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Exposure to industrial solvents has been associated with encephalopathy. Styrene is a neurotoxic industrial
solvent, and we investigated the long-term risk of encephalopathy and unspecified dementia following styrene
exposure. We followed 72,465 workers in the reinforced plastics industry in Denmark (1977-2011) and identified
incident cases of encephalopathy (n = 228) and unspecified dementia (n = 565) in national registers. Individual
styrene exposure levels were modeled from information on occupation, measurements of work place styrene
levels, product, process, and years of employment. Adjusted analyses were performed using a discrete survival
function. A positive trend for encephalopathy (P < 0.01) and a negative trend for unspecified dementia (P = 0.03)
were seen with cumulative styrene exposure accrued during the recent period of up to 15 years. For unspecified
dementia and the combination of unspecified dementia and encephalopathy, a positive trend was indicated
when applying a 30-year exposure lag (P = 0.13 and P = 0.07). The risk patterns seen following recent
exposure probably reflect diagnostic criteria for encephalopathy requiring recent industrial solvent exposure and
referral bias rather than association with styrene exposure, while the increasing risk observed for unspecified
dementia and the combination of encephalopathy and unspecified dementia following distant exposure indicates

an increased risk of dementia following styrene exposure with a long latency period.

dementia; follow-up study; occupational diseases; occupational exposure; risk assessment; solvents

Abbreviations: ClI, confidence interval; ICD-8, International Classification of Diseases, Eighth Revision; ICD-10, International

Classification of Disease, Tenth Revision.

The reporting of a consistent pattern of symptoms belong-
ing to the domains of mood, memory, and attention resem-
bling those of mild to moderate dementia by workers with
long-term industrial solvent exposure led to the definition
of solvent-induced encephalopathy, in lay terms known as
painter’s syndrome (1, 2). Verified solvent exposure is a
requirement for the diagnosis. The general opinion is that
there is little lag between exposure and first symptoms and
that symptoms do not progress upon cessation of exposure
(3). In Denmark, a case of solvent-induced encephalopathy
was reported in 1976 (4), and the diagnostic entity was
quickly recognized as an occupational disease. A total of
19 cases were recognized as occupational diseases in 1979,
increasing to 696 in 1984 in a population of 5.1 million and
thereafter declining (5).

Styrene is an industrial solvent used worldwide in the
manufacturing of synthetic rubbers and plastics (6). Styrene
is a well-known neurotoxin affecting reaction time, color
vision, and hearing threshold among workers with long-term
exposure (7-9). There is also some evidence of associations
with memory, attention, and nerve conduction velocity (10—
12). We are not aware of studies that have examined the rela-
tionship with a syndrome consistent with solvent-induced
encephalopathy.

In the present study, we examined the risk of encephalo-
pathy and unspecified dementia in relation to cumulative
styrene exposure in a large cohort of styrene-exposed work-
ers in the Danish reinforced plastics industry. We include
unspecified dementia because symptoms and clinical find-
ings can overlap with those of encephalopathy.
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METHODS
Study population

A cohort of 77,491 workers from 456 Danish companies
producing reinforced plastics (1964—-2007) was identified by
means of the Danish Supplementary Pension Fund Register
(13). The register provided annual information on employ-
ment in these companies and any other company since 1964.
To have complete work histories, we excluded those with
a registration in 1964 (3,496 persons), the year the pension
register was established, resulting in a study population with
employment histories starting between 1965 and 2007. Fur-
ther exclusions due to death, disappearance, or emigration
before start of follow-up (1,439 persons), missing vital status
(25 persons), and diagnoses of encephalopathy or unspeci-
fied dementia before start of follow-up (66 persons) resulted
in a final study population of 72,465 workers. Information on
occupation during 1970-2007 was obtained from Statistics
Denmark (14).

Outcomes

We identified cases in the National Patient Register
(1977-2011) (15) and the Psychiatric Central Research Reg-
ister (1977-2011) (16). Diagnoses were coded according
to the 8th (1977-1993) and 10th (1994-2011) revisions
of the International Classification of Diseases (ICD-8
and ICD-10). We defined encephalopathy by ICD-8 codes
347.91, 347.99, and 781.79, as recommended for cases of
solvent-induced encephalopathy by the Danish Association
of Occupational and Environmental Medicine, and ICD-
10 codes G92 and G934, and we identified unspecified
dementia by ICD-8 codes 290.00 and 290.19 and ICD-
10 code FO03. From the National Patient Register, we
also obtained diagnoses for chronic obstructive pulmonary
disease (ICD-8 codes: 490-492; ICD-10 codes: J43-44) and
alcohol-related diseases (ICD-8 codes: 291, 303, 571.0, and
571.10; ICD-10 codes: F10, G31.2, G62.1, G72.1, 142.6,
K29.2, K70, K85.2, and K86.0).

Exposure assessment

We modeled styrene exposure intensity from 1,122 per-
sonal styrene measurements and company characteristics
(production process, product, and calendar year) obtained
from 133 companies 1970-2011. We modeled styrene expo-
sure probability from survey exposure information gath-
ered in 2013 from 11,264 present and former employees of
all companies linked with information on occupation, sex,
product, production process, company size, and calendar
year available for the entire population. For each year of
employment in a study company since 1965, we computed
styrene exposure level for each worker as the product of
predicted exposure intensity and predicted exposure prob-
ability. These exposure estimates were added across all
years of employment during styrene production to obtain a
cumulative styrene exposure metric (expressed as mg/m?>-
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years). Detailed information on the study population and
exposure assessment is described elsewhere (17).

The Danish Data Protection Agency approved the study
(j-no: 1-16-02-01-07). Participants in the survey were in-
formed that they could withdraw their consent to participate
at any point in time.

Statistical analysis

We started follow-up at January 1, 1977, or January 1st
of the year following first year of exposed employment
in a study company, whichever was latest. We followed
workers until the year of first diagnosis of encephalopathy or
unspecified dementia, death, emigration, or end of follow-up
at December 31, 2011, whichever came first.

We analyzed data with a discrete-time hazard model with
person-years as unit of analysis, yielding incidence rate
ratios and 95% confidence intervals (18). Styrene exposure
metrics were categorized into tertiles in the initial analyses
based on the person-year exposure distribution. Age was
included in all models. Due to differences in age distri-
bution we used slightly different age categorizations for
encephalopathy (years: <40, 40—44, 45-49, 50-54, 55-59,
60-64, 65-69, >70) and unspecified dementia (years: <50,
50-59, 60-69, 70-74, 75-79, 80-84, 85-89, >90). For com-
bined analyses of encephalopathy and unspecified demen-
tia, a combination of these age categorizations was used
(years: <40, 4044, 4549, 50-54, 55-59, 60-64, 65-69,
70-74,75-79, 80-84, 85-89, >90). Models further included
calendar year (1977-1989, 1990-1999, 2000-2011), sex,
level of education, hospital diagnoses of chronic obstructive
pulmonary disease and alcohol-related diseases as proxies
of smoking and alcohol intake, and employment status.

Cumulative styrene exposure was the principal exposure
metric. We also analyzed the separate exposure metrics com-
bined in cumulative exposure: duration of employment dur-
ing styrene production, mean styrene exposure intensity,
and mean styrene exposure probability. Furthermore, we
analyzed the association with cumulative styrene exposure
accrued within the previous <15, 15-29, and >30 years.
In these analyses cumulative styrene exposure within the
window was dichotomized by the median while styrene
exposure outside the window was classified as zero (19).
We also analyzed the risk patterns for encephalopathy and
unspecified dementia combined as well as the correlations
between cumulative styrene exposure and age.

As a supplement, we investigated the incidence of Alzhei-
mer disease and Parkinson disease following a diagnosis of
encephalopathy or unspecified dementia.

In tests for linear trend we included cumulative styrene
exposure as a categorized variable with 3 levels. Tests of
significance were 2-sided. All statistical analyses were per-
formed using Stata, version 13 (StataCorp LP, College Sta-
tion, Texas).

RESULTS

The study population accumulated 1,496,594 person-
years during follow-up, and we identified 228 incident cases
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of encephalopathy and 565 incident cases of unspecified
dementia.

For encephalopathy, we observed increasing rate ratios
with increasing cumulative styrene exposure (P for trend
< 0.01) in the model adjusting only for age (Table 1). The
fully adjusting model also showed a positive trend (P < 0.01)
and a rate ratio of 1.90 for the highest compared with
the lowest exposure tertile (95% confidence interval (CI):
1.31, 2.77). Duration of employment showed rate ratios
of encephalopathy that were comparable to the estimates
for cumulative exposure while lower positive estimates
were seen for styrene exposure probability and intensity.
No association was observed for unspecified dementia in
either model. When we pooled cases of encephalopathy and
unspecified dementia, we observed an increasing trend by
cumulative styrene exposure accrued during the total work
history (P = 0.11) with a rate ratio of 1.17 for the highest
compared with the lowest exposure tertile (95% CI: 0.96,
1.42).

In time-window analyses, we observed an increasing trend
for encephalopathy with cumulative styrene exposure
accrued during the prior 1-14 years (P < 0.01, Table 2).
The rate ratio was 1.67 in the highest relative to the null
exposure category (95% CI: 1.17, 2.37). The trend was
less pronounced for the 15-29-years exposure window, and
no trend was observed for the >30-years window (for the
highest vs. the null exposure category, rate ratio = 0.80; 95%
CI: 0.45, 1.44). For unspecified dementia, a decreasing trend
was observed for the 1-14-years window (for the highest vs.
the null exposure category, rate ratio = 0.65; 95% CI: 0.45,
0.94). On the other hand, an increasing trend (P = 0.13) was
seen for the >30-years exposure window (for the highest
vs. the null exposure category, rate ratio = 1.19; 95% CI:
0.95, 1.48). For combined encephalopathy and unspecified
dementia, time window analyses showed no clear trends
for the 1-14- and 15-29-years exposure windows, but for
the >30-years window an increasing trend was suggested
(P = 0.07) with a rate ratio of 1.21 for the highest versus the
null exposure category (95% CI: 0.98, 1.49).

The correlation coefficients between age and cumulative
styrene exposure, examined for different combinations of
both continuous and categorical variables for age and expo-
sure, varied between 0.13 and 0.16 and were similar across
occupations and educational levels.

A total of 91 participants (16%) initially diagnosed with
unspecified dementia were later diagnosed with Alzheimer
disease and 21 (4%) with Parkinson disease. Only <5 partic-
ipants (<2%) initially diagnosed with encephalopathy were
later diagnosed with Alzheimer disease, and the same was
the case for Parkinson disease.

DISCUSSION

We observed increasing risks of encephalopathy and
combined encephalopathy and unspecified dementia with
cumulative styrene exposure accrued during the complete
work history. In analyses considering the timing of
exposure, we observed increasing risk of encephalopathy
and decreasing risk of unspecified dementia with cumulative

exposure accrued during recent years. Risk of unspecified
dementia and of combined encephalopathy and unspecified
dementia increased with cumulative exposure accrued 30
years or more prior.

Increasing risk of central nervous system diseases with
increasing styrene exposure has been reported in a cohort of
styrene exposed workers of the European reinforced plastics
industry that partly overlapped with the current study popu-
lation (20). A recent study of styrene-exposed workers in the
US reinforced plastics industry reported no excess mortality
in the category of “nervous system disorders other than mul-
tiple sclerosis” (21). Encephalopathy or dementia diseases
were, however, not evaluated specifically in either study.

Our observation of an increased risk of encephalopa-
thy is in accord with a number of cross-sectional studies
showing associations between industrial solvent exposure,
impairment in neuropsychological functioning (22-24), and
disability pension due to neuropsychiatric diseases (25, 26).
Inconsistencies among the findings have, however, been
noted (27). This might be due partly to differences in diag-
nostic criteria, given that only few studies have followed
the 2 sets of diagnostic criteria defined in the 1980s (the
World Health Organization and Raleigh classifications) (28).
A recent Dutch study of nonvascular dementia observed
a positive exposure-response relationship with cumulative
exposure to chlorinated solvents in men but observed no
association in women (29).

We defined encephalopathy using ICD-8 diagnoses spec-
ified by the Danish Association of Occupational and Envi-
ronmental Medicine to be used for cases of solvent-induced
encephalopathy. The Danish version of the ICD-10 code
G934, valid since 1994, is labeled “painter’s syndrome.”
Except for this, the other encephalopathy diagnoses are
expected to include some cases not attributed to industrial
solvent exposure by the diagnosing physician. However, the
very high rates of workers who received compensation in
the early 1980s (5) suggest solvent-induced encephalopathy
is predominant in our encephalopathy case category.

We identified case information from Danish health reg-
isters with high coverage. The public health-care system in
Denmark is universal, with no user payment, but only pa-
tients seen in hospitals are registered. A concomitant history
of recent industrial solvent exposure and dementia symp-
toms might increase the likelihood of referral (e.g., to a
hospital department of occupational medicine).

Symptoms and psychometric findings of encephalopathy
and early stages of unspecified dementia are interchange-
able. However, the higher incidence of a later diagnosis of
Alzheimer or Parkinson disease in participants diagnosed
with unspecified dementia compared with those diagnosed
with encephalopathy suggests that this interchangeability is
not complete in our study population. Nevertheless, patients
recently exposed to solvents might be more likely to be diag-
nosed with encephalopathy rather than unspecified dementia
with no suspected cause, resulting in spurious associations
with styrene exposure. This is an inherent problem of diag-
noses that require a postulated cause and ultimately pre-
cludes a meaningful investigation of the association between
the disease and its postulated cause. We interpret the in-
creased risk of encephalopathy and the decreased risk of
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unspecified dementia seen following recent styrene expo-
sure as the partial result of such misclassification. Diagnostic
misclassification and referral bias are, on the other hand, less
likely interpretations of the increasing risk seen for com-
bined encephalopathy and unspecified dementia following
styrene exposure accrued more than 30 years prior.

Our study population included prevalent hires starting em-
ployment in the reinforced plastics industry in 1965-1976,
and results might have been biased toward the null because
of left truncation bias (30). We also defined an inception pop-
ulation, but this reduced the number of cases of encephalopa-
thy and unspecified dementia to 29 and 27, respectively,
which were too few for meaningful analyses.

Our principal exposure metric was cumulative styrene
exposure, which was a combination of styrene exposure
intensity, probability, and duration. Each component was
estimated with considerable uncertainty, which can cause
truly increased risks to be overlooked and exposure-response
relationships to be attenuated. On the other hand, grouping
of exposure should mainly lead to Berkson-type error, caus-
ing little or no bias to risk estimates (31).

The risk of dementia diseases increases with age (32), but
we found no strong association between age and cumulative
styrene exposure. Furthermore, we adjusted all analyses
for age. We included level of education in the adjusted
analyses, because an inverse association between level
of education and dementia diseases has been suggested
(33, 34). Smoking has also been associated with risk of
dementia, while the evidence for alcohol consumption is
conflicting (35). We adjusted for hospitalizations for chronic
obstructive pulmonary disease and alcohol-related diseases
as proxies of smoking and alcohol consumption, but this
should capture only severe abuse. We have, however, earlier
shown declining smoking prevalence by increasing duration
of employment (and thus by increasing cumulative styrene
exposure) in this population, which does not indicate that
our results are inflated by smoking (36). We were not able
to account for possible genetic or lifestyle factors, electro-
magnetic fields, or other occupational factors that have been
suggested as being implicated in the causation of dementia
diseases (32).

In conclusion, we observed increasing risk of encephalopa-
thy, decreasing risk of unspecified dementia and no risk of
the 2 diseases combined with increasing cumulative styrene
exposure during recent years. This risk pattern probably
reflects diagnostic criteria requiring recent industrial solvent
exposure and referral bias and not causal association. The
increasing risk observed for combined encephalopathy and
unspecified dementia following styrene exposure >30 years
prior is less likely to be influenced by such biases and
indicates a real association with a long latency period.

ACKNOWLEDGMENTS

Author affiliations: Department of Occupational
Medicine, Danish Ramazzini Centre, Aarhus University
Hospital, Aarhus, Denmark (Inge Brosbgl Iversen, Mette

Am J Epidemiol. 2021;190(2):288-294

Skovgaard Mohr, Jesper Medom Vestergaard, Zara Ann
Stokholm, Henrik Albert Kolstad).

This study was funded by the Danish Working
Environment Research Fund (grant 32-2011-09).

The authors thank Dr. Sigurd Mikkelsen for his helpful
comments on earlier versions of the article.

Conlflicts of interest: none declared.

REFERENCES

1. Baker EL, Seppalainen AM. Human aspects of
neurobehavioral effects. Report of the workshop session on
clinical and epidemiological topics. Neurotoxicology. 1986;
7(4):45-56.

2. World Health Organization. Environmental Health
5—Chronic Effects of Organic Solvents on the Central
Nervous System and Diagnostic Criteria. Copenhagen,
Denmark: World Health Organization; 1985.

3. Triebig G, Hallermann J. Survey of solvent related chronic
encephalopathy as an occupational disease in European
countries. Occup Environ Med. 2001;58(9):575-581.

4. Lou HC, Stokholm J. Can atrophy of the brain arise from
prolonged inhalation of mineral turpentine? [in Danish].
Ugeskr Laeger. 1976;138(20):1199-1202.

5. Mikkelsen ST. Diagnosis of brain injuries—one more time
[in Danish]. Ugeskr Laeger. 1991;153(40):2844-2845.

6. Agency for Toxic Substances and Disease Registry.
Toxicological Profile for Styrene. Atlanta, GA: US
Department of Health and Human Services; 2010. https://
www.atsdr.cdc.gov/toxprofiles/tp53.pdf. Accessed July 17,
2020.

7. Benignus VA, Geller AM, Boyes WK, et al. Human
neurobehavioral effects of long-term exposure to styrene: a
meta-analysis. Environ Health Perspect. 2005;113(5):
532-538.

8. Morata TC, Johnson AC, Nylen P, et al. Audiometric findings
in workers exposed to low levels of styrene and noise. J Occup
Environ Med. 2002;44(9):806-814.

9. Sliwinska-Kowalska M, Zamyslowska-Szmytke E, Szymczak
W, et al. Ototoxic effects of occupational exposure to styrene
and co-exposure to styrene and noise. J Occup Environ Med.
2003;45(1):15-24.

10. Jégaden D, Amann D, Simon JF, et al. Study of the
neurobehavioural toxicity of styrene at low levels of exposure.
Int Arch Occup Environ Health. 1993;64(7):527-531.

11. Mutti A, Mazzucchi A, Rustichelli P, et al. Exposure-effect
and exposure-response relationships between occupational
exposure to styrene and neuropsychological functions. Am J
Ind Med. 1984;5(4):275-286.

12. Stétkarova I, Urban P, Prochazka B, et al. Somatosensory
evoked potentials in workers exposed to toluene and styrene.
Br J Ind Med. 1993;50(6):520-527.

13. Hansen J, Lassen CF. The Supplementary Pension Fund
Register. Scand J Public Health. 2011;39(7 suppl):99-102.

14. Thygesen LC, Daasnes C, Thaulow I, et al. Introduction to
Danish (nationwide) registers on health and social issues:
structure, access, legislation, and archiving. Scand J Public
Health. 2011;39(7 suppl):12-16.

15. Lynge E, Sandegaard JL, Rebolj M. The Danish National
Patient Register. Scand J Public Health. 2011;39(7 suppl):
30-33.


https://www.atsdr.cdc.gov/toxprofiles/tp53.pdf
https://www.atsdr.cdc.gov/toxprofiles/tp53.pdf

294

Iversen et al.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

Mors O, Perto GP, Mortensen PB. The Danish Psychiatric
Central Research Register. Scand J Public Health. 2011;39
(7 suppl):54-57.

Christensen MS, Vestergaard JM, d’Amore F, et al. Styrene
exposure and risk of Lymphohematopoietic malignancies in
73,036 reinforced plastics workers. Epidemiology. 2018;
29(3):342-351.

Richardson DB. Discrete time hazards models for
occupational and environmental cohort analyses. Occup
Environ Med. 2010;67(1):67-71.

. Checkoway H, Pearce N, Hickey JL, et al. Latency analysis in

occupational epidemiology. Arch Environ Health. 1990;
45(2):95-100.

Welp E, Kogevinas M, Andersen A, et al. Exposure to styrene
and mortality from nervous system diseases and mental
disorders. Am J Epidemiol. 1996;144(7):623-633.

Ruder AM, Meyers AR, Bertke SJ. Mortality among
styrene-exposed workers in the reinforced plastic
boatbuilding industry. Occup Environ Med. 2016;73(2):
97-102.

Baker EL, Letz RE, Eisen EA, et al. Neurobehavioral effects
of solvents in construction painters. J Occup Med. 1988;
30(2):116-123.

Hinninen H, Antti-Poika M, Juntunen J, et al. Exposure to
organic solvents and neuropsychological dysfunction: a study
on monozygotic twins. Br J Ind Med. 1991;48(1):18-25.
Daniell W, Stebbins A, O’Donnell J, et al.
Neuropsychological performance and solvent exposure
among car body repair shop workers. Br J Ind Med. 1993;
50(4):368-377.

Mikkelsen S. A cohort study of disability pension and death
among painters with special regard to disabling presenile
dementia as an occupational disease. Scand J Soc Med Suppl.
1980;16:34-43.

Lundberg I, Gustavsson A, Hogberg M, et al. Diagnoses of
alcohol abuse and other neuropsychiatric disorders among

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

house painters compared with house carpenters. Br J Ind
Med. 1992;49(6):409-415.

Mikkelsen S. Epidemiological update on solvent
neurotoxicity. Environ Res. 1997;73(1-2):101-112.

van der Hoek JA, Verberk MM, Hageman G. Criteria for
solvent-induced chronic toxic encephalopathy: a systematic
review. Int Arch Occup Environ Health. 2000;73(6):362-368.
Koeman T, Schouten LJ, van den Brandt PA, et al.
Occupational exposures and risk of dementia-related
mortality in the prospective Netherlands Cohort Study. Am J
Ind Med. 2015;58(6):625-635.

Applebaum KM, Malloy EJ, Eisen EA. Left truncation,
susceptibility, and bias in occupational cohort studies.
Epidemiology. 2011;22(4):599-606.

Armstrong BG. Effect of measurement error on
epidemiological studies of environmental and

occupational exposures. Occup Environ Med. 1998;55(10):
651-656.

Gunnarsson LG, Bodin L. Epidemiologiskt undersokta
samband mellan Alzheimers sjukdom och faktorer i
arbetsmiljon. Arbete och Hiilsa. 2015;49(3):1-58.

Karp A, Kéreholt I, Qiu C, et al. Relation of education

and occupation-based socioeconomic status to incident
Alzheimer’s disease. Am J Epidemiol. 2004;159(2):
175-183.

Sharp ES, Gatz M. Relationship between education and
dementia: an updated systematic review. Alzheimer Dis Assoc
Disord. 2011;25(4):289-304.

Deckers K, van Boxtel MP, Schiepers OJ, et al. Target risk
factors for dementia prevention: a systematic review and
Delphi consensus study on the evidence from observational
studies. Int J Geriatr Psychiatry. 2015;30(3):234-246.
Christensen MS, Hansen J, Ramlau-Hansen CH, et al. Cancer
incidence in workers exposed to styrene in the
Danish-reinforced plastics industry, 1968-2012.
Epidemiology. 2017;28(2):300-310.

Am J Epidemiol. 2021;190(2):288-294



	Associations of Occupational Styrene Exposure With Risk of Encephalopathy and Unspecified Dementia: A Long-Term Follow-up Study of Workers in the Reinforced Plastics Industry
	METHODS
	Study population 
	Outcomes
	Exposure assessment
	Statistical analysis
	RESULTS
	DISCUSSION



