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DISCLAIMER 

This report was prepared by Intrinsik Corp. (Intrinsik) at the request of Workplace Safety and 
Insurance Board (WSIB). 

Intrinsik makes no representation, warranty or condition to any third party with respect to this 
report or the information contained herein other than that Intrinsik has exercised reasonable 
skill, care and diligence in accordance with accepted practice and usual standards of 
thoroughness and competence for the professions of epidemiology, toxicology, and 
environmental assessment to assess and evaluate information acquired during the preparation 
of this report. Any information or facts provided to Intrinsik by others, and referred to or utilized 
by Intrinsik in the preparation of this report, is believed to be accurate without any independent 
verification or confirmation by Intrinsik. This report is based upon and limited by circumstances 
and conditions stated herein, and upon information available at the time of the preparation of the 
report. This report is not necessarily definitive, authoritative, comprehensive, or current. This 
report represents the findings, views, opinions and conclusions of Intrinsik only. This report is 
neither official nor unofficial policy of WSIB and WSIB does not necessarily endorse the 
findings, views, opinions and conclusions expressed by Intrinsik in this report. WSIB, including 
its directors, officers, employees and agents, accepts no responsibility for this report. 

Neither Intrinsik nor WSIB nor any of their directors, officers, employees and agents shall be 
liable in any way to any third parties, including without limitation, for any errors, omissions or 
inaccuracies that may exist in the report, or for the results of any action taken by any third 
parties on the basis of the information contained in the report, or any loss or damage sustained 
by any third parties caused by their reliance on the report.  

2018 REVISION TO FINAL REPORT 

This report has been revised from the previous final version provided to WSIB on April 28, 2017, 
to correct an error arising from an incorrect exposure level provided in one of the report source 
documents. Specifically, the 1992 IDSP Report stipulated an airborne McIntyre Powder 
exposure level of 353 mg/m3. Subsequent to the release of the 2017 report, WSIB was able to 
obtain McIntyre Research Foundation records from the Archives of Ontario (in particular 
Newkirk, 1972) that indicated the recommended dispersal was actually 1 gram of McIntyre 
Powder per 1000 cubic feet of air (equivalent to 1 mg/ft3 or 35.6 mg/m3), and that the 1992 IDSP 
Report was in error.  
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EXECUTIVE SUMMARY 
 
The Workplace Safety and Insurance Board of Ontario (WSIB) is interested in determining 
whether historical occupational exposure to aluminum dust resulted in adverse health conditions 
among workers, and in particular, whether there is an increased risk of developing neurological 
disorders in workers exposed to McIntyre Powder. McIntyre Powder is a finely ground aluminum 
dust that was used as a prophylactic agent against silicosis. In response, Intrinsik Corp. 
(Intrinsik) has prepared this systematic review of the peer reviewed epidemiologic literature that 
evaluated occupational aluminum exposure and adverse health conditions. The systematic 
review is intended to specifically evaluate whether there is evidence for an association between 
occupational exposure to: (i) McIntyre Powder; (ii) aluminum oxides from other sources (e.g., 
welding); or, (iii) other aluminum compounds, and neurological outcomes (such as Alzheimer’s 
disease, Parkinson’s disease, and Amyotrophic Lateral Sclerosis), and other health outcomes. 
 
Aluminum is a silvery-white metal that is light-weight and obtained from aluminum containing 
minerals, such as bauxite. Aluminum is the most abundant metal and the third most abundant 
element in the Earth’s crust, naturally occurring in air, water and soil. There are several different 
aluminum compounds including aluminum oxide (Al2O3), aluminum chlorohydrate, aluminum 
hydroxide (Al(OH3)), aluminum chloride (AlCl3), aluminum lactate, aluminum phosphide (AlP), 
aluminum phosphate (AlPO4), and aluminum nitrate (Al(NO3)3). With respect to the potential for 
aluminum exposure in the workplace and the current systematic review, elemental aluminum and 
aluminum oxide (i.e., alumina) are considered most relevant. 
 
Aluminum and its compounds can enter the body via inhalation of dust and particles in the air, 
ingestion of food and water, and through dermal contact. Aluminum is poorly absorbed via 
ingestion and inhalation pathways and is essentially not absorbed dermally. Aluminum can be 
measured in the blood, urine and feces and is routinely found in healthy individuals due to its 
ubiquitous nature and presence in many food and consumer items. While it is generally accepted 
that aluminum biomarker data do not demonstrate acute variations of exposure, urinary 
aluminum measures may be appropriate indicators in the case of stable and continuous 
exposure to aluminum.   
 
The Cochrane Handbook for Systematic Reviews of Interventions (Cochrane Collaboration, 
2009) governed the study search and evaluation process for the systematic review of 
occupational aluminum exposure and adverse health outcomes. The systematic nature of the 
literature review is intended to provide reproducible protocol and to reduce the potential for bias 
in the findings. The literature review included a search of epidemiological studies that investigate 
the health effects (primarily neurological disorders) associated with occupational exposure to 
aluminum.  This review specifically excluded acute conditions such as contact dermatitis or other 
allergic reactions.  The search strategy used controlled vocabulary terms and keywords including 
terms for “Occupational”, “Aluminum”, “McIntyre Powder”, “Alzheimer’s disease”, “Parkinson’s 
disease”, “Amyotrophic Lateral Sclerosis” and additional neurological and other conditions. 
 
The peer reviewed and grey literature searched identified 62 studies, published between 1985 
and 2016, which were selected for inclusion in the review. The Newcastle–Ottawa Scale (NOS) 
was applied to assess the quality of included studies.  Forty-seven studies investigated 
aluminum exposed workers at a single point in time (cross-sectional study type), eight followed 
workers over a period of time (longitudinal cohort study type), and seven were case-control 
studies.  One study was removed from the review due to unsatisfactory quality. Most studies 
reviewed had a comparison, or control population, and varied on many characteristics. Overall, 
the selected literature primarily studied neurological (31 studies) or respiratory (17 studies) 
endpoints, but a variety of other health outcomes were also included, such as cancer, 
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cardiovascular disease, and mortality. Most studies on neurological or respiratory outcomes 
included various neurological tests or lung function tests, respectively.  Because the included 
studies covered a broad range of health outcomes, study designs, occupational settings, etc., the 
methods applied in synthesizing the information was also diverse. This literature review used a 
combination of meta-analytic techniques, semi-quantitative tabulation of study characteristics, 
and narrative review methods.  
 
A focus of the literature review was to consider possible effects of aluminum powder inhaled by 
workers for the purpose of acting as a prophylaxis for silicosis, referred to as McIntyre Powder.  
However, only three studies assessed this specific type of aluminum exposure.  Therefore, there 
were insufficient studies to perform subgroup analyses for McIntyre Powder exposed workers.  
Of the McIntyre worker studies, two found no increased risk of Alzheimer’s disease related to 
McIntyre Powder exposure (McDonald et al. 1996, Peters et al. 2013).  The third study, Rifat et 
al. (1990), showed a positive association between McIntyre Powder exposure and decreased 
performance on cognitive tests; no differences in diagnosed neurological disorders were 
apparent in the exposed workers compared to non-exposed referent workers.  
 
Findings for aluminum exposed workers in well-studied industries (e.g., aluminum production and 
welding) are pertinent to the McIntyre Powder exposed workers, particularly because all 
occupational exposure to aluminum particles is via inhalation.  In addition, the forms of aluminum 
in McIntyre Powder (i.e., 15% elemental aluminum and 85% aluminum oxide) are the forms most 
often studied in the occupational health literature.  Data on the amount of McIntyre Powder to 
which workers were regularly exposed is scarce, making it difficult to compare cumulative 
aluminum exposures for McIntyre Powder exposed workers to workers in other industries.  
 
According to McIntyre Research Foundation records, the recommended dispersal amount of 
McIntyre Powder for group prophylaxis was one gram of powder per 1000 cubic feet of air, or the 
equivalent of 35.6 milligrams per cubic meter (mg/m3), for 10 minutes per day (Newkirk, 
1972).1 While short-term exposure limits for occupational aluminum exposure have not been 
established, the reported McIntyre Powder exposure level averaged over an 8-hour workday 
equates to a 0.74 mg/m3 time-weighted average; this is below the range of occupational 
exposure limits for aluminum (from 1 to 15 mg/m3 8-hour TWA). 
 
Because the purpose of many studies selected in the literature review was not to assess the risk 
of specific (i.e., diagnosable) health outcomes but rather to more broadly examine the potential 
effects on neurobehavioral or respiratory performance, the results of the systematic review are 
ordered into ICD-diagnosable conditions versus other studied health outcomes (i.e., non ICD-
diagnosable conditions).   
 
Diagnosable health outcomes considered in this systematic review included the following 
neurological diseases: Alzheimer’s disease, Parkinson’s disease, or ALS.  Meta-analysis was 
conducted to systematically quantify the relationship between occupational exposure to 
aluminum and risk of Alzheimer’s disease.  Three case-control studies and one retrospective 
matched cohort study met the criteria for inclusion.  Results of the meta-analysis indicated that 
occupational aluminum exposure was not associated with Alzheimer’s disease (odds ratio, 1.28; 

                                                
 
1 This information was revised from the Final Report dated April 28th, 2017, which referenced McIntyre 

Powder exposure levels (353 mg/m3 of air) contained within the 1992 IDSP Report.  McIntyre Research 
Foundation records subsequently obtained from the Archives of Ontario indicate that the recommended 
dispersal was actually 1 gram of McIntyre Powder per 1000 cubic feet of air (equivalent to 1 mg/ft3 or 
35.6 mg/m3). 
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95% confidence interval, 0.78 to 2.10).  The literature review identified one study examining 
aluminum as a potential risk factor for ALS, and one study examining aluminum as a potential 
risk factor for Parkinson’s disease; neither reported an association between aluminum and the 
neurological disease.     
 
In addition to neurological disease, this systematic review also summarizes the epidemiological 
literature on more rarely studied diagnosable conditions, and there potential association with 
occupational aluminum exposure, including cardiovascular outcomes, cancer, diabetes, 
mortality, osteodystrophy, and reproductive effects.  Weak associations, based on few cases, 
were reported between aluminum exposure and non-malignant respiratory disease mortality, 
cerebrovascular disease mortality, and cardiovascular mortality (Friesen et al., 2009, Peters et 
al., 2013).  Of four studies investigating potential biomarkers of cancer, two found some evidence 
of association or correlation between aluminum exposure and DNA damage although the 
biologic significance of those findings is unknown (Botta et al., 2006; Hou et al., 2011).  Overall, 
the findings related to other health outcomes provided suggestive but no conclusive evidence of 
adverse effects related to occupational aluminum exposure.       
 
Results for the non ICD-diagnosable conditions, including neuropsychological and lung function 
test outcomes, make up a large part of this systematic review.  Meta-analysis was applied to pool 
the effect sizes from cross-sectional studies comparing seven neuropsychological test results 
from aluminum exposed to non-aluminum exposed workers.  The meta-analysis 
neuropsychological test results revealed four (of seven) statistically significant effects of 
decreased test performance in workers occupationally exposed to aluminum:  i) Santa Ana 
Dexterity dominant hand; ii) simple reaction time; iii) digit symbol; and, iv) mini mental status 
examination (MMSE) score.  While meta-regressions performed with the available exposure data 
showed no dose-response trends for these effects, these findings are uncertain given the limited 
number of studies that included exposure data and the inconsistent methods used to investigate 
dose across the different studies.  Meta-analysis effect sizes for Santa Ana Dexterity non-
dominant hand, digit span forward, and digit span backward were not statistically significant.   
 
Critical analysis of additional neuropsychological test outcomes (not included in the meta-
analyses) did not detect systematic patterns of significant findings by neuropsychological testing 
domain or aluminum exposure levels.  However, results were difficult to interpret given the non-
uniform nature of occupational settings, neuropsychological tests used, cognitive domains, 
different exposure parameters considered, as well as other factors.  Longitudinal evidence from 
workers with relatively high aluminum exposure metrics (i.e., urinary Al>100 µg/l) did not reveal 
any cognitive decline after four to five years of exposure to aluminum dust in workers of a 
powder-producing plant or exposure to aluminum fumes in welders (according to Letzel et al. 
(2000) and Kiesswetter et al. (2007), respectively).   
 
Most studies examining lung function were cross-sectional study designs that included cross-
sectional data from spirometry testing.  Meta-analysis was conducted to pool the effect sizes 
from cross-sectional studies comparing three lung function test results from aluminum exposed 
to non-aluminum exposed workers: i) percent predicted forced vital capacity (ppFVC); ii) percent 
predicted forced expiratory volume in one second (ppFEV1); and, iii) percent predicated mean 
forced expiratory flow during mid-half of the FVC (ppFEF25-75).  Meta-analyses detected a slight 
impairment in two lung function outcomes (ppFEV1 and ppFEF25-75) in aluminum workers 
compared to referents.  However, mean data on the clinically relevant measure of ratio 
FEV1/FVC characterized all aluminum exposed groups as having normal lung function.  A 
number of studies examining respiratory effects did not have adequate data for inclusion in the 
meta-analysis and were instead assessed qualitatively.  Findings from these additional studies 
mainly showed a lack of significant differences between aluminum exposed workers and non-
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exposed workers in terms of lung function and did not support the potential effects on ppFEV1 
and ppFEF25-75 found in the meta-analysis. 
 
The main limitation of this review lies in interpreting aluminum exposure across the body of 
literature.  Namely, the collection of aluminum exposure data varied considerably depending on 
the individual study.  Fewer than half of studies sampled aluminum in workplace air.  Biomarker 
measures of aluminum body burden included aluminum in urine, aluminum in blood, and 
aluminum in serum.  However, the importance of aluminum biomonitoring data in workers is 
questionable with different findings on how well biomarker measures correlate to chronic 
exposure.  In addition, interpreting aluminum exposure data was limited due to potential 
confounding from other hazardous exposures.  Occupational workers exposed to aluminum (e.g., 
miners, welders, aluminum production or refinery workers) are also often exposed to a mixture of 
hazardous substances.   
 
There are two conditions that are only minimally considered in this review because of the 
absence of suitable published studies: pneumoconiosis and certain cancers.  The Peters et al. 
(2013) study in Australia did not find an excess of pneumoconiosis.  As to cancer, the 
International Agency for Research on Cancer has categorized aluminum production as a human 
carcinogen. This is because occupational exposures during aluminum production cause cancer 
of bladder, and, to a lesser extent, of the lung. However, as noted in the review, the carcinogen 
that results in the increased incidence of these cancers is not aluminum itself, rather other 
agents (e.g., PAHs) that are carcinogenic.  
 
Overall, the systematic review and meta-analysis showed that the question of health risks from 
occupational aluminum exposure is complex. The findings across the literature were 
inconsistent. Epidemiological studies have failed to establish consistent associations or clear 
exposure response relationships between workplace aluminum and neurological diseases, 
neuropsychological outcomes, and lung function outcomes, and other adverse outcomes.  
Consideration of the evidence for neurological diseases, neuropsychological outcomes, and lung 
function outcomes in context of the Bradford Hill criteria for causality (temporality, strength, dose-
response relationships, replicability, and biologic plausibility) found most of the criteria were not 
satisfied and judged the certainty of evidence for an association with occupational aluminum to 
be very low.  Due to the small number of studies, the evidence for other diagnosable conditions 
(e.g., cancer, diabetes, mortality) was insufficient to complete an assessment of causality. 
Although findings cannot conclusively state whether or not aluminum is a causative agent in 
development of adverse health conditions, the evidence considered in total has not supported a 
link. 
 
 
   



 
REVISED FINAL REPORT 
 
  
 
 
 
 
 
 

 
Systematic Review of Occupational Aluminum Exposure and Adverse Health Conditions March 2018 
Intrinsik Corp. Page 1  

SYSTEMATIC REVIEW OF OCCUPATIONAL ALUMINUM EXPOSURE AND ADVERSE 
HEALTH CONDITIONS 

 
1.0 BACKGROUND AND SCOPE 
 
1.1 Project Description  
 
Intrinsik Corp. (Intrinsik) has prepared this systematic review of the peer reviewed epidemiologic 
literature that evaluated occupational aluminum exposure and adverse health conditions for the 
Workplace Safety and Insurance Board of Ontario (WSIB).    
 
The WSIB is interested in determining whether historical occupational exposure to aluminum 
dust resulted in adverse health conditions among workers in the Ontario mining industry. The 
WSIB is requesting a systematic review to examine whether workers with occupational 
exposure to aluminum have an increased risk of developing adverse health conditions.  The 
WSIB is particularly interested in whether there is an increased risk of developing neurological 
disorders in workers exposed to McIntyre Powder.    
 
McIntyre Powder is a finely ground aluminum dust that was used as a prophylactic agent 
against silicosis. In the mining industry, a prophylaxis program using McIntyre Powder was 
implemented between 1943 and 1979 on hardrock miners in northern Ontario. This program 
ceased when a Ministry of Labour Scientific Task Force concluded that there was insufficient 
evidence of the benefits of inhaling aluminum dust and recommended that studies be conducted 
to identify potential health effects resulting from exposure to McIntyre Powder. As a result of this 
recommendation, the Northern Ontario Miner’s Health Study was initiated in 1987 to identify any 
long-term health effects of exposure. The results of this study showed no increased incidence of 
neurological disorders in exposed miners; however, a higher proportion of exposed miners 
showed cognitive impairment compared with unexposed miners. Another study conducted by 
the Industrial Disease Standards Panel (IDSP) looked at linkages between aluminum blood 
levels and adverse health effects in the aircraft manufacturing industry, resulting in two reports. 
These reports concluded that evidence was “inadequate to allow the Panel to conclude that 
occupational aluminum exposure causes neurological health effects”. 
 
The systematic review is intended to specifically evaluate whether there is evidence for an 
association between: 

1. occupational exposure to McIntyre Powder and 
a. Alzheimer’s disease, Parkinson’s disease, Amyotrophic Lateral Sclerosis (ALS) 

and other neurological conditions 
b. other health conditions including, but not limited to, the peripheral nervous 

system, the respiratory system, the cardiovascular system and cancer outcomes 
2. occupational exposure to aluminum oxides from other sources (e.g., welding) and   

a. neurological outcomes as listed above 
b. other health conditions as listed above 

3. occupational exposure to other aluminum compounds and  
a. neurological outcomes as listed above 
b. other health conditions as listed above 

 
This information may be considered by the WSIB in reviewing the issue of entitlement for 
occupational disease claims among workers with occupational aluminum exposure.   
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1.2 Objectives of the Systematic Review 
 
The information provided by this systematic review will be used to help inform WSIB’s 
understanding of the association between aluminum exposure and various health effects.  As 
such, the objectives of the systematic review are to:  

• Describe the toxicokinetics and toxicodynamics of aluminum in humans, by aluminum 
compound; 

• Examine the epidemiologic evidence for risk of developing adverse health conditions in 
McIntyre Powder-exposed workers; 

• Examine the epidemiologic evidence for risk of developing adverse health conditions in 
other aluminum-exposed workers (i.e., aluminum oxides from other sources, other 
aluminum compounds); 

• Identify any subgroups of workers with occupational aluminum exposure who have an 
increased risk of developing adverse health conditions; 

• Identify exposure-response relationships, such as increasing risk of developing adverse 
health outcome with increasing duration, frequency and/or intensity of exposure, or 
identify a minimum threshold of exposure below which no adverse health conditions 
were reported; 

• Determine whether a causal relationship can be established for any health conditions 
based on the available scientific evidence; and, 

• Assess whether the findings of aluminum-exposed workers in other 
industries/occupations (e.g., workers in aluminum smelters, aircraft manufacturing or 
aluminum welding) are generalizable to McIntyre Powder-exposed workers. 
 

1.3 Health Outcomes Included in the Systematic Review 
 

In the Request for Proposals (RFP), the WSIB requested a systematic review “to examine 
whether workers with occupational exposure to aluminum have an increased risk of developing 
adverse health conditions.”  Therefore, the systematic review considered any chronic health 
outcome potentially associated with occupational exposure to aluminum.  Per discussions with 
the WSIB, acute health effects (e.g., acute dermatitis) were excluded. The International 
Statistical Classification of Disease and Related Health Problems (ICD 10th Revision) identifies 
the following health endpoints relevant to this systematic literature review (Table 1-1). 
 
Table 1-1 ICD 9th and 10th Revision Codes for Specific Diseases and Health Problems 
Disease/Health Problem ICD-9 ICD-10 
Disease of the nervous system 
Parkinson disease 
Alzheimer disease 
Motor neuron disease (Lateral sclerosis: amyotrophic) 
Other disorders of the peripheral nervous system 

320-389 
332 
331 

335.2 
350-359 

G00-G99 
G20 
G30 

G12.2 
G64 

Organic, including symptomatic, mental disorders 
Dementia in Alzheimer disease 
Dementia in Parkinson disease 

290-319 (mental disorders) 
290 (dementia) 

F00-F09 
F00 

F02.3 
Symptoms and signs involving cognition, perception, 
emotional state and behavior 
Other and unspecified symptoms and signs involving 
cognitive functions and awareness 

V40 (mental and behavioral 
problems) 

R40-R46 
 
 

R41.8 
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Table 1-1 ICD 9th and 10th Revision Codes for Specific Diseases and Health Problems 
Disease/Health Problem ICD-9 ICD-10 
Diseases of the respiratory system 
Chronic lower respiratory diseases 
Pneumoconiosis 
Respiratory conditions due to inhalation of chemicals, 
gases, fumes and vapors 

460-519 
490-496 
500-508 

506 

J00-J99 
J40-J47 
J60-J65 

J68 

Diseases of the circulatory system 390-459 I00-I99 
Neoplasms 140-239 C00-D48 

 
Further, the RFP described “The WSIB is particularly interested in whether or not there is an 
increased risk of developing neurological disorders in workers exposed to McIntyre Powder”.  
Because of the particular interest in neurological disorders (e.g., Alzheimer’s disease, 
Parkinson’s disease, and Amyotrophic Lateral Sclerosis (ALS)), the epidemiology (e.g., 
occurrence, known risk factors, etc.) of those particular disorders are summarized briefly in the 
sections below.   
 
1.3.1 Alzheimer’s Disease 
 
The Agency for Toxic Substances and Disease Registry (ATSDR) (2009) defines Alzheimer’s 
disease (AD) as “a neurodegenerative disorder, which is manifested clinically as a progressive 
deterioration of memory and cognition”. Alzheimer’s disease is the most common cause of 
dementia among older adults, with memory problems being one of the first and most common 
signs (NIH, 2016). Currently, 1 in 9 people >65 years has Alzheimer’s disease (Alzheimer’s 
Association, 2016). The risk of death from Alzheimer’s disease increases significantly with age 
(CDC, 2014) (Figure 1).  
 

 
Figure 1-1 Age-adjusted death rates for Alzheimer`s disease: United States, 2000 and 

2010 (Tejada-Vera, 2010)     
 
Although the cause of Alzheimer’s disease is not fully understood, genetic, environmental and 
lifestyle factors are thought to play a role (NIH, 2016). Once diagnosed, the symptoms of 
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Alzheimer’s disease can be managed with medications that regulate neurotransmitters and may 
help to maintain thinking, memory and communication skills. However, there are no medications 
that impact the underlying disease process meaning that symptoms will progress and the 
disease cannot be cured at this time (NIH, 2016).  
 
1.3.2 Parkinson’s Disease 
 
Parkinson’s disease is a type of motor system disorder that is the result of a loss of dopamine-
producing brain cells (NINDS, 2015). Parkinson’s is a chronic and progressive disease of the 
nervous system that can cause tremors, muscle stiffness, slowed movements or changes in 
speech. More advanced stages can also include cognitive impairment, mood and behavioural 
disorders, and dementia. After Alzheimer’s, Parkinson’s disease is the second most common 
neurodegenerative disorder, with 100,000 people currently living with the disease in Canada, 
1,000,000 in the US, and more than 10 million worldwide (PDF, 2016; UCB, 2016). As many as 
6,000 new cases of Parkinson’s disease are diagnosed each year in Canada (UCB, 2016). The 
majority of people diagnosed with Parkinson’s are greater than 60 years old; however, 
approximately 5-10% of cases are younger than 50.  
 
The risk factors associated with development of Parkinson’s disease are thought to be a 
combination of genetic and environmental influences (NINDHS, 2015). It is estimated that as 
many as 15-20% of cases have a family history of the disease (NINDHS, 2015). Men are one-
and-a-half-times more likely to develop Parkinson’s disease than women. Certain factors have 
also been found to have a protective effect, including individuals with high levels of vitamin D 
having a lower likelihood of developing the disease when compared to people with very low 
levels of vitamin D in their blood stream (NINDHS, 2015). 
 
There is currently no cure to stop or reverse the progression of Parkinson’s disease; however, 
treatment options are available to manage symptoms including Deep Brain Stimulation (DBS) 
for the treatment of Parkinson’s tremors. DBS is widely used to help control symptoms, and in 
some cases, has been found to improve motor function and quality of life even more than the 
most effective medications (NINDHS, 2015). 
 
1.3.3 Amyotrophic Lateral Sclerosis (ALS) 
 
ATSDR (2008) defines Amyotrophic Lateral Sclerosis, or ALS, as “a progressive disease of the 
central nervous system that is characterized by an accumulation of neurofibrillary tangles”. Also 
known as Lou Gehrig's disease, ALS is a type of motor neuron disease that attacks the nerve 
cells responsible for voluntary muscle movement (NINDS, 2013). Worldwide, ALS is one of the 
most common neuromuscular diseases, affecting people of all races and ethnic backgrounds. It 
is more common among males and those age 60-69 years old. In the US, there are currently 
12,000 diagnosed cases of ALS (NINDS, 2013).  
 
The occurrence of ALS is not well understood, appearing to occur at random with no apparent 
risk factors for 90-95% of cases. The other 5-10% of cases are inherited (NINDS, 2013). There 
is currently no cure for ALS; however, medications are available to control symptoms and 
prolong survival by reducing damage to motor neurons. Despite medication to slow the damage, 
there is nothing currently available to repair damage that has already occurred (NINDS, 2013).  
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2.0 ALUMINUM TOXICOLOGY 
 
2.1 Aluminum Compounds 
 
Aluminum is a light-weight silvery-white metal that is obtained from aluminum containing 
minerals, such as bauxite (ATSDR, 2008). Once aluminum is recovered from mineral ores, it 
forms metals, compounds, complexes or chelates. There are several different aluminum 
compounds including aluminum oxide (Al2O3), aluminum chlorhydrate, aluminum hydroxide 
(Al(OH3)), aluminum chloride (AlCl3), aluminum lactate, aluminum phosphide (AlP), aluminum 
phosphate (AlPO4), and aluminum nitrate (Al(NO3)3). With respect to the potential for aluminum 
exposure in the workplace and the current systematic review, elemental aluminum and 
aluminum oxide (i.e., alumina) are considered most relevant. 
 
2.2 Toxicokinetics and Toxicodynamics of Aluminum in Humans 
 
Aluminum and its compounds can enter the body via inhalation of dust and particles in the air, 
ingestion of food and water, and through dermal contact. The fate and transport of aluminum is 
determined by environmental factors such as pH, salinity and the presence of the other 
elements with which it forms complexes. Aluminum is poorly absorbed via ingestion and 
inhalation pathways and is essentially not absorbed dermally (ATSDR, 2008).   
 
The two types of aluminum that are most relevant to this systematic review are elemental 
aluminum (Al) and aluminum oxide (Al2O3). Where information is available, the absorption, 
distribution, metabolism and elimination/excretion are discussed in terms of these specific types 
of aluminum; however, in most cases no distinction was made.   
 
2.2.1 Absorption 
 
The percentage of aluminum that is absorbed following inhalation has not been reported in 
toxicokinetic studies; however, a fractional absorption of 1.5-2% was estimated based on 
airborne aluminum levels and urinary excretion (Yokel and MacNamara, 2001). Additionally, it 
has been suggested that absorption of aluminum from the lungs into the bloodstream is higher 
in individuals exposed to aluminum fumes compared to aluminum dust, which is consistent with 
the understanding of particle size and relative absorption (ATSDR, 2008). Several animal 
studies found that aluminum remained in the lungs after inhalation exposure to aluminum oxide; 
however, no significant increase was found in other tissues or serum, indicating retention rather 
than absorption occurring in the lungs (Steinhagen et al., 1978; Stone et al., 1979).  
 
Aluminum present in food and drinking water is poorly absorbed in the gastrointestinal tract 
(ATSDR, 2008). Several human studies estimated aluminum absorption efficiencies of 0.07-
0.39% following administration via drinking water. Other studies considering fractional 
bioavailability in urine and bone found that absorption rates were 0.04-0.06%, when liver and 
brain levels were considered, rates were estimated at 0.1% (Jouhanneau et al., 1993; 1997). In 
the diet, aluminum bioavailability is highly dependent on its form and the presence of other food 
constituents with which it can form complexes, such as citric acid. Based on available evidence, 
it is likely that the oral absorption of aluminum can vary 10-fold depending on chemical form 
alone (ATSDR, 2008). 
 
For dermal absorption, limited data is available; however, aluminum chlorohydrate salt present 
in antiperspirant was tested on two subjects with an absorption rate of 0.012% (Flarend et al., 
(2001). 
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2.2.2 Distribution 
 
Aluminum can be found naturally occurring in all bodily tissues with healthy individuals having a 
body burden of approximately 30-50 mg, and typical serum levels of 1-3 µg/L (ATSDR, 2008). 
Out of the total body burden of aluminum, about half can be found in bones and one quarter in 
the lungs (Ganrot, 1986). A normal level of aluminum in the lungs of adults is 20 mg/kg wet 
weight and increases with age due to accumulation of inhaled insoluble aluminum compounds 
(ATSDR, 2008). Limited information is available regarding the distribution of aluminum following 
inhalation exposure; however, one study found elevated levels of aluminum in the lungs, lymph 
nodes, liver and spleen of a deceased stone mason, presumed to have inhaled aluminum. 
When aluminum compounds are inhaled, they are deposited based on particle size. Large 
particles are exhaled or trapped in the upper respiratory system, while smaller particles may 
reach the alveoli and be transferred to blood (ATSDR, 2008). Once in the bloodstream, 
aluminum is thought to be present almost exclusively in the plasma where it binds to transferrin 
(>90% aluminum thought to bind this way). Any cellular uptake of aluminum into the body’s 
organs and tissues is thought to be a slow process, due largely to the binding of transferrin 
(Ganrot, 1986).    
 
2.2.3 Metabolism 
 
In living organisms, aluminum is thought to exist in four different forms: (i) as free ions; (ii) as 
low-molecular-weight complexes; (iii) as physically-bound macromolar complexes, and (iv) as 
covalently bonded macromolar complexes (ATSDR, 2008). The free ion Al+3 easily binds to 
many different structures and substances, therefore, its metabolic fate is largely determined by 
the affinity and metabolism of these binding complexes. In general, the low-molecular-weight 
complexes are metabolically more active than the larger macromolar complexes. Aluminum can 
also form bonds with highly stable macromolecules that are essentially irreversible, inhibiting 
metabolism (ATSDR, 2008).   
 
2.2.4 Elimination and Excretion 
 
Following inhalation and oral exposures, the primary route of excretion for absorbed aluminum 
is through urine. Due to the natural presence of aluminum and its intake through common food 
items, all people will have some level of aluminum in their urine. In a survey of blood and urine 
levels of various metals, blood aluminum concentrations were typically less than 10 micrograms 
per deciliter (µg/dL) (ATSDR, 2004).  It has been reported that the mean values of urinary 
aluminum concentrations in non-exposed persons fall within the range of 4 to 11 µg/l (Sinczuk et 
al., 2003).    
 
Evidence suggests that urinary excretion exists in two-phases, with the excretion half-life for the 
first phase from 7.5 to 9 days following exposure, and the second phase ranging from 6.8 to 24 
weeks (Sjogren et al., 1985; 1988; 1990).  In a study on the aluminum uptake and excretion in 
new aluminum smelter potroom workers previously unexposed to aluminum, Rollin et al. (2001) 
showed a linear increase in the urinary excretion of aluminum from a mean baseline 
concentration of 24 µg/l to 49 µg/l over 36 months.  The authors conclude that this suggests a 
slow rate of urinary elimination of aluminum.     
 
2.2.5 Biomarkers of Exposure and Effect 
 
Biomarkers of effect have been defined as “any measurable biochemical, physiologic, or other 
alteration within an organism that, depending on magnitude, can be recognized as an 
established or potential health impairment or disease” (NAS/NRC 1989). 
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Aluminum can be measured in the blood, urine and feces and is routinely found in healthy 
individuals due to its ubiquitous nature and presence in many food items; however, guidelines 
for aluminum exposure and specific health outcomes are not available. The 1992 report 
released by the Industrial Disease Standards Panel (IDSP) stated that “neither blood nor urine 
aluminum levels are good indicators for predicting occupational health risks, nor for estimating 
body burden of aluminum”.  Although there has been no update to this report since 1992, the 
ATSDR (2004) stated that since aluminum is poorly absorbed, it is not possible to equate 
exposure levels with urine or serum levels. While a 24-hour urine sample is best for determining 
whether aluminum is present in the body, it cannot be extrapolated to determine exposure 
levels. Additionally, there are no known simple, non-invasive tests which can be used as 
biomarkers of effects caused by aluminum (ATSDR, 2008). The IDSP also discussed the 
importance of distinguishing between the amount of aluminum exposure and the amount of 
aluminum that bypasses elimination and instead is absorbed by the body and accumulates in 
the tissues (IDSP, 1992).  
 

“Unfortunately, exposure levels cannot be related to serum or urine levels very accurately, 
primarily because aluminum is very poorly absorbed by any route and its oral absorption in 
particular can be quite affected by other concurrent intakes. There is an indication that high 
exposure levels are reflected in urine levels, but this cannot be well quantified as much of 
the aluminum may be rapidly excreted. Aluminum can also be measured in the feces, but 
this cannot be used to estimate absorption” (ATSDR, 2008). 

 
Nonetheless, many epidemiological studies on occupational exposure to aluminum use 
biomonitoring measurements as an indicator of exposure.  While it is generally accepted that 
aluminum biomarker data do not demonstrate acute variations of aluminum exposure, there is 
limited information regarding the long-term stability of aluminum biomonitoring data in workers.  
Given the slow biological processes of aluminum uptake and elimination as described in Section 
2.2.4, aluminum-biomonitoring measures may be appropriate indicators in the case of stable 
and continuous exposure to aluminum. Kiesswetter et al. (2009), in a longitudinal study of 
aluminum welders and referents, performed repeated biomonitoring measurements.  Over four 
years, three repeated measurements included total dust in air, and pre- and post-shift 
aluminum-plasma concentrations and creatinine adjusted aluminum-urine concentrations. There 
were no remarkable differences between pre- and post-shift measures of aluminum body 
burden, suggesting that aluminum-plasma and aluminum-urine data are not suitable as markers 
of acute shift-dependent changes in aluminum exposure.  However, while aluminum-plasma 
demonstrated poor overall relation to dust exposure and high variability across measurement 
periods, post-shift creatinine adjusted aluminum-urine demonstrated a significant correlation 
with external dust exposure.  Further, aluminum/g creatinine differentiated clearly between 
exposed and non-exposed workers across all examinations, while aluminum-plasma did not.  
 
2.2.6 Mechanisms of Toxicity and Biological Plausibility 
 
The exact biological mechanism of aluminum toxicity is unknown but it has been found to 
compete with cations (such as magnesium) in biological systems, affect secondary messenger 
systems and calcium availability, and bind to components of the cell nucleus (ATSDR, 2008). In 
cases where aluminum toxicity has occurred, the target organs seem to be the lung, bone and 
the central nervous system. No specific molecular mechanism has been identified for human 
toxicity to aluminum (ATSDR, 2008).  
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2.2.6.1 Neurotoxicity  
 
Numerous studies have been performed to identify aluminum neurotoxicity; however, no single 
unifying mechanism has been identified, instead it is likely that multiple mechanisms are 
involved (ATSDR, 2008). Although studies have been conducted looking at neurological 
development and neurobehavioural changes in rats and mice, as well as neurodegenerative 
pathological changes in other species, the main sites of action are difficult to determine because 
of the variability of exposure methods and species used. Although evidence is insufficient to 
fully explain mechanisms of aluminum toxicity, some general processes have been identified. 
For example, studies done on certain species (e.g., cats, rabbits, ferrets and nonhuman 
primates) have identified changes in cytoskeletal proteins within brain neurons for certain 
exposures (e.g., intracerebral and intracisternal administration). These changes are similar to 
those identified in other neurodegenerative disorders, suggesting that abnormal neurological 
function could be related to cytoskeletal changes (ATSDR, 2008). In rodents, observed changes 
in neurobehavioural effects (e.g., locomotor toxicity, learning and memory) have not shown 
changes in cytoskeletal pathology, but do suggest that aluminum could affect the following 
(ATSDR, 2008):  

i. Permeability of the blood-brain barrier; 
ii. Cholinergic activity; 
iii. Signal transduction pathways; 
iv. Lipid peroxidation; 
v. Neuronal glutamate nitric oxide-cyclic GMP pathway; and, 
vi. Metabolism of essential trace elements (e.g., iron). 

 
ATSDR (2008) states that extrapolating such effects from animal studies to humans cannot be 
conclusively determined because of the limitations of the human database. Information on the 
toxicity of aluminum is not sufficient, because much of the work has been conducted on 
individuals with renal deficiencies. 
 
When it comes to aluminum toxicity, the highest at-risk population is in individuals with kidney 
failure. Early studies found that uremic patients who underwent dialysis (100%) and who did not 
undergo dialysis (82%) had increased body burden of aluminum (Alfrey, 1980). The reduction in 
renal function hindered the body’s ability to excrete aluminum and a decrease of gastrointestinal 
absorption of phosphate and increase in aluminum ingestion via dialysis resulted in elevated 
body burden of aluminum. This increased body burden in uremic patients has been associated 
with dialysis encephalopathy (dialysis dementia), bone toxicity and hematopoietic toxicity 
(ATSDR, 2008). It was this early work that first established a possible connection between 
aluminum exposure and neurological effects. However, this population is considered high-risk 
due to renal failure and the results and outcomes from such studies cannot be extrapolated to 
healthy individuals.  
 
Consequently, one of the most studied effects of aluminum exposure to date is dialysis 
encephalopathy, whose symptoms include speech disorders, neuropsychiatric abnormalities 
and multifocal myoclonus (Health Canada, 1998). Other, more subtle symptoms include 
“disturbances to tetrahydrobiopterin metabolism and abnormalities in a number of psycho-motor 
functions (e.g., visual spatial recognition memory)”, which have been found to occur at slightly 
elevated serum aluminum levels (59 µg/L). Additionally, elevated levels of aluminum in many 
tissues, including the cerebral cortex, was found in patients with dialysis dementia. A correlation 
between the levels of aluminum in the water used to prepare dialysis fluid and the incidence of 
dementia has been suggested; however, the mechanism of neurotoxicity has not been 
established (Health Canada, 1998).      
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Studies have observed subtle neurological effects in workers exposed to aluminum dust and 
fumes, but these studies only provide suggestive evidence of a relationship between chronic 
exposure and neurological effects. Aluminum toxicity in animals is better understood; however, 
whether chronic low doses of aluminum would manifest in humans in the same way remains to 
be determined (ATSDR, 2008).  
 
2.2.6.2 Lung Toxicity 
 
Over the past 50 years, the medical literature has revealed a few serious but mostly clinically 
mild cases of pneumoconiosis due to aluminum or aluminum oxide dust, largely associated with 
the production or use of aluminum powders (Riihimaki and Aitio, 2012). However, aluminum 
pneumoconiosis occurrence has drastically diminished as a result of improved working 
conditions (i.e., decrease in aluminum dust exposures) over time. Several endpoints for 
inhalation of aluminum have been suggested including changes to the vital capacity of the 
lungs, alveolar inflammation, asthma and airway hyperreactivity (Riihimaki and Aitio, 2012). 
Studies have reported adverse respiratory effects in aluminum workers; however, the 
respiratory problems documented in potroom aluminum workers are generally associated with 
toxic chemicals other than aluminum in the workplace (Krewski et al., 2007).  Epidemiologic 
studies have established an increased risk of developing lung cancer for aluminum production 
workers, but this has attributed to exposure to Polycyclic Aromatic Hydrocarbons (PAHs), rather 
than to aluminum itself (Krewski et al., 2007).  
 
Mechanisms of inhalation absorption and toxicity are not well understood, although it is 
suggested that larger aluminum-containing particles deposited in the respiratory tract are 
cleared to the GI tract by ciliary action. For smaller aluminum particles, it is thought that 
aluminum penetrates the lungs and is dissolved into the bloodstream. The ATSDR (2008) has 
discussed the fact that because aluminum readily forms different complexes, it is difficult to 
identify a specific mechanism of toxicity resulting from inhalation of aluminum dust and fumes:  
 

“Additional inhalation studies are needed to evaluate the mechanisms of lung toxicity to 
determine whether the effects are due to dust overload or aluminum; inhalation studies 
examining a wide-range of potential end points, including the nervous system, would be 
useful for identifying the most sensitive effect of inhaled aluminum” (ATSDR, 2008). 

 
2.2.6.3 Bone Toxicity 
 
Osteomalacia, a softening of the bones, has been associated with exposure to aluminum in 
healthy individuals as well as in individuals with renal failure (ATSDR, 2008). This outcome has 
been attributed to ingestion on aluminum-containing antacids to treat symptoms of GI disorders 
such as ulcers, colic or gastritis. The mechanism of toxicity is the antacid binding to dietary 
phosphorous and inhibits GI absorption of phosphorous. Osteomalacia and rickets can be 
attributed to decreased body burden of phosphorous (ATSDR, 2008).  
 
2.2.6.4 Carcinogenicity 
 
Aluminum has not been classified as carcinogenic by the International Agency for Research on 
Cancer (IARC) (Krewski et al., 2007); however, “aluminum production” has been classified as 
carcinogenic to humans (Group 1): 

“There was sufficient evidence from epidemiological studies of a carcinogenic effect of 
occupational exposure in aluminium production, based on a relatively large number of 
studies that showed a consistent excess of cancer of the bladder and a somewhat less 
consistent excess of lung cancer” (IARC, 2010).  
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In terms of aluminum smelter workers, the IARC monograph states:  
 

“Overall, the cohort studies strongly support an association between work in aluminium 
smelters and bladder-cancer risk. Confounding or chance is not likely to explain the findings. 
There is an increased risk for cancer of the bladder from occupational exposure in 
aluminium smelters. An increased risk for lung cancer has been found in several but not all 
epidemiological studies in the aluminium-production industry. Some studies also show a 
dose–response trend in terms of B[a]P–years. Confounding from smoking or chance is not 
likely to explain the findings. Based on these observations, there is evidence that risk for 
cancer of the lung is causally associated with work in aluminium smelters. The exposure 
circumstances, especially levels of PAH in aluminium smelters, vary between industrial 
departments and also depend on the process used. However, data are not sufficient to 
disentangle the cancer risks associated with these different exposure situations” (IARC, 
2010). 
 

While the report makes the point that it is not possible to separate individual chemical 
exposures involved in aluminum production in order to determine component-specific cancer 
risks, PAHs were the primary exposure of concern among the studies reviewed by IARC: 
 

Workers in aluminium production are primarily exposed to polycyclic aromatic hydrocarbons 
(PAHs). Occupational exposures in this industry and the related carbon electrode-
manufacturing industry have been monitored most intensively with respect to PAHs. Other 
potential exposures in these occupational settings include: sulfur dioxide and fluorides; 
aluminium fluoride; fibrous sodium aluminium tetrafluoride particles; fluorspar; alumina; 
carbon monoxide; carbon dioxide; various trace metals, such as vanadium, chromium and 
nickel; asbestos; extreme heat; and high static magnetic fields” (IARC, 2010). 
 

2.3 Mortality 
 
Several deaths due to inhalation of finely powdered metallic aluminum used in paints, 
explosives and fireworks have been reported; however, the dust levels were extremely high 
(615-685 mg Al/m3) with respirable dust concentrations of 51 mg Al/m3. These events were from 
several decades ago and improvements in production technology have greatly reduced this type 
of exposure (Mitchell et al., 1961). Additionally, of the experiments performed on animals, none 
has shown death from inhalation exposure to aluminum or its compounds following acute and 
chronic exposures (ATSDR, 2008).   
 
With respect to ingestion of aluminum, no reports of aluminum-related death have occurred after 
oral exposure in humans. One aluminum compound that can be life-threatening if ingested is 
aluminum phosphide, but the toxicity is from the phosphine gas that is produced in the body 
following ingestion (ATSDR, 2008). 
 
2.4 Aluminum Exposure in Non-Occupational Settings  
 
Aluminum is the most abundant metal and the third most abundant element in the Earth’s crust, 
naturally occurring in air, water and soil (Nayak, 2001). In nature, aluminum is widely distributed 
and found in combination with other elements such as oxygen, silicon and fluorine. Such 
compounds are typically found in soil, minerals (e.g., rubies, sapphires, turquoise), rocks and 
clays. Aluminum in its pure elemental form is not found in nature due to its high reactivity 
(ATSDR, 2008).  
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Aluminum exposure is common due to its presence in the natural environment and its wide 
variety of uses and applications in everyday products such as beverage cans, cooking utensils, 
cosmetics, antiperspirants, sunscreens and food additives. The primary source of exposure to 
aluminum for most people is through food (ATSDR, 2008). Aluminum compounds may be 
added to processed foods such as flour, baking powder, food colouring and anticaking agents, 
whereas unprocessed foods (fresh fruits, vegetables, meats) typically only contain trace 
amounts. On average, an adult consumes 7-9 mg of aluminum per day through ingestion of 
food (ATSDR, 2008). Another source of exposure to aluminum is through the use of certain 
cosmetics, antiperspirants and pharmaceuticals: 

• Antacids have 300-600 mg aluminum Hydroxide (approximately 104-208 mg 
Aluminum) per tablet, capsule, or 5 mL liquid dose; 

• Buffered aspirin contains 10-20 mg of aluminum per tablet; and, 
• Vaccines may contain small amounts of aluminum compounds (<0.85 mg/dose). 

 
The majority of people inhale very little aluminum from breathing, with levels in ambient air 
ranging from 0.005 to 0.18 µg/m3 depending on location, weather conditions, and density and 
nature of industrial activity in the vicinity (ATSDR, 2008). Aluminum levels in urban and 
industrial areas can be higher ranging from 0.4 to 8.0 µg/m3. The majority of aluminum 
suspended in air is in the form of small dust or soil particles. Aluminum is also found in soil and 
water, although the concentration of aluminum in natural waters (e.g., streams, ponds, lakes) is 
typically less than 0.1 mg/L. Drinking water can contain aluminum, especially if it is treated with 
aluminum salts. Typical levels of aluminum in drinking water are below 0.1 mg/L; however, 
some cities have reported as high as 0.4-1.0 mg/L. Levels of aluminum in soil are much higher, 
typically ranging from 7 to >100 mg/kg, and vary widely depending on the location (ATSDR, 
2008).  
 
2.5 Aluminum Exposure in Occupational Settings  
 
Aluminum compounds have diverse industrial uses such as alums (aluminum sulfate) in water 
treatment and alumina in abrasives and furnace linings (ATSDR, 2008). Occupational exposure 
to aluminum not only occurs from refining of the metal, but also in industries that use aluminum 
products, such as aircraft, automotive and metals products) and in aluminum welding. Aluminum 
production involves three steps: (i) aluminum is extracted from bauxite ore, precipitated as 
aluminum hydroxide and converted to aluminum oxide; (ii) the oxide is dissolved in cryolite and 
electrolyzed to produce pure molten metal; and, (iii) the molten aluminum is poured into ingots 
in the foundry (ATSDR, 2008). Exposure to various aluminum compounds occurs throughout 
the process with aluminum hydroxide and oxide in the extraction and purification stages, 
aluminum fluoride in the potroom (as well as tar-pitch volatiles and PAHs) and to aluminum 
fumes in the foundry (ATSDR, 2008; IARC, 1984).  
 
The majority of studies conducted on workers occupationally exposed to aluminum have 
involved inhalation of aluminum-containing dust. However, rarely are these workers exposed to 
dust that contains only aluminum and is devoid of any other substance. Therefore, exposures 
usually include a mixture of fine particles and other toxic chemicals in addition to the aluminum 
content. For example, an epidemiological study looking at an increase in bladder cancer among 
aluminum reduction workers found that volatile PAHs in coal tar pitch were actually the 
causative agents (Theriault et al., 1984). Synergistic effects among various agents including 
metal dusts, fine particles, toxic chemicals (including PAHs) and cigarette smoke are all 
plausible causes of cancers appearing in workers for many industrial processes involving 
aluminum.    
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Miners have also been occupationally exposed to aluminum through inhalation of McIntyre 
powder, used as a prophylactic agent against silicosis (Rondeau, 2002). The powder was 
thought to provide a protective coating on the lungs that would help to prevent silicosis in miners 
and other workers potentially exposure to silica dust. It was comprised of 15% elemental 
aluminum and 85% aluminum oxide (Rifat, 1990). In order to administer the McIntyre powder, it 
would be pumped into an enclosed space via a pressurized pipe, where workers would inhale 
the dust for 10 minutes prior to their shifts (IDSP, 1992, Rifat, 1990). This practice was 
widespread, used in Canada, the US, Mexico, Chile, the Belgian Congo and Western Australia 
(RCI, 2015). In Canada, McIntyre powder was provided to gold and uranium miners from about 
1944 to 1979 (Rifat, 1990, Beach et al., 2001).  
 
2.5.1 Occupational Exposure Limits 
 
Several agencies have set limits for occupational exposure to various forms of aluminum, 
including the Occupational Safety and Health administration (OSHA), the American Conference 
of Governmental Industrial Hygienists (ACGIH), and the National Institute for Occupational 
Safety and Health (NIOSH). Values for aluminum oxide, aluminum powder (elemental) and 
aluminum welding fumes are reported in Table 2-1.  
 
Table 2-1 Occupational Exposure Limits for Aluminum 

Aluminum OSHA PEL 
(mg/m3) 

ACGIH TLV 
(mg/m3) 

NIOSH REL 
(mg/m3) 

UK 8-hr OELV 
(mg/m3) 

Australia TWA 
(mg/m3) 

Aluminum Oxide 
(respirable fraction) 5 1 Not 

established 4 Not established 

Aluminum Oxide  
(total dust) 15 1 Not 

established 10 10 

Aluminum (as Al), 
Metal (total dust) 15 Not 

established 10 10 10 

Aluminum (as Al), 
Welding Fumes 

Not 
established 

Withdrawn in 
2004 5 Not 

established 5 

Notes: OSHA PEL (Permissible Exposure Limit) – time weighted average; ACGIH TLV (Threshold Limit Value) – time weighted 
average; NIOSH REL (Recommended Exposure Limit); UK 8-hr OELV – Long-term Occupational Exposure Limit Value; 
Australia TWA – Time Weighted Average. 

 
The occupational exposure limits are based on different types of health endpoints. For example, 
the OSHA Permissible Exposure Limit (PEL) for aluminum metal (total dust) is based on 
physical irritation, the NIOSH Recommended Exposure Limit (REL) for aluminum metal (total 
dust) is based on changes in the lung that may lead to pulmonary fibrosis, and the NIOSH REL 
for exposure to aluminum welding fumes is based not just on lung changes that may potentiate 
to pulmonary fibrosis, but also chronic respiratory diseases such as pneumoconiosis and 
bronchitis. 
 
Other potential health effects and hazards include respiratory effects, particularly impaired lung 
function and fibrosis in workers exposed to aluminum dust or fumes (ATSDR, 2008). Increased 
respiratory symptoms were reported in aluminum cast-house workers, who reported consistent 
and repeated breathing trouble, repeated wheezing, asthma attacks, and doctor-diagnosed 
asthma (van Rooy et al. 2011). These results were noted in comparison to a general population 
sample as well as an internal reference group that were used as controls (van Rooy et al., 
2011). In addition, long-term occupational exposure to aluminum dust and fumes may cause 
signs of cholestasis (Bogdanovic and Bulat 2008). 
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2.6 Overview of Existing Literature Reviews and Meta-Analyses  
 
Several literature reviews and meta-analyses have been completed on aluminum exposure. A 
summary of these reviews that focus on chronic occupational and non-occupational exposure to 
aluminum and adverse health conditions is provided. Much of the focus is on the potential 
association between aluminum and dementia and associated disorders. The major findings and 
overall conclusions of some of these studies are discussed below and then contextualized in 
relation to occupational exposures to McIntyre powder.  
 
A meta-analysis was conducted to combine estimates of neurobehavioural effect size in 
aluminum workers (Meyer-Baron et al., 2007). The final sample considered in the analysis 
included nine studies looking at 449 exposed and 315 comparison subjects. Urinary aluminum 
concentrations ranged from 13 to 133 µg/l (mean) and a total of six neuropsychological tests 
were considered, producing ten performance variables. A statistically significant decline in 
performance on the digit symbol neurobehavioural test was found; however, no other significant 
effects were identified. The authors used an explorative approach to investigate the 
confounders of age, education and alcohol consumption and found that adjustment for 
confounding resulted in smaller effect sizes.  Therefore, the authors acknowledge that the 
potential for confounding effects could not be ruled out.  They conclude that “additional studies 
are necessary to verify and to differentiate the effect of aluminum on cognitive performance” 
(Meyer-Baron et al., 2007).  
 
A more recent meta-analysis, looking specifically at occupational exposure to aluminum and 
Alzheimer’s disease, was conducted by Virk and Eslick (2015). The analysis was intended to 
systematically quantify the association between occupational aluminum exposure and risk of 
Alzheimer’s disease and included controlled occupational studies published up until 2015. Three 
case-control studies, including 1,056 participants, met the inclusion criteria: Graves et al. 
(1998), Gun et al. (1997), and Salib et al. (1996).  The results of the analysis found that 
occupational aluminum exposure was not associated with Alzheimer’s disease (Odds Ratio 
1.00; 95% confidence interval 0.59-1.68). The authors concluded that their findings do not 
support a causative role of aluminum in the pathogenesis of Alzheimer’s disease. However, they 
state that “in the absence of prospective studies with more precise ascertainment of exposure, a 
role for aluminum cannot be definitively excluded” (Virk and Eslick, 2015). 
 
A considerable number of studies have related elevated aluminum levels in drinking water to an 
increased risk of cognitive impairment and Alzheimer-type dementia.  In a comprehensive 
literature survey, nine out of 13 published epidemiological studies of aluminum in drinking water 
and Alzheimer's disease have shown statistically significant positive relations, although the 
relative risks were generally not high (Flaten, 2001).  Most of the studies were ecological in 
design in that they studied the relationship between rates of Alzheimer's disease in a 
geographical region and the concentration of aluminum in drinking water.  Further, a major 
problem in their interpretation is that drinking water, even at high aluminum concentrations, only 
contributes a fraction of the total dietary intake of aluminum. 
 
In a recent review, a meta-analysis of chronic exposure to aluminum and risk of Alzheimer’s 
disease was completed (Wang et al., 2016). The analysis included exposure to aluminum by 
any route, including occupational exposures and non-occupational exposures (e.g., drinking 
water). A total of eight epidemiological studies (with 10,567 individuals) were included in the 
meta-analysis; four occupational and four drinking water studies. The overall results showed 
that individuals chronically exposed to aluminum were 71% more likely to develop Alzheimer’s 
disease (OR: 1.71, 95% confidence interval 1.35-2.18). In this meta-analysis, chronic exposure 
was defined as concentration of aluminum in drinking water greater than 100 µg/L, a significant 
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daily consumption of aluminum, or occupational exposure to aluminum.  In subgroup analyses, 
the effect estimate from studies examining aluminum exposure from drinking water (1.95, 
95%CI: 1.47-2.59) was approximately 50% higher than the effect estimate for studies examining 
occupational aluminum exposure (1.25, 95%CI: 0.80-1.94).  These findings raise questions 
given that people occupationally exposed to aluminum would experience aluminum levels that 
are orders of magnitude higher than communities exposed via public drinking water and 
therefore, if a relationship between aluminum and Alzheimer’s disease does exist, one would 
expect it to be stronger in the studies of working populations.  The findings may reflect different 
bioavailability of aluminum from different sources. For example, although aluminum is poorly 
absorbed in the gastrointestinal tract, its absorption may be increased in the presence of 
organic substances, which may be present in drinking water supplies.  On the other hand, it is 
important to note that the amount of aluminum consumed in drinking water on average is only 
approximately 4% of the total aluminum dietary intake.  The authors describe that limitations of 
their meta-analysis included the lack of consideration of other sources of aluminum exposure 
(including pharmaceuticals, processed foods, vaccinations, sun protection lotions, deodorants, 
and other sources) and no consideration of a dose-response relationship (Wang et al., 2016).  
The strengths of the findings include the lack of significant heterogeneity among studies and the 
lack of apparent publication bias. 
 
Another review that considered non-occupational exposures to aluminum was conducted by 
Willhite et al. (2014) and included consideration of pharmaceutical and consumer exposures, in 
addition to occupational exposures. The review was based on retrieval from databases 
containing peer-reviewed literature, resulting in 469 articles included in the review. The review 
describes in great detail, routes of exposure, health effects, toxicity, as well as standards and 
guidelines for aluminum. Overall, the authors concluded: 
 

“The results of the present review demonstrate that health risks posed by exposure to 
inorganic Al depend on its physical and chemical forms and that the response varies with 
route of administration, magnitude, duration and frequency of exposure. These results 
support previous conclusions that there is little evidence that exposure to metallic Al, the Al 
oxides or its salts increases risk for AD, genetic damage or cancer” (Willhite et al., 2014). 

 
Collectively, the systematic reviews and meta-analyses of the epidemiologic literature on 
aluminum exposure and health effects vary in quality, approach and findings.  With respect to 
these reviews and how they relate to potential occupational exposure to aluminum, and 
McIntyre powder in particular, it is apparent that dose-response relationships have yet to be 
deciphered with respect to aluminum. There is general consensus that absorption of aluminum 
into bodily tissues is poor, rather it is largely excreted through urine and feces.  Additionally, with 
the ubiquitous nature of aluminum, potential occupational exposures are complicated by the fact 
that aluminum is present in drinking water, foods and consumer products that are widely used 
(i.e., antiperspirants, pharmaceuticals, etc.).  Although there have been some epidemiological 
studies that support an association between aluminum and neurological disorders, the 
preponderance of evidence is against a significant role for environmental aluminum as a cause 
for neurological outcomes.   
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3.0 METHODS 
 
3.1 Literature Search Strategy 
 
The Cochrane Handbook for Systematic Reviews of Interventions governed the development of 
the study search and evaluation process for the systematic review of occupational aluminum 
exposure and adverse health conditions.  The Cochrane Handbook is the standard for 
conducting reviews in healthcare and pharmaceutical industries.  Cochrane reviews adhere to 
the principle that “science is cumulative” and by considering all available evidence, decisions 
can be made that reflect the best science available.  The applicability of the Cochrane 
methodology is widespread across disciplines.  As defined in the Cochrane handbook, a 
focused review begins with framing a question that specifies the population, interventions, 
outcomes, comparisons, and studies of interest; a formula referred to as the acronym PICOS 
(Population, Interventions, Comparisons, Outcomes, and Study Type).  To guide the literature 
review, the study question will be defined as a search of epidemiological studies that investigate 
the health effects (primarily neurological disorders) associated with occupational exposure to 
aluminum.  Additional inclusion and exclusion criteria for identifying studies will be specified to 
meet the project goals.  For example, as described in the RFP, the review should specifically 
include studies of workers exposed to McIntyre Powder.   
 
The search strategy (see Appendix A) used controlled vocabulary terms and keywords including 
terms for “Occupational”, “Aluminum”, “McIntyre Powder”, “Alzheimer’s disease”, “Parkinson’s 
disease”, “Amyotrophic Lateral Sclerosis” and additional neurological and other conditions.  An 
information specialist searched the following bibliographic databases: Ovid Medline (1946 to 
present; In- Process & Other Non-Indexed Citations), and Embase (1974 to 2013 June 07); 
PubMed (for non-Medline records only); Wiley’s Cochrane Library (current Issue); and the 
Canadian Center for Occupational Health and Safety Databases (including, OSHLINE®, 
NIOSHTIC®, NIOSHTIC-2, HSELINE, CISILO, and Canadiana).  A search for grey literature 
(literature that is not commercially published) was also conducted, incorporating different search 
strategies (1) grey literature databases, (2) targeted websites, and (3) a broad Internet search 
using the Google search engine.  Grey literature databases identified by the US National 
Institutes of Health and Georgetown University were included in this strategy. Targeted websites 
of relevant health agencies such as the US Centers for Disease Control and Prevention (CDC), 
the US Environmental Protection Agency (EPA), other relevant resources identified by the BC 
Environmental and Occupational Health Research Network and websites of relevant 
professional associations (such as the Alzheimer’s Association, the ALS Association, etc.) were 
also included.  Finally, searches were supplemented by reviewing the bibliographies and 
abstracts of key papers.  
 
3.2 Study Selection  
 
Intrinsik followed the process described in the following sections to select the relevant literature. 
A flow diagram detailing the entire literature selection process is provided in Figure 3-1 below.   
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Figure 3-1 PRISMA Flow Diagram (based on Moher et al., 2009) 

 
3.2.1 Tier 1 Screening 
 
The literature search strategy described in Section 3.1 resulted in 4,375 articles that were the 
subject of a Tier 1 abstract screening using the following inclusion and exclusion criteria: 
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 Inclusion Criteria             Exclusion Criteria 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Only English language articles were included to avoid the delays associated with translation of 
international articles. We do not believe this language restriction significantly decreased the 
effectiveness of the review because a large proportion of the indexed scientific literature is 
published in English. 
 
The Tier 1 abstract screening involved two team members who simultaneously examined the 
abstracts. Results from these readers were compiled.  A study was carried forward if either 
reviewer marked the study for inclusion; resulting in the selection of 338 records. During the 
retrieval of full-text versions of the selected abstracts, an additional 54 records were excluded 
for one the following reasons: full-text studies were inaccessible, not available in English, or 
were commentaries or editorials rather than actual studies. Therefore, 284 studies were eligible 
retained for Tier 2 review. 
 
3.2.2 Tier 2 Screening 
 
Full-text Tier 2 reviews were completed using the Tier 2 Screening Form (see Appendix B) and 
results were recorded in a Microsoft Access database. To ensure consistent adherence to the 
selection criteria, the screening of all papers was independently conducted by two reviewers. 
Results from the screeners were compiled and compared.  Where there was disagreement, the 
reviewers met to discuss their reasoning for how the paper was screened and to reach 
consensus for study selection. 
 
3.3 Quality Appraisal Approach 
 
The Newcastle–Ottawa Scale (NOS) was applied to assess the quality of included studies. The 
NOS is a scale for assessing the quality of published non-randomized studies (i.e., 
observational studies) in meta-analyses.  The NOS contains items, categorized into three 
dimensions including selection, comparability, and -depending on the study type- outcome 
(cross-sectional/cohort studies) or exposure (case-control studies). For each item a series of 
response options is provided (refer to the detailed NOS scoring sheets provided in Appendix C-
1 to C-3).  A star system is used to allow a semi-quantitative assessment of study quality, such 
that the highest quality studies are awarded a maximum of one star for each item and resulting 
in a total range between zero to six or nine stars, depending on the type of study (Table 3-1).  

- The study is not published in English. 

- The study does not involve chronic 
occupational exposure to aluminum. 

- The study is not an epidemiologic study (not 
in humans). 

- The study examines the risk of developing 
occupational dermatitis or contact dermatitis. 

- The study does not examine the risk of 
developing an adverse health condition that 
is identifiable by the International 
Classification of Diseases (9th and 10th 
Revision). 

 
 
 
 

- The study is published in English. 

- The study involved chronic occupational 
exposure to aluminum (McIntyre Powder, 
aluminum oxides from other sources like 
welding, and other aluminum compounds) 
and the risk of developing adverse health 
condition(s) that is/are identifiable by the 
International Classification of Diseases (9th 
and 10th Revision).  
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The study quality was considered good, satisfactory, or unsatisfactory according to the number 
of stars.  Studies with an unsatisfactory NOS rating were considered for exclusion. 
 

Table 3-1 Newcastle-Ottawa Scale Ratings 

Categories Cross-Sectional 
(max. 6 stars) 

Cohort 
(max. 9 stars) 

Case Control 
(max. 9 stars) 

Selection 
 

 
 

Comparability 
   

Outcome/Exposure 
   

Rank Rating Scale 

Good 4-6 7-9 7-9 

Satisfactory 2-3 4-6 4-6 

Unsatisfactory 0-1 0-3 0-3 
 
To ensure consistency of review, the NOS for each study was completed by two reviewers.  
Results from the screeners were compared; where there was disagreement, a third reviewer 
helped reach consensus for the final quality rating. 
 
3.4 Data Extraction Approach 
 
An electronic data collection form was created in Microsoft Access to accommodate information 
from the various studies (see Appendix D).  Key information (such as study author, publication 
year, study country/location, follow-up duration, type of study, worker industry/occupation, 
sample size, mean age, length of employment, health condition, diagnostic criteria for health 
condition, and potential confounders such as smoking status of study population) contained in 
the scientific articles were entered into a Microsoft Access database.  The data were extracted 
from each article by one reviewer and was verified by another.  This process ensured quality 
control of the information extracted from the selected studies.   
 
3.5 Meta-Analysis 
 
For studies that were similar in terms of study design, study population, exposures, and/or 
outcomes, meta-analysis was performed to synthesize the data.  For studies that were more 
diverse and it was not possible to pool the results with quantitative methods, semi-quantitative 
and narrative analysis methods were used to synthesize the information.   
 
RevMan, the software used for preparing Cochrane Reviews, was used to conduct meta-
analyses of effect size measures and their corresponding variances.  Additional meta-statistics 
were performed using Stata statistical software.  Heterogeneity was firstly assessed with 
statistical tests (Q test and I-squared [I2] statistic) to determine whether a fixed effects model (for 
homogeneous data) or random effects model (for heterogeneous data) was appropriate for 
analyzing the data.  The overall effect size for each outcome assessed with meta-analytic 
methods was calculated as a weighted mean of the individual results using the random effects 
model to account for potential variability between the studies.  Each overall effect size was 
tested for statistical significance using a significance level of p<0.05. 
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Other meta-analysis statistical methods used to analyze and display the data included forest 
plots, sensitivity analysis, and meta-regression.  Forest plots are used to display the individual 
and overall effects.  Sensitivity analyses was performed by systematically removing studies with 
a significant effect on the pooled effect size to determine if the results change.   
 
Regardless of whether analysis included meta-analysis or qualitative analysis methods, 
subgroup analysis assessed the potential for an increased risk of a significant effect according 
to variables such as age, level of education, smoking rates, years of exposure to aluminum, and 
the level of aluminum in biomonitoring samples (urine, blood, etc.).  For meta-analyzed 
outcomes, differences by these factors were investigated using meta-regression.  The 
regression model for each risk factor was:  

Outcomej = constant + risk factor (exposure – control)j + residualj +  random error term,  
for studies j 

 
Since meta-analysis relies on summary data, a p-value of less than 0.10 is considered 
statistically significant in meta-regression.  The level of exposure as measured in ambient air, 
detected by urine or blood, or assumed by duration of employment was an important factor for 
assessing the outcomes.  Level of exposure was closely inspected by meta-regression in order 
to draw conclusions about the potential for a dose response relationship.   
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4.0 RESULTS 
 
4.1 Study Characteristics  
 
The peer-reviewed search and subsequent Tier 1 and Tier 2 screenings identified 62 articles   
for the systematic review and potential meta-analysis of quantitative data.  Of the studies, two 
were conducted in occupational populations exposed to aluminum powder as a prophylaxis (i.e., 
McIntyre Powder): Rifat et al. (1990) and Peters et al. (2013).  The literature search identified 
one abstract specific to McIntyre Powder exposure that was not available as a full-text report 
(McDonald et al. 1996).  The abstract was also retained for discussion.    
 
Table 4-1 describes the study design characteristics, population, and health outcome measured, 
organized by category of health outcome, of the selected literature. Countries of study included 
Australia, Austria, Canada, China, Denmark, Egypt, England, Finland, France, Germany, Italy, 
New Zealand, Norway, Poland, Sudan, Sweden, Turkey, the US, and Yugoslavia.  Publication 
dates range from 1985 to 2016. Forty-seven studied aluminum exposed workers at a single 
point in time (cross-sectional study type), eight followed workers over a period of time 
(longitudinal cohort study type), and seven were case-control studies. Most studies had a 
comparison, or control, population.  Overall, the studies vary on many characteristics, including, 
for instance, types of occupational setting (e.g., aluminum production workers vs. welders), 
average length of exposure (e.g., 5 to 31 years), biomarkers used to determine exposure level 
(e.g., blood versus urine) and methods of assessing outcomes (e.g., diagnosis of disease 
versus tests indicative of cognitive performance). 
 
Overall, the selected literature primarily studied neurological (31 studies) or respiratory 
endpoints (17 studies), but a variety of other health outcomes were also included: i) cancer or 
biomarkers of cancer (6 studies); ii) markers of cardiovascular disease (2 studies); iii) 
morbidity/mortality due to various diseases (2 studies); iv) bone disease (1 study); and, v) 
reproductive outcomes (1 study).  As seen in Table 4-1 under the heading “Diseases/Outcomes 
Measured”, most of the studies on neurological outcomes investigated the performance of 
workers occupationally exposed to aluminum by means of administering various neurological 
tests.  Additionally, most of the studies on respiratory outcomes investigated the performance of 
workers occupationally exposed to aluminum by means of administering lung function tests or 
spirometry. 
 
Section 4.2 presents the quality assessment of all articles retained through the literature 
screening steps. The McIntyre Powder studies are presented in Section 4.3 followed by the 
individual health outcomes analyses in Section 4.4 through 4.5.  Section 4.4 includes the 
analyses of ICD-diagnosable conditions and Section 4.5 includes the analyses of other health 
outcomes (i.e., non ICD-diagnosable conditions) that were studied.  
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Table 4-1 Summary of Evaluated Studies 
Study ID Year Country Study Type Occupational Setting Exposure Measurements Diseases/Outcomes Measured No. of 

Exposed1 
No. of 

Referents 
Years of 

Exposure 
Bone Disease 
Schmid1995 1995 Germany Cross-Sectional Aluminum Powder Plant Urine, plasma, workplace air Osteodystrophy (bone mineral content, bone density) 32 29 12.6 
Cancer/Markers of Cancer 
Aronson1996 1996 Canada Case-control Various Based on job history Prostate cancer 449 2083 N/A 
Parent2000 2000 Canada Case-control Various Based on job history Oesophageal cancer 99 533 N/A 
Ahmed2013 2013 Sudan Cross-Sectional Aluminum Industry None Cytological atypical changes in sputum specimens 50 157 >1 
Botta2006 2006 France Cross-Sectional Welding Blood and urine DNA damage in lymphocytes  30 22 >3 
Cantone2011 2011 Italy Cross-Sectional Steel Workers Workplace air Histone modifications 63 none >1 
Hou2011 2011 Italy Cross-Sectional Steel Workers Blood, workplace air Changes in DNA methylation  63 none >1 
Cantone2014 2014 Italy Cross-Sectional Steel Workers Workplace air Extracellular histone modifications 63 none >1 
Markers of Cardiovascular Disease 

Cavallari2008 2008 USA Cross-Sectional Boilermaker construction 
workers Workplace air Heart rate variability 26 none NR 

Liu2016 2016 China Cross-Sectional Coke oven Urine Diabetes, hyperglycemia, and normoglycemia 1493 none >1 
Morbidity/Mortality due to Various Disease 

Friesen20092 2009 Australia Cohort Mining/Refining Based on job history Cerebrovascular disease, non-malignant respiratory disease, all circulatory 
disease, all cardiovascular disease 5770 NR 14.1 

Fritschi20082 2008 Australia Cohort Mining/Refining Based on job history Mortality and various cancer sites, circulatory and respiratory disease.  
Morbidity and various cancer sites.  6485 

General 
Australian 
population 

10 year 
latency 
analysis 

Neurological Disease or other Neurological Outcomes 
Akila1999 1999 Finland Cross-Sectional Welding Urine Neurological tests 51 28 NR 
Bast-Pettersen1994 1994 Norway Cross-Sectional Aluminum Production Urine and serum Neurological tests 22 16 19 
Bast-Pettersen2000 2000 Norway Cross-Sectional Welding Urine Neurological tests 20 20 8.1 
Camerino1993 1993 Italy Cross-Sectional Welding Workplace air Neurological tests 18 400 <1 

Deschamps2009 2009 France Cross-Sectional Aluminum Salvage/ Recycling Blood and urine, airborne 
particulate sampling Neurological tests, Symptoms 30 60 6.5 

Dick1997 1997 USA Cross-Sectional Aluminum Production Historical workplace 
measurements Tremor 63 37 NR 

Giorgianni2014 2014 Italy Cross-Sectional Welding Blood, workplace air Neurological tests 86 90 15.8 
Graves1998 1998 USA Case-control Various Based on job history Alzheimer's Disease 89 89 N/A 
Gun1997 1997 Australia Case-control Various Based on job history Alzheimer's Disease 170 170 N/A 

Guo1999 1999 China Cross-Sectional Aluminum Production Urine, breathing zone of 
subjects  Neurological tests 104 64 16.6 

Halatek2005a 2005 Poland Cross-Sectional Aluminum Production Blood, urine, breathing zone Neurological/neurophysiological biomarkers 66 42 14.8 
Halatek2008 2008 Poland Cross-Sectional Aluminum Smelting Blood and urine, workplace air Symptoms, biomarkers, EEG and visual evoke potentials (VEP) 50 42 14.8 
Hanninen1994 1994 Finland Cross-Sectional Welding Urine and serum Neurological tests 17 None 15 
Iregren2001 2001 Sweden Cross-Sectional Various Blood and urine Neurological tests 157 39 5 

Kiesswetter2007 2007 Germany Cohort Welding  (train body and truck 
trailer construction) Plasma, Urine, Personal Air Neurological tests 44 37 14.8 

Kiesswetter2009 2009 Germany Cohort Welding (car-production 
workers) Plasma, Urine, Personal Air Neurological tests 98 50 8.8 

Kilburn1998 1998 USA Cross-Sectional Aluminum Recycling None Neurological tests 41 32 NR 

Letzel2000 2000 Germany Cohort Aluminum Powder Plant Urine, plasma, glucose, and 
serum Neurological tests 32 30 12.6 

Lu2014 2014 China Cross-Sectional Aluminum Smelting Serum Cognitive functions and rate of mild cognitive impairment (MCI)  66 70 30.2 
McGuire1997 1997 USA Case-control Various Based on job history Amyotrophic lateral sclerosis (ALS) 174 348 N/A 

Peters2013 2013 Australia Cohort Gold Mining (with Al dust as 
prophylaxis) Based on job history Alzheimer's disease (and Cardiovascular, Cerebrovascular, Pneumoconiosis) 647 1247 

follow-up 
48 years 

after 
exposure 

Polizzi2002 2002 Italy Cross-Sectional Aluminum Salvage/ Recycling Serum and historical workplace 
air Neurological tests 64 32 30.7 

Rifat1990 1990 Canada Cross-Sectional Mining Historical exposure to McIntyre 
powder Neurological tests 261 346 0.5 – 36 

Riihimaki2000 2000 Finland Cross-Sectional Welding Urine and serum Neurological tests 65 25 12.3 
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Table 4-1 Summary of Evaluated Studies 
Study ID Year Country Study Type Occupational Setting Exposure Measurements Diseases/Outcomes Measured No. of 

Exposed1 
No. of 

Referents 
Years of 

Exposure 
Salib1996 1996 England Case-control Various Based on job history Alzheimer's, Other Dementias 362 340 N/A 
Semchuk1993 1993 Canada Case-control Various Based on job history Parkinson's disease (PD) 130 260 N/A 
Sim1997 1997 USA Cross-Sectional Aluminum Production Workplace air Neurological tests 63 37 10 
Sinczuk-Walczak2003 2003 Poland Cross-Sectional Aluminum Production Urine and workplace air Symptoms, EEG changes 67 57 14.6 

Sjogren1990 1990 Sweden Cross-Sectional  
Welding Questionnaire  Symptoms 65 217 

46% exp. 
for 10-19 

years 

Yang1998 1998 China Cross-Sectional Aluminum Smelting Blood and urine, ambient air 
sampling Neurological tests 33 40 9.9 

Yang2015 2015 China Cross-Sectional Aluminum Production Serum DNA methylation, MMSE test scores, mild cognitive impairment (MCI) 
prevalence 366 None 21.2 

Zawilla2014 2014 Egypt Cross-Sectional Aluminum Production Blood, workplace air Neurological tests  54 51 >5 
Reproductive Outcomes 
Hovatta1998 1998 Finland Cross-Sectional Refinery and Polyolefin factory Spermatozoa Fertility (sperm motility) 27 45 NR 
Respiratory Disease or other Respiratory Outcomes 
Abbate2003 2003 Italy Cross-Sectional Shipyard Workers Blood, personal air samples Lung function tests  50 50 11.8 

Dennekamp2015 2015 Australia Cohort Mining/Refining Based on job history Lung function tests, respiratory symptoms 187 267 7 years of 
follow-up 

Elserougy2015 2015 Egypt Cross-Sectional Aluminum Production Urine Lung function tests 56 52 10.1 

Fishwick2004 2004 New 
Zealand Cross-Sectional Welding Based on job history Lung function tests  49 26 18.5 

Friis1989 1989 Denmark Cross-Sectional Cryolite Production Questionnaire Lung function tests, respiratory symptoms 101 0 8.2 
Fritschi2001 2001 Australia Cross-Sectional Alumina Refining Workplace air Lung function tests, respiratory symptoms 2404 4845 NR 
Halatek2006 2006 Poland Cross-Sectional Various Blood and urine, workplace air Lung function tests, lung biomarkers (Serum CC16) 66 42 15- 29 
Haluza2014 2014 Austria Cohort Welding None Lung function tests 1982 none NR 

Hansell2014 2014 New 
Zealand Cross-Sectional Various None Respiratory symptoms; doctor diagnosis of COPD/chronic 

bronchitis/emphysema 40 977 NR 

Kilburn1992 1992 USA Cross-Sectional Aluminum Production None Lung function tests, Clinical features (asthma, etc.), irregular opacities in the 
chest  670 659 5 

Kraus2006 2006 Germany Cross-Sectional Aluminum Powder workers Plasma and urine Lung function tests, High-resolution computed tomography 62 none Average 
of up to 15 

Larsson1989 1989 Sweden Cross-Sectional Aluminum Production Workplace air (total dust) Lung function tests, Respiratory symptoms, and bronchial provocation tests 38 20 13.6 
Musk2000 2000 Australia Cross-Sectional Aluminum Powder workers Workplace air Lung function tests, respiratory symptoms 2388 0 10 
San1998 1998 Turkey Cross-Sectional Aluminum Production Serum Lung function tests 55 30 9.7 
Sjogren1985a 1985 Sweden Cross-Sectional Welding None Chronic bronchitis, lung function tests 64 64 5 
Townsend1985 1985 USA Cross-Sectional Mining/ Refining Total dust Lung function tests 1142 291 NR 
Townsend1988 1988 USA Cross-Sectional Mining/ Refining Total dust  Radiographic abnormalities 788 none NR 
NR not reported 

1
 For Case-control studies, this column reports the number of cases 

2 Overlap in cohort but different mortality and morbidity outcome measurements presented 
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4.2 Quality Assessment  
 
Quality assessment ratings for cross-sectional, case control, and cohort studies according to the 
NOS are shown in Tables 4-2, 4-3, and 4-4, respectively.  Of the cross-sectional studies, 11 
(22%) received a “satisfactory” rating and 37 (76%) received a “good” rating. Only one study, 
Kilburn (1998), met the criteria for “unsatisfactory” and was removed from consideration in the 
systematic review.  In brief, Kilburn (1998) received zero stars for selection due to the 
nonrandom selection of exposed individuals who were motivated by health concerns and zero 
stars for comparability because the reference group, who were friends or relatives of the 
exposed persons, were not comparable to the exposed group in terms of age and other factors.    
 
Of the case control studies, one was ‘satisfactory’ and the remaining six studies received a 
“good” rating.  Of the cohort studies, two were “satisfactory” and the remaining six studies 
received a “good” rating. 
 
The results of the quality assessment will be used in subsequent sections of this report to inform 
the findings of the meta-analysis and systematic review of the literature.   
 

Table 4-2 Quality Assessment Results, Cross-Sectional Studies 
Study ID Selection Comparability Outcome NOS Rating 
Abbate2003    3 
Ahmed2013    4 
Akila1999    6 
Bast-Pettersen1994    4 
Bast-Pettersen2000    5 
Botta2006    5 
Camerino1993    4 
Cantone2011    5 
Cantone2014    5 
Cavallari2008    4 
Deschamps2009    5 
Dick1997    5 
Elserougy2015    4 
Fishwick2004    6 
Friis1989    3 
Fritschi2001    6 
Giorgianni2014    5 
Guo1999    5 
Halatek2005a    5 
Halatek2006    5 
Halatek2008    5 
Haluza2014    3 
Hanninen1994    3 
Hansell2014    4 
Hou2011    4 
Hovatta1998    3 
Iregren2001    4 
Kilburn1992    3 
Kilburn1998    1 
Kraus2006    5 
Larsson1989    3 



 
REVISED FINAL REPORT 
 
  
 
 
 
 
 
 

 
Systematic Review of Occupational Aluminum Exposure and Adverse Health Conditions March 2018 
Intrinsik Corp. Page 24  

Table 4-2 Quality Assessment Results, Cross-Sectional Studies 
Study ID Selection Comparability Outcome NOS Rating 
Liu2016    6 
Lu2014    6 
Musk2000    5 
Polizzi2002    5 
Rifat1990    6 
Riihimaki2000    6 
San1998    2 
Schmid1995    4 
Sim1997    4 
Sinczuk-Walczak2003    4 
Sjogren1985a    6 
Sjogren1990    3 
Townsend1985    5 
Townsend1988    5 
Yang1998    3 
Yang2015    3 
Zawilla2014    6 

 
Table 4-3 Quality Assessment Results, Case Control Studies 
Study ID Selection Comparability Exposure NOS Rating 
Aronson1996    7 
Graves1998    8 
Gun1997    7 
McGuire1997    7 
Parent2000    8 
Salib1996    8 
Semchuk1993    6 

 
Table 4-4 Quality Assessment Results, Cohort Studies 
Study ID Selection Comparability Outcome NOS Rating 
Dennekamp2015    8 
Friesen2009    9 
Fritschi2008    6 
Haluza2014    4 
Kiesswetter2007    7 
Kiesswetter2009    8 
Letzel2000    7 
Peters2013    7 

 
4.3 McIntyre Powder Exposed Workers  
 
A focus of the literature review was to consider possible effects of McIntyre Powder, the 
aluminum powder inhaled by workers for the purpose of acting as a prophylaxis for silicosis.  
However, there were only three studies that assessed this specific type of aluminum exposure. 
Due to the very small number of studies, subgroup analysis could not be performed to compare 
effects among McIntyre-exposed workers and workers exposed to other forms of aluminum.  
Instead, the following summaries detail the relevant literature on McIntyre Powder exposure and 
human health effects.  
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Rifat et al. (1990): In this cross-sectional study 261 underground miners exposed to McIntyre 
Powder as a prophylactic agent against silicotic lung disease in mines in Ontario, Canada, were 
compared to 346 non-exposed control miners. Aluminum exposure was ascertained using 
number of years exposed to McIntyre Powder, as per Ontario mining industry and McIntyre 
Research Foundation Records. Exposure duration for the subjects examined by Rifat et al. 
(1990) ranged from about 20 to 39 years. Subjects were interviewed and also given three 
cognitive state tests: i) Mini-Mental State Examination (MMSE) for general cognitive function; 
ii) a Ravens coloured progressive matrices test (CPM) for reasoning; and, iii) the Symbol Digit 
Modalities Test (SDMT) for spatial perceptual accuracy and information processing.  Results 
indicated that exposed miners performed less well than unexposed miners on cognitive state 
examinations. In addition, the proportion with scores in the impaired range was greater in the 
exposed than the non-exposed group.  Increasing duration of exposure also increased 
likelihood of scores in the impaired range.  Differences between exposed and non-exposed 
miners were adjusted for factors that could have influenced the effects such as age, head injury, 
and education.  There were no significant differences between exposed and non-exposed 
miners in diagnoses of neurological disorder.   
 
Peters et al. (2013): This longitudinal study investigated the association between aluminum 
dust inhalation and cardiovascular, cerebrovascular and Alzheimer’s disease mortality in a 
group of 647 male miners who ever worked in an underground gold mine in Kalgoorlie, Australia 
and were exposed to aluminum dust as a prophylaxis during the 1950s and 1960s. The 
reference group consisted of 1,247 male underground gold miners never exposed to aluminum 
dust. Workers were exposed to aluminum dust for an average of 10 years (range of 1 to 15 
years).  At the time of employment, the chest clinic physician recorded whether or not each 
miner was having aluminum therapy on the miners’ health record.  Using death certificates, 
Peters et al. (2013) compared mortality among the mining cohort to mortality among the general 
Australian population.  Peters et al. (2013) found increased mortality related to Alzheimer’s 
disease among miners ever exposed to aluminum dust, although it was based on very few 
cases (n=8 in the exposed group) and was not statistically significant (SMR=1.38; 95% CI 0.69 
to 2.75).  Peters et al. (2013) also performed a subgroup analysis separating those with one to 
nine years of aluminum powder exposure and those with greater than ten years of aluminum 
powder, compared to no aluminum exposure.  The hazard ratios suggested the possibility of a 
duration-response relationship for Alzheimer’s disease mortality (0-9 years: HR= 2.37, 95%CI: 
0.63 to 8.88; ≥10 years: HR=3.59, 95% CI: 0.88 to 14.7) but neither were statistically significant.  
It is also important to note that these HRs were calculated based on very small numbers of 
Alzheimer’s disease cases (four cases in each exposure group). 
 
The Alzheimer’s prevalence rate observed in this study, 1.2%, is considerably small and below 
the general population risk of Alzheimer’s disease.  However, Alzheimer’s disease is not always 
recognized on death certificates likely leading to an underestimation of Alzheimer’s disease 
among the mining cohort.  
 

“The coding issue will have affected the numbers of Alzheimer’s deaths among the exposed 
cohort members and the general population in the same proportion, since we have used the 
same method of case identification in both groups. Therefore, the observed association 
between aluminum dust exposure and the disease would probably not be affected. 
However, more accurate figures of the number of cases would have provided more 
statistical power for the current analyses on Alzheimer’s disease.” (Peters et al., 2013).   

 
Other outcomes examined in Peters et al. (2013) included cerebrovascular mortality, 
cardiovascular mortality, and pneumoconiosis.  Aluminum dust inhalation did not affect the risk 
of cerebrovascular mortality.  There was some indication of an increased risk of cardiovascular 
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mortality among miners with a history of aluminum dust exposure over those who never inhaled 
aluminum (SMR=1.30, 95%CI: 1.00 to 1.70).  Mortality rates for pneumoconiosis were 
significantly increased for all underground miners, whether they inhaled aluminum dust or not, 
and no difference in the association between duration of work underground and 
pneumoconiosis was observed between the groups with or without aluminum dust exposure. 
 
McDonald et al., (1996):  This study was published only as an abstract and therefore could not 
be included in the quality assessment.  The authors looked at the potential association between 
inhalation of McIntyre Powder and the development of Alzheimer’s disease and dementia. 
Death certificates were obtained for two groups of Cornish tin miners, one group from a mine 
(Geevor) that historically used McIntyre Powder as a prophylactic against silicosis (1940s-1964) 
and another that did not (South Crofty). None of the miners exposed to McIntyre Powder at 
Geevor were certified as dying from dementia or Alzheimer’s disease. In the unexposed group 
at South Crofy, two dementia deaths were recorded (a standardized mortality rate of 80.0, which 
is marginally less than would be expected based on death rates for England and Wales). The 
authors concluded that the study found no causal link between regular exposure to aluminum 
powder (McIntyre Powder) via inhalation and development of Alzheimer’s disease.  The total 
number of miners in each study group was not provided in the abstract.  An attempt to reach the 
study author for more information was unsuccessful.  As in Peters et al. (2013), the use of death 
certificate data likely led to an underestimation of Alzheimer’s disease among both mining 
cohorts.        
 
4.4 ICD-Diagnosable Conditions 
 
4.4.1 Neurological Disease 
 
4.4.1.1 Alzheimer’s Disease 
 
The literature retrieval steps identified a total of four epidemiological studies among 
occupational workers with an outcome of clinically diagnosed Alzheimer’s disease. This includes 
one retrospective matched cohort study (Peters et al. 2013) and three case-control studies 
(Graves et al. 1998, Gun et al. 1997, and Salib et al. 1996) that reported either an odds ratio or 
hazard ratio with the associated 95% confidence interval.  This data is sufficient to conduct 
meta-analysis to determine a pooled odds ratio from the individual odds ratios and hazard 
ratios.  When available, adjusted odds ratios were abstracted from the studies, otherwise, 
unadjusted odds ratios were used.   
 
The pooled odds ratio, presented in the forest plot provided in Figure 4-1, represents the risk of 
Alzheimer’s disease in populations occupationally exposed to aluminum compared to similar 
persons not occupationally exposed to aluminum.  The increased odds (OR=1.28 (95%CI: 0.78 
to 2.10) of Alzheimer’s disease in populations occupationally exposed to aluminum is not 
statistically significant.  The low heterogeneity (I2=11%, p=0.34) is consistent with the forest plot 
which shows the individual studies to have insignificant effects with wide overlapping confidence 
intervals.  The pooled estimate based on the three case-control studies was OR=1.08 (95%CI: 
0.67 to 1.76), with low heterogeneity I2=0%, test of homogeneity p=0.56. The risk of Alzheimer’s 
disease for the matched cohort study was OR=2.79 (95%CI: 0.88 to 8.82). 
 
There were similarities in the studies with respect to the participants, such as mean age (from 
75 to 80 years of age), the reported exposure duration (at least 10 years), and exposure defined 
by occupational histories.  Participants in the Graves et al. (1998) study were assigned 
exposure based on industrial hygienist conducted interviews, and self-reported whether or not 
they ever inhaled aluminum dust.  Participants in Gun et al. (1997) were also assessed by a 
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panel of occupational hygienists, and participants in the study by Salib and Hillier (1996) 
identified aluminum exposure by self-reporting with a structured questionnaire. 
 
The proportion of the cases with occupational exposure to aluminum varied across the studies, 
with two studies having higher proportions (Graves et al.. 1998, 19.1%; Salib and Hillier, 1996, 
11.1%) and one study with only 1% of the cases having prior occupational exposure to 
aluminum (Gun et al., 1997, 0.6%).  Although none of the studies reported a significant effect, 
the two studies with reasonable number of cases with aluminum exposure are important to 
review farther.  The study by Salib et al. (1996) shows a clear insignificant effect, OR= 0.98 
(0.53, 1.75).  The other study, Graves et al. (1998), the odds of Alzheimer’s disease is 1.46 
higher in those with a history of occupation exposure (OR= 1.46, 95%CI: 0.62, 3.42).   
 
An important difference between these two studies was the recruitment method and the 
determination of aluminum exposure.   Salib et al. (1996) selected clinically diagnosed probable 
or possible Alzheimer's disease cases using the established National Institute of Neurological 
and Communicative Disorders and Stroke (NINCDS) and the Alzheimer’s Disease and Related 
Disorders Association (ADRDA) criteria. However, all of the patients were at a psychogeriatric 
unit in England where the study was conducted and were all patients of the first author of the 
study.  Aluminum exposure was determined by the study participants through a detailed and 
structured questionnaire.  For the study by Graves et al. (1998), subjects were identified from 
University of Washington Alzheimer’s disease patient registry.  Diagnosis was also based on the 
ADRDA-NINCDS criteria.  Due to the small study size and lack of statistical power, the 
difference in the presence of exposure between cases and self-reported controls was only five 
individuals (17/89 versus 12/89 cases), not indicating a robust presence of an increased risk 
based on the study by Graves et al. (1998). This is consistent with the author’s conclusion, “[a] 
non-significant association with Alzheimer’s disease was found, and dose-response analyses 
were not significant for duration of exposure in years, intensity of exposure, and age at which 
half the cumulative lifetime exposure was achieved.”  
 
Peters et al. (2013) was a different study design where the cohort was not selected on the basis 
of cases with Alzheimer’s disease and controls without Alzheimer’s disease.  Instead, the cohort 
included all underground gold miners in 1961-1962 and 1974-1975 from a Western Australian 
mining town.  At the time of employment, the chest clinic physician recorded whether or not 
each miner was having aluminum therapy on the miners’ health record.  Using death 
certificates, Peters et al. (2013) compared mortality among the mining cohort to mortality among 
the general Australian population.  In the cohort of 1,894 miners, there were 16 deaths with 
Alzheimer’s disease either listed as the cause of death or with otherwise listed on the death 
certificate, representing a prevalence of 1.2%. This rate is considerably below the general 
population risk of Alzheimer’s disease.  For example, as estimated by the longitudinal 
Framingham study, the cumulative risk of developing Alzheimer’s disease by age 75 is 
predicted to be 10.2% for men, and 18.5% for women (Seshadri et al., 1997). However, as 
noted by the authors, Alzheimer’s disease is not always recognized on death certificates which 
likely led to an underestimation of Alzheimer’s disease amongst the mining cohort. 
 

 “The coding issue will have affected the numbers of Alzheimer’s deaths among the exposed 
cohort members and the general population in the same proportion, since we have used the 
same method of case identification in both groups. Therefore, the observed association 
between aluminum dust exposure and the disease would probably not be affected. 
However, more accurate figures of the number of cases would have provided more 
statistical power for the current analyses on Alzheimer’s disease” (Peters et al. 2013). 
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Figure 4-1 Forest Plot - Alzheimer’s Disease 

 
4.4.1.2 Other Neurological Disease 
 
There were two case-control studies that examined neurological disease other than Alzheimer’s 
disease. One study considered aluminum exposures and ALS by identifying cases with ALS 
(N=174) and comparing their exposure histories to matched referents (N=348).  Exposure 
histories were ascertained by conducting interviews of possible occupational exposures to 
aluminum and other substances.  Although an association was found between ALS and 
exposure to agricultural chemicals, no association was found for aluminum (McGuire et al., 
1997). The second study looked at cases of neurologist confirmed Parkinson Disease (PD) 
(N=130) compared to age-matched referents (N=260) and used interviews to estimate potential 
exposures to aluminum and obtain family and occupational history (Semchuk et al., 1993). The 
study found that an increase in crude PD risk estimates associated with 4 of 5 variables (i.e., 
family history, head trauma, occupational herbicide use, and family history of essential tremor), 
but no association between aluminum exposures and PD.   
 
4.4.2 Other Diagnosable Conditions 
 
Several of the studies retrieved from the literature looked at diagnosable conditions other than 
neurological diseases; however, there were too few studies on any individual condition to 
perform meta-analyses.  A summary of the studies, including details on aluminum exposures 
and study quality is provided in Table 4-5. The outcomes have been grouped to facilitate 
analysis and dissemination of information. A discussion of study findings and general trends is 
also provided.  

NOTE: Weights are from random effects analysis

.

.

Overall  (I-squared = 11.2%, p = 0.337)

Subtotal  (I-squared = 0.0%, p = 0.556)

Salib1996
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1.08 (0.67, 1.76)
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2.79 (0.88, 8.82)
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100.00
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%
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Table 4-5 Summary of results from studies of other outcomes 
Study Neuro Cardio Cancer Other Type of Exposure/ 

Occupation Exposure Levels Association found between 
outcome and Al? 

Quality Assessment 
Rating 

Ahmed et al., 
2013   X  50 Al industry workers (exposed 

to Al dust >8 h/d for > 1 yr) 

Exposure expressed as 
duration of employment 
(years) 

No association between Al dust 
exposure duration and lung cancer 
indicators 

4/6: cases not randomly 
selected and referents 
drawn from different 
population  

Aronson et al., 
1996   X  

449 confirmed cases of prostate 
cancer (various substances, 
occupations and industries) 

Qualitative - survey of 
occurrence, frequency and 
concentration (low, med, 
high) 

No increased risk of prostate cancer 
for workers exposed to Al alloy dust 

7/9: survey not blinded to 
case/control status 

Botta et al., 
2006   X  

Welders involved in manual 
metal arc welding, tungsten inert 
gas welding, 
and metal inert/active gas 
welding (>3 yrs) 

Measured in blood and urine 
(rough estimates from Figure 
1 and 2): mean = 70 µg/L in 
blood; mean = 25 µg/g in 
urine 

Positive correlation between blood 
concentration of Al and DNA damage 
in lymphocytes; however no 
difference in blood Al between 
exposed and referents 

5/6: subjects not randomly 
selected and from different 
facilities   

Cantone et al., 
2011   X  63 steel production workers 

(employed at the plant >1 yr) 

Mean and standard deviation 
Al concentration in air 8.50 ± 
18.07 µg/m3 (range: 0.40-
84.07 µg/m3) 

Al not associated with histone 
modification (lung cancer biomarker) 

5/6: subjects selected from 
different areas of the same 
plant; no identified 
referents 

Cantone et al., 
2014  X   

63 male workers, free of cancer 
and cardiopulmonary disease, 
working in a steel production 
plant for at least 1 year 

Mean aluminum exposure in 
workplace air = 8.5 +/- 18.07 
ug/m3 

None 5/6: non-random sampling, 
no reference group used 

Cavallari et al., 
2008  X   

26 male boilermaker 
construction workers exposed to 
metal-rich welding fumes 

Al exposure measured as a 
component of PM2.5. Median 
Al workplace air 
concentration = 4.58 ug/m3 

Statistically significant (p<0.05) 
decline in heart rate variability per 1 
μg/m3 increase in aluminum as 
component of PM2.5. 

4/6: risk of bias, as subject 
population were a selected 
group, no reference group 
used 

Friesen et al., 
2009    X 

5,770 male workers from four 
bauxite mines and three alumina 
refineries (58 excluded) 
employed for an average of 14.1 
years 

Used average company 
monitoring data Mean 
alumina exposure = 14.5 
mg/m3 per year 

Cumulative alumina dust exposure 
may be associated with an excess 
risk of death from cerebrovascular 
disease but not for incident cancers 

9/9: cohort representative 
of average target 
population  

Fritschi et al., 
2008   X X 

5,828 male workers and 657 
female workers in bauxite mine 
and alumina refinery followed up 
over 19 years 

Total time spent working in 
production or maintenance 
jobs 

Overall little evidence for increased 
cancer incidence or mortality in cohort 

6/9: exposure levels not 
quantified, cohort 
representative of average 
target population 

Hou et al., 
2011   X  63 steel production workers 

(employed at the plant >1 yr) 

Mean and standard deviation 
Al concentration in air 8.50 ± 
18.07 µg/m3 (range: 0.40-
84.07 µg/m3) 

Mean DNA methylation of four tumour 
suppressor genes (biomarker for 
cancer) showed one borderline 
significant association with Al (βstd = 
0.14, 95% CI: 0.00-0.29) and three 
non-significant associations 

4/6: subjects selected from 
different areas of the same 
plant; no identified 
referents 
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Table 4-5 Summary of results from studies of other outcomes 
Study Neuro Cardio Cancer Other Type of Exposure/ 

Occupation Exposure Levels Association found between 
outcome and Al? 

Quality Assessment 
Rating 

Hovatta et al., 
1998    X 27 employees of a refinery and 

polyolefin factory 

Al concentration in semen of 
exposed population: 0.93 +/- 
0.69 mg/kg in spermatozoa 
and 0.54 +/-0.61 mg/kg in 
seminal plasma 

Al concentration in seminal plasma 
was higher in exposed group than 
control. A high concentration of Al in 
spermatozoa was correlated with 
decreased sperm motility 

3/6: study population was a 
non-randomly selected 
group of workers, hence 
risk of selection bias 
possible, control population 
from a different source 

Liu et al., 2016    X 

1493 coke oven workers (1282 
males and 211 females) who 
worked more than 1 year in a 
coking plant 

Al concentration measured in 
urine in different groups, 
including diabetes group, 
hyperglycemic group and 
normo-glycemic group 
(control) 

Al was not significantly associated 
with any of the measured outcomes 

6/6: representative sample 
population included for 
study, study controlled for 
age, BMI, gender and 
smoking 

McGuire et al., 
1997 X    

174 patients newly diagnosed 
with ALS and met eligibility 
criteria (several occupational 
circumstances, substances and 
industries) 

Self-reported workplace 
exposures to 28 chemical 
agents (grouped: metals, 
solvents, agricultural 
chemicals) 

No association between Al and ALS 
found 

7/9: exposures were only 
determined via interview 
(not blind); no discussion of 
non-response rate 

Parent et al., 
2000   X  

99 new histologically confirmed 
oesophageal cancer cases 
(several occupational 
circumstances, substances and 
industries)  

Qualitative survey of 
exposures to various 
substances (frequency and 
duration) 

Odds ratios showed positive but non-
significant associations between 
subjects ever exposed to alumina 
dust and oesophageal cancers 

8/9: referents not well 
described and issues 
around confounding factors 
(e.g., exposure to several 
agents) 

Peters et al., 
2013 X X   

647 male miners who ever 
worked in an underground gold 
mine and were exposed to Al 
dust 

Average worker exposure 
period = 10 years (range = 1-
15 years); not quantified 
further 

No protective effect against silicosis 
was observed from Al dust inhalation. 
Conversely, exposure to Al dust may 
possibly increase the risk of 
cardiovascular disease and dementia 
of the Alzheimer’s type 

7/9: non- random sampling, 
reference group from 
different source, indirect 
measurement of Al 
exposure, study controlled 
for age and smoking. 

Schmid et al., 
1995    X 

32 aluminum powder-production 
workers exposed for an average 
of 12.5 years 

Al concentration measured in 
plasma, urine and bone 
mineral content in lumbar 
spine 

Significantly increased average Al 
concentrations in production workers 
than control.  No other significant 
differences between exposed and 
reference groups was found. 

4/6: the study did not 
provide an adequate 
description of the sampling 
strategy 

Semchuk et 
al., 1993 X    

130 patients with neurologist-
confirmed idiopathic Parkinson 
Disease (various occupational 
histories and substance 
exposures) 

Obtained exposure estimates 
via interview (occupational 
history and contact with 
various substances including 
aluminum) 

Increased crude PD risk estimates 
associated with 4 of 5 variables 
(family history, head trauma, 
occupational herbicide use, and family 
history of essential tremor) 

6/9: selection of cases not 
clearly described; 
exposures only self-
reported; no discussion of 
non-response rate 

Notes:  ‘neuro’ = neurological outcomes; ‘cardio’ = cardiovascular outcomes; ‘cancer’ = cancer outcomes; ‘other’ = all other health outcomes 
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4.4.2.1 Cardiovascular Outcomes and Biomarkers 
 
Three studies investigated cardiovascular outcomes of aluminum exposure. Cantone et al. 
(2014) studied workers from a steel production plant, Cavallari et al. (2008) selected 
boilermaker construction workers exposed to metal-rich welding fumes as participants, and 
Peters et al. (2013) studied miners exposed to aluminum dust as a prophylaxis. Both studies 
quantified aluminum exposure as a measure workplace air concentration.  The median 
aluminum exposure from personal samples was 2.05 µg/m3 and 4.58 µg/m3 in the two studies, 
respectively. Cantone et al. (2014) did not find an association between aluminum exposure and 
extracellular histone modification or any cardiovascular-related outcomes. Cavallari et al. (2008) 
found a statistically significant inverse relationship between heart rate variability and increasing 
aluminum air concentration, however, the only consistent exposure-response relationship 
observed among the metal fumes studied was for manganese. Neither study compared the 
exposed population to a reference group.  
 
As summarized previously in Section 4.3, Peters et al. (2013) found aluminum dust inhalation 
did not affect the risk of cerebrovascular mortality, while there was some indication of an 
increased risk of cardiovascular mortality among miners with a history of aluminum dust 
exposure over those who never inhaled aluminum (SMR=1.30, 95%CI: 1.00 to 1.70).  
 
4.4.2.2 Cancer and Biomarkers of Cancer 
 
There were seven studies that looked at cancer or biomarkers of cancer as their health endpoint 
(Ahmed et al., 2013; Aronson et al., 1996; Botta et al., 2006; Cantone et al., 2011; 2009; Fritschi 
et al., 2008; Hou et al., 2011 and, Parent et al., 2000). There were two case-control studies 
looking at prostate cancer (Aronson et al., 1996) and oesophageal cancer (Parent et al., 2000), 
one retrospective cohort study of an Australian bauxite mining/Al refining cohort looking at all 
incident cancers (Fritschi et al., 2008) with the remaining studies focusing on cancer indicators 
or biomarkers (DNA damage, histone modification, DNA methylation, etc.). The majority of the 
studies selected subjects or cases with occupational exposure to aluminum via inhalation of 
dusts or fumes. Exposure characterization was highly variable with some studies relying on 
qualitative descriptions of exposure or duration of employment (Ahmed et al., 2013; Aronson et 
al., 1996; Fritschi et al., 2008; Parent et al., 2000), while others collected samples of air 
(Cantone et al., 2011; Hou et al., 2011), or blood and urine (Botta et al., 2006). Neither case-
control study reported significant odds ratios related to aluminum exposure and prostate cancer 
(Aronson et al., 1996) or oesophageal cancer (Parent et al., 2000). Fritschi et al. (2008) 
reported the incidence of all cancers combined as similar to the Australian rate; the cohort had a 
borderline higher risk of melanoma (although no dose-responses were seen) and also an 
increased risk of mesothelioma which was associated with exposures outside the aluminum 
industry.  Out of the four studies investigating potential biomarkers of cancer, two found limited 
evidence of association or correlation between aluminum exposure and DNA damage although 
the biologic significance of those findings is unknown (Botta et al., 2006; Hou et al., 2011).       
 
4.4.2.3 Other Effects 
 
Diabetes 
 
One study (Liu et al., 2016) investigated the association of urinary metal levels, including 
aluminum, with type 2 diabetes risk in coke oven workers exposed to aluminum for at least one 
year. Health outcomes studied included diabetes, hyperglycemia, and normoglycemia.  
Aluminum concentration in urine (in µg/L) among different groups was: Diabetes group: 60.36 
(25th - 75th percentile: 32.42-90.22); Hyperglycemia group: 60.85 (33.14-94); Normoglycemia 
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group: 51.68 (30.95-90.67). The normoglycemic group was considered to be the reference 
group and compared to the diabetes and hyperglycemic groups. The study found that although 
urinary copper and zinc were positively associated with risk of diabetes and hyperglycemia, 
aluminum exposure was not significantly associated with any of the measured outcomes.  
 
Mortality 
 
Three studies included mortality as an endpoint of effects of aluminum exposure. The studies 
used workers from bauxite mines and alumina refineries (Fritschi et al., 2008 and Friesen et al., 
2009) as subjects, or underground gold miners exposed to aluminum dust as a prophylaxis 
(Peters et al., 2013). Two of the studies measured aluminum exposure only as total time spent 
in the respective participant professions, and one study obtained workplace aluminum 
concentrations in air.  Fritschi et al. (2008) found that overall, there was no significant 
relationship between alumina exposure and mortality risk. However, Friesen et al. (2009) 
reported suggestive, but inconclusive evidence of associations between bauxite exposure and 
non-malignant respiratory disease mortality and between alumina exposure and 
cerebrovascular disease mortality.  The associations were based on very few cases and 
therefore may be chance findings.   
 
Osteodystrophy 
 
One study used determination of bone mineral content by X-ray absorptiometry in the evaluation 
of osteodystrophy among workers exposed to aluminum powders (Schmid et al., 1995). The 
study participants were aluminum-powder production workers exposed for an average time 
period of 12.5 years. They measured aluminum concentration in participants’ blood, urine and 
the bone mineral content of the lumbar spine. The aluminum air concentrations averaged to a 
mean of 12.1 mg/m3. The study also included 32 non-exposed workers from same factory as the 
reference group. The health outcomes studied include alkaline phosphatase levels (U/l), bone 
mineral content (g), and bone mineral density (g/cm2). The study concluded that although there 
was significantly increased average aluminum concentration in production workers than control, 
no other significant differences between exposed and reference groups were found.  
 
Reproductive effects 
 
One study (Hovatta et al., 1998) investigated the concentrations of aluminum and other metals 
(lead and cadmium) in seminal plasma and spermatozoa, as well as semen quality in 
employees of a refinery and polyolefin factory in Finland. Forty-five consecutive sperm donor 
candidates from a sperm bank were selected as the reference group. Exposure was ascertained 
via collection of semen samples for measurement of aluminum in spermatozoa and seminal 
plasma of study participants and referents. While there was an overall significant correlation 
between aluminum concentration in spermatozoa and sperm motility when the factory workers 
and control population were analyzed together, aluminum concentrations in semen were higher 
in the reference group than the factory workers.   
 
4.5 Other Studied Health Outcomes 
 
As summarized in Section 4.1, the literature selection steps identified a large number of studies 
where aluminum exposed workers were administered various neuropsychological or lung 
function tests.  The purpose of such studies was not to assess the risk of specific (i.e., 
diagnosable) health outcomes but rather to more broadly examine the potential effects on 
neurobehavioral or respiratory performance.  Results for neuropsychological and lung function 
test outcomes are provided in Sections 4.5.1 and 4.5.2, respectively.      
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4.5.1 Neuropsychological Outcomes 
 
The studies investigating the neurobehavioral performance of workers occupationally exposed 
to aluminum are primarily cross-sectional in design (i.e., data collected at a single point in time). 
In total, there are 21 studies with cross-sectional data from neuropsychological testing. A few 
longitudinal studies with neuropsychological test data (Kiesswetter et al. 2007, Kiesswetter et al. 
2009, and Letzel et al. 2000) are also included in this count by treating them as cross-sectional 
and using data only from the first examination.   
 
Neuropsychological tests were not consistently applied across studies. To determine the test 
outcomes that are available for quantitative versus qualitative analysis, the neuropsychological 
tests were tabulated by study ID (see Table 4-6). Table 4-6 is organized according to the main 
cognitive domain assessed (e.g., psychomotor function, attention, etc.) according to the 
classifications of Akila et al. (1999) and others.  To perform quantitative meta-analysis on an 
outcome, means and standard deviations must be presented in the published study report. The 
Table shows an empty circle if a test was performed but the study authors did not present the 
results in a manner that can be combined with other study results, and a check mark if the data 
meets the criteria for meta-analysis (check marks are summed in the “Count” column). As 
described in the following section, the analysis depends on the frequency of each test. 
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Table 4-6 Summary of Neuropsychological Tests tabulated by Study ID 

 Neuropsychological Test Count Akila 
1999 

Bast-
Pettersen 

1994 

Bast-
Pettersen

2000 
Camerino 

1993 
Deschamps 

2009 
Dick 
1997 

Giorgianni 
2014 

Guo 
1999 

Hanninen 
1994 

Iregren 
2001 

Kiesswetter 
2007 

Kiesswetter 
2009 

Letzel 
2000 Lu2014 Polizzi 

2002 
Rifat 
1990 

Riihimaki 
2000 Sim1997 Yang 

1998 
Yang 
2015 

Zawilla 
2014 

PSYCHO MOTOR FUNCTION                                             
tapping speed  (10 sec) 2                      
tapping speed (20 sec) 2                      
tapping endurance (60 sec) 1                      
Santa Ana dexterity 3                      
simple reaction time 7    ○     ○             
steadiness 2                      
line tracing 2                      
aiming 2                      
pursuit aiming 2    ○                  
static steadiness 2                      
pegboard 1                      
Luria-Nebraska motor scale 1                      
tracking 1                      
continuous performance test 1                      
ATTENTION                                             
digit span 8    ○     ○    ○         
digit symbol 4    ○         ○         
symbol digit coding 1                      
interference call (stroop) 1                      
Stroop test 1       ○               
dual task 2                      
switching attention 1                       
Bourson-Wiersma dot 
cancellation  1                      

attention matrices 0       ○               
sustained attention 0             ○         
VERBAL                                             
similarities recall 1                      

synonyms1 3                      

vocabulary 0             ○         
VISUOSPATIAL AND CONSTRUCTION 
embedded figures 1                      
block design - easy/hard items 1                      
block design 2             ○         
MEMORY AND LEARNING                                             
paired associate 1                      
memory for design 2                      
interference recall 1                      
symbol-digit substitution (SDS) 
test 2                      

visual recognition 0    ○                  
serial digit learning 0    ○                  
syndrome short 0             ○         
Wechsler memory scale 0       ○               
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Table 4-6 Summary of Neuropsychological Tests tabulated by Study ID 

 Neuropsychological Test Count Akila 
1999 

Bast-
Pettersen 

1994 

Bast-
Pettersen

2000 
Camerino 

1993 
Deschamps 

2009 
Dick 
1997 

Giorgianni 
2014 

Guo 
1999 

Hanninen 
1994 

Iregren 
2001 

Kiesswetter 
2007 

Kiesswetter 
2009 

Letzel 
2000 Lu2014 Polizzi 

2002 
Rifat 
1990 

Riihimaki 
2000 Sim1997 Yang 

1998 
Yang 
2015 

Zawilla 
2014 

symbol learning 0          ○             
associative learning 0          ○             
Benton visual retention 2                      
SCREEN FOR COGNITIVE IMPAIRMENT  
Standard progressive matrices 
test 2                      

MMSE 4                ○      

clock drawing test 2                      
Addenbroke's cognitive 
examination 1                      

trail making 2             ○         
trail making test A 1                      
trail making test B 1                      
Raven's coloured progressive 
matrices 0                ○      

Symbol digit modalities test 0                ○      
PHYSICAL DOMAIN                                             
tremor 1      ○                
postural stability test 1                      
auditory evoked event-related 
potential 1                      

Total number of unique tests 52 15 3 3 6 3 1 3 6 5 10 11 11 7 1 2 3 6 1 6 1 1 

Legend:  : means and standard deviations for test are presented in report;  ○: means and standard deviations are not available (results presented in some other way) 
1 Various synonym tests applied so measures were inconsistent 
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4.5.1.1 Meta-Analysis of Neuropsychological Tests 
 
Tests with reported means and standard deviations from at least three studies had sufficient 
information to conduct a meta-analysis of effect size, or the mean difference (MD) between the 
values of an exposed and reference group. There are a total of five different neuropsychological 
tests that meet the criteria for a common outcome (Table 4-7). Some of the tests measure 
different variables (dominant versus non-dominant hand by the Santa Ana dexterity test) for a 
total of seven neuropsychological test variables. Three of the variables relate to psychomotor 
function and three to attention. The Mini–Mental State Examination (MMSE) is a screening 
questionnaire that is used extensively in clinical and research settings to measure cognitive 
impairment and is commonly used in medicine to screen for dementia.   
 
Table 4-7 Neuropsychological Outcome Variables to Include in Meta-Analysis 

Cognitive 
Domain Outcomes Study IDs Count 

Psychomotor 
Function 

Santa Ana Dexterity 
   Dominant hand Guo1999, Akila1999, Yang1998 3 
   Non-dominant hand Guo1999, Akila1999, Yang1998 3 

Simple Reaction Time Guo1999, Akila1999, Bast-Pettersen2000, Yang1998, 
Iregren2001, Kiesswetter2007, Kieswetter2009, Sim1997 8 

Attention 

Digit Span 

   Forward 
Guo1999, Akila1999, Riihimaki2000, Yang1998, 
Deschamps2009, Iregren2001, Kiesswetter2007, 
Kieswetter2009 

8 

   Backward Guo1999, Akila1999, Yang1998, Kiesswetter2007, 
Kieswetter2009 5 

Digit symbol Guo1999, Akila1999, Riihimaki2000, Yang1998 4 
Cognitive 
Impairment MMSE Lu2014, Deschamps2009, Polizzi2002 3 

 
For each outcome and study listed in the table above, the abstracted data (i.e., means, standard 
deviations, exposure data, and other relevant study characteristics) were imported into Review 
Manager (RevMan) Software for meta-analysis.  For studies where the outcome data were 
reported for subgroups (e.g., Akila et al. (1999) reported all results separately for a low 
exposure and high exposure group), each subgroup is included as a separate study to avoid 
excluding valuable information.  In total, there were 21 studies or study subpopulations which 
reported a comparison of neurological outcomes suitable for meta-analysis (Table 4-8). This 
includes three study populations without reference group data. Overall, the studies included an 
average of 55 subjects in the exposed group and 27 subjects in the reference group.  There 
were no meaningful differences between the exposed and reference groups for age (average of 
42 to 43 years), education level (average of 9 years) or percentage of smokers (70 to 72%).  
There were important differences in aluminum levels in terms of blood aluminum (exposed 2.4-
times higher than referents), urine aluminum (exposed 7.6-times higher than referents), urine 
aluminum adjusted for creatinine levels (exposed 4.4-times higher than referents) and serum 
aluminum (exposed 5.3-times higher than referents). 
 
Table 4-8 Study Characteristics for Meta-Analysis of Neurological Outcomes   

Study Characteristic 
Exposed Referents Exposed  

minus 
Referents N Mean (min, max) N Mean (min, max) 

Study size, N 21 55 (16,184) 18 27 (13,70) 28 
Age, years 21 43 (30,67) 18 42 (30,68) 1ND 
Education, years 12 9 (5,11) 9 9 (6,11) 0 ND 
Smoking percentage 9 70 (52,76) 6 72 (43, 86) -2ND 
Al Air (mg/m3) 8 4.6 (0.5, 14.7)    
Al blood (µg/l) 6 6.4 (1, 12.5) 6 2.7 (1, 5.9) 3.7 (2.4x) 
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Table 4-8 Study Characteristics for Meta-Analysis of Neurological Outcomes   

Study Characteristic 
Exposed Referents Exposed  

minus 
Referents N Mean (min, max) N Mean (min, max) 

Al urine (µg/l) 15 77.1 (4, 269.3) 14 10.1 (3, 15.1) 67.1 (7.6x) 
Al urine adj. (µg/g creat.) 8 45.8 (4.2, 110.7) 8 10.4 (4.7, 17.7) 35.4 (4.4x) 
Al serum (µg/l) 8 25.2 (1.7, 78.4) 5 4.8 (1.3, 10.0) 20.4 (5.3x) 
Santa Ana Dexterity-Dominant Hand 6 36.9 (18.1, 47.3) 6 39.0 (19.9, 49.2) -2.1 
Santa Ana Dexterity-non-Dominant Hand 6 34.5 (17.0, 44.1) 6 35.1 (18.0, 43.4) -0.6 
Simple Reaction Time 13 277 (221, 368) 13 264 (223, 342) +13 
Digit Span Forward 12 7.9 (5.7, 11.6) 12 8.2 (5.4, 12.6) -0.3 
Digit Span Backward 8 5.0 (4.3, 6.4) 8 5.2 (4.4, 6.4) -0.2 
Digit Symbol 6 42.1 (33.8, 51.9) 6 46.7 (26.2, 52.1) -4.6 
Mini–Mental State Examination (MMSE) 6 27.3 (26.1, 28.3) 3 27.9 (26.9, 28.8) -0.6 
ND No meaningful difference in baseline characteristics between exposure and reference groups; x: times 

 
The results for the seven outcomes with sufficient data for meta-analysis are described one at a 
time below.  
        
Santa Ana Dexterity Dominant Hand (SADDH) 
There were three individual studies and six comparisons total which provided sufficient 
comparative data for meta-analysis of SADDH data.  The Santa Ana test is a test of manual 
dexterity which requires rapid eye-hand coordinated movements. The equipment consists of a 
base plate with 48 square holes and equal number of fitted pegs. Participants are asked to turn 
each peg 180° as fast as possible in 30 seconds and the unit of measure is the number of 
turned pegs. 
 
The meta-analysis of SADDH resulted in an overall effect of -1.87 (95%CI: -2.74 to -0.99), 
p<0.01 with an absence of heterogeneity I2=0%, p=0.93 (Figure 4-2).  Within each study the 
mean values of the number of pegs rotated by exposed workers was highest in the Akila et al. 
(1999) study (47 pegs) because the study reported the sum of two tests, lower in the Guo et al.  
(1999) study (32 to 39 pegs), and lowest in the Yang et al. (1998) study (18 pegs). However, the 
difference in the number of pegs rotated between the exposed and reference groups was 
ranged between -0.9 and -3.1 pegs. The interpretation of the MD in the number of pegs is 
limited without well-established normative data or a clinically defined minimally important 
difference.  However, a difference of -1.87 pegs versus the reference group average of 39.0 
pegs is approximately a 5% decrease (1.87/39.0 = 5.1%).   
 

 
Figure 4-2 Forest Plot, Santa Ana dexterity dominant hand (count) 

 
Meta-regression was used to investigate differences by study characteristics, or covariates, that 
may influence the size of the MD for SADDH.  Because only a subset of SADDH studies 
included data for each study characteristic, meta-regressions were limited to only include 
subsets of studies.  There were no significant changes in SADDH effect size for age, education, 
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smoking, or Al urine. There was insufficient data available to analyze the effect of aluminum in 
blood, aluminum in urine adjusted for creatinine, or aluminum in serum on the outcome (see 
Meta-regression output in Appendix E-1).   
  
Santa Ana dexterity non-dominant hand (SADNDH) 
There were three individual studies and six comparisons total which provided sufficient 
comparative data for meta-analysis of SADNDH.  The overall MD SADNDH was -0.83 (95%CI: -
1.73 to 0.06), p =0.07 with an absence of heterogeneity I2=0%, p=0.69 (Figure 4-3). Therefore, 
the MD in the number of pegs is less than one peg.  All individual studies had small differences 
between exposed and reference groups, ranging from -2.3 pegs (95%CI: -5.34 to 0.74) (Guo 
1999-3), and +0.72 pegs (95%CI: 0.12 to 1.32).  A difference of -0.83 pegs versus the reference 
group average of 35.2 pegs is approximately a 2% decrease (0.83/35.2 = 2.4%).      
 

 
Figure 4-3 Forest Plot, Mean Santa Ana dexterity non-dominant hand (count) 

 
Meta-regression was used to investigate differences by study characteristics that may influence 
the size of the MD for SADNDH.  Because only a subset of SADNDH studies included data for 
each study characteristic, meta-regressions were limited to only include subsets of studies. 
There were no significant changes in SADNDH effect size for age, smoking, or aluminum in 
urine levels.  The number of years of education significantly impacted the mean difference of 
SADNDH.  A one year increase in years of education in the exposure group relative to the 
reference group increased the number of pegs rotated by subjects in the exposure group in the 
non-dominant hand by 1.55 (95%CI: -0.20 to 3.31) p =0.070.  The effect of education is larger 
than the overall mean differences, indicating level of education is more significant than 
aluminum exposure for SADNDH. There was insufficient data available to analyze the effect of 
aluminum in blood, aluminum in urine adjusted for creatinine, or aluminum in serum on the 
outcome (see Meta-regression output in Appendix E-2).   
   
Mean Simple Reaction Time (SRT) to a visual stimulus 
Simple reaction time (SRT) measures how fast a person reacts to visual stimuli. There were 
eight studies, which included 13 comparisons, providing sufficient comparative data for the 
meta-analysis of simple reaction time.  Unlike the other neurological outcomes where a larger 
value indicates better performance, an increased simple reaction time indicates poorer 
performance.  The overall effect is a statistically significant increase in simple reaction time 
+10.97 milliseconds (95%CI: 4.50 to 17.44), p<0.01, with low heterogeneity, I2=21% (p=0.23) 
(Figure 4-4).     
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Figure 4-4 Forest Plot, Mean simple reaction time (msec) 

 
Based on the forest plot, most of the studies have increases in SRT, with two studies reaching 
statistical significance for slower reaction time among aluminum exposed groups, Iregren 2001-
1 and Kieswetter 2009. The Iregren et al. (2001) study was stratified by type of occupational 
exposure with smelters (Iregren 2001-1, N=119), flake powder production workers (Iregren 
2001-2, N=16), and welders (Iregren 2001-3, N=38).  Probably due to sample sizes, only the 
largest group had a statistical increase in simple reaction time, 20.40 msec (95%CI: 7.70, 
33.10).  The other study Kieswetter et al. (2009) included welders in Germany with an increase 
in simple reaction of +14.60 msec (95%CI: 2.10, 27.10). The study by Akila et al. (1999) 
reported data by low exposure (Akila 1999-1) and high exposure (Akila 1999-2) for welders in 
Finland, both of which reported faster reaction time for the aluminum exposed groups.   
 
The overall increase in simple reaction time between the exposed relative to the reference 
group of +10.97 msec should be compared to the average reaction time among the reference 
group of 264 msec.  This represents an increase of 4.0% (10.97/264) in reaction time in 
milliseconds, a relatively minor increase.              
 
Meta-regression was used to investigate differences by study characteristics that may influence 
the size of the MD for SRT.  Because only a subset of SRT studies included data for each study 
characteristic, meta-regressions were limited to only include subsets of studies. Both years of 
education and urine aluminum levels were found to significantly impact the mean difference of 
SRT.  A one year increase in years of education in the exposure group relative to the reference 
group decreased simple reaction time in the exposure group by -31.9 msec (95%CI: -66.5 to 
2.62) p =0.064. The effect of education is larger than the overall mean differences, indicating 
level of education is more significant than aluminum exposure for SRT.  Counterintuitively, urine 
aluminum was a significant risk factor in the reduction in the mean difference of simple reaction 
time, with an increase of one unit of urine aluminum in the exposure group reducing the mean 
difference of simple reaction time by -0.09 msec (95%CI: -0.20, to 0.02), p =0.094.  Urinary 
aluminum adjusted for creatinine content, generally recognized as a better measure of Al 
exposure, did not significantly change the SRT effect size.  There was insufficient data available 
to analyze the effect of aluminum blood or aluminum serum on the outcome (see Meta-
regression output in Appendix E-3).   
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Digit span forward  
The Digit span test is a test of short term memory comprised of progressively longer sequences 
of random numbers read aloud.  The subject has to repeat each sequence exactly as heard.  
The unit of measure is the count of recalled digits.  There were eight studies, which included 14 
comparisons, providing sufficient comparative data for the meta-analysis of digit span forward 
results. The overall effect is a reduction in counts of -0.11 (95%CI: -0.38 to 0.16), p =0.44, with 
low heterogeneity, I2=39% (p=0.07), indicating a non-significant decrease among those exposed 
to aluminum (see Figure 4-5).  The individual studies reported a MD ranging from -1.3 (Iregren 
2001-3) to +0.85 (Riihimaki 2000-2).  The overall effect represents a 1% decline (-0.11/ 8.2 
count) relative to the reference group average. 
    

 
Figure 4-5 Forest Plot, Mean digit span forward (count) 

  
Meta-regression was used to investigate differences by study characteristics, or covariates, that 
may influence the size of the MD for digit span forward.  Because only a subset of digit span 
forward studies included data for each study characteristic, meta-regressions were limited to 
only include subsets of studies. There were no significant changes in digit span forward effect 
size for age, education, smoking, aluminum in blood, aluminum in urine, or aluminum in urine 
adjusted for creatinine.  There was insufficient data available to analyze the effect of aluminum 
in serum on the outcome (see Meta-regression output in Appendix E-4).   
 
Digit span backward  
There were five studies, which included eight comparisons, providing sufficient comparative 
data for the meta-analysis of digit span backward results.  The overall effect is a non-significant 
reduction in digits counted of -0.16 (95%CI: -0.43 to -0.10), p<0.01, with an absence of 
heterogeneity I2 = 0% (p=0.83). The studies reported a mean difference in the number of digit 
span backward ranging from -0.70 (Kieswetter 2007) to +0.10 (Guo 1999-1).  The overall effect 
represents a 3% decline (-0.16/5.2 count) relative to the reference group average.  
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Figure 4-6 Forest Plot, Mean digit span backward (count) 

 
Meta-regression was used to investigate differences by study characteristics, or covariates, that 
may influence the size of the MD for digit span backward.  Because only a subset of digit span 
backward studies included data for each study characteristic, meta-regressions were limited to 
only include subsets of studies. There were no significant changes in digit span backward effect 
size for age, education, aluminum in urine, or aluminum in urine adjusted for creatinine.   There 
was insufficient data available to analyze the effect of smoking, aluminum in blood, or aluminum 
in serum on the outcome (see Meta-regression output in Appendix E-5).   
    
Digit Symbol  
In this test, the subject is required to fill in the blank spaces with symbols associated with the 
numbers 1 to 9. The symbols to be substituted are always visible in a key printed above the 
blank. The score of this test is the number of blank spaces filled within the time limit of 90 
seconds.  There were four studies, which included 8 comparisons, providing sufficient data for 
the meta-analysis of digit symbol.  The overall effect was a statistically significant reduction in 
the number of symbols -4.69 (95%CI: -6.87, -2.51), p<0.01, with low heterogeneity I2=7% 
(p=0.38) (see Figure 4-7).  All of the studies reported a mean decrease in the number of digit 
symbols. The study by Guo et al. (1999), which included workers involved in electrolysis, 
smelting or welding exposed to aluminum in China, provided data by age groups:  25-34 years 
(Guo 1999-1, N=49), 35-44 years (Guo 1999-2, N=33), 45-60 years (Guo 1999-3, N=21). Most 
of the test outcomes for Guo et al. (1999) (SADDH, SADNDH, SRT, and DSF) did not show any 
difference and it was only the outcome digit symbol and digit span backward where there was a 
similar variation by age groups.  However, the difference between subgroups is not statistically 
meaningful.    
 
Unlike other neurological outcomes, the mean difference in digit symbol count is a larger effect 
relative to the mean of the reference group level, a decrease of 10% (-4.69/46.7).  The digit 
symbol count has been a topic of research to attempt to establish normative data. Two studies 
were designed to provide normative values, a large community survey (Joy et al., 2004) and a 
recent meta-analysis of 138 studies (Hoyer et al., 2004). The data suggest that both the values 
for digit symbol count for the reference group and exposed group in the meta-analysis are lower 
than the community sample mean of 74.25 ± 15.50 (Joy et al., 2004, Table 4-9 below) and the 
mean value for younger adults of 69.3 (range 51.2–82.7) (Hoyer et al. 2004), and similar to the 
older adults mean of 48.2 (range 38.8–66.8) (Hoyer et al. 2004).  Thus, while we see difference 
in the digit symbol count between our exposed and referent groups, it appears that both groups 
have lower than normal values. 
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Figure 4-7 Forest plot Mean digit symbol (count) 

  
 

Table 4-9 Normative data for Digit Symbol test (Joy et al., 2004) 

Test 
Youngera Olderb 

High schoolc Colleged High schoolc Colleged 
Digit Symbol 74.25 ± 15.50 80.26 ± 14.76 47.04 ± 17.06 56.53 ± 14.17 
Symbol Copy 116.18 ± 18.66 122.70 ± 13.86 82.37 ± 26.71 94.05 ± 23.67 
Pairing 13.52 ± 3.91 13.52 ± 4.02 8.68 ± 4.09 9.98 ± 4.20 
Free Recall 7.45 ± 1.26 7.56 ± 1.31 6.24 ± 1.58 6.72 ± 1.40 

a Ages 16–49 
b Ages 50–89 
c ≤12 years of education 
d >12 years of education 
  
Meta-regression was used to investigate differences by study characteristics, or covariates, that 
may influence the size of the MD for digit symbol.  Because only a subset of digit symbol studies 
included data for each study characteristic, meta-regressions were limited to only include 
subsets of studies. There were no significant changes in digit symbol effect size for age, 
education, smoking, or aluminum in urine.  There was insufficient data available to analyze the 
effect of aluminum in blood, aluminum in urine adjusted for creatinine or aluminum in serum on 
the outcome (see Meta-regression output in Appendix E-6).   
 
We further investigated the effect of covariates for the digit symbol outcome because the meta-
analysis suggested that the mean difference may be meaningful.  Based on the meta-regression 
of each risk factor, the mean difference in digit symbol count was still significantly different 
between exposure and reference groups, being represented by the constant (_cons) in the 
regression output, even after adjusting for differences in age (p=0.010), education (p=0.090), 
and urine aluminum (p=0.006). However, after adjusting by level of smoking the mean 
difference of digit symbol count was no longer significant (p=0.214) (see Meta-regression output 
in Appendix E-6).  The data in the studies was not adjusted for by smoking, so this factor may 
explain the difference in results.      
 
Mini–Mental State Examination (MMSE) score  
There were three studies available for the meta-analysis of MMSE scores.  The overall effect is 
a statistically significant decrease in MMSE -1.17 (95%CI: -2.03 to -0.31), p<0.01, with high 
heterogeneity I2=75% (p=0.02) (Figure 4-8). The high heterogeneity was driven by the variation 
in the mean effect across studies with two studies reporting statistically significant effects (Lu 
2014 and Polizzi 2002) and one study reporting a non-statistically significant effect (Deschamps 
2009).  The overall effect can be compared to published information about the clinical meaning 
of MMSE scores.  Burback et al. (1999) estimated a minimally clinically important difference 

http://www.sciencedirect.com/science/article/pii/S0887617703001689#TBLFN6
http://www.sciencedirect.com/science/article/pii/S0887617703001689#TBLFN7
http://www.sciencedirect.com/science/article/pii/S0887617703001689#TBLFN8
http://www.sciencedirect.com/science/article/pii/S0887617703001689#TBLFN9
http://www.sciencedirect.com/science/article/pii/S0887617703001689#TBLFN8
http://www.sciencedirect.com/science/article/pii/S0887617703001689#TBLFN9
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(MCID) for the MMSE to be 3.7 for Alzheimer’s disease. In addition, normative data for MMSE 
considers 24 to 30 to be normal function.  The three studies’ results for both exposed and 
control subjects are within the range of normal values.  
 

 
Figure 4-8 Forest plot Mean Mini–Mental State Examination (MMSE) score 

 
Meta-regression was used to investigate differences by study characteristics that may influence 
the size of the MD for MMSE.  There were no significant changes in MMSE scores by age.  
There was insufficient data available to analyze the effect of education, smoking, aluminum in 
blood, aluminum in urine, or aluminum in serum on the outcome (see Meta-regression output in 
Appendix E-7).   
 
4.5.1.2 Additional Analysis of Neuropsychological Tests  
 
As discussed in Section 4.3.2, many individual neuropsychological tests were not applied 
frequently enough across studies to be pooled via meta-analysis. The studies that did not fit into 
the meta-analysis are equally as important to take into account when considering the weight of 
the evidence.  In order to consider the results from all neuropsychological testing performed, the 
number of significant differences between aluminum-exposed and control populations out of the 
total number of tests performed in each study were tabulated in Table 4-10.   The table 
presented each study’s results according to occupational setting, study characteristics including 
number of participants, exposure metrics, and neuropsychological testing domain (i.e., 
psychomotor  function, attention, verbal, visuospatial and construction, memory and learning, 
cognitive impairment, and physical domain).   Again, these neuropsychological studies are 
almost all cross-sectional with exception of Letzel et al. (2000), Kiesswetter et al. (2007), and 
Kiesswetter et al., (2009), comparing the performances of aluminum-exposed workers to 
unexposed reference groups.  Table 4-10 shows that mainly aluminum production workers and 
welders were examined in the studies.  
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Table 4-10 Significant Tests (between Exposed and Unexposed Group) According to Testing Domain and Measures of Exposure 

Study ID 
n         

exposed 
(referents) 

Exposure Metrics (mean) Testing Domain (number of significant tests/total number of tests)  
Yrs. Al-A Al-U Al-Uc Al-B  Al-S Psychomotor 

function Attention Verbal Visuospatial & 
Construction 

Memory & 
Learning 

Cognitive 
Impairment 

Physical 
Domain 

Aluminum Production 
Bast-Pettersen1994 (1) 14 (16) 19.2   12.6     3.6 1/2         0/2   
Bast-Pettersen1994 (2) 8 (16) 19.6   9.9     4.1 0/2         0/2   
Guo1999 104 (64)  16.6 5.3 29.9 41.79     1/9 2/3     0/1     

Iregren2001 (1) 16 (39) 8   83.0 59.0 9.0   1/18 0/3 0/1         

Letzel2000 32 (30) 12.6   110 87.6 8.7     0/3 0/1 0/1 0/1 0/1   

Sim1997 63 (37) >10 0.5         0/17   0/1       0/6 

Yang1998 33 (40) 9.9 1.9       1.7 2/7 1/4     1/1     

Zawilla2014 54 (51) 21.7 10.3       20.3           1/1   
Welding 
Akila1999 51 (28)     60.7/270        0/6 5/21 1/5 2/3 1/9     
Bast-Pettersen2000 20 (20) 8.1 1.2 50.2       4/61             
Giorgianni2014 86 (90) 15.8 19.5       24.2   1/2     1/1     
Iregren2001 (2) 38 (39) 15   22.0 24.0 3.0   0/18 0/3 0/1         

Kiesswetter2007 44 (37) 14.8 7.3  186 111 13   0/5 0/2   1/1 0/1 0/2   

Kiesswetter2009 98 (50) 8.8  0.8 77.4 43 9.3   0/5 0/2   0/1 0/1 0/2   

Riihimaki2000 59 (25) 12.3   54/237     13.5   4/6 1/1   1/1     

Aluminum Salvage/Recycling 
Deschamps2009 30 (60) 6.5 2.2 11.0   3.8     0/1       0/2   
Polizzi2002 64 (32) 30.7 14.7       14           5/5 1/1 

Smelting 
Lu2014 66 (70) 30.2         25.2           1/1   

Iregren2001 (3) 119 (39) 15   4.0 4.2 1.0   4/18 0/3 0/1         

Mining 
Rifat1990 261 (346)                       1/1   

Al-A: aluminum in air (mg/m3), Al-U: aluminum in urine (µg/l), Al-Uc: aluminum/gram creatinine in urine (µg/g creat.), Al-B: aluminum in blood (µg/l), Al-S: aluminum in serum (µg/l) 
Bast-Pettersen1994- two Al exposure groups compared to single reference group (1) potroom workers, (2) foundry workers 
Iregren2001 - three Al exposure groups compared to since reference group (1) flake powder production, (2) welders, (3) smelters 
1 Exposed performed better than referents on 4 measures of the static steadiness test 
 



 
REVISED FINAL REPORT 
 
  
 
 
 
 
 
 

 
Systematic Review of Occupational Aluminum Exposure and Adverse Health Conditions March 2018 
Intrinsik Corp. Page 45  

The collection of exposure metric data differs considerably between studies.  Most studies 
report the average duration of exposure to aluminum, showing a range from 8.0 to 30.7 years.  
Fewer than half of studies sampled aluminum in workplace air.  Studies with aluminum air data 
show lower concentrations to be in the range of 0.5 to 5.3 mg/m3 (Bast-Petterson et al., 2000, 
Deschamps et al., 2009, Guo et al., 1999, Sim et al., 1997, and Yang et al., 1998) and higher 
concentrations to be in the range of 10.3 to 19.5 mg/m3 (Giorgianni et al., 2014, Polizzi et al., 
2002, and Zawilla et al., 2014).  Biomarker measures of aluminum body burden include 
aluminum in urine (µg/l), aluminum/gram creatinine in urine (µg/g creat.), aluminum in blood 
(µg/l), and aluminum in serum (µg/l).  However, even consistent biomarker measures (e.g., 
aluminum in urine) may represent either single samples or means of several samples, and 
samples with varying distances to the last exposure.  The reported group means of the internal 
aluminum loads of exposed workers varied between 4.0 and 270 µg Al/l urine, 4.2 and 111 µg/g 
creatinine in urine, 1.0 and 13 µg Al/l blood, and 1.7 to 25.4 µg Al/l serum.  There are four 
studies that stand out as having workers with the highest measures of aluminum in biomarkers 
(e.g., >100 µg Al/l urine): the “high” exposure group from Akila et al. (1999) comprised of 24 
workers in aluminum welding jobs from various companies, the “high” exposure group from 
Riihimaki et al. (2000) comprised of 30 workers in aluminum welding jobs from various 
companies, Letzel et al. (2000) study of 32 aluminum dust-exposed workers from an aluminum 
powder-producing plant, and the Kiesswetter et al. (2007) study of 44 aluminum welders in the 
train and truck construction industry.  The high exposure studies of Akila et al. (1999) and 
Riihimaki et al. (2000), Finnish studies with the same authors, seem to be based on overlapping 
study samples.  Both published designs compare steel welders with selected aluminum welders 
of low and high exposure, classified based on urinary aluminum concentrations. 
 
The majority of neuropsychological tests were performed in the domain of psychomotor 
function.  Within this domain, there were overall very few number of significant differences 
between exposed and control populations (<10% across all studies) and no discernable pattern 
of significant test results related to exposure metrics.  In one study, aluminum welders 
performed better than the referents in tests of psychomotor function (Bast-Pettersen et al., 
2000). Although, as a group, they performed better than the referents, there was a statistically 
significant relation between longer reaction times and aluminum in air.  The study population 
showing the number of positive findings in the psychomotor function domain, from Iregren et al. 
(2001), included a group of 119 aluminum smelter workers with exposure metrics indicating 
lower levels of aluminum exposure compared to other studies.  The authors concluded that 
these findings of significance were probably due to factors other than aluminum.   
 
In the attention domain, there was a moderately low number of significant findings across all 
studies.  Most of the significant findings in the attention domain were reported by Akila et al. 
(1999) and Riihimaki et al. (2000), the overlapping study cohorts. In these publications, 
significant findings were for digit symbol, dual task, counting backwards, and Bourson-Wiersma 
dot cancellation.  Giorgianni et al. (2014) studied 86 aluminum welders in a shipyard with high 
airborne exposure to aluminum (19.5 mg/m3) and reported that the time needed to carry out the 
Stroop test (of concentration) was significantly longer for exposed welders compared to the 
clerical referents (matched for age, sex and schooling). Many of the significant findings for 
attention domain, were for the tests of digit span and digit forward, and were discussed in the 
meta-analysis results (Section 4.3.2.1). 
 
Relatively few tests were performed and with few significant findings in the verbal, memory and 
learning, visuospatial and construction, and physical domain.  On the other hand, four out of ten 
(40%) of the studies with comparisons in the cognitive impairment domain found significant 
relationships between aluminum exposure and cognitive impairment (Zawilla et al., 2014, Polizzi 
et al., 2002, Lu et al., 2014, and Rifat et al., 1990) .  Zawilla et al. (2014) investigated the 
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cognitive status of workers exposed to aluminum dust in an aluminum factory in Southern Cairo 
with Addenbrooke's Cognitive Examination (ACE-R).  Scores were significantly lower in the 
exposed group compared to an unexposed group of workers (82.7/100 versus 93.7/100).  
According to the authors, the significance of the low score is unknown because there are no 
published cut-off scores for the ACE-R which would provide a threshold to distinguish between 
those with and without cognitive impairment.  Regardless, the authors believe the study 
demonstrates cognitive impairment due to occupational exposure to aluminum, mainly in 
aluminum smelters, with a mean exposure level of 10.3 µg/m3 aluminum.    
  
As summarized previously in the meta-analysis, Section 4.3.2.1, cognitive impairment results 
from Polizzi et al. (2002) and Lu et al. (2014) were based on significantly lower MMSE scores 
among the exposed populations; however, the differences were not clinically important.   
Lastly, Rifat et al. (1990) was a cross-sectional study 261 underground miners exposed to 
McIntyre Powder in mines in Ontario, Canada, compared to 346 non-exposed control miners. 
Subjects were given three cognitive state tests: MMSE; a Ravens coloured progressive matrices 
test (CPM) for reasoning; and the Symbol Digit Modalities Test (SDMT). Results of all three 
tests were summed and comparisons indicated that exposed miners performed less well than 
unexposed miners on cognitive state examinations. Exposure duration also correlated with 
lower test results, however, the clinical implications of these findings are unclear.  
 
Although the biomarker data for unexposed subjects is not shown in Table 4-10, significantly 
higher internal exposure to aluminum was found in exposed compared to reference groups for a 
number of the studies (Letzel et al., 2000, Kiesswetter et al., 2007, Kiesswetter et al. 2009, Guo 
et al., 1999).  Other studies assumed that urinary aluminum was related to exposure without 
providing any information about the representativity or validity of the used biomonitoring data 
(Akila et al., 1999, Riihimaki et al., 2000). 
 
The findings summarized in this section show some significant relationships between exposure 
data and neuropsychological test results.  Systematic patterns of significant findings by testing 
domain and exposure measures were not identified.  However, results are difficult to interpret 
given the non-uniform nature of occupational settings, neuropsychological tests used, cognitive 
domains, different exposure parameters considered, as well as other factors.  Overall, there 
does not appear to be a trend that the number of changes increases with exposure.    
  
It is important to note that the tabulation of significant effects ignores the frequency of numerous 
insignificant results.  Additionally, the cross-sectional studies used univariate statistics, studying 
each single dependent variable separately without adjusting for multiple testing. This 
overestimates the significance of effects compared to insignificant effects.  For example, if the 
test-wise error rate ‘alpha’ for a wrong rejection of hypothesis H0 is fixed to 5%, with 10 
univariate tests the examination-wise error rate inflates to 40%. 
 
4.5.1.3 Other Evidence Related to Neuropsychological Outcomes 
 
A subset of the studies looking at neuropsychological outcomes did not report results as means 
and standard deviations or the results of statistical significance for performance tests.  
Therefore, they could not be included in the meta-analysis or the tabulated results in Section 
4.5.1.1.  However, these studies are equally as important to take into account when considering 
the weight of the evidence and are summarized below.  
 
Camerino et al. (1993): This study aimed to establish the prevalence of neurobehavioural 
scores of occupationally exposed subjects below the 10th percentile rank of normalized curves 
obtained on a referent population. The exposed population included workers exposed to various 
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compounds including 18 welders exposed to aluminum for less than 1 year. The referent 
population was made up of 400 drivers from private and public firms. The Milan Automated 
Neurobehavioural System (MANS) was administered to exposed and referent subjects. The 
MANS includes six tests: Profile of Mood State (POMS), simple visual reaction time, digit span, 
serial digit learning, digit symbol, visual recognition and aiming pursuit II. The exposures for 
aluminum exposed workers ranged from 1.6-3.5 mg/m3 collected from personal samplers (4 hr). 
The authors found that the prevalence of results below the 10th percentile rank was lowest for 
aluminum exposed workers compared to workers exposed to other hazardous compounds (and 
also lower than the reference group for most of the neurobehavioural measures).    
 
Dick et al. (1997): In this cross-sectional study, 63 current and former aluminum potroom 
workers and 37 comparison workers were tested for evidence of neurological dysfunction, 
specifically focusing on arm/hand and leg tremors. The estimated mean respirable aluminum 
concentrations were calculated from measurements collected in 1988. Estimated mean 
respirable aluminum in the exposure group (potroom) was 0.50 mg/m3. For the comparison 
group, the estimated respirable aluminum exposure was 0.08 mg/m3 for casthouse workers and 
0.15 mg/m3 for carbon plant workers. Both hand/arm and leg tremors were measured with no 
statistically significant differences due to exposure to aluminum between potroom workers and 
comparison workers.  
 
Hanninen et al. (1994): This cross-sectional study investigated internal aluminum load and 
central nervous system function in 17 male aluminum workers in a shipyard in Finland.  The 
mean aluminum concentration measured in study subjects’ serum and urine was 0.21 (range 
0.03-0.64) and 2.8 (range 0.9-6.1) µmol/L, respectively. Neuropsychological tests for reaction 
time, psychomotor speed, visual and spatial ability, memory, and verbal ability; symptom and 
mood questionnaires; quantitative electroencephalography (QEEG); and P300 evoked 
responses were used to examine central nervous system functions in the subjects. The results 
indicated that although the subjects performed normally on neuropsychological tests, a negative 
association existed between all four memory tests and serum aluminum. Additionally, the study 
also found a positive association between the variability of visual reaction times and measured 
aluminum concentration in the serum. The QEEG results indicated that slower delta and theta 
activity and less alpha activity in the frontal region correlated with higher levels of serum 
aluminum in welder.  
 
Sinczuk-Walczak et al. (2003): The study covered a selected group of 67 male workers, with a 
mean age of 38.7 years, employment duration of 2 to 34 years, employed in an aluminum 
foundry with exposure to aluminum oxide in concentrations ranging from 0.13 to 1.95 mg/m3.  
The workers were matched to a reference group of 57 workers from the same foundry without 
aluminum exposure. Both groups were assessed with electroencephalography (EEG) and 
results were classified as normal, borderline, or abnormal.  There were statistically significant 
differences between the study group and reference group with more common 
abnormal/borderline EEG recordings in the exposed group.  Comparisons in EEG results 
according to aluminum exposure duration, exposure to Al2O3 in workplace air, or urine 
aluminum concentrations did not reveal any dose response patterns. The authors conclude that 
occupational exposure to aluminum is responsible for subclinical effects on the nervous system; 
however, the clinical implications of abnormal EEG results are not provided.      
 
Sjogren et al. (1990):  This study on neuropsychiatric symptoms was conducted with 65 
workers exposed to aluminum fumes for at least 10 years and 217 referent railroad track 
welders from different locations in Sweden.  Welders who had at least thirteen years of full time 
exposure to aluminum had significantly more neuropsychiatric symptoms than welders not 
exposed to aluminum; there were no significant differences for welders with fewer than thirteen 
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years of exposure.  The authors conclude that long-term exposure to aluminum may pose a risk 
to the central nervous system.  However, the questionnaire used in the study (Q16) had not 
been validated for early detection of neuropsychiatric effects.   
 
As mentioned previously, the vast majority of neuropsychological studies are cross-sectional 
studies; this type of study is limited in its ability to give rise to inferences about causality.  
Longitudinal studies are always preferred over cross-sectional studies because longitudinal 
studies collect data from the same sample on more than one occasion over a period of time so 
that changes over time can be evaluated.  This study design can also explain performance 
differences between groups and potential exposure effects, reducing potential misinterpretation.  
Given the advantages of the longitudinal study design, the relevant studies are summarized in 
detail below.    
 
Letzel et al. (2000): This longitudinal study compared nervous system effects between 32 
aluminum dust-exposed workers to 30 non-exposed referents, all of whom worked in a German 
aluminum powder-producing plant. The subjects were matched for age, gender, professional 
training and education level. Study participants were subjected to biologic monitoring of urine, 
plasma, glucose, and serum gamma-GT, evaluation of P300 potentials, and a battery of 
neuropsychological tests. Five years later, all available subjects from both groups were 
reassessed using the same methods. The results indicated significantly higher median 
aluminum urine and plasma concentrations in the exposed group versus the reference group. 
Following the result of the first investigation, improvement in occupational hygiene at the 
workplace led to a significant reduction in renal aluminum excretion. The psychometric tests and 
evaluation of P300 potentials indicated no significant exposure-related differences between the 
two study groups. The five-year longitudinal comparison between the first and second 
evaluations revealed improved test performance. Additionally, no dose-effect relationship was 
found between the length of exposure or internal aluminum concentrations in plasma or urine 
with any of the primary neurologic variables. However, there was a high rate of loss to follow-up 
with 21 of 32 exposed workers and 15 of 30 non-exposed referents participating in the follow-up 
examination.   
 
Kiesswetter et al (2007):  This longitudinal study investigated aluminum exposure and 
neurobehavioral health of 20 (initially 44) male aluminum welders in the train and truck 
construction industry ages 41 to 45 (group mean) over a four year period.  Exposure, biomarker 
data, neuropsychological test outcome data (on verbal intelligence, logic thinking, psychomotor 
behaviour, memory, and attention) were collected three times over the four years.  The mean 
total dust load during welding, near to the routinely worn ventilated helmets, was in the range of 
5–8 mg/m3. Welders were characterized by high body burden of aluminum (pre-shift: 
88–140 µg Al/g creatinine in urine; 13–16 µg Al/l Plasma in the exposed group). Explorative 
regression and covariance analyses revealed neither a correlation between biomonitoring and 
performance variables nor a significant difference between aluminum exposed and referents in 
the performance courses during the four year period. 
 
Kieswetter et al. (2009):  This was the second of two parallel longitudinal studies investigating 
aluminum exposure and neurobehavioral health of aluminum welders over a four year period. 
The repeated measurement design comprised four years with three measurements in two-year 
intervals with 92 male aluminum welders in the automobile industry compared to 50 non-
exposed workers of the same industry and of similar age.  While the first published study was in 
the train and truck construction industry and followed welders from mean age 41 to 45, the 
present study in the automobile industry followed the development from 35 to 39.  Although no 
conspicuous neurobehavioral developments were detected in the first study, which exhibited the 
higher exposure, this study examined the potential for exposure effects to appear in earlier life 
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and exposure stages.  The mean environmental dust load during welding, 0.5–0.8 mg/m3, and 
the mean internal load of the welders (pre-shift: 23–43 µg Al/g creatinine in urine; 5–9 µg Al/L 
plasma) were significantly lower than in the parallel study.  The biomonitoring and 
neurobehavioral results, consistent with the results of the first published study, showed no 
adverse neurobehavioral effects of aluminum welding in repeated measures models. 
 
A limitation of these longitudinal studies is the occurrence of some loss of participants over time, 
which could bias results. 
 
4.5.2 Lung Function Outcomes 
 
The studies investigating the respiratory performance of workers occupationally exposed to 
aluminum are primarily cross-sectional in design (i.e., data collected at a single point in time). 
In total, there are 15 studies with cross-sectional data from spirometry testing of lung function.  
Included in this count are two studies with longitudinal data which are treated as cross-sectional 
using data only from the first examination. 
 
As with neuropsychological tests, lung function tests were not consistently applied across 
studies. To determine the test outcomes that are available for quantitative versus qualitative 
analysis, the lung function tests were tabulated by study ID (see Table 4-11).  To perform 
quantitative meta-analyses on an outcome, means and standard deviations must be presented 
in the published study report. The table shows an empty circle if a test was performed but the 
study authors did not present the results in a manner that can be combined with other study 
results, and shows a check mark if the data meets the criteria for meta-analysis (check marks 
are summed in the “Count” column). As described in the following section, the analysis depends 
on the frequency of each test. 
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Table 4-11 Lung Function Tests in the Retrieved Literature 
Lung Function 
Test Count Abbate 

2003 
Dennekamp 

2015 
Elserougy 

2015 
Fishwick 

2004 
Friis 
1989 

Fritschi 
2001 

Halatek 
2006 

Haluza 
2014 

Kilburn 
1992 

Kraus 
2006 

Larsson 
1989 

Musk 
2000 

San 
1998 

Sjogren 
1985a 

Townsend 
1985 

FVC 2        ○    ○  ○  
FEV1 2    ○    ○    ○  ○ ○ 
FEV1/FVC 2            ○    
% pred FVC 6     ○       ○    
% pred FEV1 7     ○       ○    
% pred FEV1/FVC  2                
% pred VC 2          ○      
% pred FEV1/VC 1          ○      
% pred FEF50 1                
% pred FEF25–
75% 3                

% pred PEFR 2                
% pred MVV 1                
% pred TLC 2          ○      
% pred RV  2                
RV/TLC 1                
% pred DLCO 1                
% pred MTT 1                
% pred MEF50  1        ○        
No. of unique 
tests 18 5 6 4 1 2 2 3 3 4 3 5 5 10 2 1 
Check mark: means and standard deviations for test are presented in report;  
empty circle: means and standard deviations are not available (results presented in some other way) 
FVC: forced vital capacity; FEV1: forced expiratory volume in one second; VC: vital capacity; FEF50: forced expiratory flow in 50% VC;  
FEF25-75: mean forced expiratory flow during mid-half of the FVC; PEFR: peak expiratory flow rate; MVV: maximum voluntary ventilation; TLC: total lung capacity; RV: residual volume; 
DLCO:carbon monoxide difusing capacity; MTT: mean transit time; MEF50: the maximal expiratory flow at 50% of the expired FVC; % pred: percent predicted 
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4.5.2.1 Meta-Analysis of Lung Function Tests 
 
Tests with reported means and standard deviations from at least three studies had sufficient 
information to conduct a meta-analysis of effect size, or the mean difference (MD) between the 
values of an exposed and reference group.  There are a total of three different lung function 
tests that meet this criteria: percent predicted FVC, percent predicted FEV1, and percent 
predicted FEF25-75 (Table 4-12). Insufficient information from the studies was available for 
meta-analysis of the ratio FEV1/FVC, instead we provide a non-quantitative analysis of this 
outcome based on available data.   
 
Table 4-12 Lung Function Outcome Variables to Include in Meta-Analysis 
Outcomes  Study IDs  Count 
Percent predicted Forced Vital 
Capacity (%pred FVC) 

Abbate2003, Dennekamp2015, Elseroughy2015, 
Halatek2006, Kilburn1992, San1998 6 

Percent predicted Forced Expiratory 
volume in 1 second (%pred FEV1) 

Abbate2003, Dennekamp2015, Elseroughy2015, 
Halatek2006, Kilburn1992, Larsson1989, San1998 7 

Percent predicated mean forced 
expiratory flow during mid-half of the 
FVC (%pred FEF25-75) 

Abbate2003, Kilburn1992, San1998 3 

 
For each outcome and study listed in the table above, the abstracted data (means, standard 
deviations, exposure data, and other relevant study characteristics) were imported into RevMan 
Software for meta-analysis.  For studies where the outcome data were reported for subgroups 
(e.g., Halatek et al. 2006 reported all results separately by three occupational groups including 
smelters, locksmiths, and sawyers/auxiliary workers), each subgroup is included as a separate 
study to avoid excluding valuable information.  In total, there were nine studies or study 
subpopulations which reported a comparison of lung function outcomes suitable for meta-
analysis (Table 4-13).  Overall, the study patient samples were moderately aged with a mean 
age of 41 years, with a minimum years of exposure of 10 but up to 28 years, the mean age 
years of exposure was 15 years. The important confounder of smoking was relatively similar 
across the exposed and reference groups, 59% and 63%.  
 
The body burden of aluminum was higher in the exposed than the reference group according to 
blood aluminum (5.5-times higher), urine aluminum (3.3-times higher), and serum aluminum 
(1.5-times higher). Only one study reported the concentration of aluminum in workplace air.  The 
respiratory characteristics of the exposed and reference groups indicated a generally healthy 
population, where 80% is the threshold for respiratory decline for ppFEV1 and ppFVC.   
Specifically, lung function in just the aluminum exposed groups, mean ppFVC of 96%, mean 
ppFEV1 of 90% and mean ppFEF25-75 of 70% describe workers in good respiratory health.  
However, the selection bias of employment in physically demanding jobs may explain the 
normal percent predicted values, a phenomenon known as the ‘healthy worker effect’.   
 
Table 4-13 Study Characteristics in Meta-analysis for Respiratory Outcomes 

 Study Characteristic  Exposed Control Exposed 
Minus Control N mean (min, max) N mean (min, max) 

Study size, N 9 125 (5,670) 9 124 (14,659) 1 ND 
Age 8 41 (32,53) 8 41 (32,53) 0 ND 
Years exposure 7 15 (10,28) - -  
Smoking 7 59 (37,78) 7 63 (40,81) 4 ND 
Air Aluminum (mg/m3) 3 0.4 (0.3, 0.6) - -  
Blood Aluminum (µg/l) 1 33 (33,33) 1 6 (6,6) 27 (5.5x) 
Urine Aluminum (µg/l) 4 40 (20,44) 4 12 (10,16) 28 (3.3x) 
Serum Aluminum (µg/l) 4 28 (12,73) 4 19 (15,31) 9 (1.5x) 
predicted FVC 8 96 (80,113) 8 98 (84,110) -2 
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Table 4-13 Study Characteristics in Meta-analysis for Respiratory Outcomes 

 Study Characteristic  Exposed Control Exposed 
Minus Control N mean (min, max) N mean (min, max) 

predicted FEV1 9 90 (79,99) 9 97 (90,110) -7 
predicted FEF25-75 3 74 (61, 88) 3 99 (85,107) -25 

ND no meaningful difference in baseline characteristics between exposed and reference groups; x: times 
 
Percent predicted FVC 
As mentioned above, 80% is typically considered the threshold for respiratory decline for ppFVC 
and the mean lung function in both the aluminum exposed groups (mean ppFVC of 96%) and 
control group (mean ppFVC of 98%) indicate generally good respiratory health.  The overall MD 
of percent predicted FVC in the meta-analysis shows a decrease of -2.87% among those 
occupationally exposed to aluminum compared to the referents that is not statistically significant 
(95%CI: -10.65, 4.90). From the forest plot and the high I2 = 97% (p<0.001), there is high 
heterogeneity driven by two outliers – Abbate et al. (2003) had a difference in ppFVC=-16.09 
(95%CI: -18.47, -13.71) and San et al. (1998) had a difference in ppFVC= -16.00 (95%CI: -
21.49, -10.51) – both of which are statistically significant.  
 
The study by Abbate et al. (2003) was conducted in Italy with aluminum sheet cutters and 
aluminum welders with a sample of 50 exposed workers and 50 referents.  Abbate et al. (2003) 
performed environmental monitoring of the airborne breathable amount of aluminum from five 
different work areas; results ranged from 6.2 to 20.2 mg/m3, with all five areas exceeding the 
threshold limit value time weighted average (TLV-TWA) of 5 mg/m3. Blood aluminum levels were 
about five times higher in the exposed workers compared to the referents (32.6±8.7 ng/ml vs. 
6.4±1.0 ng/ml). The quality assessment (Section 4.2) found Abbate et al. (2003) to have a 
satisfactory rating of 3/6 stars because the authors provided no description of how subjects 
were recruited into the study and no information about the reference population except that they 
were age-matched to controls (e.g., whether or not they were also industrial workers). 
 
The study by San et al. (1998) was conducted in Turkey on aluminum factory workers with a 
sample of 55 exposed workers and 30 referents.  San et al. (1998) does not provide any data 
regarding the levels of airborne aluminum to which workers were exposed, however, exposure 
assessment via biomonitoring of serum aluminum levels showed the aluminum workers had 
serum aluminum levels over twice as high as the referents (72.7±9.9 ng/ml vs. 31.1±3.9 ng/ml).  
The quality assessment (Section 4.2) found San et al. (1998) to have a low satisfactory rating of 
2/6 stars because the authors provided no description of how workers were recruited into the 
study, the referents came from a separate population (not workers), and the authors did not 
report on any study population characteristics that may have differed between the exposed and 
reference groups (e.g., age, smoking).  Neither of these two studies recognizes or discusses the 
presence of respiratory hazards, other than aluminum, to which workers may be also exposed.      
 
Excluding the outlier studies by Abbate et al. (2003) and San et al. (1998) results in an increase 
of 1.65% predicted FVC (95%CI: -2.66 to 5.96), with still high heterogeneity (I2=81.5% p <0.001) 
driven by the study by Kilburn and Warshaw (1992).  Further removing all three outlier studies 
produces a small non-significant decrease of MD = -0.26% (95%CI: -2.16 to 1.64), with an 
absence of heterogeneity I2=0.0%, p= 0.45. 
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Figure 4-9 Forest plot Mean difference (MD) of percentage predicted forced vital 

capacity (FVC)  
 
Meta-regression was used to investigate differences by study characteristics, or covariates, 
which may influence the size of the MD for ppFVC (see meta-regression output in Appendix 
F-1).  Because only a subset of ppFVC studies included data for each study characteristic, 
meta-regressions were limited to only include subsets of studies. There were no significant 
changes in ppFVC effect size for age, smoking, aluminum in air, or aluminum in urine.  Years of 
exposure had a significant impact on MD ppFVC but the direction of effect was counterintuitive.  
For example, an increase in years of exposure by one year increased MD ppFVC positively by 
1.5% (p=0.09), which may be due to one outlier.  In addition, differences in serum aluminum 
also produces a significant effect on MD ppFVC.  For every unit difference in serum aluminum, 
the MD ppFVC decreased -0.041% (95%CI:  -0.9, 0.1), p=0.076.  However, the difference in 
serum level of aluminum is driven by one study (San 1998) which has a much higher 
concentration of serum aluminum (exposed group serum =72.1 µg/l, reference group serum 
=31.1 µg/l, versus other studies with serum aluminum <20 µg/l.  For the other three studies, 
there was no significant effect on MD ppFVC.  
 
Percent predicted FEV1 (ppFEV1) 
The overall mean difference of ppFEV1 was -7.53% (95%CI: -13.36, -1.70), which indicated a 
small but statistically significant decrease in lung function among those occupationally exposed 
to aluminum compared to the referents.  Similar to ppFVC, the heterogeneity was high I2=94% 
(p<0.01) and the heterogeneity was driven by the studies by Abbate 2003 and San 1998. 
Removing the two negative outliers produced a small but statistically significant MD ppFEV1 =   
-2.7% (95%CI:  -5.1 to -0.2), with low heterogeneity I2=45.1%, p=0.09.  
 

 
Figure 4-10 Forest Plot - Percent Predicted Forced Expired Volume in one second 

(ppFEV1) 
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Meta-regression was used to investigate differences by study characteristics, or covariates, 
which may influence the size of the MD for ppFEV1 (see meta-regression output in Appendix 
F-2).  Because only a subset of ppFEV1 included data for each study characteristic, meta-
regressions were limited to only include subsets of studies. There were no significant changes 
in ppFEV1 effect size for age, years of exposure, smoking, aluminum in air, or aluminum in 
urine.  Only the difference in serum levels of aluminum was a significant predictor of differences 
in MD ppFEV1. For every unit rise in serum aluminum, the MD of ppFEV1 is -0.7% (95%CI: -1.1 
to -0.2), p=0.026. Again, the difference in serum level of aluminum is driven by one study (San 
1998) which has a much higher concentration of serum aluminum (exposed group serum =72.1 
µg/l, reference group serum =31.1 µg/l, versus other studies with serum aluminum <20 µg/l.  For 
the other three studies, there was no significant effect on MD ppFEV1. 
 
Percent Predicted Forced Expiratory Flow mid of the FVC (ppFEF25-75) 
The percent predicted FEF25-75 (the average forced expiratory flow during the mid-portion of 
the FVC) may be an early indicator of small airway obstructive disease (i.e., asthma).  Many 
clinicians will interpret a ppFEF25-75 of less than 50% as indication that early obstructive 
disease is present, even if the ppFEV1/FVC is greater than 80%. Interpretation of the ppFEF25-
75 should be done cautiously, as it has high variability (Baptist and Sanders, 2005). 
 
The overall mean difference of ppFEF25-75 was -24.56% (95%CI: -43.23 to -5.88) with high 
heterogeneity with I2=95.1%, p<0.01 (see Figure 4-11). The study with the largest MD ppFEF25-
75 was San et al. (1998) with a difference of FEF25-75 of -46.1% (95%CI: -55.91, -36.29).  The 
large difference was driven by the very high levels in the referents, mean FEF25-75= 107.4 
(sd=23.2).  While some of the studies had referents which worked in other areas of the 
aluminum industry such as office workers, in the study by San et al. (1998), the referents were 
30 men living and working far from aluminum factory.  Removing the outlier and low-quality 
study by San et al. (1998), results in a smaller magnitude mean difference of -12.96% ppFEF25-
75 (95%CI:  -17.13 to -8.79), with low heterogeneity I2=16%, p=0.28.      
 
The overall effect for ppFEF25-75 was provided by only three studies (Abbate et al., 2003; 
Kilburn and Warshaw, 1992; and San et al., 1998) and each provided a value that appears to be 
much larger decrement in respiratory function than ppFEV1 or ppFVC. However, the scale 
ppFEF25-75 is more variable than the other measures.  Further, as a value of less than 50% 
ppFEF25-75 is indicative of early pulmonary function decline, the exposed populations appear 
to represent generally healthy subjects.  
 

 
Figure 4-11 Forest Plot- Percent Predicted Forced Expiratory Flow mid of the FVC 

(ppFEF25-75) 
 
Due to the small number of studies reporting an outcome of ppFEF25-75, there was insufficient 
data to explore the effects of aluminum levels and other factors with meta-regression. 
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4.5.2.2 Additional Analysis of FEV1/FVC Ratio 
 
While both values of FVC and FEV1 are routinely measured as part of a pulmonary function test, 
the diagnostic criterion for Chronic Obstructive Pulmonary Disease (COPD) is the FEV1/FVC 
ratio and FEV1, as described in Table 4-14. 
 
Table 4-14 Diagnostic criterion for COPD, using the GOLD standard criteria 
COPD Stage Description 

Stage I: Mild COPD 

Mild airflow limitation (FEV1/FVC < 70%; FEV1 > 80% predicted) and 
sometimes, but not always, chronic cough and sputum production.  At this 
stage, the individual may not be aware that his or her lung function is 
abnormal. 

Stage II: Moderate COPD 

Worsening airflow limitation (FEV1/FVC < 70%; 50% < FEV1 < 80% 
predicted), with shortness of breath typically developing during exertion. This 
is the stage at which patients typically seek medical attention because of 
chronic respiratory symptoms or an exacerbation of their disease. 

Source: http://advantage.ok.gov/CHCC/Publications/Spirometric%20Classifications%20of%20COPD.pdf 
 
Data were not sufficient to include FEV1/FVC ratio in the meta-analytic results of lung function 
due to the lack of standard deviation measures for the ratios.  However, the FEV1/FVC ratios 
were calculated for comparison to the diagnostic criterion for COPD (see Table 4-15).  Only one 
study’s exposure group has a FEV1 less than 80%, with a value of 79%.  However, the ratio 
FEV1/FVC is typically between 70% and 80% in normal adults and a value less than 70% 
indicates airflow limitation and the possibility of COPD. In Table 4-15, where the mean 
FEV1/FVC ratio estimated by study, we see that the lowest values were reported Halatek 2006-2 
with a mean FEV1 of 83%, and low FEV1/FVC of 73%, both of which were in the lower range of 
normal. These values were the subgroup of locksmith workers in an aluminum foundry in 
Poland, who were exposed to Al2O3, but the subgroup was only from a very small sample of 
only five workers.   
   
Table 4-15 FEV1/FVC Ratio Estimated by Study   
Study Identifier FEV1 

exposed 
FVC 

exposed 
FEV1/FVC 
exposed 

FEV1 
control 

FVC 
control 

FEV1/FVC 
control 

FEV1/FVC 
MD 

1 Abbate 2003 90 86 105% 104 102 102% 3% 
2 Dennekamp 2015 98 99 99% 98 99 99% 0% 
3 Elserougy 2015 92 80 115% 95 84 113% 2% 
4 Halatek 2006_1 90 98 92% 91 100 91% 1% 
5 Halatek 2006_2 83 113 73% 91 100 91% -18% 
6 Halatek 2006_3 99 104 95% 91 100 91% 4% 
7 Kilburn 1992 87 93 94% 90 87 103% -10% 
8 Larsson 1989 93 .  101 .   
9 San 1998 79 94 84% 110 110 100% -16% 

         
4.5.2.3 Other Evidence Related to Lung Function Tests 
 
A subset of the studies looking at lung function outcomes did not report results as means and 
standard deviations for performance tests. Therefore, they could not be included in the meta-
analysis and are instead discussed through a narrative analysis. The studies that did not fit into 
the meta-analysis are equally as important to take into account when considering the weight of 
the evidence. The results are summarized in Table 4-16, organized by type of occupational 
setting, and discussed in this section.   
 
There was one study on mining workers exposed to bauxite dust carried out at three bauxite 
mines in Western Australia (Beach et al., 2001).  Bauxite ore is the primary source of aluminum.  
All employees were invited to participate and 86% consented, resulting in 572 exposed and 79 

http://advantage.ok.gov/CHCC/Publications/Spirometric%20Classifications%20of%20COPD.pdf
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unexposed male subjects.  Cumulative exposure to bauxite dust was estimated based on work 
history.  Median cumulative dust exposure was 5.9 mg/m3 years.   Lung function tests, including 
FVC and FEV1, were performed for each participant.  After adjusting for age, height, smoking, 
there were no significant differences in lung function (FEV1, FVC, FEV1/FVC ratio) between 
exposed and unexposed workers.  When cumulative bauxite exposure and lung function were 
investigated, no clear exposure-response relationship was found.      
 
A majority of these additional studies examined occupational workers in aluminum refining or 
production settings.  One hundred and one male cryolite production workers in Denmark were 
included in a cross-sectional study that investigated the relationship between work-related 
cryolite exposure and lung function (Friis et al., 1989).  Cryolite is a raw mineral in the 
production of aluminum.  Degree of exposure to cryolite dust was ascertained by means of a 
questionnaire; however, exposure to aluminum, specifically, was not quantified in this study. 
Lung function tests (forced vital capacity (FVC) and forced expiratory volume in one second 
(FEV1)) were performed using spirometry. Results indicated that no significant correlation 
existed between length of exposure to cryolite dust and FEV1 or FVC results.  No reference 
group was used. By means of questionnaire, study participants described a group of symptoms 
that appeared 15 to 30 minutes post heavy cryolite dust exposure, including nausea, followed 
by epigastric pain with relief after spontaneous or provoked vomiting.  
 
Two cross-sectional studies were carried out in refineries in Western Australia performing the 
refining of alumina from bauxite: one study of 2,404 employees of three alumina refineries and 
an alumina shipping port (Fritschi et al., 2001) and one study in a similar cohort of 2,388 male 
employees of three alumina refineries (Musk et al., 2000).  Fritschi et al. (2001) estimated 
cumulative exposure to alumina and bauxite dust based on work history.  Median cumulative 
bauxite exposure was 1.1 mg/m3 years and median cumulative alumina exposure was 1.6 
mg/m3 years.  Workers were categorized according to quartile of cumulative exposure to bauxite 
and alumina.  Lung function (FEV1, FVC) measurements for workers with the highest cumulative 
alumina and/or bauxite exposure did not differ from lung function of those with lower exposures.  
Musk et al. (2000) examined the prevalence of work-related respiratory symptoms and lung 
function among different types of workers within the three refineries. Air concentration of 
alumina was highest in Refinery 1 (mean = 2.18 mg/m3 in calcination or shipping group workers, 
and mean = 1.56 mg/m3 in maintenance group workers).  The study concluded that although 
significant differences existed in work related symptoms and lung function between different 
process groups and the three refineries, these differences were mainly inconsistent and 
clinically not relevant.  Neither Australian study used an unexposed reference group for 
comparison. 
 
Townsend et al. (1985) conducted a cross-sectional study of 1,142 male employees of a bauxite 
refinery and alumina production company in the US, examining the relationship of lung function 
(FEV1) to smoking and dust exposure from the mining and refining of bauxite to alumina.  The 
authors estimated cumulative exposure to total dust, rather than respirable dust or aluminum, 
because air sampling prior to 1975 included only total dust measurement, based on work 
history. Non-smokers with cumulative total dust exposure >100 mg/m3 year and over 20 years 
of exposure had significantly lower FEV1 than predicted values and an increase in the 
prevalence of FEV1<80%.  In the same refinery, Townsend et al. (1988) conducted a cross-
sectional study of 788 male employees examining the relationship of radiographic abnormalities 
to smoking and dust exposure.  Nonsmokers who had accumulated higher dust exposures 
showed a moderate increase in the prevalence of small, irregular opacities on chest radiographs 
with increasing duration.  The authors suggest that lung function decreases as profusion of 
small opacities increases.  However, workers included in this older study experienced dustier 
conditions with much higher exposures than other study populations.   
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Kraus et al. (2006) investigated whether high-resolution computed tomography (HRCT) findings 
could be detected in 62 male aluminum powder workers from eight departments of two 
aluminum producing plants in Germany. HRCT findings are known to be consistent with early 
stages of aluminosis. Biomarkers of aluminum exposure were measured in plasma and urine. 
The results found that 15 workers displayed HRTC findings consistent with early stages of 
aluminosis. Higher internal exposure to aluminum was observed in affected workers (33.5 μg/L 
plasma vs.15.4 μg/L plasma) and (340.5 μg/g creatinine versus 135.1 μg/g creatinine). Higher 
duration of exposure (>120 days) was associated with aluminosis.  As the purpose of the study 
was to determine the utility of the diagnostic tool, authors concluded that use of HRCT allows for 
the detection of early stages of aluminosis and that biological monitoring of aluminum may be 
used to identify high-risk workers.   
 
As seen in Table 4-16, three studies provide information for workers occupationally exposed to 
aluminum fumes from welding.  Fishwick et al. (2004) investigated the cross-sectional 
relationship between workplace exposures of specific welding metal fumes (including aluminum) 
and acute falls in forced expiratory volume in one second (FEV1) among 75 workers in New 
Zealand.  Mean personal exposure to aluminum ranged from 0.001 to 0.1955 mg/m3 in four 
work sites.  Individual exposure of study subjects was ascertained by work history in welding 
jobs.  A 15-minute work-related exposure to “high” aluminum was significantly associated with 
an acute fall in FEV1 of at least 5% compared to “low” exposure to aluminum. However, the 
authors do not define “low” versus “high” exposure and further, do not indicate what the chronic 
respiratory effects, if any, of the short-term acute change in lung function may be.   
 
The other two studies in welding populations reported no association between aluminum 
exposure and impaired lung function. Sjogren and Ulfvarson (1985) conducted a cross-sectional 
study of 64 aluminum welders and 64 referents (nonwelding industrial workers), all working in 
the railroad industry in Sweden.  Median exposure time for welders was 15 years.  Lung 
function tests, including FVC and FEV1, were performed for each participant.  There were no 
differences in pulmonary function between the exposed and reference group; nor did the 
duration of exposure period affect pulmonary function among aluminum welders.   Haluza et al. 
(2014) investigated annual changes in lung function over nine years in 1,982 welders in Austria 
including 245 participants with aluminum exposure. Lung function tests (FVC, FEV1 and 
midexpiratory flow at 50% of vital capacity (MEF50)) were performed using spirometry.  After 
accounting for smoking, the duration of exposure to aluminum was not associated with annual 
changes in lung function. 
 
Lastly, Hansell et al. (2014) was a large population-based study investigated the relationship 
between various occupations and occupational exposures and COPD in a New Zealand 
population.  COPD diagnoses and chronic bronchitis symptoms were based on self-report.  
Occupational exposures were also based on self-report.  The number of individuals in the study 
with aluminum dust exposure was very limited (N=40).  There was no evidence of increased 
COPD or respiratory effects in those occupationally exposed to aluminum dust compared to 
those with no exposure.   
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Table 4-16 Significant Respiratory Effects According to Occupational Setting 
Identifier 
(Country) 

Form of 
Aluminum 
Exposure 

No. Exp/ 
No. Control 

Average 
Years of 

Exposure 
Aluminum in Air 

Sig. Effect 
on lung 

function? 
Findings 

Mining/Refining          

Townsend1985 
(USA) 

Bauxite and/or 
alumina dust 1142/291 NR 

cumulative dust exposures <100 
mg/m3 compared to those with >100 
mg/m3  

Yes 
Non-smokers with cumulative total dust exposure >100 
mg/m3 and >20 years of exposure had significantly 
lower FEV1 than predicted values 

Friis1989 
(Denmark) 

Cryolite (Na3AlF6) 
dust 101/NA 8.2 No measures No No significant correlation between years of work-related 

exposure and lung function (FEV1, FVC) 

Musk2000 
(Australia) 

Bauxite and/or 
alumina dust 2388/NA 10 mean 4-hr time weighted samples 

ranging from 0.98 to 2.18 mg/m3 No 
Significant differences in FEV1, FVC, and FEV/FVC ratio 
by refinery and/or job function were not consistent; no 
relationship to exposure.   

Fritschi2001 
(Australia) 

Bauxite and/or 
alumina dust 2404/4845 NR 

cum. alumina exposure (mg/m3 yr) 
according to quartile: <0.36, 0.36-
1.57, 1.57-7.78, >7.78 

No No significant differences in lung function (FEV1, FVC) 
according to exposure to alumina 

Beach2001 
(Australia) 

Bauxite and/or 
alumina dust 572/79 NR median cumulative dust exposure 

5.9 mg/m3 year No 
No significant differences in lung function (FEV1, FVC, 
FEV1/FVC ratio) between exposed and unexposed 
workers after adjusting for age, height, smoking 

Welding            
Fishwick2004 
(New Zealand) Aluminum fumes 49/26 18.5 mean exposure ranges from 0.001 

to 0.1955 mg/m3 in four factories Yes 
A fall in FEV1 of at least 5% after 15 minutes of work 
was significantly associated with high versus low 
aluminum exposure 

Sjogren1985a 
(Sweden) Aluminum fumes 64/64 5 No measures No No differences in FVC or FEV1 between aluminum 

welders and the referents 
Haluza2014 
(Austria) Aluminum fumes 1982/NA 9 No measures No After accounting for smoking, duration of exposure to 

aluminum not associated with measures of lung function 
Various Occupations 
Hansell2014 
(New Zealand) Aluminum dust 40/977 NR No measures No No increase in COPD diagnoses or chronic bronchitis 

symptoms in aluminum exposed workers. 
NR= Not reported 
 
 
 
 
 
 
 
 
  
 



 
REVISED FINAL REPORT 
 
  
 
 
 
 
 
 

 
Systematic Review of Occupational Aluminum Exposure and Adverse Health Conditions March 2018 
Intrinsik Corp. Page 59  

5.0 SUMMARY OF FINDINGS 
 
5.1 Toxicology 
 
Aluminum has varying absorption in the human body, depending on its chemical form and route 
of exposure. Consistent with the differences in particle size and relative absorption, it has been 
suggested that absorption of inhaled aluminum from the lungs to the bloodstream is higher in 
individuals exposed to aluminum fumes compared to those exposed to aluminum dust (ATSDR, 
2008). In living organisms, aluminum potentially exists in four different forms: (i) as free ions; (ii) 
as low-molecular-weight complexes; (iii) as physically-bound macromolar complexes, and (iv) as 
covalently bonded macromolar complexes. Compared to other forms, the free ionic form of 
aluminum binds more easily to different complexes.  Although the metabolic activity of aluminum-
complexes of lower molecular weight is higher, aluminum can also form stable macromolecules 
that may not metabolize, thereby inhibiting metabolism (ATSDR, 2008). Excretion of aluminum 
has been suggested to be via urine, albeit at a slow rate (Rollin et al., 2001).  
 
Aluminum can be measured in the blood, urine and feces and is regularly found in healthy 
individuals due to its ubiquitous nature and presence in many food items. However, guidelines 
for aluminum exposure and specific health outcomes are generally unavailable. As a result, over 
the years, many epidemiological studies on occupational exposure to aluminum have been 
conducted using biomonitoring measurements as an indicator of exposure. One such longitudinal 
study by Kiesswetter and others (2009), found a significant correlation between aluminum 
concentration in the urine and external aluminum dust exposure. 
 
Toxicological studies of aluminum have primarily focused on potential effects to the nervous 
system, lungs, bones, and cancer-related outcomes.  Numerous studies have been conducted in 
order to identify the mechanism of aluminum neurotoxicity. Results indicate that rather than a 
unifying mechanism, aluminum exposure may lead to neurotoxicity via multiple mechanisms 
(ATSDR, 2008). Studies in rodents, in order to identify neurological development and 
neurobehavioural changes due to aluminum exposure, have shown both neurodegenerative 
disorders and neurobehavioural effects (e.g., locomotor toxicity, learning and memory) (ATSDR, 
2008). In addition, the rodent studies suggest possible impact of aluminum exposure on other 
neurophysiological processes, such as permeability of the blood-brain-barrier, cholinergic activity 
and the signal transduction pathways. However, as many of these studies were conducted on 
animals, extrapolation of effects to humans may not be entirely conclusive (ATSDR, 2008).  
 
Lung toxicity due to exposure to aluminum or aluminum oxide dust has mostly been described to 
result in clinically mild cases of pneumoconiosis (Riihimaki and Aitio, 2012). Similar to its 
mechanism of neurotoxicity, the mechanism of lung toxicity due to inhalation of aluminum is 
poorly understood (ATSDR, 2008). Conversely, the mechanism of bone toxicity in humans via 
exposure to aluminum-containing antacids to treat GI disorders has been described as the 
binding of antacid to dietary phosphorous, thereby inhibiting GI absorption of phosphorous. This 
may lead to osteomalacia and rickets (ATSDR, 2008). Last, although not classified as a 
carcinogen itself (Krewski et al., 2007), “aluminum production”, due to increased exposure of 
workers to PAHs, is considered carcinogenic to human (Group 1) (IARC, 2010).  
 
5.2 Literature Review  
 
The Cochrane Handbook for Systematic Reviews of Interventions (Cochrane Collaboration, 
2009) governed the study search and evaluation process for the systematic review of 
occupational aluminum exposure and adverse health outcomes.  The systematic nature of the 
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literature review is intended to provide a reproducible protocol and to reduce the potential for 
bias in the findings.   
 
A total of 62 studies were selected for inclusion in the review.  Because the studies covered a 
broad range of health outcomes, study designs, occupational settings, etc., the methods applied 
in synthesizing the information were also diverse.  This literature review used a combination of 
meta-analytic techniques, semi-quantitative tabulation of study characteristics, and narrative 
review methods.  The findings, according to broad health outcome categories, are summarized 
below.      
 
5.2.1 McIntyre Powder Exposed Workers 
 
A focus of the literature review was to consider possible effects of McIntyre Powder, however, 
there were only three studies that assessed this specific type of aluminum exposure.   
 
The first study, Rifat et al. (1990), was a cross-sectional study of 261 underground miners 
exposed to McIntyre Powder in Ontario mines and 346 non-exposed control miners; workers had 
experienced long-term exposure to McInyre Powder over 20 to 39 years. Exposed miners 
performed less well than unexposed miners on cognitive state examinations. The proportion of 
workers with scores in the cognitively impaired range was greater in the exposed than the non-
exposed group and increasing duration of exposure also increased likelihood of scores in the 
impaired range.  There were no significant differences between exposed and non-exposed 
miners in diagnoses of neurological disorder.  
 
Peters et al. (2013) investigated cardiovascular, cerebrovascular and Alzheimer’s disease 
mortality in 647 male Australian gold miners to aluminum dust as a prophylaxis during the 1950s 
and 1960s, compared to 1,247 gold miners never exposed to aluminum dust. Workers had been 
exposed to aluminum dust for an average of 10 years (range of 1 to 15 years).  Using death 
certificate data, Peters et al. (2013) reported an increase in mortality related to Alzheimer’s 
disease among miners exposed to aluminum dust that was not statistically significant 
(SMR=1.38; 95% CI 0.69 to 2.75) and was based on very few cases of Alzheimer’s disease (n=8 
in the exposed group).  Aluminum dust inhalation did not affect the risk of cerebrovascular 
mortality.  There was some indication of an increased risk of cardiovascular mortality among 
miners with a history of aluminum dust exposure.   
 
McDonald et al., (1996), published only as an abstract, compared Alzheimer’s disease and 
dementia mortality in two groups of Cornish tin miners, one from a mine that historically used 
McIntyre Powder as a prophylactic against silicosis (1940s-1964) and another that did not. 
Similar to Peters et al. (2013), McDonald et al. (1996) used death certificate data to compare 
mortality rates between the two groups.  None of the miners exposed to McIntyre Powder were 
certified as dying from dementia or Alzheimer’s disease. In the unexposed group, two dementia 
deaths were recorded. The authors concluded that the study found no causal link between 
regular exposure to McIntyre Powder via inhalation and development of Alzheimer’s disease.   
 
5.2.2 ICD-Diagnosable Conditions 
 
This review investigated whether occupational exposure to aluminum may be related to an 
increased risk for neurological diseases including: Alzheimer’s disease, Parkinson’s disease, or 
ALS.  Meta-analysis was conducted to systematically quantify the relationship between 
occupational exposure to aluminum and risk of Alzheimer’s disease.  Three retrospective case 
control studies and one retrospective matched cohort study met the criteria for inclusion.  
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Occupational aluminum exposure was associated with a 1.28 increase in odds of Alzheimer’s 
disease but this increase was not statistically significant (OR=1.28, 95%CI: 0.78 to 2.10). 
 
The literature review identified one study examining aluminum as a potential risk factor for ALS, 
and one study examining aluminum as a potential risk factor for Parkinson’s disease.  These 
studies were similar in design where cases diagnosed with disease were selected and then 
interviewed (or interviewed by a proxy) about their past occupational exposure histories.  Both 
studies reported no association between aluminum and the neurological disease; however, the 
power of the studies to identify significant results was limited by the small number of cases and 
referents reporting exposure to aluminum.     
 
This report also summarized the literature on more rarely studied health outcomes in the context 
of occupational aluminum exposures.  Those outcomes included cardiovascular outcomes and 
biomarkers, cancer and biomarkers of cancer, diabetes, mortality, osteodystrophy, and 
reproductive effects.  Weak associations, evaluated based on few cases, were reported between 
aluminum exposure and non-malignant respiratory disease mortality, cerebrovascular disease 
mortality, and cardiovascular disease mortality (Friesen et al., 2009, Peters et al., 2013).  Out of 
the four studies investigating potential biomarkers of cancer, two found limited evidence of 
association or correlation between aluminum exposure and DNA damage, although the biologic 
significance of those findings is unknown (Botta et al., 2006; Hou et al., 2011).  Overall, the 
findings related to other health outcomes provided suggestive but no conclusive evidence of 
adverse effects related to occupational aluminum exposure.       
 
5.2.3 Other Studied Health Outcomes 
 
5.2.3.1 Neuropsychological Outcomes 
 
Meta-analysis was also used to pool the effect sizes from cross-sectional studies comparing 
seven neuropsychological test results from aluminum exposed to non-aluminum exposed 
workers.  The meta-analysis neuropsychological test results revealed four (of seven) statistically 
significant effects of decreased test performance in workers occupationally exposed to 
aluminum:  Santa Ana Dexterity dominant hand: -1.87 (95%CI: -2.74 to -0.99), p<0.01; simple 
reaction time: 10.97 (95%CI: 4.50 to 17.44), p<0.01; digit symbol: -4.69 (95%CI: -6.87, -2.51), 
p<0.01; MMSE score: 1.17 (95%CI: -2.03 to -0.31), p<0.01.  Based on an analysis of magnitude 
of effect and comparisons to normative values, when available, the positive results from the 
meta-analyses were small differences between exposed and reference groups.  The largest 
magnitude of effect relative to the reference group was found for digit symbol count, a difference 
of -10% (-4.69/46.7).  Meta-regressions performed with the available exposure data showed no 
dose-response trends for these effects.  Meta-analysis effect sizes for Santa Ana Dexterity non-
dominant hand, digit span forward, and digit span backward were not statistically significant. 
 
For individual neuropsychological tests that were not applied frequently enough across studies to 
be pooled via meta-analysis, the number of significant differences between aluminum exposed 
and control populations out of the total number of tests performed in each study were tabulated. 
Systematic patterns of significant results by testing domain and exposure measures were 
examined.  Results are challenging to interpret given the non-uniform nature of occupational 
settings, neuropsychological tests used, different exposure parameters considered, as well as 
other factors.  However, no systematic patterns of effect according to exposure were identified.   
 
While most neuropsychological test studies were cross-sectional in design, three studies were 
conducted using longitudinal approaches.  This included two parallel longitudinal studies 
investigating aluminum welders over a four year period with repeated comparisons made to 
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reference groups (Kiesswetter et al., 2007, Kiesswetter et al., 2009).  Kiesswetter et al. (2007) 
followed 20 welders in the train and truck construction industry from mean age 41 to 45 and 
Kiesswetter et al. (2009) followed 92 welders in the automobile industry from mean age 35 to 39.   
The mean dust load during welding was in the range of 5–8 mg/m3 in Kiesswetter et al. (2007) 
and an order of magnitude lower, 0.5–0.8 mg/m3 in Kiesswetter et al. (2009).  Accordingly, 
welders in Kiesswetter et al. (2007) were characterized by higher body burden of aluminum (pre-
shift: 88–140 µg Al/g creatinine in urine; 13–16 µg Al/l Plasma) compared to welders Kiesswetter 
et al. (2009) (pre-shift: 23–43 µg Al/g creatinine in urine; 5–9 µg Al/L plasma).  Explorative 
regression and covariance analyses revealed neither a correlation between biomonitoring and 
neuropsychological test performance nor a significant difference between aluminum exposed 
and referents during the four year period.  These results were consistent across the two studies, 
despite differences in exposure circumstances and age of workers.      
 
In workers exposed to aluminum powder, the five-year longitudinal comparison between the first 
and second evaluations revealed improved test performance (Letzel et al., 2000).  This may be 
explained in part by improvement in occupational hygiene at the workplace which led to a 
significant reduction in aluminum excretion over the same time period.  Nonetheless, no dose-
effect relationship was found between the length of exposure or internal aluminum 
concentrations with any of the neuropsychological outcome variables.  
 
5.2.3.2 Lung Function Outcomes 
 
This review investigated potential respiratory effects following occupational exposure to 
aluminum, largely assessed using spirometry measurements of lung function.   
 
Meta-analysis was conducted to pool the effect sizes from cross-sectional studies comparing 
three lung function test results from aluminum exposed to non-aluminum exposed workers: 
i) percent predicted forced vital capacity (ppFVC); ii) percent predicted forced expiratory volume 
in 1 second (ppFEV1); and, iii) percent predicated mean forced expiratory flow during mid-half of 
the FVC (ppFEF25-75).  These measures of pulmonary function (ppFVC, ppFEV1, and 
ppFEF25-75), are typically used to diagnose lung disease such as COPD and asthma.  Overall, 
the aluminum exposed populations in these studies had generally healthy measures of lung 
function (i.e., there was no evidence of COPD, asthma, or other respiratory impairment).  The 
overall MD of ppFVC indicates a small non-significant decrease among those occupationally 
exposed to aluminum compared to the referents, MD ppFVC = -2.87% (95%CI: -10.65, 4.90).  
The overall mean difference of ppFEV1 was -7.53% (95%CI: -13.36, -1.70), which indicated a 
small statistically significant decrease in lung function among those occupationally exposed to 
aluminum compared to the referents.  The overall effect for ppFEF25-75 was provided by only 
three studies (Abbate et al., 2003, Kilburn et al., 1992, and San et al., 1998).  San et al. (1998) 
was identified as a low quality outlier study and removed from the analysis.  After removing the 
outlier, the mean difference, based on only two studies, was a significant decrease, ppFEF25-75 
= -12.96% (95%CI:  -17.13 to -8.79).  Because the mean population measures of ppFVC, 
ppFEV1, and ppFEF25-75 for aluminum exposed populations in these studies describe workers 
that are in generally good respiratory health, the meaning of the small differences between the 
exposed and referents in unclear and should be considered in the context of the additional 
findings described below.            
 
A number of studies examining respiratory effects were not included in the meta-analysis either 
because they did not provide data in the adequate format (means and standard deviations) or 
different measures of lung function were used.  One large Australian study investigated mining 
workers exposed to bauxite dust.   Bauxite ore is the primary source of aluminum.  The authors 
concluded that there were there were no significant differences in lung function (FEV1, FVC, 
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FEV1/FVC ratio) between exposed and unexposed workers after adjusting for age, height, and 
smoking.      
 
The study findings for occupational workers in aluminum refining or production settings were 
more varied.  One Danish study of cryolite production workers and two Australian studies of 
bauxite refinery workers concluded that workers’ lung function with the highest cumulative 
exposures did not differ significantly from lung function of those with lower exposures (Friis et al., 
1989; Fritschi et al., 2001; Musk et al., 2000).  Conversely, an earlier series of studies conducted 
in a bauxite refinery in the US concluded that higher cumulative dust exposure was associated 
with both lower FEV1 and higher prevalence of irregular opacities on chest radiographs 
(Townsend et al., 1985; Townsend et al., 1988).  Workers in this older study experienced much 
higher cumulative exposures than other studies that reported cumulative exposure.   
 
Two studies in welding populations reported no association between aluminum exposure and 
impaired lung function (Sjogren and Ulfvarson, 1985; Haluza et al., 2014) while another study  of 
workers exposed to welding reported an acute fall in FEV1 of at least 5% in workers exposed to 
“high” compared to “low” levels of aluminum (Fishwick et al., 2004).  The chronic respiratory 
effects of the short-term acute change in lung function are unknown.   
 
The additional study findings showed mainly a lack of significant differences between aluminum 
exposed workers and non-exposed workers in terms of lung function.  In the context of the meta-
analytic results, the additional study findings do not support the potential effects on ppFEV1 and 
ppFEF25-75 found in the meta-analysis.  Considering all the evidence, the literature leans 
towards no significant difference between aluminum exposed workers and non-exposed workers 
in terms of lung function.   
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6.0 DISCUSSION 
 
6.1 Causation and Hill’s Criteria 
 
As discussed in Section 1.2, one primary objective of this report was to determine whether a 
causal association can be established between increased risks of adverse chronic health effects 
due to occupational exposure to aluminum.  A determination of causality considered the 
“Bradford Hill criteria”, commonly used guidelines for assessing causal relationships in 
epidemiologic studies.  These criteria include:   

1. Temporality: What is the evidence that the exposure precedes the outcome?  Temporality 
is the only absolutely necessary criterion that must be satisfied to establish causality.  

2. Strength: How strong is the association?  The stronger the association, the more likely it 
is that the association is causal. 

3. Dose-response relationship: Is there a relationship between the magnitude of the 
exposure and the amount of disease observed?   

4. Replicability: Have other studies demonstrated the same findings or relationship between 
the exposure and outcome?  Systematic reviews are particularly important to determining 
if findings are consistent across different populations and circumstances.  

5. Biologic Plausibility: Is this relationship consistent with current biological knowledge?  
6. Alternative Explanations: Have alternative explanations for the observed results been 

explored? 
7. Cessation of Exposure: Does the outcome diminish if the exposure is removed? 
8. Specificity: Does the exposure have specific effects or generalized effects? 
9. Coherence: How compatible are the findings with existing theory or knowledge? 

 
As definitive proof for causality rarely exists in epidemiology, it is not required that all of these 
criteria be met.  Often epidemiologists focus on the first five criteria for assessing causal 
relationships.  In addition, while the likelihood of a causal association is increased if the third 
criterion (a dose-response relationship) can be demonstrated, this relationship is often difficult to 
demonstrate with epidemiological research.  It is also important to recognize that for many 
environmental exposures the dose-response relationship may be non-linear (i.e., a relationship 
that cannot be expressed simply as the change in response being proportional to the amount of 
change of dose, may be represented by a U shaped curve, J shaped curve, or some other 
shape).    
 
A final determination of causality used an approach similar to the Grading of Recommendations 
Assessment, Development and Evaluation (GRADE) framework for reporting on the quality of 
evidence for outcomes in systematic reviews.  The Grade approach expresses the quality of 
evidence using four levels of certainty ratings (“high”, “moderate”, “low”, or “very low”) 
(Schunemann et al. 2013).  Below, the assessment of causality is presented according to health 
outcome.   
 
6.1.1 ICD-Diagnosable Conditions 
 
Neurological Disease (Alzheimer’s disease, Parkinson’s disease, ALS) 
Of the studies that examined neurological disease endpoints, five were case-control studies and 
one was a retrospective cohort study.  In a case-control or retrospective cohort study, details 
about aluminum exposure are gathered after a diagnosis of neurological disease has already 
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occurred and, therefore, information gathered from subjects about past exposures is subject to 
recall bias.    
 
The meta-analysis of Alzheimer’s disease outcomes found a positive association between 
aluminum exposure and disease; however, the strength of the association is weak and it was not 
statistically significant.  Neither the study looking at Parkinson’s disease nor the study looking at 
ALS reported an association between aluminum exposures and disease.   
 
Only one of the studies examining neurological disease endpoints also included an analysis of a 
potential exposure-response relationship.  Specifically, Peters et al. (2013) performed a 
subgroup analysis separating those with one to nine years of aluminum powder exposure and 
those with greater than ten years of aluminum powder, compared to no aluminum exposure.  The 
hazard ratios suggested the possibility of a duration-response relationship (0-9 years: HR= 2.37, 
95%CI: 0.63 to 8.88; ≥10 years: HR=3.59, 95% CI: 0.88 to 14.7) but neither were statistically 
significant.  It is also important to note that these HRs were calculated based on very small 
numbers of Alzheimer’s disease cases (four cases in each exposure group). 
 
The findings across the literature on occupational exposure to aluminum and neurological 
disease were inconsistent. This inconsistency is demonstrated by the forest plot (Figure 4-1) in 
which studies reported effects fall on either side of the middle line (null effect), meaning that 
some studies show adverse effects among workers while others are contradictory, with no 
evident pattern of favoring one direction or the other. 
 
As summarized in Section 2.2.6, the mechanism of aluminum neurotoxicity and other target 
organ toxicities have not been fully identified.  Information on the toxicity of aluminum with 
respect to dialysis encephalopathy is not sufficient, because much of the work has been 
conducted on individuals with renal deficiencies. However, animal studies on certain species 
(e.g., cats, rabbits, ferrets and nonhuman primates) have identified changes in cytoskeletal 
proteins within brain neurons similar to those identified in other neurodegenerative disorders, 
suggesting that abnormal neurological function could be related to cytoskeletal changes 
(ATSDR, 2008).  
 
Based on the assessment of criteria for causality, our overall certainty in the evidence for 
aluminum exposure and neurological disease is “very low”. 

 
Other Diagnosable Conditions 
Due to the small number of studies, the evidence for other diagnosable conditions (e.g., cancer, 
diabetes, mortality) was insufficient to complete an assessment of causality.   
 
6.1.2 Other Studied Health Outcomes 
 
Neuropsychological Outcomes 
A causal relationship requires the exposure to precede the outcome.  The majority of 
neuropsychological studies available in the literature and reviewed herein were cross-sectional in 
design.  Cross-sectional studies are limited by the fact that they are carried out at one time point 
and give no indication of whether exposure occurred before, after or during the onset of the 
health outcome.  On the other hand, longitudinal studies are ideal for assessing causality 
because exposed subjects are assessed at baseline and then followed up over time. 
Longitudinal evidence from workers with relatively high aluminum exposure metrics (i.e., urinary 
Al>100 µg/l) did not reveal any cognitive decline after four to five years of exposure to aluminum 
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dust in workers of a powder-producing plant or exposure to aluminum fumes in welders 
(according to Letzel et al. (2000) and Kiesswetter et al. (2007), respectively).   
 
The strength of positive associations reported in the literature, with regard to aluminum-induced 
neurological effects, were typically small in magnitude.  This is evident in the meta-analysis 
results showing the effect size, for individual outcomes, relative to the baseline measure.  For 
outcomes with statistically significant associations, the effect sizes ranged from a 4% (simple 
reaction time) to 10% decrease (digit symbol test) in aluminum exposed workers compared to 
referents.   
 
There was not clear evidence that higher exposures resulted in higher effects, although data on 
exposures was limited and primarily involved using biomarkers (e.g., urine, plasma, serum) as a 
surrogate for exposure. Meta-regressions performed with the available data on exposure 
variables concluded that none of the statistically significant effects suggested an exposure-
response.  In addition, tabulated information on magnitude of exposure and neuropsychological 
outcomes failed to reveal any systematic patterns of significant findings by measured exposure 
levels including years of exposure, aluminum in air and aluminum in biomarkers.   
 
The findings across the literature on occupational exposure to aluminum and effects were 
inconsistent. This inconsistency is demonstrated by the forest plots (in Section 4.3.2.1 and 
4.3.3.1) in which studies reported effects fall on either side of the middle line (null effect), 
meaning that some studies show adverse effects among workers while others are contradictory, 
with no evident pattern of favoring one direction or the other. 
 
Based on the assessment of criteria for causality, our overall certainty in the evidence for 
aluminum exposure and neuropsychological outcomes is “very low”. 
 
Lung Function Outcomes 
As with neuropsychological outcomes, the majority of lung function studies available in the 
literature and reviewed herein were cross-sectional in design.  Due to the absence of longitudinal 
evidence for lung function, the temporality criteria is undetermined.   
 
The strength of positive associations reported in the literature, with regard to aluminum-induced 
lung function effects, were small in magnitude.  This is evident in the meta-analysis results for 
ppFVC (-0.3%) and ppFEV1 (-3%) after removal of outlier studies.  The meta-analysis effect 
estimate was stronger for ppFEF25-75 but after removing an outlier study only two studies 
remained.   
 
Meta-regressions performed with the available data on exposure variables concluded that none 
of the statistically significant effects suggested an exposure-response.  However, data on 
exposures was limited and primarily involved using biomarkers (e.g., urine, plasma, serum) as a 
surrogate for exposure.  A few additional studies not included in the meta-analysis examined 
lung function outcomes related to cumulative exposures to bauxite dust.  When cumulative 
bauxite exposure and lung function were investigated by Beach et al. (2001) and Fritschi et al. 
(2001), no exposure-response relationships were found.  While Townsend et al. (1985) did find 
an association between long term cumulative total dust exposure among workers at a bauxite 
mine and alumina refinery in Arkansas U.S.A., this older study did not specifically assess 
bauxite/alumina exposure (only measurements for total dust were available).   
 
The findings across the literature on occupational exposure to aluminum and lung function 
effects were inconsistent. This inconsistency is demonstrated by the forest plots (in Section 
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4.5.2.1) in which studies reported effects fall on either side of the middle line and in Table 4-16 
which shows a few lung function studies to report significant findings of lung function effects 
while the majority of studies reported no significant findings.   
 
While it is known that pneumoconiosis can occur due to inhalation of aluminum or aluminum 
oxide dust, the mechanisms of aluminum-related lung toxicity are not well understood.  
Specifically, it is not known whether effects are due to dust overload or aluminum itself.  
However, the potential for biologic plausibility cannot be ruled out.   
 
Based on the assessment of criteria for causality, our overall certainty in the evidence for 
aluminum exposure and lung function outcomes is “low”. 
 
6.2 Limitations 
 
The results of this systematic review and meta-analysis should be regarded in the context of 
several methodological and analytical limitations. 
 
Bias, or a systematic under-estimation or over-estimation of an effect, was considered.  Healthy 
worker effect is a phenomenon sometimes observed in studies of occupational diseases where 
workers usually exhibit lower mortality or morbidity than the general population because the 
severely ill and chronically disabled are ordinarily excluded from employment.  To avoid bias due 
to healthy worker effect, the use of the general population as a comparison group in occupational 
epidemiology should be avoided if possible.  Because most of the studies included in this review 
used a reference group of other workers (not occupationally exposed to aluminum), healthy 
worker effect in this systematic review should be minimal.   
 
Another type of bias that may be present in the individual studies is confounding due to multiple 
hazardous exposures.  Aluminum exposure was primarily studied in the sectors of welding and 
aluminum refining/production.  In general, workers in these and other industries are not exposed 
to pure aluminum without exposure to other potentially hazardous materials.  For example, most 
aluminum welders are also exposed to the neurotoxic metals manganese and lead which might 
confound study results (Keisswetter et al., 2007).  Iregren et al. (2001) controlled for different 
types of welding exposures but most studies did not.  In addition to alumina, workers in 
aluminum production are exposed to polycyclic aromatic hydrocarbons, sulfur dioxide and 
fluorides; aluminum fluoride; carbon monoxide; carbon dioxide; various trace metals; asbestos; 
extreme heat; and high static magnetic fields (IARC, 2010).  Confounding due to other 
hazardous exposures could also impact findings related to referent workers, given that other 
workers (e.g., miners or welders not exposed to aluminum) are also exposed to many hazards.  
Therefore, confounding due to other hazardous exposures may have resulted in an under- or 
over-estimation of effect attributed to aluminum exposure.   
 
As evidenced by the literature, occupational settings with aluminum exposure is dominated by 
males. Most studies dealt with the low prevalence of females in the study cohort by excluding 
them from analyses since they represented such a small proportion of the study population. 
Women may have different susceptibility to aluminum exposure than men.  Therefore, it is 
unknown whether the results of the systematic review are generalizable to women. 
 
A limitation of the meta-analyses is that there were not enough studies reporting outcomes for 
portions of the analysis.  First, there were less than the 10 studies recommended to evaluate the 
presence of publication bias with Funnel plots and Egger’s regression test. Publication bias 
refers to an absence of neutral or “negative” effect studies available in the literature because of a 
bias to publish results that appear significant.  If publication bias is present, correction of this bias 
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would most likely shift results to the null.  Second, there were fewer than the recommended 10 
studies for each outcome for conducting meta-regression, therefore the meta-regression results 
should be interpreted with caution.  
 
6.3 Concluding Comments 
 
The Cochrane Handbook for Systematic Reviews of Interventions (Cochrane Collaboration, 
2009) governed the study search and evaluation process for the systematic review of 
occupational aluminum exposure and adverse health outcomes.  The literature review included a 
search of epidemiological studies that investigate the health effects (primarily neurological 
disorders) associated with occupational exposure to aluminum.  The search strategy used 
controlled vocabulary terms and keywords including terms for “Occupational”, “Aluminum”, 
“McIntyre Powder”, “Alzheimer’s disease”, “Parkinson’s disease”, “Amyotrophic Lateral Sclerosis” 
and additional neurological and other conditions. 
 
A total of 62 epidemiological studies were selected for inclusion in the review, covering a broad 
range of health outcomes, study designs, occupational settings, forms of aluminum to which 
workers were exposed, and other factors.  The focus of most of the research was on the 
potential role of aluminum as a risk factor for Alzheimer’s disease and dementia.  The reports 
mainly investigated this role through performing a variety of neuropsychological tests or 
examining other indicators of pre-clinical impacts (e.g., EEG findings).   
 
A focus of this review was on McIntyre-exposed workers; however, there were insufficient 
studies to perform subgroup analyses for McIntyre-exposed workers.  Of the three McIntyre 
worker studies, two found no increased risk of Alzheimer’s disease related to McIntyre Powder 
exposure (McDonald et al. (1996) and Peters et al. (2013)).  The third study, Rifat et al. (1990), 
showed a positive association between McIntyre Powder exposure and decreased performance 
on cognitive tests; no differences in diagnosed neurological disorders were apparent in the 
exposed workers compared to non-exposed referent workers. 
 
Findings for aluminum exposed workers in well-studied industries (e.g., aluminum production and 
welding) are pertinent to the McIntyre Powder exposed workers, particularly because all 
occupational exposure to aluminum particles is via inhalation.  In addition, the forms of aluminum 
in McIntyre Powder (i.e., 15% elemental aluminum and 85% aluminum oxide) are the forms most 
often studied in the occupational health literature.  Data on the amount of McIntyre Powder to 
which workers were regularly exposed is scarce, making it difficult to compare cumulative 
aluminum exposures for McIntyre Powder exposed workers to workers in other industries.  
 
According to McIntyre Research Foundation records, McIntyre Powder exposures were 
reportedly 35.6 mg/m3 for 10 minutes per day (Newkirk, 1972).2  While short-term exposure limits 
for occupational aluminum exposure have not been established, the reported McIntyre Powder 
exposure level averaged over an 8-hour workday equates to a 0.74 mg/m3 time-weighted 
average; this is below the range of occupational exposure limits for aluminum (from 1 to 15 
mg/m3 8-hour TWA, see Section 2.5.1). 
 

                                                
 
2 This information was revised from the Final Report dated April 28th, 2017, which referenced McIntyre 

Powder exposure levels (353 mg/m3 of air) contained within the 1992 IDSP Report.  McIntyre Research 
Foundation records subsequently obtained from the Archives of Ontario indicate that the recommended 
dispersal was actually 1 gram of McIntyre Powder per 1000 cubic feet of air (equivalent to 1 mg/ft3 or 
35.6 mg/m3). 
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Because the purpose of many studies selected in the literature review was not to assess the risk 
of specific (i.e., diagnosable) health outcomes but rather to more broadly examine the potential 
effects on neurobehavioral or respiratory performance, the results of the systematic review are 
ordered into ICD-diagnosable conditions versus other studied health outcomes (i.e., non ICD-
diagnosable conditions).   
 
Diagnosable health outcomes considered in this systematic review included the following 
neurological diseases: Alzheimer’s disease, Parkinson’s disease, or ALS.  Meta-analysis was 
conducted to systematically quantify the relationship between occupational exposure to 
aluminum and risk of Alzheimer’s disease.  Three case-control studies and one retrospective 
matched cohort study met the criteria for inclusion.  Results of the meta-analysis indicated that 
occupational aluminum exposure was not associated with Alzheimer’s disease (odds ratio, 1.28; 
95% confidence interval, 0.78 to 2.10).  The literature review identified one study examining 
aluminum as a potential risk factor for ALS, and one study examining aluminum as a potential 
risk factor for Parkinson’s disease; neither reported an association between aluminum and the 
neurological disease.     
 
In addition to neurological disease, this systematic review also summarizes the epidemiological 
literature on more rarely studied diagnosable conditions, and there potential association with 
occupational aluminum exposure, including cardiovascular outcomes, cancer, diabetes, 
mortality, osteodystrophy, and reproductive effects.  Weak associations, based on few cases, 
were reported between aluminum exposure and non-malignant respiratory disease mortality, 
cerebrovascular disease mortality, and cardiovascular mortality (Friesen et al., 2009, Peters et 
al., 2013).  Of four studies investigating potential biomarkers of cancer, two found some evidence 
of association or correlation between aluminum exposure and DNA damage although the 
biologic significance of those findings is unknown (Botta et al., 2006; Hou et al., 2011).  Overall, 
the findings related to other health outcomes provided suggestive but no conclusive evidence of 
adverse effects related to occupational aluminum exposure.       
 
Results for the non ICD-diagnosable conditions, including neuropsychological and lung function 
test outcomes, make up a large part of this systematic review.  Meta-analysis was applied to pool 
the effect sizes from cross-sectional studies comparing seven neuropsychological test results 
from aluminum exposed to non-aluminum exposed workers.  The meta-analysis 
neuropsychological test results revealed four (of seven) statistically significant effects of 
decreased test performance in workers occupationally exposed to aluminum:  i) Santa Ana 
Dexterity dominant hand; ii) simple reaction time; iii) digit symbol; and, iv) mini mental status 
examination (MMSE) score.  While meta-regressions performed with the available exposure data 
showed no dose-response trends for these effects, these findings are uncertain given the limited 
number of studies that included exposure data and the inconsistent methods used to investigate 
dose across the different studies.  Meta-analysis effect sizes for Santa Ana Dexterity non-
dominant hand, digit span forward, and digit span backward were not statistically significant.   
 
Critical analysis of additional neuropsychological test outcomes (not included in the meta-
analyses) did not detect systematic patterns of significant findings by neuropsychological testing 
domain or aluminum exposure levels.  However, results were difficult to interpret given the non-
uniform nature of occupational settings, neuropsychological tests used, cognitive domains, 
different exposure parameters considered, as well as other factors.  Longitudinal evidence from 
workers with relatively high aluminum exposure metrics (i.e., urinary Al>100 µg/l) did not reveal 
any cognitive decline after four to five years of exposure to aluminum dust in workers of a 
powder-producing plant or exposure to aluminum fumes in welders (according to Letzel et al. 
(2000) and Kiesswetter et al. (2007), respectively).  Additional good quality, longitudinal 
assessments would be of benefit in clarifying the neurological effects from aluminum. 
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Meta-analysis was conducted to pool the effect sizes from cross-sectional studies comparing 
three lung function test results from aluminum exposed to non-aluminum exposed workers: i) 
percent predicted forced vital capacity (ppFVC); ii) percent predicted forced expiratory volume in 
one second (ppFEV1); and, iii) percent predicated mean forced expiratory flow during mid-half of 
the FVC (ppFEF25-75).  Meta-analyses detected a slight impairment in two lung function 
outcomes (ppFEV1 and ppFEF25-75) in aluminum workers compared to referents.  However, 
mean data on the clinically relevant measure of ratio FEV1/FVC characterized all aluminum 
exposed groups as having normal lung function.  A number of studies examining respiratory 
effects did not have adequate data for inclusion in the meta-analysis and were instead assessed 
qualitatively.  Findings from these additional studies mainly showed a lack of significant 
differences between aluminum exposed workers and non-exposed workers in terms of lung 
function and did not support the potential effects on ppFEV1 and ppFEF25-75 found in the meta-
analysis. 
 
The main limitation of this review lies in interpreting aluminum exposure across the body of 
literature.  Namely, the collection of aluminum exposure data varied considerably depending on 
the individual study.  Fewer than half of studies sampled aluminum in workplace air.  Biomarker 
measures of aluminum body burden included aluminum in urine, aluminum in blood, and 
aluminum in serum.  However, the importance of aluminum biomonitoring data in workers is 
questionable with different findings on how well biomarker measures correlate to chronic 
exposure.  In addition, interpreting aluminum exposure data was limited due to potential 
confounding from other hazardous exposures.  Occupational workers exposed to aluminum (e.g., 
miners, welders, aluminum production or refinery workers) are also often exposed to a mixture of 
hazardous substances.   
 
There are two conditions that are only minimally considered in this review because of the 
absence of suitable published studies: pneumoconiosis and certain cancers.  The Peters et al. 
(2013) study in Australia did not find an excess of pneumoconiosis.  As to cancer, the 
International Agency for Research on Cancer (IARC) has categorized aluminum production as a 
human carcinogen. This is because occupational exposures during aluminum production cause 
cancer of bladder, and, to a lesser extent, of the lung. However, as noted in the review, the 
carcinogen that results in the increased incidence of these cancers is not aluminum itself, rather 
other agents (e.g., PAHs) that are carcinogenic.  
 
Overall, the systematic review and meta-analysis showed that the question of health risks from 
occupational aluminum exposure is complex. The findings across the literature were 
inconsistent. Epidemiological studies have failed to establish consistent associations or clear 
exposure response relationships between workplace aluminum and neurological diseases, 
neuropsychological outcomes, lung function outcomes, and other adverse outcomes.  
Consideration of the evidence for neurological diseases, neuropsychological outcomes, and lung 
function outcomes in context of the Bradford Hill criteria for causality (temporality, strength, dose-
response relationships, replicability, and biologic plausibility) found most of the criteria were not 
satisfied and judged the certainty of evidence for an association with occupational aluminum to 
be very low.  Due to the small number of studies, the evidence for other diagnosable conditions 
(e.g., cancer, diabetes, mortality) was insufficient to complete an assessment of causality. 
Although findings cannot conclusively state whether or not aluminum is a causative agent in 
development of adverse health conditions, the evidence considered in total has not supported a 
link. 
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APPENDIX A  LITERATURE SEARCH STRATEGY 

The broad search strategy is presented below: 
((("occupations"[MeSH Terms] OR "occupation$"[All Fields] OR McIntyre[All Fields] OR 
("industry"[MeSH Terms] OR "industr$"[All Fields]))  
AND  
(("aluminum"[All Fields] OR "aluminum"[MeSH Terms] OR "aluminum"[All Fields]) OR 
("aluminium"[All Fields] OR "aluminium"[MeSH Terms] OR "aluminium"[All Fields])))  
AND  
(("humans"[MeSH Terms] OR "humans"[All Fields] OR "human"[All Fields]) OR 
("epidemiology"[Subheading] OR "epidemiology"[All Fields] OR "epidemiology"[MeSH Terms]) OR 
("disease"[MeSH Terms] OR "disease"[All Fields])) 

 
 
In addition to the broad search strategy, additional searches were conducted to include search terms 
for the health conditions of concern: 
 

Alzheimer’s disease 

((("occupations"[MeSH Terms] OR "occupation$"[All Fields] OR McIntyre[All Fields] OR 
("industry"[MeSH Terms] OR "industr$"[All Fields]))  
AND 
(("aluminum"[All Fields] OR "aluminum"[MeSH Terms] OR "aluminum"[All Fields]) OR 
("aluminium"[All Fields] OR "aluminium"[MeSH Terms] OR "aluminium"[All Fields])))  
AND  
(("alzheimer disease"[MeSH Terms] OR ("alzheimer"[All Fields] AND "disease"[All Fields]) OR 
"alzheimer disease"[All Fields] OR ("alzheimer's"[All Fields] AND "disease"[All Fields]) OR "alzheimer's 
disease"[All Fields])) 
 
Parkinson’s disease 

((("occupations"[MeSH Terms] OR "occupation$"[All Fields] OR McIntyre[All Fields] OR 
("industry"[MeSH Terms] OR "industr$"[All Fields]))  
AND  
(("aluminum"[All Fields] OR "aluminum"[MeSH Terms] OR "aluminum"[All Fields]) OR 
("aluminium"[All Fields] OR "aluminium"[MeSH Terms] OR "aluminium"[All Fields])))  
AND  
(("parkinson disease"[MeSH Terms] OR ("parkinson"[All Fields] AND "disease"[All Fields]) OR 
"parkinson disease"[All Fields] OR ("parkinson's"[All Fields] AND "disease"[All Fields]) OR "parkinson's 
disease"[All Fields])) 
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Amyotrophic Lateral Sclerosis 
((("occupations"[MeSH Terms] OR "occupation$"[All Fields] OR McIntyre[All Fields] OR 
("industry"[MeSH Terms] OR "industr$"[All Fields]))  
AND  
(("aluminum"[All Fields] OR "aluminum"[MeSH Terms] OR "aluminum"[All Fields]) OR 
("aluminium"[All Fields] OR "aluminium"[MeSH Terms] OR "aluminium"[All Fields])))  
AND  
(("amyotrophic lateral sclerosis"[MeSH Terms] OR ("amyotrophic"[All Fields] AND "lateral"[All Fields] 
AND "sclerosis"[All Fields]) OR "amyotrophic lateral sclerosis"[All Fields])) 
 
Neurological Disorders 
((("occupations"[MeSH Terms] OR "occupation$"[All Fields] OR McIntyre[All Fields] OR 
("industry"[MeSH Terms] OR "industr$"[All Fields]))  
AND  
(("aluminum"[All Fields] OR "aluminum"[MeSH Terms] OR "aluminum"[All Fields]) OR 
("aluminium"[All Fields] OR "aluminium"[MeSH Terms] OR "aluminium"[All Fields])))  
AND 
(("nervous system diseases"[MeSH Terms] OR ("nervous"[All Fields] AND "system"[All Fields] AND 
"diseases"[All Fields]) OR "nervous system diseases"[All Fields] OR ("neurological"[All Fields] AND 
"disorders"[All Fields]) OR "neurological disorders"[All Fields])) 
 
Respiratory Disorders 
((("occupations"[MeSH Terms] OR "occupation$"[All Fields] OR McIntyre[All Fields] OR 
("industry"[MeSH Terms] OR "industr$"[All Fields]))  
AND 
(("aluminum"[All Fields] OR "aluminum"[MeSH Terms] OR "aluminum"[All Fields]) OR 
("aluminium"[All Fields] OR "aluminium"[MeSH Terms] OR "aluminium"[All Fields])))  
AND  
((Respiratory[All Fields] AND ("disease"[MeSH Terms] OR "disease"[All Fields] OR "disorders"[All 
Fields])) 
 
Cardiovascular Conditions  
((("occupations"[MeSH Terms] OR "occupation$"[All Fields] OR McIntyre[All Fields] OR 
("industry"[MeSH Terms] OR "industr$"[All Fields]))  
AND 
(("aluminum"[All Fields] OR "aluminum"[MeSH Terms] OR "aluminum"[All Fields]) OR 
("aluminium"[All Fields] OR "aluminium"[MeSH Terms] OR "aluminium"[All Fields])))  
AND 
(("cardiovascular diseases"[MeSH Terms] OR ("cardiovascular"[All Fields] AND "diseases"[All Fields]) 
OR "cardiovascular diseases"[All Fields] OR ("cardiovascular"[All Fields] AND "disorders"[All Fields]) OR 
"cardiovascular disorders"[All Fields])) 
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Cancer 
((("occupations"[MeSH Terms] OR "occupation$"[All Fields] OR McIntyre[All Fields] OR 
("industry"[MeSH Terms] OR "industr$"[All Fields]))  
AND 
(("aluminum"[All Fields] OR "aluminum"[MeSH Terms] OR "aluminum"[All Fields]) OR 
("aluminium"[All Fields] OR "aluminium"[MeSH Terms] OR "aluminium"[All Fields])))  
AND 
(("neoplasms"[MeSH Terms] OR "neoplasms"[All Fields] OR "cancer"[All Fields])) 
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Appendix B  Snapshot of Tier 2 Review Form from Access Database 
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Appendix C-1 Quality Assessment Form, Cross-Sectional Studies 
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Appendix C-2  Quality Assessment Form, Cohort Studies 
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Appendix C-2 Quality Assessment Form, Cohort Studies (continued) 
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Appendix C-3 Quality Assessment Form, Case-Control Studies 
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Appendix C-3 Quality Assessment Form, Case-Control Studies (continued) 

 

 



 
FINAL REPORT 
  

 

 
Systematic Review of Occupational Aluminum Exposure and Adverse Health Conditions April, 2017 
Intrinsik Corp. Page D-1  

Appendix D Data Collection Form 
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Appendix D Data Collection Form (Continued) 
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Appendix E-1 Meta-regression of factors for Mean Santa Ana dexterity 
dominant hand (count) 

1. Age  
  

Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
    MD_saddh |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_age |   .0154657    .088969     0.17   0.870    -.2315517    .2624832 
       _cons |  -1.991444   .2278168    -8.74   0.001    -2.623964   -1.358923 
------------------------------------------------------------------------------ 
 
2. Education 
 
Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
    MD_saddh |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_edu |  -.3228789   .5230218    -0.62   0.570     -1.77502    1.129262 
       _cons |  -2.089639   .2817353    -7.42   0.002    -2.871861   -1.307416 
------------------------------------------------------------------------------ 
 
3. Smoking 
 
Meta-regression                                       Number of obs  =       4 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
    MD_saddh |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_smoke |   .0211459   .0561911     0.38   0.743     -.220625    .2629167 
       _cons |  -1.940313   .5245159    -3.70   0.066    -4.197123     .316497 
------------------------------------------------------------------------------ 
 
4. AL Blood (insufficient data) 
 
5. AL urine 
 
Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
    MD_saddh |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_urine |   .0005682   .0020502     0.28   0.795    -.0051241    .0062605 
       _cons |  -2.048784   .3261971    -6.28   0.003    -2.954452   -1.143116 
------------------------------------------------------------------------------ 

 
6. AL urine adjusted for creatinine (insufficient data) 

AL serum (insufficient data) 
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Appendix E-2 Meta-regression of factors for Mean Santa Ana dexterity non-
dominant hand (count)  

1. Age   
 
Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =   .9363 
% residual variation due to heterogeneity             I-squared_res  =  64.53% 
Proportion of between-study variance explained        Adj R-squared  = -66.13% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
   MD_sadndh |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_age |  -.0327439   .2279916    -0.14   0.893    -.6657501    .6002623 
       _cons |  -.4326796   .5324034    -0.81   0.462    -1.910869    1.045509 
------------------------------------------------------------------------------ 
 
2. Education 
 
Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =  .06916 
% residual variation due to heterogeneity             I-squared_res  =   1.70% 
Proportion of between-study variance explained        Adj R-squared  =  87.73% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
   MD_sadndh |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_edu |    1.55713   .6336664     2.46   0.070    -.2022103     3.31647 
       _cons |    .346439   .3626285     0.96   0.393    -.6603791    1.353257 
------------------------------------------------------------------------------ 
 
3. Smoking 
 
Meta-regression                                       Number of obs  =       4 
REML estimate of between-study variance               tau2           =   .6502 
% residual variation due to heterogeneity             I-squared_res  =  13.48% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
   MD_sadndh |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_smoke |  -.0038866   .0738901    -0.05   0.963    -.3218099    .3140367 
       _cons |  -.9450201   .7101343    -1.33   0.315    -4.000481    2.110441 
------------------------------------------------------------------------------ 
 
4. AL blood (insufficient data) 
 
5. AL urine   
 
Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =   .9137 
% residual variation due to heterogeneity             I-squared_res  =  63.48% 
Proportion of between-study variance explained        Adj R-squared  = -62.12% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
   MD_sadndh |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_urine |  -.0004139   .0050733    -0.08   0.939    -.0144995    .0136717 
       _cons |  -.3996058   .6840974    -0.58   0.590    -2.298965    1.499753 
------------------------------------------------------------------------------ 
 
6. AL urine adjusted for creatinine (insufficient data) 
7. Al serum (insufficient data)  
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Appendix E-3 Meta-regression of factors for Mean Simple reaction time (sec) 

1. age 
 
Meta-regression                                       Number of obs  =      13 
REML estimate of between-study variance               tau2           =   139.2 
% residual variation due to heterogeneity             I-squared_res  =  74.59% 
Proportion of between-study variance explained        Adj R-squared  = -13.40% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_srt |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_age |   .2034425   1.382755     0.15   0.886    -2.839981    3.246866 
       _cons |   7.872225   4.379041     1.80   0.100     -1.76598    17.51043 
------------------------------------------------------------------------------ 
 
2. education  
 
Meta-regression                                       Number of obs  =       7 
REML estimate of between-study variance               tau2           =   63.82 
% residual variation due to heterogeneity             I-squared_res  =  39.38% 
Proportion of between-study variance explained        Adj R-squared  =  63.33% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_srt |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_edu |  -31.93424   13.44235    -2.38   0.064    -66.48889    2.620408 
       _cons |  -9.885016   6.058089    -1.63   0.164    -25.45783    5.687799 
------------------------------------------------------------------------------ 
 
3. smoking 
 
Meta-regression                                       Number of obs  =       4 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_srt |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_smoke |   .1088499   .9956192     0.11   0.923    -4.174954    4.392654 
       _cons |   26.84036   9.706654     2.77   0.110      -14.924    68.60472 
------------------------------------------------------------------------------ 
 
4. AL blood (insufficient data) 

 
5. AL urine  
 
Meta-regression                                       Number of obs  =      11 
REML estimate of between-study variance               tau2           =   103.4 
% residual variation due to heterogeneity             I-squared_res  =  73.44% 
Proportion of between-study variance explained        Adj R-squared  =  21.01% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_srt |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_urine |  -.0921776   .0492464    -1.87   0.094    -.2035806    .0192254 
       _cons |   15.68502   5.822489     2.69   0.025     2.513632     28.8564 
------------------------------------------------------------------------------ 
 
  



 
FINAL REPORT 
  

 
Systematic Review of Occupational Aluminum Exposure and Adverse Health Conditions April, 2017 
Intrinsik Corp. Page E-4  
 

6. AL urine adjusted for creatinine 
 
Meta-regression                                       Number of obs  =       8 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------- 
       MD_srt |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
--------------+---------------------------------------------------------------- 
diff_urin_adj |  -.1598091   .1241392    -1.29   0.245    -.4635668    .1439486 
        _cons |   19.79167   5.065823     3.91   0.008     7.396052     32.1873 
------------------------------------------------------------------------------- 
 
7. AL serum  (insufficient data) 
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Appendix E-4 Meta-regression of factors for Mean Digit span forward (count) 

1. Age  
 
Meta-regression                                       Number of obs  =      12 
REML estimate of between-study variance               tau2           =   .2167 
% residual variation due to heterogeneity             I-squared_res  =  76.92% 
Proportion of between-study variance explained        Adj R-squared  = -15.28% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_dsf |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_age |   -.002671   .0584345    -0.05   0.964    -.1328713    .1275292 
       _cons |  -.1758371   .1767518    -0.99   0.343    -.5696647    .2179906 
------------------------------------------------------------------------------ 
 
2. Education  
 
Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =   .2479 
% residual variation due to heterogeneity             I-squared_res  =  78.10% 
Proportion of between-study variance explained        Adj R-squared  =  15.98% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_dsf |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_edu |   .9862978     .71782     1.37   0.241     -1.00669    2.979286 
       _cons |   .3920099   .3984597     0.98   0.381    -.7142916    1.498311 
------------------------------------------------------------------------------ 
 
3. smoking 
 
Meta-regression                                       Number of obs  =       5 
REML estimate of between-study variance               tau2           =   .1329 
% residual variation due to heterogeneity             I-squared_res  =  35.55% 
Proportion of between-study variance explained        Adj R-squared  = -17.68% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_dsf |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_smoke |     .01213   .0386381     0.31   0.774    -.1108337    .1350937 
       _cons |  -.2995091   .2824374    -1.06   0.367    -1.198351    .5993327 
------------------------------------------------------------------------------ 
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4. AL blood 
 

Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  = 100.00% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_dsf |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_blood |  -.0692473   .0445086    -1.56   0.195    -.1928231    .0543285 
       _cons |    -.03592   .0831937    -0.43   0.688    -.2669029    .1950628 
------------------------------------------------------------------------------ 
5. Al urine  
 
Meta-regression                                       Number of obs  =      12 
REML estimate of between-study variance               tau2           =   .1458 
% residual variation due to heterogeneity             I-squared_res  =  70.58% 
Proportion of between-study variance explained        Adj R-squared  =  22.43% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_dsf |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_urine |   .0024319   .0017385     1.40   0.192    -.0014418    .0063056 
       _cons |  -.3085197   .1965109    -1.57   0.147    -.7463732    .1293338 
------------------------------------------------------------------------------ 
 
6. AL urine adjusted for creatinine 
 
Meta-regression                                       Number of obs  =       8 
REML estimate of between-study variance               tau2           =  .00588 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------- 
       MD_dsf |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
--------------+---------------------------------------------------------------- 
diff_urin_adj |  -.0044346    .006645    -0.67   0.529    -.0206944    .0118251 
        _cons |  -.3302546    .267692    -1.23   0.263    -.9852734    .3247643 
------------------------------------------------------------------------------- 
 
7. Al serum (insufficient data) 
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Appendix E-5 Meta-regression of factors for Mean Digit span backward (count) 

1. age  
 
Meta-regression                                       Number of obs  =       8 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  = 100.00% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_dsb |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_age |  -.0222992   .0165863    -1.34   0.227    -.0628845    .0182861 
       _cons |  -.0745643   .0434223    -1.72   0.137    -.1808149    .0316863 
------------------------------------------------------------------------------ 
 
2. education 
 
Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  = 100.00% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_dsb |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_edu |   .1647883   .1321493     1.25   0.280     -.202117    .5316936 
       _cons |  -.0705452   .0448838    -1.57   0.191    -.1951625    .0540721 
------------------------------------------------------------------------------ 
 
3. smoking (insufficient data) 
4. AL blood (insufficient data) 
5. AL urine 
 
Meta-regression                                       Number of obs  =       8 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  = 100.00% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_dsb |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_urine |  -.0004557   .0003645    -1.25   0.258    -.0013477    .0004363 
       _cons |  -.0372092   .0647252    -0.57   0.586    -.1955861    .1211677 
------------------------------------------------------------------------------ 

 
6. AL urine adjusted for creatinine 

 
Meta-regression                                       Number of obs  =       5 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   0.00% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------- 
       MD_dsb |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
--------------+---------------------------------------------------------------- 
diff_urin_adj |   -.007441     .00698    -1.07   0.365    -.0296545    .0147726 
        _cons |   .0981573   .3921597     0.25   0.819     -1.14987    1.346184 
------------------------------------------------------------------------------- 
7. AL serum (insufficient data)  
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Appendix E-6 Meta-regression of factors for Mean Digit symbol (count) 

1. age  
 
Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =   1.692 
% residual variation due to heterogeneity             I-squared_res  =  41.84% 
Proportion of between-study variance explained        Adj R-squared  = -195.61% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
       MD_ds |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_age |  -.1682953   .4322523    -0.39   0.717     -1.36842     1.03183 
       _cons |  -4.807902   1.029005    -4.67   0.010    -7.664878   -1.950926 
------------------------------------------------------------------------------ 
 
2. education  
 
Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =   .5549 
% residual variation due to heterogeneity             I-squared_res  =  44.74% 
Proportion of between-study variance explained        Adj R-squared  =   3.04% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
       MD_ds |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_edu |   1.247565   2.201266     0.57   0.601     -4.86413     7.35926 
       _cons |  -4.636374   .9669035    -4.80   0.009    -7.320928   -1.951819 
------------------------------------------------------------------------------ 
 
3. smoking 
 
Meta-regression                                       Number of obs  =       4 
REML estimate of between-study variance               tau2           =   15.84 
% residual variation due to heterogeneity             I-squared_res  =  67.32% 
Proportion of between-study variance explained        Adj R-squared  = -80.28% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
       MD_ds |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_smoke |  -.1016334   .2847221    -0.36   0.755    -1.326694    1.123427 
       _cons |  -5.065299   2.818724    -1.80   0.214    -17.19329    7.062691 
------------------------------------------------------------------------------ 
 
4. AL blood (insufficient data) 
 
5. AL urine 
 
Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =  39.79% 
Proportion of between-study variance explained        Adj R-squared  = 100.00% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
       MD_ds |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_urine |  -.0056236   .0046441    -1.21   0.293    -.0185178    .0072706 
       _cons |  -4.218385   .8040529    -5.25   0.006    -6.450794   -1.985976 
------------------------------------------------------------------------------ 
 
6. AL urine adjusted for creatinine(insufficient data) 
7. AL serum (insufficient data) 
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Appendix E-7 Meta-regression of factors for Mean Mini–Mental State 
Examination (MMSE) score  

1. age 
 
 
Meta-regression                                       Number of obs  =       3 
REML estimate of between-study variance               tau2           =   .5143 
% residual variation due to heterogeneity             I-squared_res  =  78.80% 
Proportion of between-study variance explained        Adj R-squared  =  23.03% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
     MD_mmse |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_age |  -.4760041   .3710661    -1.28   0.422    -5.190846    4.238838 
       _cons |  -1.368771   .5009176    -2.73   0.223    -7.733533    4.995991 
------------------------------------------------------------------------------ 
2. education  (insufficient data) 

 
3. smoking (insufficient data) 

 
4. AL blood (insufficient data) 

 
5. Al urine (insufficient data) 

 
6. AL urine adjusted for creatinine (insufficient data) 

 
7. AL serum (insufficient data) 
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Appendix F-1 Meta-regression of factors for ppFVC  

Comparison 1.  Differences in age between exposed and control group 

I.E., MD FVC j =  constant  + (age difference exposure minus control)j + residual j +  random error term  

Meta-regression                                       Number of obs  =       7 
REML estimate of between-study variance               tau2           =     107 
% residual variation due to heterogeneity             I-squared_res  =  95.87% 
Proportion of between-study variance explained        Adj R-squared  = -12.31% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_FVC |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_age |   .7704302   1.239448     0.62   0.561    -2.415671    3.956532 
       _cons |  -3.956116   4.372913    -0.90   0.407    -15.19705    7.284816 
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Comparison 2.  Years of exposure 

Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =   41.14 
% residual variation due to heterogeneity             I-squared_res  =  85.86% 
Proportion of between-study variance explained        Adj R-squared  =  50.11% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_FVC |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    YearsExp |   1.528533   .6877451     2.22   0.090    -.3809537    3.438019 
       _cons |  -26.73529   9.553473    -2.80   0.049    -53.25998   -.2105921 
------------------------------------------------------------------------------ 
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Comparison 3. Differences in Percentage smokers in studies 

Meta-regression                                       Number of obs  =       6 
REML estimate of between-study variance               tau2           =   7.407 
% residual variation due to heterogeneity             I-squared_res  =  41.59% 
Proportion of between-study variance explained        Adj R-squared  =  45.17% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_FVC |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_smoke |  -.3917306    .233938    -1.67   0.169    -1.041247    .2577854 
       _cons |   2.318128   1.683142     1.38   0.240    -2.355023    6.991278 
------------------------------------------------------------------------------ 
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Comparison 4.  Level of Air aluminum  

Meta-regression                                       Number of obs  =       3 
REML estimate of between-study variance               tau2           =   23.02 
% residual variation due to heterogeneity             I-squared_res  =  22.28% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_FVC |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
      AlAexp |   19.09117   35.85914     0.53   0.689    -436.5424    474.7248 
       _cons |  -5.356694   16.17379    -0.33   0.796    -210.8642    200.1508 

 

 

 

 

Comparison 5. Blood aluminum:  Insufficient studies N=1 
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Comparison 6. Differences in Urine Aluminum concentration  

Meta-regression                                       Number of obs  =       4 
REML estimate of between-study variance               tau2           =   20.39 
% residual variation due to heterogeneity             I-squared_res  =  32.27% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_FVC |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_urine |   .1051004   .2717297     0.39   0.736    -1.064058    1.274259 
       _cons |  -1.590669   5.580718    -0.29   0.802    -25.60256    22.42122 
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Comparison 7. Differences in Serum Aluminum concentration  

Meta-regression                                       Number of obs  =       4 
REML estimate of between-study variance               tau2           =   4.299 
% residual variation due to heterogeneity             I-squared_res  =  12.01% 
Proportion of between-study variance explained        Adj R-squared  =  96.20% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
      MD_FVC |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_serum |  -.4019328    .118023    -3.41   0.076     -.909745    .1058793 
       _cons |   .8449947    3.61188     0.23   0.837    -14.69567    16.38566 
------------------------------------------------------------------------------ 
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Appendix F-2  Meta-regression of factors for ppFEV1  

Comparison 1:  Difference in age    

Meta-regression                                       Number of obs  =       8 
REML estimate of between-study variance               tau2           =   119.2 
% residual variation due to heterogeneity             I-squared_res  =  93.90% 
Proportion of between-study variance explained        Adj R-squared  = -12.31% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
     MD_FEV1 |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    diff_age |   -.486324   .8370692    -0.58   0.582    -2.534558     1.56191 
       _cons |  -8.416064    4.12982    -2.04   0.088    -18.52137    1.689242 
------------------------------------------------------------------------------ 
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Comparison 2. Years of exposure   
 
Meta-regression                                       Number of obs  =       7 
REML estimate of between-study variance               tau2           =     131 
% residual variation due to heterogeneity             I-squared_res  =  90.84% 
Proportion of between-study variance explained        Adj R-squared  =  -8.09% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
     MD_FEV1 |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
    YearsExp |   .5532957   .8302917     0.67   0.535    -1.581037    2.687628 
       _cons |  -17.08767   12.86371    -1.33   0.241    -50.15488    15.97953 
------------------------------------------------------------------------------ 
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Comparison 3. Differences in smoking percentage 
 
 
Meta-regression                                       Number of obs  =       7 
REML estimate of between-study variance               tau2           =   .1953 
% residual variation due to heterogeneity             I-squared_res  =  31.48% 
Proportion of between-study variance explained        Adj R-squared  =  94.82% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
     MD_FEV1 |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_smoke |   .2172115   .1490389     1.46   0.205     -.165905    .6003281 
       _cons |  -2.685603   .9421368    -2.85   0.036    -5.107443   -.2637633 
------------------------------------------------------------------------------ 
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Comparison 4. Differences in air aluminum  
 
Meta-regression                                       Number of obs  =       3 
REML estimate of between-study variance               tau2           =   21.01 
% residual variation due to heterogeneity             I-squared_res  =  34.71% 
Proportion of between-study variance explained        Adj R-squared  = -95.25% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
     MD_FEV1 |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
      AlAexp |   36.27784   37.90425     0.96   0.514    -445.3413     517.897 
       _cons |  -16.90893   16.94025    -1.00   0.501    -232.1552    198.3374 
------------------------------------------------------------------------------ 
 
 

 
 

 

Comparison 5. Difference in blood aluminum (insufficient data N=1) 
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Comparison 6. Difference in urine aluminum 
 
Meta-regression                                       Number of obs  =       4 
REML estimate of between-study variance               tau2           =   15.14 
% residual variation due to heterogeneity             I-squared_res  =  32.33% 
Proportion of between-study variance explained        Adj R-squared  =      .% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
     MD_FEV1 |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_urine |  -.0542079   .2694554    -0.20   0.859    -1.213581    1.105165 
       _cons |  -1.400258   5.366901    -0.26   0.819    -24.49217    21.69165 
------------------------------------------------------------------------------ 
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Comparison 7.  Difference in serum aluminum 
 
Meta-regression                                       Number of obs  =       4 
REML estimate of between-study variance               tau2           =       0 
% residual variation due to heterogeneity             I-squared_res  =   8.55% 
Proportion of between-study variance explained        Adj R-squared  = 100.00% 
With Knapp-Hartung modification 
------------------------------------------------------------------------------ 
     MD_FEV1 |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
  diff_serum |  -.6717355   .1113959    -6.03   0.026    -1.151033   -.1924375 
       _cons |    -2.7277   3.600809    -0.76   0.528    -18.22073    12.76533 
------------------------------------------------------------------------------ 

 

 

 

 

-3
0

-2
0

-1
0

0
10

M
D

_F
EV

1

0 10 20 30 40
diff_serum


	Executive Summary
	1.0 Background and Scope
	1.1 Project Description
	1.2 Objectives of the Systematic Review
	1.3 Health Outcomes Included in the Systematic Review
	1.3.1 Alzheimer’s Disease
	1.3.2 Parkinson’s Disease
	1.3.3 Amyotrophic Lateral Sclerosis (ALS)


	2.0 Aluminum Toxicology
	2.1 Aluminum Compounds
	2.2 Toxicokinetics and Toxicodynamics of Aluminum in Humans
	2.2.1 Absorption
	2.2.2 Distribution
	2.2.3 Metabolism
	2.2.4 Elimination and Excretion
	2.2.5 Biomarkers of Exposure and Effect
	2.2.6 Mechanisms of Toxicity and Biological Plausibility
	2.2.6.1 Neurotoxicity
	2.2.6.2 Lung Toxicity
	2.2.6.3 Bone Toxicity
	2.2.6.4 Carcinogenicity


	2.3 Mortality
	2.4 Aluminum Exposure in Non-Occupational Settings
	2.5 Aluminum Exposure in Occupational Settings
	2.5.1 Occupational Exposure Limits

	2.6 Overview of Existing Literature Reviews and Meta-Analyses

	3.0 Methods
	3.1 Literature Search Strategy
	3.2 Study Selection
	3.2.1 Tier 1 Screening
	3.2.2 Tier 2 Screening

	3.3 Quality Appraisal Approach
	3.4 Data Extraction Approach
	3.5 Meta-Analysis

	4.0 Results
	4.1 Study Characteristics
	4.2 Quality Assessment
	4.3 McIntyre Powder Exposed Workers
	4.4 ICD-Diagnosable Conditions
	4.4.1 Neurological Disease
	4.4.1.1 Alzheimer’s Disease
	4.4.1.2 Other Neurological Disease

	4.4.2 Other Diagnosable Conditions
	4.4.2.1 Cardiovascular Outcomes and Biomarkers
	4.4.2.2 Cancer and Biomarkers of Cancer
	4.4.2.3 Other Effects


	4.5 Other Studied Health Outcomes
	4.5.1 Neuropsychological Outcomes
	4.5.1.1 Meta-Analysis of Neuropsychological Tests
	4.5.1.2 Additional Analysis of Neuropsychological Tests
	4.5.1.3 Other Evidence Related to Neuropsychological Outcomes

	4.5.2 Lung Function Outcomes
	4.5.2.1 Meta-Analysis of Lung Function Tests
	4.5.2.2 Additional Analysis of FEV1/FVC Ratio
	4.5.2.3 Other Evidence Related to Lung Function Tests



	5.0 Summary of Findings
	5.1 Toxicology
	5.2 Literature Review
	5.2.1 McIntyre Powder Exposed Workers
	5.2.2 ICD-Diagnosable Conditions
	5.2.3 Other Studied Health Outcomes
	5.2.3.1 Neuropsychological Outcomes
	5.2.3.2 Lung Function Outcomes



	6.0 Discussion
	6.1 Causation and Hill’s Criteria
	6.1.1 ICD-Diagnosable Conditions
	6.1.2 Other Studied Health Outcomes

	6.2 Limitations
	6.3 Concluding Comments

	7.0 References

