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Abstract: Aluminum (Al) is the most common element in nature after oxygen and silicon.
Aluminum has been proposed to be a causative agent in the development of neurodegenerative
diseases. Aluminum made available via the lungs, as it is in occupational settings, is probably
better absorbed than that entering the body via the gastrointestinal tract. Neuropsychological
tests are sensitive methods for detecting subtle functional impairment of the nervous system. This
minireview is based on a systematic literature search for studies on workers occupationally exposed
to aluminum. The tests were categorized as belonging to one of 12 different neuropsychological
functions. The level of significance was set at p<0.05. Among the 559 papers identified, 24 fulfilled
the inclusion criteria. There were no clear, consistent findings of occupational aluminum exposure
being correlated with neuropsychological deficits. However, there was a weak tendency toward
worse performances on tests related to information processing speed and a slight tendency toward
weaker performances on memory tests for workers exposed to aluminum. The limited number of
studies in this field makes it difficult to draw a clear conclusion regarding whether occupational
exposure to aluminum increases the risk of altered neuropsychological function.
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Introduction

Aluminum (Al) is the third most common element in na-
ture after oxygen and silicon, representing approximately
8% of the Earth’s crust by weight. Aluminum is a light met-
al with a specific gravity of 2.7, and although it is not found
in its metallic form in nature, its compounds are present in
almost all rocks, soils, and clays.

Aluminum is used in aircraft, train, and car construction
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as well as in building materials, electrical conductors,
kitchen utensils, and packaging. This metal is not known to
serve any essential biological functions in the human body.
In the body, aluminum mainly accumulates in the bone
(50%), lungs (25%), kidney and liver). The brain has a
lower aluminum concentration than many other tissues,
and aluminum enters the brain primarily through the blood-
brain barrier?. The molecular processes that are linked with
aluminum transport are still unclear. It is suggested that
aluminum competes with iron to bind with iron transporters
(transferrin), which are also involved with aluminum trans-
port via the blood-brain barrier?.

For persons not occupationally exposed, the most im-
portant sources of aluminum intake are food and drinking
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water. Aluminum in drinking water accounts for only a
fraction of the amount taken in via food and drink, probably
approximately 1% but possibly as much as 2.2%°. Im-
portant sources of aluminum in food include infant formu-
las, baking powder, bakery mixes, dried vegetables and
food additives. The aluminum content is generally lower in
fresh meat and fish and higher in vegetables, grains, and
spices?. Other sources of intake are medicinal products
containing aluminum (especially antacids) and cosmetic
products. The presence of food in the stomach generally
reduces/inhibits aluminum absorption, but the presence of
citrate (for example, from orange juice) enhances alumi-
num absorption?. The daily median aluminum intake is less
than 10 mg, and more than 95% of excretion occurs in the
urine?.

In 1976, dialysis encephalopathy syndrome was first de-
scribed in a group of dialysis patients who experienced se-
rious neurological disturbances®. The dialysis fluid con-
tained aluminum, meaning that these patients with kidney
disease were both heavily exposed to aluminum and essen-
tially unable to excrete it.

A question was raised regarding whether aluminum
causes or contributes to the development of neurodegener-
ative diseases, mainly Alzheimer’s disease. This disease
causes a distinct pattern of pathological changes in the
brain, among which abnormal accumulations of tau pro-
tein, neurofibrillary tangles (NFTs) inside neurons, and be-
ta-amyloid plaques outside and around nerve cells are the
most prominent”.

The central question was whether aluminum contributes
to the development of Alzheimer’s disease or whether ele-
vated aluminum concentrations in Alzheimer’s patients are
a consequence of the disease—for example, previously ex-
isting disturbances in the blood-brain barrier may allow the
passage of more aluminum, and NFTs and beta-amyloid
plaques may bind aluminum®. Later, the hypothesized sim-
ilarity between aluminum-induced dialysis encephalopathy
and Alzheimer’s disease could not be confirmed. Dialysis
encephalopathy was shown to be caused by aluminum, but
it results in a different neuropathology?.

The description of the dialysis encephalopathy syndrome
contributed to the question of whether subjects occupation-
ally exposed to aluminum have an increased risk of im-
paired nervous system function. Aluminum made available
via the lungs, as in occupational settings, is probably better
absorbed than that entering the body via the gastrointestinal
tract"?. Studies have shown elevated concentrations of alu-
minum in the serum and urine of aluminum-exposed work-
ers?, confirming that aluminum is absorbed.
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Another question raised was whether aluminum in drink-
ing water increases the risk of dementing illnesses, includ-
ing Alzheimer’s disease?, but this question is beyond the
scope of the present study.

Clinical neuropsychology is an applied science concern-
ing behavioral expression in cases of brain function/dys-
function”. While severe nervous system disturbances can
be observed clinically, the anticipated small effects of ex-
posure to low levels of neurotoxicants cannot. Neuropsy-
chological tests are sensitive methods that are often used to
detect subtle functional impairments of the nervous sys-
tem?. Such test methods can be used to systematically as-
sess cognitive functions in large groups, providing mea-
sures that can be treated and analyzed statistically. While
most neuropsychological tests focus on cognitive func-
tions, assessments of speed and motor functions are also
included in neuropsychological test batteries.

The minireview aimed to present and analyze existing
knowledge obtained from international research on
work-related exposure to aluminum and its possible effects
on neuropsychological functions.

Material and Methods

Search strategy and inclusion criteria

A systematic literature search was performed using
PubMed with the assistance of the Biomedical Library,
University of Gothenburg. The search was completed in
December 2018 and was restricted to studies published in
English. The search string included the exposure term alu-
minum/aluminium, outcome terms related to neuropsycho-
logical functions, and terms for different neuropsychologi-
cal tests and was restricted to studies on occupationally
exposed adults. Only studies fulfilling a specific criteria set
were included for further examination.

The inclusion criteria were studies with N>10 partici-
pants in which neuropsychological test methods were ap-
plied. The studies further had to include either a control or
comparison group or a differentiation in terms of levels of
exposure or comparison with established norms. Only stud-
ies involving at least one test that could be classified as
neuropsychological were included. The Mini Mental State
Examination (MMSE)'? and the Clock Drawing Test'" are
simple tests that meet the minimum requirements for being
neuropsychological. Neurological studies alone were not
included, but some tests assessing motor functions such as
tremor and grip strength, which border between neuropsy-
chology and neurology, were included. Studies on subjects
involved in litigation processes were not included.
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All tests applied in the included studies were evaluated
and categorized as belonging to one of 12 different neuro-
psychological functions, and a simplified scoring system
was used. Test results for certain functions indicating statis-
tically significant impaired performance in the exposed
group were categorized as differences between exposed
and referents for these functions and denoted with a “+”.
Because the scoring system did not allow for more than one
“+” for each function, several tests covering the same func-
tion and indicating significant impairment could not be
scored higher than one “+”. Similarly, differences in the
range of p-values between (p>0.05 and <0.10) were denot-
ed as “(+/—)”. If none of the tests applied for that specific
function showed worse performance, the score was “—". If
no tests were available for a specific function, no score was
given for that function. Regarding the overall trends, a sum
score was calculated for each function by assigning 1 to the
“+7, 0.5 to the “(+/—)”, and 0 to the “—” and then dividing
the scores by the total number of scores for each function.
The applied level of significance was set at p<0.05.

Neuropsychological functions

A 1983 meeting of an expert group resulted in a screen-
ing battery of seven “core tests” for detecting neurotoxic
effects in humans. The test battery was named the World
Health Organization Neurobehavioral Core Test Battery
(WHO NCTB)'?. Over the years, a wider range of neuro-
psychological tests has been applied in the neurotoxicology
field to study the possible effects of occupational exposure
on neuropsychological functions. Most of the tests are de-
scribed in the compendiums by Lezak et al.” and Strauss et
al.”®; hence, for these tests, no individual references are
provided. In the following, the relevant functions are de-
scribed in the same order as they are presented in the table
describing the outcomes of exposure.

Studies with low exposure and anticipated small effects
are liable to be affected by the presence of confounding
factors associated with both the studied exposure and the
outcome. Neuropsychological test results vary with in-
creasing age, the level of education and gender'¥. When
comparing performances on tests for cognitive function,
the groups under study should ideally be as identical as
possible in all aspects other than the exposure. Adjustment
for the “pre-exposure” intellectual level is generally based
on the years of formal education or on tests that are as-
sumed to measure general intellectual ability'®. There are
diverse conceptions of general cognitive capacity and intel-
ligence and how these features can be measured. Among
other factors, intelligence comprises the global capacity of

a person to act purposefully, think rationally, and deal ef-
fectively with his or her environment'”. The Wechsler
Adult Intelligence Scale (WAIS; the WISC for children) is
often considered the gold standard for the assessment of
general cognitive capacity and intelligence'.

Verbal academic skills/verbal comprehension is a central
element of a person’s general intelligence and is a central
factor/element of the General Ability Index (GAI)'>. When
calculating 1Q via the WAIS, the “Verbal Comprehension
Index” accounts for 30% of the full-scale IQ. Tests regard-
ed as covering verbal comprehension in the WAIS include
Similarities, Vocabulary, Information, and Comprehension.
Other tests not in the WAIS battery are the Aphasia Screen-
ing Test and Boston Naming Test.

Spatial skills/perceptual organization or perceptual rea-
soning is another central factor of a person’s general intel-
ligence and covers nonverbal abstract problem solving, vi-
sual spatial reasoning, and the ability to quickly perceive
visual details. In the WAIS, the “Perceptual Reasoning In-
dex” accounts for 30% of the full-scale 1Q. Tests that are
regarded as covering spatial skills/perceptual organization
or perceptual reasoning in the WAIS include Block Design,
Matrix Reasoning, Visual Puzzles, Picture Completion, and
Figure Weights. Other tests not in the WAIS battery are the
Tactual Performance Test-Time and Raven’s Progressive
Matrices.

Speed of information processing/processing speed can
be defined as the ability to perform simple, repetitive cog-
nitive tasks quickly and fluently'®; in other words, process-
ing speed is the time it takes a person to perform a mental
task. In the WALIS, the “Processing Speed Index” accounts
for 20% of the full-scale IQ, but this index is not included
when calculating the GAI. Tests that cover processing
speed/perceptual organization or perceptual reasoning in
the WAIS include Digit Symbol/Coding, Symbol Search,
and Cancellation. Other tests not in the WAIS battery are
the Trail Making Test A, Stroop Words, Stroop Color, Color
Trails 1, and Symbol Digit Modalities Test (SDMT).

Attention/working memory, previously called short-term
or immediate memory, refers to the ability to store informa-
tion for a very short time, usually from a few seconds to
several minutes. As working memory is not dependent on
storing the information, it is usually classified as an ele-
ment of attention. In the WAIS, the “Working Memory In-
dex” accounts for 20% of the full-scale IQ, but this index is
not included when calculating the GAI. Tests for attention/
working memory in the WAIS include Digit Span, Arith-
metic, and Letter-Number-Sequencing. Other tests not in
the WAIS battery are the Paced Auditory Serial Addition
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Test (PASAT), Seashore Rhythm Test, Speech Sounds Per-
ception Test, and CANTAB Spatial Working Memory test.

Long-term memory is often divided into two major parts:
explicit (conscious or declarative) and implicit (uncon-
scious, nondeclarative or procedural). Implicit memory re-
fers to a heterogeneous collection of abilities (skill learning
or procedural memory), such as how to swim and ride a
bicycle.

Explicit memory can be divided into episodic and se-
mantic memory. While episodic memory stores personal,
autobiographical memories, semantic memory stores factu-
al information, such as the capital cities in a geographic
region. Most tests of long-term memory are on explicit
memory because this is the most realistic approach in a
structured test setting. Tests for verbal memory include the
Verbal Paired Associates task, word list learning tasks such
as the California Verbal Learning Test (CVLT), the Rey Au-
ditory Verbal Learning Test (RAVL; 10, 12 or 15 words),
and story memory/logical memory tasks. Tests for visual
memory include the Visual Paired Associates task, the Ben-
ton Visual Retention Test, the Rey-Osterreich complex fig-
ure test, and the Memory for Faces test (Warrington).

Executive functions refer to a complex set of processes
that have been broadly and variously defined'®. Lezak et
al.? describe executive functions as capacities that enable a
person “to engage successfully in independent, purposive,
self-directed, and self-serving behavior”. The central as-
pects of executive function are volition, planning, purpo-
sive action, and effective performance'®. Tests regarded as
covering executive functions include the Wisconsin Card
Sorting Test, Trail Making Test B, Color Trails 2, Stroop
Test (color-word interference), Halstead Category Test, and
Letter Fluency FAS.

Reaction time/response speed can serve as a relatively
direct way to assess processing speed. Simple reaction time
is frequently slowed with brain disease or injury, and reac-
tion time differences between healthy and demented sub-
jects become much larger when stimuli choices and/or re-
sponse choices are introduced”. Tests for reaction time
include the Neurobehavioral Evaluation System (NES
2&3)' and the Cambridge Neuropsychological Test Auto-
mated Battery (CANTAB).

Tests of manual dexterity/manual speed have frequently
been included in neuropsychological examinations. Brain
disorders often, but not always, have a slowing effect on
the finger tapping rate, and evidence exists that peg-placing
speed is reduced by a number of conditions, including toxic
exposure'?. Tests of manual dexterity/manual speed in-
clude the Grooved Pegboard Test, Purdue Pegboard Test,
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and Finger Tapping Test/Finger Oscillation Test.

Tremor is defined as “any involuntary, approximately
rhythmic, and roughly sinusoidal movement of a body
part”. It is produced by alternating or synchronous contrac-
tions of antagonist muscles. Tremor is characterized by its
frequency (Hz) and amplitude, and exposure to several
neurotoxins has been reported to cause tremor'®. Tremor
can be tested via the CATSYS Tremor Pen, Nine-hole
Steadiness/Static Steadiness Test, and Motor Steadiness
test.

Other motor skills refer to a variety of functions, among
which grip strength is measured in several neuropsycholog-
ical studies. There is evidence that changes in grip strength
correlate moderately with changes in cognitive function-
ing'¥. Among the tests categorized as “other motor skills”
are hand dynamometers to test grip strength, eurythmoki-
nesimeters (EKMs) and pursuit aiming.

Symptoms/subjective complaints can be an early indica-
tion of encephalopathy. Symptom questionnaires are com-
monly used to monitor workers who are occupationally or
environmentally exposed to neurotoxicants, shift work,
bullying, etc'”. The following questionnaires are often used
in occupational health settings: The Profile of Mood Scale
(POMYS), the Q16, and the Euroquest.

Results

Altogether, 559 papers were identified from the literature
search, and 24 studies were found to fulfil the inclusion cri-
teria and were subsequently included in the study. Eleven
studies were on workers in aluminum production plants?*3%,
and ten were on aluminum welders*' 9. One study com-
prised workers with different kinds of exposure*”, one
study was comprised of workers who recycled aluminum in
a salvage plant*” and one study examined workers who in-
haled aluminum powder*>.

In Table 1, the studies are presented in chronological or-
der by publication date. The table reports the study results
in 12 different neuropsychological domains. Among the 24
studies, approximately 1800 exposed subjects were includ-
ed, but this number depended on whether workers with low
exposure were regarded as exposed individuals or as refer-
ents. Two studies covering 286 subjects gave no indication
of exposure other than years exposed?!#.

The first study*® which assessed underground miners
who inhaled aluminum dust (“Mclntyre Powder”) to pro-
tect themselves from the pulmonary disease silicosis, had a
large impact on subsequent research in this field. Overall,
261 underground miners and 346 referents were examined
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Table 1. Neuropsychological function in workers exposed to aluminum

=5 2 2 £ = £ g
23 is 3 E 5 . - . 3 3
22 3 &8 g T =8 E» _2g § & = £ & g 4
S8 E 2 g S5 & g IR = £ g g 2 2 = EY ] £
E -y 58 S5, 8Y % 2r 5 3 ¢ § EF g 3 ¢
EE2E 28 3 § 32 =25 i 2T % i ¢ - T
5253 z & &5 >~ >% ads & & <z 5 5 3 & =3 £ & &
Rifat et al® 261 /346 v;- 72 1o 20/ + +
Hosovski et al.>” 87/60 Y;A;B; U 18.9 - + + +
White et al.?V * 25/— Y; - 18.7 - - + + +
Bast-Pettersen ef al.22 22/ 16 Y:A;S;U 192196 - “+) - - (+-) - + +
Hanninen et al.>" 17/ Y;S; U 15 + + -
Sjogren et al.’? 38/39 Y;B; U 17.1 - - - + + +
Sim et al?»® 63/37 A >10 - - - - +
Akila et al 3> ¢ 24/27/28 S; U NA (+/-) + - - - -
Guo et al®® 103/64 Y;A; U 16.6 + + + +
Bast-Pettersen et al > 20/20 Y;A; U 8.1 - + + +
Riihiméki et al. 3> ¢ 30/29/25 S; NA +
Letzel et al. > 32/30 Y;P;U 13.7 - - - - -
Iregren et al.*V ¢ 119-16-38/39  Y;B; U 15/8/15 - + + - +
Polizzi et al > 64/32 ;S 25.4 + +
He et al?” 32/34 Y;A; U 149 + - +
Buchta et al.*® 98/50 Y; A; P; U 6 - - - - + - - -
Buchta ef al.¥) 4437 Y. AP, U 114 - + + + (+-) - - -
Kiesswetter et al.®® f 20/12 Y;A;P;U 15 - - (+-) - - - - -
Kiesswetter et al.** 92/50 Y; A; P; U 8.8 - . . = - - . -
Deschamps et al.*? 30/60 Y;A;P;U 6.5 - - - -
Giorgianni et al.*? & 86/— Y A; 16? + + + +
Lu et al®® 66/70 H 30.2 + + +
Zawilla et al > 54/51 Y,A;S 21.6 - + + + +
Yang et al.’” 91/184/91 Y;S 212 + + +
Number of studies with 2+ 5H2(+-); T 1(+H-); 8+; 3+; 3t 1+ 1(+H); 5+ 1(+-); 2+ 2+; 2+; 11+
+/— 13— — 5- 8- 1- 1- 8- 5- 5- 2- 6—
Numeric sum score 0.13 0.46 0.6 0.5 0.75 1.0 0.5 0.39 029 029 05 0.65

Differences between groups in neuropsychological performance or differences related to exposure parameters: Large/Statistically significant difference p<0.05 +; Differences in the range of

p 0.05-0.10 (+/-); No difference p>0.10 —.

Type of exposure characterization: Years exposed: Y; Air measurements: A; Blood, including whole blood: B; Serum: S; Plasma: P; Aluminum in Urine: U.
Duration of exposure presented as hours in some studies but otherwise calculated as years of exposure.

Numeric sum score: 1 assigned to +; 0.5 assigned to (+/-); 0 assigned to —.

2The subjects were recruited by self-selection and were symptomatic workers.

® Some of the results are also published in Dick et al.*? The Dick et al.*» study focuses on tremor, and no tremor was observed. As the Dick et al.* study can be regarded as a double

publication, it is not included in the table.
¢ Akila e al® and

d Riihiméki ef al.* published results from the same subjects in a slightly different way. The symptom score is from the Riihiméki et al.*® study.

¢ Part of the sample, 38 welders and 39 referents, was used in Sjdgren et al.*®

"The subjects seem to have been split into two different cohorts based on company (automobile vs trains and trucks). Kiesswetter et al.>® is a follow-up of the study by Buchta et al.’”

Kiesswetter et al.> is a follow-up of Buchta et al.>®

¢ This study exhibits several methodological weaknesses. The presentation of the results in this study is unclear, and it is thus difficult to evaluate the findings.

with three tests (the MMSE, SDMT and Raven’s test). The
only exposure parameter was the number of years worked*>.
The exposed workers’ performance was poorer than those
of the referents. However, according to Cherry*¥, among
the exposed subjects, the subjects with the longest duration
of exposure had the fewest years of education. Further, the
referents had more years of education, and more of them
spoke English as their native language, which could have
further confounded the results. When the data were reana-
lyzed, a larger estimated effect was found among miners
with a native language other than English*®. Several of the
weaknesses of this study were not well recognized, which
led to further studies on possible nervous system effects
related to occupational exposure to aluminum.

A study from the former Yugoslavia found slower psy-
chomotor reaction, reduced memory and “disturbance of
the mental balance” in workers in an aluminum foundry??.
In a study of elderly workers employed in a primary alumi-

num plant, the potroom workers performed less well on a
test for tremor??. Further, there was a tendency to more
self-reported symptoms and lower performance in tests for
psychomotor tempo and visuospatial organization. In the
following years a study by Sim et al.*® as well as a study by
Bast-Pettersen et al.>® did not find increased tremor among
aluminum-exposed workers. However, in the latter, years
of exposure to aluminum, but not age, was predictive of
poorer performance on the tremor test. There was an asso-
ciation between slower reaction time and aluminum in the
air, and the exposed welders reported slightly more symp-
toms®?. Several studies conducted by a German research
group did not find increased tremor among workers ex-
posed to aluminum?¢39,

As shown in Table 1, there was a slight tendency toward
findings of impaired information processing speed based
on the test results from 13 studies. There were also reports
of poor performances on memory tests in four studies,
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among which two studies reported weaker performances on
verbal and visual memory test for subjects exposed to alu-
minum, while one study reported effects on verbal memory
and another reported effects on only visual memory. A ma-
jority of the studies reported symptoms.

Discussions

In this minireview of neuropsychological function asso-
ciated with occupational exposure to aluminum, there were
no clear, consistent findings of occupational aluminum ex-
posure being associated with neuropsychological deficits.
Approximately 1,500 workers were included in studies
where exposure was assessed in a more “objective” way
than via years exposed.

In 2007, Meyer-Baron et al.*” published a meta-analysis
that included nine studies of workers occupationally ex-
posed to aluminum, which together included 449 exposed
subjects and 315 referents. Several of the test results indi-
cated worse performances for the exposed group, but the
only significant overall effect was for an information pro-
cessing speed test, the Digit Symbol test. In the present
study, the finding of a weak tendency toward impaired in-
formation processing speed is consistent with the me-
ta-analysis published by Meyer-Baron et al.*?, but the pres-
ent study gives only a weak indication that such an
association exists.

The finding that few studies reported effects on verbal/
academic skills could be explained by the fact that the
groups were often matched according to verbal/academic
skills. The finding of more symptoms among the exposed
groups could be an indication of a possible, slight effect of
exposure. However, it might also, like in other studies of
neurotoxicants, be related to the fact that the subjects were
subjected to thorough examinations, which may have made
them more alert to possible symptoms than they might oth-
erwise have been.

Overall, only 24 studies that fulfilled the inclusion crite-
ria were included, which is small considering the number
of workers exposed to aluminum and the focus on alumi-
num in the environment. In addition to this small number of
subjects and studies, the types of neuropsychological tests
applied varied considerably.

Aspects of Validity

Inclusion criteria
The decision to exclude studies in which symptom ques-
tionnaires were the only measure of cognitive function was
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based on the fact that a symptom questionnaire is not a neu-
ropsychological test. A study of men in manual occupations
illustrated that self-reported conceptions of cognitive abili-
ties in occupational and environmental health settings can
be trusted to only a limited degree'.

Inclusion criteria other than those listed in the methods
section, such as response rate, were not applied in this
minireview. The present study represents more of a “state-
of-the-art review” than a “critical review™®. Such a state-
of-the-art review can be of value for new researchers in this
field, and the study could highlight that more research is
needed in this field.

Ways of categorizing tests

In this minireview, all tests were categorized as measures
of a specific neuropsychological function. However, there
are several ways to categorize tests, and while it is obvious
what some of the tests measure, it is not for many others.

Some tests can be classified as tests of memory but also
as tests of attention/working memory. An example of this is
the WALIS subtest Digit Span, which is often categorized as
a memory test in older studies; however, it was categorized
as an attention/working memory test in this review. The
Digit Span Backwards subtest is also classified under exec-
utive functioning in some studies.

Use of the term executive function is more complicated.
Some tests are regarded as “typical” tests of this function,
such as the Wisconsin Card Sorting Test and the Stroop
Color/Word Test'®. However, these tests are often not cho-
sen when designing large studies on exposed subjects,
mainly due to the amount of time available. Often, the Trail
Making Test B, which is easier to apply, is chosen as a mea-
sure of this function, which is in accordance with the clas-
sification used in the professional manual Norms for an
Expanded Halstead-Reitan Battery' and with several other
studies in the field of neurotoxicology, such as the me-
ta-analysis of manganese-exposed workers by Meyer-Bar-
on et al®

Another problem is the assessment of tremor. While
evaluations with accelerometers such as the CATSYS
Tremor Pen are definite tremor tests, the Klove-Mathews
Static Steadiness Test/Nine Hole Steadiness Test is some-
thing of a cross between a tremor test and a test of hand-eye
coordination®”. Other tests, such as those using the EKM>",
which measures precision (hand-eye coordination) and
tempo, are categorized in the present study under other mo-
tor skills.

As it is important for the groups under study to be similar
in terms of cognitive function, the verbal academic skills
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function is often used as a way of ensuring that the groups
are sufficiently similar. However, there is a risk that it will
go undiscovered if exposure leads to impairment of this
function, for example, if the comparisons between the ex-
posed and unexposed groups are adjusted for the level of
verbal academic skills along with age.

In the present study, a simplified scoring system was ap-
plied. There was no difference in scoring based on whether
the finding was supported by one or by several tests, and
only one test for a specific function showing poor perfor-
mance was taken as evidence that this function was im-
paired. This may represent a weakness of the study, as sev-
eral tests for a specific function might have been an
indication of a stronger association between exposure and
effects. However, there are many reasons for including a
limited number of neuropsychological tests in a study, with
the most obvious being that neuropsychological testing is
time consuming, and often the workers do not have the op-
portunity to be away from the workplace for a long time.

Does occupational exposure to aluminum increase the risk
of developing impaired cognitive function?

The question of whether occupational exposure to alumi-
num can increase the risk of developing severe neurologi-
cal disease is still unresolved. A recent study found that
miners who were exposed to respirable aluminum had ele-
vated rates of Parkinson’s disease. The miners exposed to
respirable aluminum did not have an elevated incidence
rate of Alzheimer’s disease. However, when a broader cat-
egory of Alzheimer’s disease and other dementias was ap-
plied, the exposed miners did have an increased risk of the
disease category of Alzheimer’s disease with other demen-
tias®?.

The present study focused on anticipated subtle func-
tional impairments of the nervous system, and the study
found modest findings on the relation of neuropsychologi-
cal impairment to aluminum exposure. However, even
small effects that can be attributed to exposure to aluminum
are of interest because aluminum, as the third most abun-
dant element on earth, is such an important environmental
facet. We do not know whether aluminum can lead to great-
er health risks related to nervous system function in some
groups (older persons, those with certain illnesses, prema-
ture infants receiving parenteral nutrition), with the excep-
tion of patients with renal failure. The existing studies are
too few to provide a conclusive answer regarding whether
occupational exposure to aluminum represents an increased
risk of damage to the nervous system in the form of im-
paired cognitive function.

Conclusions

No clear, consistent findings of occupational aluminum
exposure being associated with neuropsychological deficits
emerged after summarizing the results of the 24 studies in-
cluded in the analysis. There was a slight tendency toward
weaker performances on tests of information processing
speed and memory.

At present, the limited number of studies in this field
makes it difficult to draw a clear conclusion as to whether
occupational exposure to aluminum implies an increased
risk of altered neuropsychological function, and more re-
search in this field is needed.

Acknowledgments

Gunilla Wastensson, MD, PhD, University of Gothen-
burg, Sweden, provided valuable comments on the manu-
script.

Helen Sjoblom, librarian at the Biomedical Library, Uni-
versity of Gothenburg, Sweden, performed the systematic
literature search.

References

1)  Yokel RA, McNamara PJ (2001) Aluminium toxicokinetics:
an updated minireview. Pharmacol Toxicol 88, 159-67.

2) Sjogren B, Iregren A, Montelius J, Yokel RA (2015)
Aluminum. In: Handbook on the Toxicology of Metals,
Nordberg GF, Fowler BA, Nordberg M, (Eds.), 4th Ed.
549-64, Elsevier, Abingdon.

3) Kabir MT, Uddin MS, Zaman S, Begum Y, Ashraf GM, Bin-
Jumah MN, Bungau SG, Mousa SA, Abdel-Daim MM
(2021) Molecular mechanisms of metal toxicity in the
pathogenesis of Alzheimer’s Disease. Mol Neurobiol 58,
1-20.

4)  Yokel RA (2000) The toxicology of aluminum in the brain:
a review. Neurotoxicology 21, 813-28.

5) Willhite CC, Karyakina NA, Yokel RA, Yenugadhati N,
Wisniewski TM, Arnold MF, Momoli F, Krewski D (2014)
Systematic review of potential health risks posed by
pharmaceutical, occupational and consumer exposures to
metallic and nanoscale aluminum, aluminum oxides,
aluminum hydroxide and its soluble salts. Crit Rev Toxicol
44, 1-80.

6) Alfrey AC, LeGendre GR, Kaechny WD (1976) The dialysis
encephalopathy syndrome. N Engl ] Med 294, 184-8.

7)  Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT (2011)
Neuropathological alterations in Alzheimer disease. Cold
Spring Harb Perspect Med, 1, a006189.

8) Sjogren B, Lidums V, Hakansson M, Hedstrom L (1985)
Exposure and urinary excretion of aluminum during



104

9)

10)

11)
12)

13)

14)

15)
16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

welding. Scand J Work Environ Health, 11, 39-43.

Lezak MD, Howieson DB, Bigler ED, Tranel D (2012)
Neuropsychological Assessment. Oxford University Press,
New York, NY.

Folstein MF, Folstein SE, McHugh PR (1975) “Mini-mental
state”. A practical method for grading the cognitive state of
patients for the clinician. J Psychiatr Res 12, 189-98.
Shulman KI (2000) Clock-drawing: is it the ideal cognitive
screening test? Int J Geriatr Psychiatry 15, 548—61.

Anger WK (2014) Reconsideration of the WHO NCTB
strategy and test selection. Neurotoxicology 45, 224-31.
Strauss E, Sherman EMS, Spreen O (2006) A Compendium
of Neuropsychological Tests: Administration, Norms, and
Commentary. Oxford University Press, New York, NY.
Heaton RK, Miller SW, Taylor MJ, Grant I (2004) Revised
Comprehensive Norms for an Expanded Halstead-Reitan
Battery: Demographically Adjusted Neuropsychological
Norms for African American and Caucasian Adults.
Psychological Assessment Resources, Inc, Florida, FL.
Lichtenberger EO, Kaufman AS (2013) Essentials of WAIS-
IV Assessment. John Wiley & Sons, Hoboken, NJ.
Flanagan DP, Harrison PL (2012) Contemporary Intellectual
Assessment. (3rd Ed.) The Guilford Press, New York, NY.
Letz R, Pieper WA, Morris RD (1996) NES test performance
in a large US Army veteran sample: relationships with both
demographic factors and traditional neuropsychological
measures. Neurotoxicol Teratol 18, 381-90.

Wastensson G, Andersson EM, Bast-Pettersen R (2016)
Measuring tremor—does recording time matter? J Neurol
Neurophysiol 7, 398.

Bast-Pettersen R (2006) Self-reported conceptions of
with
neuropsychological test performance in manual workers.
Scand J Work Environ Health 2, 41-6.

Hosovski E, Mastelica Z, Sunderi¢ D, Radulovi¢ D (1990)
Mental abilities of workers exposed to aluminium. Med Lav
81, 119-23.

White DM, Longstreth WT, Rosenstock L, Claypoole KH,
Brodkin CA, Townes BD (1992) Neurologic syndrome in
25 workers from an aluminum smelting plant. Arch Intern
Med 152, 1443-8.

Bast-Pettersen R, Drables PA, Goffeng LO, Thomassen Y,
Torres CG (1994) Neuropsychological deficit among elderly
workers in aluminum production. Am J Ind Med 25, 649—
62.

Sim M, Dick R, Russo J, Bernard B, Grubb P, Kreig E,
Mueller C, McCammon C (1997) Are aluminium potroom
workers at increased risk of neurological disorders? Occup
Environ Med 54, 229-35.

Guo G, Ma H, Wang X, Liang Y (1999) Age-dependent
differences of neurobehavioural function among workers
exposed to aluminium. J Environ Med 1, 81-5.

Letzel S, Lang CJG, Schaller KH, Angerer J, Fuchs S,
Neundorfer B, Lehnert G (2000) Longitudinal study of
neurotoxicity with occupational exposure to aluminum dust.

memory and concentration compared

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

R BAST-PETTERSEN

Neurology 54, 997—-1000.

Polizzi S, Pira E, Ferrara M, Bugiani M, Papaleo A, Albera
R, Palmi S (2002) Neurotoxic effects of aluminium among
foundry workers and Alzheimer’s disease. Neurotoxicology
23, 761-74.

He SC, Qiao N, Sheng W (2003) Neurobehavioral,
autonomic nervous function and lymphocyte subsets among
aluminum electrolytic workers.
Pharmacol 16, 139-44.

Lu X, Liang R, Jia Z, Wang H, Pan B, Zhang Q, Niu Q
(2014) Cognitive disorders and Tau-protein expression
among retired aluminum smelting workers. J Occup Environ
Med 56, 155-60.

Zawilla NH, Taha FM, Kishk NA, Farahat SA, Farghaly M,
Hussein M (2014) Occupational exposure to aluminum and
its amyloidogenic link with cognitive functions. J Inorg
Biochem 139, 57-64.

Yang X, Yuan Y, Lu X, Yang J, Wang L, Song J, Nie J,
Zhang Q, Niu Q (2015) The relationship between cognitive
impairment and global DNA methylation decrease among
aluminum potroom workers. J Occup Environ Med 57,
713-7.

Hénninen H, Matikainen E, Kovala T, Valkonen S,
Riihiméki V. Internal load of aluminum and the central
nervous system function of aluminum welders (1994) Scand
J Work Environ Health 20, 279-85.

Sjogren B, Iregren A, Frech W, Hagman M, Johansson L,
Tesarz M, Wennberg A (1996) Effects on the nervous system
among welders exposed to aluminium and manganese.
Occup Environ Med 53, 32—40.

Akila R, Stollery BT, Rithimédki V (1999) Decrements in
cognitive performance in metal inert gas welders exposed to
aluminium. Occup Environ Med 56, 632-9.

Bast-Pettersen R, Skaug V, Ellingsen D, Thomassen Y
(2000) Neurobehavioral performance in aluminum welders.
Am J Ind Med 37, 184-92.

Riithiméki V, Hanninen H, Akila R, Kovala T, Kousma E,
Paakkulainen H, Valkonen S, Engstrom B (2000) Body
burden of aluminum in relation to central nervous system

Int J Immunopathol

function among metal inert-gas welders. Scand J Work
Environ Health 26, 118-30.

Buchta M, Kiesswetter E, Otto A, Schaller KH, Seeber A,
Hilla W, Windorfer K, Stork J, Kuhlmann A, Gefeler O,
Letzel S (2003) Longitudinal
neurotoxicity of occupational exposure to aluminium-

study examining the

containing welding fumes. Int Arch Occup Environ Health
76, 539-48.

Buchta M, Kiesswetter E, Schiper M, Zschiesche W,
Schaller KH, Kuhlmann A, Letzel S (2005) Neurotoxicity
of exposures to aluminium welding fumes in the truck
trailer construction industry. Environ Toxicol Pharmacol 19,
677-85.

Kiesswetter E, Schdper M, Buchta M, Schaller KH,
Rossbach B, Scherhag H, Zschiesche W, Letzel S (2007)
Longitudinal study on potential neurotoxic effects of

Industrial Health 2022, 60, 97—105



ALUMINUM AND NEUROPSYCHOLOGICAL FUNCTION

39)

40)

41)

42)

43)

44)

45)

aluminium: I. Assessment of exposure and neurobehavioural
performance of Al welders in the train and truck construction
industry over 4 years. Int Arch Occup Environ Health 81,
41-67.

Kiesswetter E, Schidper M, Buchta M, Schaller KH,
Rossbach B, Kraus T, Letzel S (2009) Longitudinal study on
potential neurotoxic effects of aluminium: II. Assessment of
exposure and neurobehavioral performance of Al welders in
the automobile industry over 4 years. Int Arch Occup
Environ Health 82, 1191-210.

Giorgianni CM, D’Arrigo G, Brecciaroli R, Abbate A,
Spatari G, Tringali MA, Gangemi S, DeLuca A (2014)
Neurocognitive effects in welders exposed to aluminium.
Toxicol Ind Health 30, 347-56.

Iregren A, Sjogren B, Gustafsson K, Hagman M, Nylén L,
Frech W, Andersson M, Ljunggren KG, Wennberg A (2001)
Effects on the nervous system in different groups of workers
exposed to aluminium. Occup Environ Med 58, 453-60.
Deschamps FJ, Lesage FX, Chobriat J, Py N, Novella JL
(2009) Exposure risk assessment in an aluminium salvage
plant. J Occup Environ Med 51, 1267-74.

Rifat SL, Eastwood MR, McLachlan DR, Corey PN (1990)
Effect of exposure of miners to aluminium powder. The
Lancet 336, 1162-5.

Dick RB, Krieg Jr. EF, Sim MA, Bernard BP, Taylor BT
(1997) Evaluation of tremor in aluminum production
workers. Neurotoxicol Teratol 19, 447-53.

Cherry NM (1992) Epidemiological issues in assessing the
neurotoxic effects of occupational exposure to aluminum.
In: Proceedings from the Second International Conference
on Aluminum and Health 185-6. Tampa, Florida.

46)

47)

48)

49)

50)

51)

52)

105

Rifat SL (1992) Cognitive deficit after expoure to McIntyre
powder: exposure or artifact? In: Proceedings from the
Second International Conference on Aluminum and Health
177-81 Tampa, Florida.

Meyer-Baron M, Schaper M, Knapp G, Vanthriel C (2007)
Occupational aluminum exposure: evidence in support of
its neurobehavioral impact. Neurotoxicology 28, 1068-78.
Grant MJ, Booth A (2009) A typology of reviews: an
analysis of 14 review types and associated methodologies.
Health Info Libr J 26, 91-108.

Meyer-Baron M, Schédper M, Knapp G, Lucchini R, Zoni S,
Bast-Pettersen R, Ellingsen DG, Thomassen Y, He S, Yuan
H, Niu Q, Wang XL, Yang YJ, Iregren A, Sjogren B, Blond
M, Laursen P, Netterstrom B, van Thriel C (2013) The
neurobehavioral impact of manganese: results and
challenges obtained by a meta-analysis of individual
participant data. Neurotoxicology 36, 1-9.

Bast-Pettersen R, Ellingsen D (2005) The Klove—Matthews
static steadiness test compared with the DPD TREMOR
comparison of a fine motor control task with measures of
tremor in smokers and manganese-exposed workers.
Neurotoxicology 26, 331-42.

Wastensson G, Lamoureux D, Sillsten G, Beuter A,
Barregard L (2008) Quantitative assessment of neuromotor
function in workers with current low exposure to mercury
vapor. Neurotoxicology 29, 596—604.

Zeng X, MacLeod J, Berriault C, DeBono NL, Arrandale
VH, Harris AM, Demers PA (2021) Aluminum dust
exposure and risk of neurodegenerative diseases in a cohort
of male miners in Ontario, Canada. Scand J Work Environ
Health 47, 531-9.



