

co
v
a
ri
a
n
ce

a
n
a
ly
se
s
fo
r
re
p
ea
te
d
m
ea
su
re
m
en
ts
o
f
co
g
n
it
iv
e
p
er
fo
rm

a
n
ce
s.
E
x
p
o
su
re

a
n
d
ex
a
m
in
a
ti
o
n
a
re

g
ro
u
p
in
g
a
n
d
re
p
et
it
io
n
fa
ct
o
r,

re
sp
ec
ti
v
el
y
.
A
g
e,

ed
u
ca
ti
o
n
,
a
n
d
C
D
T

a
re

co
v
a
ri
a
te
s.
et
a
2
p
o
rt
io
n
o
f
ex
p
la
in
ed

v
a
ri
a
n
ce
,
S
D
S
sy
m
b
o
l–
d
ig
it
su
b
st
it
u
ti
o
n

T
es
t

E
x
p
o
su
re

A
g
e

E
d
u
ca
ti
o
n

C
D
T

E
x
a
m
in
a
ti
o
n

E
x
a
m
in
a
ti
o
n

ex
p
o
su
re

F
P

et
a
2

F
P

et
a
2

F
P

et
a
2

F
P

et
a
2

F
P

et
a
2

F
P

et
a
2

H
A
W
IE

D
ig
it
-s
p
a
n

F
o
rw

a
rd

(n
)

0
.7
1
6

0
.4
9
1

0
.0
1
1

2
.5
1
2

0
.0
8
5

0
.0
3
8

2
.1
0
0

0
.1
2
7

0
.0
3
2

2
.2
1
2

0
.1
1
4

0
.0
3
4

1
6
.6
1
5

0
.0
0
0

0
.2
0
7

0
.7
5
9

0
.4
7
0

0
.0
1
2

B
a
ck
w
a
rd

(n
)

B
lo
ck

d
es
ig
n

0
.7
9
0

0
.3
7
6

0
.0
0
6

4
.7
3
8

0
.0
3
1

0
.0
3
6

0
.7
7
1

0
.3
8
1

0
.0
0
6

1
.1
8
0

0
.2
7
9

0
.0
0
9

1
.4
5
6

0
.2
3
0

0
.0
1
1

6
.5
5
1

0
.0
1
2

0
.0
4
9

T
ra
il
m
a
k
in
g

E
rr
o
rs

(n
)

0
.3
2
0

0
.7
2
7

0
.0
0
5

1
2
.6
1
3

0
.0
0
0

0
.1
6
6

1
.2
7
2

0
.2
6
4

0
.0
2
0

3
.5
5
9

0
.0
3
1

0
.0
5
3

4
.6
9
3

0
.0
0
1

0
.0
6
9

1
.4
0
5

0
.2
4
9

0
.0
2
2

T
im

e
(m

s)
V
er
b
a
l
IQ

(E
x
a
m
in
a
ti
o
n
2
)

0
.1
0
6

0
.7
4
6

0
.0
0
1

0
.1
3
4

0
.7
1
6

0
.0
0
2

7
.6
9
3

0
.0
0
7

0
.0
8
4

0
.1
0
9

0
.7
4
2

0
.0
0
1

–
–

–
–

–
–

0
.1
0
8

0
.7
4
3

0
.0
0
1

0
.0
0
2

0
.9
6
8

0
.0
0
0

–
–

–
–

–
–

–
–

–
–

–
–

S
P
M

(E
x
a
m
in
a
ti
o
n
1
)

1
.4
1
0

0
.2
3
7

0
.0
1
0

1
4
.0
2
5

0
.0
0
0

0
.0
9
0

4
.5
7
7

0
.0
3
4

0
.0
3
1

1
.3
1
5

0
.2
5
3

0
.0
0
9

–
–

–
–

–
–

E
U
R
O
-N

E
S

S
D
S
(m

s)
(E
x
a
m
in
a
ti
o
n
2
)

1
.9
1
3

0
.1
3
0

0
.0
4
1

1
8
.0
5
3

0
.0
0
0

0
.2
8
8

1
.7
1
0

0
.1
6
8

0
.0
3
7

2
.4
3
5

0
.0
6
8

0
.0
5
2

–
–

–
–

–
–

D
ig
it
-s
p
a
n

F
o
rw

a
rd

(n
)

B
a
ck
w
a
rd

(n
)

S
w
it
ch
in
g
a
tt
en
ti
o
n

(E
x
a
m
in
a
ti
o
n
2
)

R
ea
ct
io
n
ti
m
e

(m
s)

S
id
e

0
.9
7
6

0
.4
4
4

0
.0
4
2

7
.9
2
5

0
.0
0
0

0
.2
6
3

0
.8
6
7

0
.5
2
1

0
.0
3
8

1
.0
8
2

0
.3
7
7

0
.0
4
7

–
–

–
–

–
–

A
rr
o
w
s

M
ix
ed

E
rr
o
rs

(n
)

S
id
e

A
rr
o
w
s

M
ix
ed

546



EURO-NES

The EURO-NES test was used in examination 2 the first
time and will be repeated in the last examination of the
longitudinal study. The digit-span test in EURO-NES
investigates, in a sophisticated adaptive way, the maxi-
mum short-term-memory performance of the subject.
Exposed subjects and controls could remember, on
average, six numbers forward and five numbers back-
ward (Table 5). Symbol–digit substitution contains a
strong working-memory component and was, therefore,
analysed together with digit–span forward and back-
ward by multivariate analysis. This analysis revealed
that exposure did not lead to differences in the domain
of short-term-memory performance. Age explained a
substantial part of variance, 29%, and CDT 7%
(Table 6).

The switching-attention test of the EURO-NES was
analysed by multivariate analysis for the three parts of
the test, including both reaction time and errors. The
analysis did not show exposure effects but did show
strong age effects (eta2 =0.26) (Table 6).

Discussion

With regard to comparability the two cohorts were
similar for age and educational background. There were
no self-reported head injuries in either cohort. Also,
both cohorts had worked the morning or afternoon shift
the week before the examination took place, so that we
could exclude bias due to fatigue among the referents.
The similarity of the background variables indicated the
suitability of the control cohort.

The median urinary Al concentration of the welders
in our study was 57.6 lg/l (1999) vs 52.4 lg/l (2001),
which was between the levels reported by other studies
on Al welders. The exposed workers in our study had
welded for over 6 years (median).

Bast-Pettersen et al. (2000) reported a median urinary
Al concentration of 40.5 lg/l in 20 Al welders aged
21–52 years with an average exposure time of 8.1 years.
Iregren et al. (2001) reported a median urinary Al
concentration of 22.0 lg/l in 38 Al welders aged 26–56
years and an average exposure time of 15 years.
Hänninen et al. (1994) reported a median urinary Al
concentration of 65 lg/l (exposure time 4 years) and
Sjörgen et al. (1996) a median urinary Al concentration
of 22 lg/l (exposure time >10 years). Altogether, the
exposure time and the urinary Al levels were within the
range of other studies on Al welders.

The neurobehavioral results suggest that the perfor-
mance measures that were used are sensitive to age and
therefore should also be sensitive to neurotoxic
exposures. In contrast to this assumption, neither
motor-performance tests nor short-term memory or
switching-attention tests showed significant exposure
effects. These non-significant results were stable across
both examinations and did not change if possible

confounders (age, education, CDT) were taken into
account. In addition, sub-sample analyses, when verbal
intelligence was considered as an estimate of pre-morbid
intelligence, did not change the findings.

Welders and controls differed significantly with regard
to performance in simple reaction time. However, it
could not be shown that the differences between the
groups increased during the 2 years of the study and were
dependent on the growing number of years of exposure in
welders. It is an advantage of the longitudinal study that
this hypothesis could be tested. The interaction of
exposure · examination is not significant, and the values
show that the differences between the groups remained
stable across the 2 years. Thus, it might be concluded that
the difference is an accidental result that describes pos-
sible pre-exposure group differences. It is in line with this
assumption that only one test out of many neurobehav-
ioral tests, and only one test out of those that demanded
a fast motor reaction (e.g. switching attention), showed
significant group differences.

Simple reaction time shows a dose–response rela-
tionship with Al exposure, though small. But again, no
other performance measure, whether it represented a
comparable domain or another intellectual domain,
showed a similar relationship. Additionally, regression
analysis reveals that urine Al levels are predictors of
reaction time only in models with the total sample, not
in models with exposed workers alone. This suggests
that performance differences between exposed subjects
and controls, that might have existed a priori, accentuate
the outcome of regression analysis. From regression
analysis it is not possible to deduce whether difference
between controls and exposed workers is a random a
priori difference or an exposure effect because urinary Al
level, exposure duration and age are related and con-
founded. The further follow up of the group difference
across the study will show whether exposure is respon-
sible; however, it might need more than 2 years of a
longitudinal study to register slow changes in simple
reaction-time performance.

Motor performance decrements are more or less
indicated in some other studies of Al exposure. The
comparability is a problem, as the subjects in our study
do not have a mixed exposure to possible neurotoxic
substances such as solvents, manganese and other
welding fumes. This might possibly be a problem in
other studies, as welding wire can contain a low
percentage of manganese (Mn). In addition to this pre-
vious study, cohorts were rather small.

On the other hand, Dietz et al. (2001) showed no
significant group differences in psychomotor perfor-
mance between workers that were highly exposed to
manganese dioxide and non-exposed workers.

The results of our study suggest that reaction time
could be a first indicator for possible neurological
changes in Al welders, as it is significantly related to
exposure and age. However, as the Q16 questionnaire
and the rest of the psychomotor performance showed no
significant changes, and the examination period was
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only 2 years, the next cross-sectional study, in 2003, will
prove the significance of the results.
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