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Abstract

Studies of occupational solvent exposures and amyotrophic lateral sclerosis (ALS) have been conflicting. We conducted a
population-based case—control study of mixed occupational solvent exposures and ALS. Using the Danish National Patient
Registry, we identified ALS cases in Denmark from 1982 to 2013, and matched them to 100 controls based on sex and birth
year. We estimated cumulative exposures to solvents (benzene, methylene chloride, toluene, trichloroethylene, perchloro-
ethylene, and 1,1,1-trichloroethane) via job exposure matrices and applied them to occupational history from the Danish
Pension Fund. Sex-stratified conditional logistic regression analyses revealed higher adjusted odds of ALS for men with
exposure to benzene (aOR =1.20; 95% CI 1.02, 1.41) and methylene chloride (aOR =1.23; 95% CI 1.07, 1.42). We used
weighted quantile sum regression to explore combined solvent exposures and risk of ALS in exposed subjects and found
increased odds of 26 to 28% in all exposure lag periods for every one-unit increase in the mixture index in men. Weights of
methylene chloride predominated the mixture index in all lag periods. Our study suggests an increased risk of ALS in men
exposed to multiple solvents, with the greatest influence being from methylene chloride. These findings highlight the need
to utilize mixtures analysis when considering co-occurring exposures.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a motor neuron dis-
ease characterized by increasing loss of motor function [1].
Although death from ALS complications typically occurs
. . . . . within 3 to 5 years of diagnosis, 4% of cases survive over
Electronic supplementary material The online version of this .
article (https:/doi.org/10.1007/510654-020-00624-5) contains 10 years [2]. Only 5 to 10% of ALS cases can be attributed
supplementary material, which is available to authorized users. to familial genetic susceptibility, but little is known about the
factors influencing risk of sporadic ALS [3]. Some hypoth-
esize that certain environmental and occupational exposures
may be associated with increased risk of ALS [1, 4, 5].
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studies have reported significantly positive associations
between overall occupational solvent exposure and ALS
[12-16], while others have reported positive, but not sig-
nificant, associations [17, 18]. However, many of these pre-
vious studies were in small samples, and did not distinguish
between specific solvents within their analysis. Addition-
ally, no previous study of solvent exposures and ALS has
used job exposure matrices (JEMs) to objectively estimate
exposure to a variety of solvents based on the entire work
history. In our population-based study using Danish registry
data, we utilize JEMs to estimate cumulative exposure to
various solvents and their association with ALS, then further
investigate the impact of mixed exposures to these toxicants.

Methods
Study participants

Using the extended Danish version of International Clas-
sification of Diseases and Related Health Problems,
Eighth Revision (ICD-8) codes from 1977 to 1994 and
Tenth Revision (ICD-10) codes from 1994 to 2013, we
were able to identify all ALS cases in Denmark based on
patient records included in the Danish National Patient
Registry diagnosed between 1977 and 2013 [19]. We clas-
sified ALS diagnosis as any record with a primary dis-
charge ICD-8 code of 348.0 (amyotrophic lateral sclerosis)
or ICD-10 code of G12.2 (motor neuron disease), with a
previous analysis indicating 93% concordance with this
strategy and medical record review [20]. The first recorded
date of ALS diagnosis was defined as the “index date”.
Each ALS case was matched to 100 controls selected
from the Danish Central Person Registry based on birth
year and sex who were alive at the time of ALS diagno-
sis, and assigned the same index date [21]. We excluded
subjects with an index date within five years of the Dan-
ish National Patient Registry initiation date of January 1,
1977 to ensure that our analysis captured ALS incidence
instead of prevalence [19], limiting our diagnosis inclu-
sion window to 1982-2013, which left a total of 4599 ALS
cases and 459,900 matched controls. Our exposure data
was based on the Danish Pension Fund, which started in
1964 [22]. Therefore, to diminish potential exposure mis-
classification from jobs held before the start of the Pension
Fund we excluded 2773 ALS cases and 277,300 matched
controls born before 1940 (> 25 years of age in 1964). We
also removed 187 cases with < 5 years of work experience
from our analysis to diminish healthy-worker hire bias,
along with 30,625 controls with <5 years of work experi-
ence or no matched case. In doing this, we have attempted
to diminish this particular type of selection bias under the
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expectation that generally unhealthy individuals are less
likely to be employed for five years, and simultaneously
more likely to develop disease.

Exposure assessment

We used unique Danish Central Person numbers to link
employment history from the Danish Pension Fund to the
previously mentioned demographic and diagnosis data.
Cumulative occupational exposure to solvents, including
benzene, methylene chloride, toluene, trichloroethylene,
perchloroethylene, and 1,1,1-trichloroethane were estimated
based on JEMs created for the Nordic Occupational Can-
cer Study (NOCCA) for Denmark [23]. These JEMs were
developed by a team of experts using templates of previously
developed Finnish JEMs with estimated annual mean levels
of exposure (ppm), based on workplace-based biomonitor-
ing and ambient environmental measures [23, 24]. Modifi-
cations for relevance to Denmark were based on industrial
measurements recorded in Denmark and expert evaluations
[23]. Exposure level and probability estimates are time-spe-
cific with a priori cut points of 1945, 1960, 1975, 1985, and
1995 [23]. For each identified solvent-exposed occupation,
a probability of exposure and estimated level of exposure
are assigned for each solvent at designated timepoints for
those who are exposed. For example, a person employed in
lithography between 1975 and 1984 would be designated a
time-specific (i.e. 1975-1984) perchloroethylene exposure
probability of 0.05 with an estimated daily exposure level of
5 ppm. Commonly exposed occupations presented in these
solvent JEMs include service station attendants, upholster-
ers, refinery workers, painters, distillers, furnacemen, cob-
blers, and laundry workers. However, each JEM is solvents
specific, and though some occupations overlap between
JEMs, others do not.

Estimated exposures to each solvent were calculated
for each subject by multiplying the time-specific level of
exposure by the probability of exposure for each recorded
occupation, then further multiplying the solution by the
time (years) employed in that job based on Pension Fund
data [23]. Cumulative exposure up to the index date was
calculated by summing these estimated exposure measures
for each case and matched control. Additionally, to reduce
healthy-work survivor bias and assess potential differences
in ALS risk for exposures experienced at distinct times prior
to ALS, we lagged exposures. Specifically, we investigated
5-year lagged exposures by excluding estimated occupa-
tional solvent exposures experienced within 5 years prior to
the diagnosis/index date, then explored the impact of 10-year
lagged exposures by excluding any estimated solvent expo-
sure experienced within the 10 years prior to the diagnosis/
index date from our analysis.
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Statistical analysis

Due to expected differences in jobs and job tasks between
males and females, analyses were stratified a priori by sex.
We used conditional logistic regression to obtain odds ratios
and 95% confidence intervals, with cumulative organic sol-
vent exposures categorized into quartiles, and the unexposed
serving as the reference group. Cut points for quartiles were
based on the sex-specific distributions for 10-year lagged
exposures of controls for comparability across exposure
periods. All analysis was adjusted for the higher of the sub-
ject’s or subject’s spouse’s socioeconomic status based on
tax-recorded occupation title (i.e. unskilled workers, skilled
workers, low-salary positions, high-salary positions, and
academics and corporate managers) and residential location
(Copenhagen, Copenhagen suburbs, Aarhus/Odense, provin-
cial towns, rural areas, and Greenland) at the index date.
Considering the single-point sources of co-occurring
solvent exposures, we used weighted quantile sum (WQS)
regression to further explore associations between combined
estimated cumulative solvent exposures and risk of ALS
in exposed subjects. WQS is an analytical method used to
reduce issues with collinearity in combinations of correlated
exposures for epidemiological investigations [25]. WQS
analysis is based on additive cumulative effects, and chemi-
cal exposures are assumed to be normally distributed. Thus,
because a large portion of study subjects had no occupa-
tional solvent exposures (61%), only subjects with any JEM-
based solvent exposure (45,712 males and 16,782 females)
are included in the WQS analysis. Among these, each sol-
vent is categorized into quartiles and a summary exposure
score is derived by empirically weighting individual sol-
vents assuming positive effects of each individual organic
solvent exposure in risk of ALS. The solvent index score is
calculated using the following equation where we include 6
solvents with weights w; between 0 and 1 estimated by an
optimization algorithm for each jth solvent in quartiles (4
categories), and the total of the weights summing to 1:

6

Solvent index score = Z wj4j
J=1

To maximize the smaller sample size, we used the entire
reduced dataset for validation and testing. Through bootstrap
sampling (n=100), the weighted quantile score estimates
the mean of all estimated independent solvent weights for
each subject [25]. In this way, the toxicity of each individual
solvent is taken into account for the weighted solvent index
score based on the number of significant (P <0.05) estimates
observed in the bootstrapping procedure. The solvent index
scores for each subject were then entered into a multivari-
able logistic regression model adjusting for age, residential
location, and socioeconomic status (SES) at the time of the

index date. All statistical analyses were conducted with a 5%
level of significance using SAS 9.4 statistical software [26].
Because this secondary analysis was conducted using pre-
existing data, this study was determined to be exempt by the
Harvard T.H. Chan School of Public Health Institutional
Review Board and approved by the Danish Data Protection
Agency. Therefore, informed consent was not required.

Results

After our study exclusion criteria, we had a total of 1639
ALS cases and 151,974 controls. Table 1 shows, as expected,
a greater portion of solvent-exposed subjects were male
(73%). A large portion of subjects, both solvent-exposed and

Table 1 Demographic characteristics at the index date by solvent
exposure

Characteristic No solvents expo-  Any solvent
sure (N=93,773)  exposure
(N=60,080)
n % n %
Sex
Male 47,796 52.5 45,712 73.2
Female 43,323 47.5 16,782 26.8
Age (years)
<45 10,565 11.6 7874 12.6
45-54 22,990 25.2 16,426 26.3
55-64 37,199 40.8 25,579 40.9
65-74 20,365 224 12,615 20.2
Socioeconomic status
Academics and managers 12,448 13.7 5065 8.1
High-salary positions 15,003 16.5 7610 12.2
Low-salary positions 17,418 13.1 10,221 16.4
Skilled workers 25,827 28.3 22,090 353
Unskilled workers 12,450 13.7 11,578 18.5
Unknown 7973 8.8 5930 9.5
Residential location
Copenhagen 9416 10.3 5855 9.4
Copenhagen suburbs 22,124 24.3 14,963 23.9
Aarhus/Odense 8993 9.9 6077 9.7
Provincial towns 37,082 40.7 25,535 40.9
Rural areas 13,183 14.5 9854 15.8
Greenland 89 0.1 49 0.1
Unknown 232 0.2 161 0.2
Marital status
Married 63,156 69.3 40,547 64.9
Unmarried 11,119 12.2 9006 14.4
Divorced 11,898 13.1 10,279 16.5
Widowed 4772 5.2 2582 4.1
Unknown 174 0.2 80 0.1
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unexposed, were from provincial towns (41%) or Copenha-
gen suburbs (24%). Additionally, although the greatest por-
tion of study participants were classified as “skilled work-
ers” (i.e. people with specialized occupational training), the
portion of skilled workers in the solvent-exposed group was
slightly higher than that in the unexposed group (35% vs
28%, respectively).

Solvent-specific results for our analysis of any expo-
sure to individual solvents up to 5-years prior to the index
date are displayed in Fig. 1. Our analysis revealed higher

adjusted odds of ALS for men with exposure to benzene
(aOR=1.20;95% CI 1.02-1.41, P=0.03), methylene chlo-
ride (aOR=1.23; 95% CI 1.07-1.42, P=0.003), and per-
chloroethylene (aOR =1.21; 95% CI 1.01-1.46, P =0.04).
Ever exposure to any organic solvent up to 5 years prior to
the index date increased odds of ALS by 14% (P=0.06). For
women there were no significant associations between any
exposures to individual solvents and ALS risk.

As shown in Fig. 2, when examining 5-year lagged cumu-
lative estimated exposures of specific organic solvents, odds

Odds ratio (35% CI)

Males Females
(n=93,508) (n=60,105)
Solvents Benzene Toluene MCH PER TCE TRI Solvents Benzene Toluene MCH PER TCE TRI

Odds ratio (5% CI)
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Fig.1 Analysis of any 5-year lagged exposure to solvents and ALS
cases status in Denmark, 1982-2013. Data are the odds ratios (95%
confidence intervals) of ALS by individual solvent exposures. All
models were adjusted for socioeconomic status and residential loca-

tion at the index date. Abbreviations are as follows: MCH methyl-
ene chloride, PER perchloroethylene, TCE trichloroethylene, TRI
1,1,1-Trichloroethane
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Fig.2 Analyses of 5-year lagged cumulative exposure to solvents and
ALS case status in Denmark, 1982-2013. Data are the odds ratios
(95% confidence intervals) of ALS for quartile categories of indi-
vidual solvent exposures compared to those with no exposures. All
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models were adjusted for SES and residential location at the index
date. Results are stratified by sex. Abbreviations are as follows: MCH
methylene chloride, PER perchloroethylene, TCE trichloroethylene,
TRI 1,1,1-Trichloroethane
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ratios were generally elevated for highest quartile levels
of exposure to benzene (aOR=1.37; 95% CI 1.03-1.81,
P=0.03) and methylene chloride (aOR =1.26; 1.00-1.59,
P <0.05) compared to those with no exposure. However,
patterns of association were not consistent across quartiles,
and tests for trends were not statistically significant. Results
of analyses with no lag or a 10-year lag were similar (Sup-
plemental Table 1). There was less of an association seen
among women, although there was a significant inverse asso-
ciation seen for ALS in women with the highest quartile
exposure to perchloroethylene compared to those with no
exposure (aOR =0.45; 95% CI 0.21-0.95, P=0.02), which
could be attributed to multiple comparisons of so many
statistical tests increasing likelihood significant results due
to chance. Thus, under a more constrained Bonferroni cor-
rected p-value of 0.008 these results would not be consid-
ered significant; however, under the more liberal P <0.05
the results are significant. All other quartile exposures exhib-
ited higher, but not significant, aORs, indicating no trend in
this association. There were no consistent patterns seen for
other solvent exposures and ALS in women (Supplemental
Table 2).

Exposures to the different solvents are often co-
occurring, yet have a complicated correlation structure
(Fig. 3). Because of this, we used WQS to analyze the
relation between exposure to the mixture of solvents and
ALS (Fig. 4). Among men with any solvent exposure, we
observed a 25% increase in odds of ALS (aOR=1.25;95%
CI 1.02-1.52, P=0.04) for every one-unit increase in the

derived solvent mixture index for exposures prior to the
index date. For 5-year and 10-year lagged exposures, odds
were also significantly higher for increased mixed solvent
exposure index score (aOR =1.28, P=0.03 and aOR=1.27,
P=0.02, respectively). Methylene chloride dominated the
weights of the solvent mixture index for all lag periods (no
lag=37.6%, 5-year lag=33.8%, and 10-year lag=44.8%).
This was followed by the weight of perchloroethylene (no
lag=30.9%, 5-year lag=32.3%, and 10-year lag=29.3%),
indicating the importance of these solvents in driving the
observed association seen between combined organic solvent
exposures and ALS among men. Among women, benzene
dominated the weights of the solvent mixture index in all
lag periods (no lag=52.9%, 5-year lag=43.8%, and 10-year
lag=44.7%), followed by perchloroethylene. However, asso-
ciations between solvent index scores and ALS were not
statistically significant, with aOR ranging from 1.03 to 1.05
and P>0.75.

Discussion

In our large prospective study of occupational organic sol-
vent exposures and ALS in Denmark, the analysis of indi-
vidual solvents showed generally small, but positive associa-
tions with ALS in men. In women, there was a significant
inverse association seen for perchoroethylene, which may
have been due to multiple comparisons. Although multiple
comparisons could also play a role in some of the results
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Fig.3 Heat map of correlations between solvents. Data are correlation coefficients for correlations between individual cumulative solvent expo-

sures in subjects with any solvent exposure. Results are stratified by sex
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Fig.4 Association between solvent levels and risk of ALS based on
weighted quantile sum (WQS) regression analysis. Bar graphs indi-
cate the magnitude of WQS weight for each solvent. Data are the
odds ratios (95% confidence intervals) for associations between ALS

seen for men, this is less likely as evident by the consist-
ency of positive associations for specific solvents. When
we analyzed all solvents together as a mixture using WQS
regression, we found a statistically significant association
between higher combined organic solvent exposures and
ALS among men, with a large portion of the association
being contributed by methylene chloride and perchloroeth-
ylene. Results were similar when exposures were lagged by
10 years, 5 years, or when we included all jobs up to the
index date (no lag). Contrary to one previous study of 179
matched pairs which saw 2.57 times greater risk of ALS
in females self-reporting occupational exposure to solvents
between 2000 and 2005 [14], we found no notable patterns
of association in females and no associations with mixed
solvent exposures. Our JEMs are not sex specific, and sex
differences seen in our results may not reflect true biologi-
cal differences of solvent exposure by sex, but rather are
more likely due to variances in industries of employment,
job tasks, and lower frequency of exposure in women.
Solvents are known neurotoxicants [9], and exposures
have been previously linked to cognitive impairment [10], as
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and derived solvent mixture index scores by exposure lag periods.
Results are stratified by sex. All models were adjusted for age, SES,
and residential location at the index date

well as neurodegenerative disorders like Alzheimer’s disease
[27] and Parkinson’s disease [28, 29]. Some previous studies
investigating risk of ALS in subjects ever exposed to unspec-
ified solvents showed higher risk [13, 14, 30], while others
did not [12, 18, 31, 32]. One study of JEM-estimated solvent
exposures reported a statistically significant increase in odds
of death from ALS; however, this was based on occupations
reported on death certificates, which are often inaccurate
[15]. Additionally, a study in the New England region of the
US investigating exposures to individual solvents, includ-
ing benzene, methylene chloride, perchloroethylene, toluene,
and trichloroethylene, found no significant associations with
ALS [17]. However, the sample size in that study was only
109 ALS cases and 253 controls, and though exposure dura-
tion was assessed, there was no assessment of probability
and level of exposure, nor were the multiple exposures ana-
lyzed with mixtures approaches [17].

Industrial solvent exposures occur most frequently
through use of cleaning agents, adhesives, sealants, paints,
and some rubber and plastic products [6]. Exposure to spe-
cific solvents can occur concurrently because many of the
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common exposure sources are composed of multiple sol-
vents. For example, toluene and benzene were both used as
additives in gasoline [33, 34]; toluene, benzene, and xylene
are used in paints [6, 34], while methylene chloride is used
as paint stripper [35]; and methylene chloride, toluene, ben-
zene, perchloroethylene, and trichloroethylene are all used
in cleaning products [33-37]. Furthermore, certain solvents
serve as reactants for manufacture or byproducts of other
solvents. Specifically, perchloroethylene is a substantial
byproduct of reactions for the production of trichloroeth-
ylene [38] and benzene is often produced via hydrodem-
ethylation of toluene [39]. As such, co-exposure to certain
solvents may induce or inhibit metabolism and excretion of
other solvents, potentially increasing potency of exposures
[40]. As seen in our analysis, methylene chloride, perchlo-
roethylene, and benzene were each individually associated
with risk of ALS. However, when there were evaluated in
combination through our WQS analysis, we could see that
the greatest weight of risk for ALS was contributed to meth-
ylene chloride. Therefore, multi-exposure approaches, such
as the WQS used in our study, should be used in conjunction
with single toxicant models to better evaluate associations
between common-source occupational exposures and ALS.

Although our use of advanced statistical methodology
for evaluation of mixtures, along with our utilization of
JEMs for individualized estimates of cumulative expo-
sure in a large-scale, prospective data source consider-
ably strengthens our study, we acknowledge that there
may be some limitations. Due to the 1964 establishment
of the Danish Pension Fund, we were not able to deter-
mine exposures for any jobs held before that time point,
which may have introduced some exposure misclassifi-
cation. However, any such misclassification would not
likely differ by case status, and thus be expected to bias
our results towards the null. We attempted to mitigate this
potential bias by excluding subjects from our analysis who
were over 25 years of age at the start of the Pension Fund.
Through use of a JEM for organic solvent estimates, some
exposure measurement error may also be present. The
JEMs used, specific to the Danish population, were not
directly validated; however, creation of these tools was
based on biological, samples of workers and environmen-
tal samples from various industries. Furthermore, all JEMs
for the Nordic Occupational Cancer Study are consistently
re-evaluated by numerous experts and edited as needed
[24]. These JEMs may also have been indirectly validated
through the use of the original Finnish JEM and derived
Norwegian and Swedish JEMs in studies of cancer risk
[41-43]. Specifically, in using average non-sex-specific
level and probabilities of exposures based on industry-
level measurements, and having no information on indi-
vidual personal protection, there is likely misclassification
of individual exposures, which would also tend to result in

attenuation of effect estimates. Also, because the purpose
of this study was specifically focusing on occupational
exposures, we do not evaluate any additional risk from
home-based solvent exposures, which are common. The
WQS analysis also has some limitations in that it assumes
only one direction of effect and cannot account for positive
and negative individual effects in the same model [25];
however, results from our initial analysis in men suggested
that results were overwhelmingly positive, though this is
not true for women. Additionally, WQS cannot account for
multiplicative interactions [25]. Despite this, the model
does successfully identify which individual solvents con-
tribute most to observed associations.

In conclusion, this study is the first, to our knowledge,
to estimate long-term occupational exposures to organic
solvents, both alone and in combination, in a large sample.
Considering the hypothesized gene-environment interaction
mechanism behind ALS [5, 44], with genetic susceptibil-
ity and environmental triggers, the results of our study are
plausible. We observed an increased risk of ALS in men
exposed to multiple solvents, with the greatest exposure of
influence being methylene chloride. Additionally, methyl-
ene chloride, a known carcinogen with primary occupational
exposures from paint strippers and degreasers [35, 45], was
individually associated with increased risk of ALS in men.
Suspected mechanisms for this exposure-disease relation-
ship include oxidative stress [5, 31] and genotoxicity [46],
indicating that the long-term neurological impacts of these
exposures should be investigated further. Although the use
of personal protective equipment may be required or advised
during occupational use of solvents, many solvent-contain-
ing products are available commercially [6, 9]. Given the
widespread use of these toxicants, more attention should
also be given to organic solvent exposures in the general
population.
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