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Objective: Worldwide, many workers experience occupational exposure to organic solvents, which may induce chronic solvent-
induced encephalopathy (CSE). Disturbances within the frontostriatothalamic (FST) circuitry might explain the symptomatology
of CSE. We tested the hypothesis of FST circuitry abnormalities in CSE, as well as associations with performance of psychomo-
tor speed, attention, and solvent exposure. To detect preclinical, solvent-related effects, we also studied the FST circuitry in
solvent-exposed, but asymptomatic workers.
Methods: Ten CSE patients, 10 asymptomatic but solvent-exposed house painters (EC), and 11 nonexposed asymptomatic
carpenters were included. Dopamine D2 receptor (D2R) binding, central nervous system tissue metabolites, and fractional
anisotropy were measured within the FST circuitry, using single-photon emission computed tomography, magnetic resonance
spectroscopy, and diffusion tensor imaging. Performance of psychomotor speed and attention, and severity of solvent exposure
were assessed.
Results: Striatal D2R binding was reduced in CSE. In the solvent-exposed asymptomatic patients, striatal D2R binding and
levels of N-acetylaspartate � N-acetylaspartyl-glutamate in frontal gray matter were reduced. In both exposed groups, a trend
was seen for reduced choline in frontal gray matter. In CSE, the fractional anisotropy in the thalamus, caudate nucleus, and
striatal D2R binding significantly predicted reduced performance of attention and psychomotor speed. In CSE, striatal D2R
binding showed a negative correlation with solvent exposure.
Interpretation: This is the first study in CSE showing pronounced disturbances within the FST circuitry that are related to the
clinical findings and to exposure severity to solvents. The comparable, but milder, abnormalities within the FST circuitry in the
exposed asymptomatic workers may imply a presymptomatic phase of CSE.
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It is assumed that chronic exposure to organic solvents
induces central nervous system (CNS) damage, usually
referred to as chronic solvent-induced encephalopathy
(CSE).1 Organic solvents are incorporated in volatile
liquids, such as paints, and printing or surface/dry
cleaning agents, and used in many industries. The
United Kingdom’s Health and Safety Executive esti-
mated that 8% of the working population regularly use
organic solvents.2 In the United States, 9 million work-
ers are exposed to solvents, representing 3.7% of the
general population.3

Currently, CSE is classified according to World
Health Organization criteria,4 and it is included in the
ICD-105 and in the Diagnostic and Statistical Manual
for Mental Disorders, Fourth Edition6 as substance-
induced persisting dementia. However, to date, neuro-

biological disturbances of CSE have not been eluci-
dated. Consequently, CSE is still a controversial entity
with a wide variation of medical and social recognition.
As a result, prevention efforts remain insufficient, leav-
ing many workers at risk to the potential neurotoxic
hazards of occupational solvent exposure.

CSE is predominantly characterized by mild and
sometimes severe cognitive impairment, affecting mem-
ory, attention, and psychomotor functions.7 However,
the disabilities arising from dysfunctions in memory
and attention frequently persist after the exposure to
solvents has ceased, compromising daily functioning,
social and occupational participation, and quality of
life.8,9 The symptoms of CSE are implicitly assumed to
relate to underlying disturbances in structure and func-
tion of the CNS. Associations have been reported be-
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tween the duration or severity of solvent exposure and
the severity of memory and attention impairments.10

Various studies attempted to identify cerebral abnor-
malities in solvent-exposed workers by using magnetic
resonance imaging (MRI) or computed tomography.11

Solvent-exposed workers without neurological prob-
lems show no, or only mild, atrophic changes. In
solvent-exposed workers with suspected neurological
signs, atrophic changes have been reported in conjunc-
tion with white matter (WM) abnormalities. These
changes were similar to those seen in highly exposed
solvent abusers, such as loss of gray matter and WM
discrimination, indicating demyelinization, and areas of
abnormal intensity in the thalamus and basal ganglia.
In addition, Haut and colleagues12 found a decrease in
the volume of the corpus callosum in railroad workers
with chronic exposure to solvents. More recently, in
solvent-exposed shoemakers, increased levels of CNS tis-
sue metabolite choline (Cho) were reported in the thal-
amus, basal ganglia, and parietal WM using magnetic
resonance spectroscopy.13 In toluene abusers, the cere-
bellum and the centrum semiovale (CS) showed a reduc-
tion of the CNS tissue metabolite N-acetylaspartate
(NAA)/creatine, whereas the level of myoinositol was
higher.14 Finally, animal15 and human studies16 have re-
ported that exposure to organic solvents can affect the
dopaminergic metabolism. However, Ridgway and col-
leagues11 conclude that most of the previously men-
tioned studies have methodological shortcomings. Fur-
thermore, the relation between these presumed cerebral
abnormalities and clinical symptoms of CSE remains
unclear.

It is well accepted that the predominating neuropsy-
chological symptoms of CSE include psychomotor
slowing and impaired attention.1 In relating central cir-
cuits to these symptoms, an important role may be
proposed for abnormalities within the frontostriatotha-
lamic (FST) circuitry. This hypothesis is supported by
the association between deterioration of this circuitry
and psychomotor slowing and impairment in attention
in natural aging. Particularly, reductions in striatal do-
pamine D2 receptor (D2R) density, using positron
emission tomography (PET), are associated with im-
paired attention and psychomotor speed in aging sub-
jects.17,18 Also, in disorders with symptoms of psy-
chomotor slowing and impaired attention, such as
Parkinson’s disease19 or bipolar disorders,20 distur-
bances of the FST circuitry have been implied.

The aim of our preliminary study was threefold: (1)
to evaluate possible abnormalities within the FST cir-
cuitry in patients with CSE; (2) to evaluate the associ-
ation of these presumed abnormalities with perfor-
mance of psychomotor speed, attention, and exposure
severity; and (3) to study whether there are preclinical,
solvent-related effects within FST circuitry in solvent-
exposed, but asymptomatic, workers.

Subjects and Methods
Patients
Ten male CSE patients were consecutively recruited using
the database of the Netherlands Center for Occupational
Diseases. The diagnostic procedure of CSE includes medical
and occupational history, as well as neurological and neuro-
psychological evaluation. All patients fulfilled the diagnostic
World Health Organization criteria for CSE4 as assessed by a
standardized diagnostic protocol21: a verified long and/or in-
tensive exposure to organic solvents; mild-to-severe cognitive
impairment assessed by standardized neuropsychological
tests; a temporal relation between exposure to solvents and
the onset of symptoms and complaints; the exclusion of
other plausible explanations for the symptoms and com-
plaints, such as somatic illness, including sleep disorders or
clinical signs of Parkinsonism, psychiatric disorders, includ-
ing lifetime alcohol- and substance-related disorders, and a
history of head trauma with loss of consciousness or hospi-
talization. Other exclusion criteria were suboptimal test mo-
tivation during the diagnostic neuropsychological evaluation,
involvement in a litigation procedure during current study,
and active solvent exposure during current study.

Twelve exposed, but asymptomatic, male control subjects
(ECs) were consecutively recruited through the Dutch gen-
eral trade union FNV, all working as house painters, with a
verified long-term exposure to organic solvents as assessed
with a retrospective exposure index. All ECs had been (at
least 48 hours) free from solvent exposure before scanning.

Twelve nonexposed, asymptomatic, male control subjects
(NEC) were consecutively recruited through the Dutch gen-
eral trade union FNV, all working as carpenters, without any
significant lifetime solvent exposure as assessed with a retro-
spective exposure index.

Exclusion criteria in the two control groups were somatic
complaints, or complaints of memory, attention, mood and
fatigue, and the presence of any somatic illness or psychiatric
disorders or a history of head trauma with loss of conscious-
ness or hospitalization.

In the EC group, two subjects were excluded from the
entire study because of ischemic lesions detected on magnetic
resonance images. Two NECs were excluded from the MRI
analysis because of metal interference, and one NEC was ex-
cluded from the entire study because of ischemic lesions. All
participants were free of alcohol use at least 12 hours before
scanning.

All subjects gave written informed consent before enroll-
ment. The study was approved by the Medical Ethical Com-
mittee of the Academic Medical Center.

Measurements
A retrospective exposure index was calculated by an occupa-
tional hygienist, consisting of the sum of four variables: du-
ration of exposure in years, level of exposure, symptoms of
acute intoxication, and the use of personal protection equip-
ment. An exposure of 0 to 4 is classified as low, 5 and 6 as
intermediate, and 7 to 9 as high exposure. Education level
was assessed by a six-level scale (1 � primary school level;
6 � university level). Premorbid intelligence quotient was
assessed by the Dutch Adult Reading Test.22 Current alcohol
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intake was classified as the estimated number of units per
week.

In all subjects, the presence of somatic illness, sleep disor-
ders, psychiatric disorders, including depressive symptoms, a
history of head trauma, or clinical signs of Parkinsonism, was
assessed by medical history, physical and neurological exam-
ination, the Structured Clinical Interview for Diagnostic and
Statistical Manual for Mental Disorders, Fourth Edition
disorders-patient version,23 the Hamilton Rating Scale for
Depression,24 and the total score of the Unified Parkinson
Disease Rating Scale.25 Mean Hamilton Depression Rating
Scale scores of the CSE group was 9.8 (standard deviation
[SD], 5.4; range, 1–18). Mean total Unified Parkinson Dis-
ease Rating Scale score of the CSE group was 5.4 (SD, 3.2;
range, 2–11). None of the included subjects used benzodiaz-
epines or medication that could interfere with the dopamine
metabolism or medication affecting the CNS.

MRI was performed on a 1.5-Tesla MRI scanner (Signa
Horizon Echospeed, LX 9.0, General Electric Medical Sys-
tems, Milwaukee, WI). After an anatomical proton density
(PD) and T2-weighted scan had been obtained, a diffusion
tensor imaging scan was performed (14 axial slices; field of
view � 23cm; slice thickness � 5.0mm; distance � 1.5mm;
in-plane resolution � 0.89mm; b � 0 and 1,000 millisec-
onds; 6 noncollinear directions, 4 averages; TE � 90 milli-
seconds; TR � 6 seconds).26 Fractional anisotropy (FA)
maps were calculated.27 Slices were positioned parallel to the
lower edge of the corpus callosum using an accurate posi-
tioning protocol. The FA and PD images were superimposed
and checked against to ensure no distortions (eg, due to eddy
currents) were present in the examined regions of interest
(ROIs). Average values of FA were measured in symmetric
ROIs (left and right) drawn in dorsolateral prefrontal WM,
thalamus, caudate nucleus (CN), and putamen (Figs, A, B).
ROIs were drawn on the anatomical PD images and not on
the FA maps to avoid bias.

1H-magnetic resonance spectroscopy was performed in
frontal gray matter (FGM) and the CS (see Figs, C, D), us-
ing a PRESS (Point Resolved Spectroscopy) sequence (voxels
size, 2 � 2 � 2cm, TE/TR � 15/1,500 milliseconds). Spec-
tra were analyzed using LC model,28 a user-independent
analysis method that provides measures of about 40 brain
tissue metabolite concentrations, among which are NAA �
N-acetylaspartyl glutamate (NAAG), Cho, myoinositol, glu-
tamate and glutamine, and creatine. We used the absolute
concentration output of LC model (Linear Combination of
Model spectra) for the analysis. Concentrations are expressed
in Institutional Units because they do depend on the internal
reference (basis set). No T1/T2 correction was performed as
we were interested only in group differences. The structural
(T2-weighted) magnetic resonance images were assessed by a
blinded experienced neuroradiologist for the presence of pa-
renchymal abnormalities: 11 subjects (CSE: n � 6; EC: n �
2; NEC: n � 3) showed small parenchymal lesions, includ-
ing 10 with microinfarcts (�3mm in 5 subjects; between 3
and 10mm in the other 5 subjects) and 1 with a periven-
tricular cyst. In one EC and in two NECs, the gray matter
spectrum had insufficient quality because of insufficient
magnetic field homogeneity.

Single-photon emission computed tomographic imaging
was performed on a brain dedicated camera system (Neuro-

focus [an upgrade of the Strichman Medical Equipment
810X system]; Neurophysics Corp.). Approximately
185MBq [123I]iodobenzamide ([123I]IBZM) was injected in-
travenously, and acquisition was started 2 hours after injec-
tion. All other acquisition parameters (expect that an inter-
slice distance of 5mm was used) and the reconstruction
protocol used have been described previously.29 All images
were analyzed with a template with fixed ROIs for the whole
striatum bilaterally and occipital cortex positioned manually
on four consecutive slices showing most intense striatal bind-
ing. The mean striatal and occipital binding in the four slices
was subsequently calculated, and the ratio of striatal-to-
occipital binding was used as the outcome measure, both left
and right. The observer was blinded to the clinical data.

A standardized neuropsychological test battery was ad-
ministered containing validated tests that have been exten-
sively described elsewhere. These tests were chosen because
they are commonly accepted to assess performance of at-
tention and psychomotor speed in patients suspected of
CSE.30 The Stroop Word (SW), Stroop Color (SC), and
Trail Making Test Part A (TRAIL-A) tests were used for
the assessment of psychomotor speed. A supplementary as-
sessment of psychomotor speed was made using computer-
ized (1) simple and (2) complex stimulus–response reaction
time (RT) tasks (Motor Planning Task [MPT]).31 In this
RT task, the RT is split up into decision time and motor
time. The decision time of a RT reflects central or cogni-
tive processes. The motor time of an RT reflects the exe-
cution of a movement. The first subtask consists of both
lifting a home button and pressing a particular target but-
ton. In the second task, the location of the target button
varies but is compatible with the stimulus light. Variables
were differentiated into cognitive speed (cog) and motor
speed (mov) for the two subtasks, resulting in the following
variables: MPT-cog 1, MPT-cog 2, MPT-mov 1, and
MPT-mov 2. Finally, tests of selective attention (Stroop
Color Word [SCW]) and divided attention (Trail Making
Test Part B [TRAIL-B]) were administered. The time
course of the study assessments was 2 weeks.

Statistical Analyses
Data were checked for normality distributions and log-
transformed when appropriate (myoinositol FGM, exposure
index). To assess differences in age, education premorbid in-
telligence quotient, current alcohol intake, exposure index
and exposure duration, we used one-way analyses of variance.
If significant differences appeared, these variables were in-
cluded as covariate in further analysis.

Three separate multivariate analyses of covariance
(MANCOVAs) were performed to analyze whether there
were significant differences in (1) striatal D2R binding ra-
tios; (2) concentrations of CNS metabolites NAA �
NAAG, Cho, myoinositol, glutamine and creatine in FGM
and CS; and (3) FA total (FA in DLPF WM, thalamus,
CN, and putamen). To analyze whether there were signif-
icant differences in performance of attention and psy-
chomotor speed, we performed two separate MANCOVAs,
including all subtests.

If any of the MANCOVAs demonstrated a significant
group effect, then we investigated group differences by
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Fig. (A) Locations of the fractional anisotropy (FA) regions of interest (ROIs): (a) dorsolateral prefrontal white matter, (b) caudate
nucleus, (c) putamen, and (d) thalamus. (B) Corresponding FA image. (C) Locations of the 1H-magnetic resonance spectroscopy
(MRS) ROIs: frontal gray matter (FGM). (D) Locations of the 1H-MRS ROIs: centrum semiovale (CS). (E) [123I]iodobenzamide
([123I]IBZM) single-photon emission computed tomographic (SPECT) images of a nonexposed, asymptomatic (control) subject and a
patient with chronic solvent-induced encephalopathy (CSE; patient). The level of [123I]IBZM activity is color encoded from low
(black) to high (white). Images show loss of striatal [123I]IBZM binding in the striatum of a CSE patient.



means of one-way analysis of variance and performed post
hoc analyses. As multiple MANCOVAs were performed, �
level was set at p � 0.01.

To examine the relation between the exposure index and
the observed cerebral abnormalities in CSE (striatal D2R
binding ratios left and right), we used one-tailed Pearson
Product Moment Correlations Coefficients.

To analyze whether the severity of psychomotor speed and
attentional performance is predicted by the integrity of the
FST circuitry in the CSE patients, we performed 12
multiple-regression analyses using forward elimination. The
cognitive parameters of attention and psychomotor function
(MPT-cog 1, MPT-cog 2, MPT-mov 1, MPT-mov 2, SCW,
TRAIL-B) were entered separately as dependent variable.
The six independent parameters were first separately tested in
a univariate linear regression analysis (current alcohol intake,
striatal D2R binding ratios, FA DLPF WM, FA CN, FA
putamen, and FA thalamus). Only variables with p � 0.1
were entered simultaneously as independent variables in the
final forward elimination regression analyses. The number of
independent variables in each regression analysis did not ex-
ceed two. Separate analyses, both right and left, were con-
ducted to prevent collinearity. The amount of explained vari-
ance is reported (r2).

Results
Subject Characteristics
The patients with CSE, EC, and NEC did not differ
significantly on age, sex (all men), education, and pre-
morbid intelligence quotient. No statistically signifi-
cant differences in duration and index of solvent expo-
sure between the two exposed groups were found.
Current alcohol intake was significantly lower in the
CSE group compared with the two asymptomatic
groups (both EC and NEC: p � 0.001), and was in-
cluded in all further MANCOVAs and regression anal-
yses as covariate (Table 1).

Neuroimaging Parameters
MANCOVA showed a group effect for striatal D2R
binding ratios (p � 0.001), both for the right (p �

0.002) and left striatum (p � 0.001). The CSE pa-
tients (p � 0.004, striatum right; p � 0.001, striatum
left) and the EC subjects (p � 0.001, striatum right;
p � 0.001, striatum left) showed reduced D2R bind-
ing ratios, as compared with the NEC group (Table 2;
see Fig, E).

Also, a significant group effect was found for FGM
metabolites (p � 0.01), for the levels of NAA �
NAAG (p � 0.01), and a trend for Cho levels (p �
0.02) (Table 3). Post hoc analyses showed that the lev-
els of NAA � NAAG were reduced in the EC group as
compared with the NEC group (p � 0.004). Finally,
FA total did not show a significant group effect (p �
0.08).

Neuropsychological Performance
The MANCOVAs showed a group effect for psy-
chomotor performance ( p � 0.004) on the following
subtests: MPT-cog 1 ( p � 0.001), MPT-cog 2 ( p �
0.01), and SW ( p � 0.01). Post hoc analyses dem-
onstrated that the CSE patients had reduced perfor-
mance on MPT-cog 1 ( p � 0.001) and on MPT-cog
2 ( p � 0.007) as compared with the NEC, and on
the SW ( p � 0.004) as compared with the EC group.
The ECs showed reduced performance on the MPT-
cog 1 ( p � 0.001) compared with the NEC group
(Table 4).

Regression Analyses in Chronic Solvent-Induced
Encephalopathy

LEFT. Performance of simple cognitive speed (MPT-
cog 1 [r2 � 0.50; p � 0.02]), complex cognitive speed
(MPT-cog 2 [r2 � 0.73; p � 0.002]), and divided at-
tention (TRAIL-B [r2 � 0.47; p � 0.03]) were pre-
dicted by FA in the left thalamus. Simple motor speed
(MPT-mov 1 [r2 � 0.41; p � 0.05]) was predicted by
the left striatal D2R binding ratios. Selective attention

Table 1. Sample and Clinical Characteristics

Characteristics CSE, Mean
(SD)

EC, Mean
(SD)

NEC, Mean
(SD)

F df p

n 10 10 11

Age (yr) 51.8 (6.3) 51.0 (4.1) 52.0 (6.4) 0.1 2 0.92

Exposure index (log) 6.1 (0.8) 5.9 (1.1) 0.2 1 0.65

Exposure duration (yr) 26.0 (9.8) 31.5 (6.4) 2.2 1 0.15

Educationc 3.9 (0.3) 4.2 (0.4) 4.2 (0.5) 2.4 2 0.11

Premorbid IQ 91.2 (10.3) 92.8 (11.2) 91.3 (8.2) 0.8 2 0.9

Current alcohol intake (per wk) 2.1 (3.1)a,b 11.7 (9.1) 10.7 (5.2) 7.2 2 0.003
aChronic solvent-induced encephalopathy (CSE) versus exposed asymptomatic workers (EC), p � 0.001.
bCSE versus nonexposed asymptomatic workers (NEC), p � 0.001.
cSix levels scale (1 � primary school level; 6 � university level; see Methods section).
SD � standard deviation; df � degrees of freedom; IQ � intelligence quotient.
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(SCW [r2 � 0.54; p � 0.016]) was predicted by the
FA in the left CN.

RIGHT. Simple cognitive speed (MPT-cog 1 [r2 �
0.62; p � 0.007]) was predicted by striatal D2 binding
ratios. Simple motor speed (MPT-mov 1 [r2 � 0.56;
p � 0.01]) was predicted by the striatal D2R binding
ratios. FA in the right thalamus predicted performance
on complex cognitive speed (MPT-cog 2 [r2 � 0.47;
p � 0.03]). Weekly alcohol intake together with the
D2R binding ratios in the right striatum remained in
the final model after forward elimination and predicted

performances of divided attention (TRAIL-B [r2 �
0.83; p � 0.002)).

Correlations Exposure Index and Striatal Dopamine
D2 Receptor Binding Ratio in Chronic Solvent-
Induced Encephalopathy Patients and Exposed
Asymptomatic Workers
In the CSE patients, the striatal D2R binding ratio
right (r � �0.54; p � 0.05) showed a significant cor-
relation with the exposure index, whereas the correla-
tion of the exposure index with the striatal D2R bind-

Table 2. Striatal Dopamine D2 Receptor Binding Ratios in Chronic Solvent-Induced Encephalopathy Patients,
Exposed Asymptomatic Workers and Nonexposed Asymptomatic Workers

Striatal D2
Receptor Binding

CSE, Mean
(SD)

EC, Mean
(SD)

NEC, Mean
(SD)

F df p

n 10 10 11

D2 striatum total 6.2 4.0 �0.001

D2 striatum right 1.54 (0.08)a 1.59 (0.11)b 1.74 (0.12) 8.1 2 0.002

D2 striatum left 1.50 (0.08)c 1.57 (0.07)b 1.71 (0.09) 13.5 2 �0.001
aChronic solvent-induced encephalopathy (CSE) versus NEC, p � 0.004.
bExposed asymptomatic workers (EC) versus nonexposed asymptomatic workers (NEC), p � 0.001.
cCSE versus NEC, p � 0.001.
SD � standard deviation; df � degrees of freedom.

Table 3. Central Nervous System Metabolite Concentrations in Chronic Solvent-Induced Encephalopathy Patients,
Exposed Asymptomatic Workers, and Nonexposed Asymptomatic Workers in Centrum Semiovale and in Frontal
Gray Matter

CNS Metabolites CSE, Mean
(SD)

EC, Mean
(SD)

NEC, Mean
(SD)

F df p

CS 0.78 10 0.64

n 10 10 9

NAA � NAAG 21.8 (1.7) 21.2 (1.3) 21.3 (1.5) 1.06 2 0.36

Cho 3.6 (0.5) 3.9 (0.4) 3.5 (0.5) 1.03 2 0.37

mI 9.3 (1.1) 9.6 (1.5) 9.9 (1.5) 0.19 2 0.83

Glx 19.8 (3.1) 19.5 (2.0) 19.1 (2.7) 0.98 2 0.40

Cr 11.2 (1.1) 10.9 (0.8) 11.0 (0.7) 0.15 2 0.86

FGM 3.2 6 0.01

n 10 9 7

NAA � NAAG 18.1 (1.6) 18.1 (1.6)a 21.0 (1.8) 5.2 2 0.01

Cho 3.7 (0.4) 3.8 (0.9) 4.1 (0.8) 4.4 2 0.02

mI (log) 2.6 (1.6) 2.4 (0.2) 2.6 (0.2) 3.0 2 0.07

Glx 28.6 (7.7) 32.3 (6.5) 31.3 (7.7) 2.3 2 0.14

Cr 13.5 (1.3) 14.2 (2.2) 15.1 (2.2) 3.1 2 0.07
aExposed asymptomatic workers (EC) versus nonexposed asymptomatic workers (NEC), p � 0.004.
CSE � chronic solvent-induced encephalopathy; SD � standard deviation; df � degrees of freedom; CS � centrum semiovale;
NAA � N-acetylaspartate; NAAG � N-acetylaspartyl glutamate; Cho � choline; mI � myoinositol; Glx � glutamine; Cr � creatine;
FGM � frontal gray matter.
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ing ratio left (r � �0.38; p � 0.14) was not
significant.

In the EC group, no significant correlations were
found between the exposure indices and the striatal
D2R binding ratios.

Discussion
In patients with CSE, we found reduced striatal D2R
binding ratios. Furthermore, psychomotor speed and
attention were impaired, and were significantly pre-
dicted by the striatal D2R binding ratios and the FA in
the thalamus and CN. In CSE patients, the exposure
severity showed a negative association with the right
striatal D2R binding ratios. In the exposed control
subjects (EC), striatal D2R binding ratios and the lev-
els of NAA � NAAG in FGM were reduced. In both
exposed groups, a trend was seen for reduced levels of
Cho in FGM. Together, these findings suggest that
certain parts within the FST circuitry are compromised
in CSE and, as current findings indicate, also in ECs,
although to a lesser extent.

What are the clinical implications of these findings?
Until now, CSE has been defined as a syndrome, but it
is still a controversial entity that lacks a biological sub-
strate. Our preliminary, but novel, findings of distinct

brain abnormalities, in conjunction with their sizable
associations with exposure severity and performance of
attention and psychomotor speed, may improve the
construct validity of CSE. A better understanding of
the nature, severity, and specificity of these suspected
biological markers may further validate diagnostic pro-
cedures, thus reinforcing medical and social recogni-
tion, and underlining the importance of prevention.
The comparable, but less severe, abnormalities found
within the FST circuitry in the ECs may imply a pr-
esymptomatic phase, which may be relevant for further
studies on diagnostic screening.

How might our findings be interpreted? The loss of
striatal [123I]IBZM binding ratios in these CSE pa-
tients and in the exposed asymptomatic control group
may be interpreted as a decreased capacity of postsyn-
aptic D2R binding. However, IBZM also binds to
D3R receptors32 as predominantly located in the hu-
man striatum in the nucleus accumbens and the ventral
putamen.33 In our study, the striatal ROI consists
mainly of the dorsal parts of the striatum. Because in
this area only a minority of the D2-like receptors are
D3R. Therefore, we believe that in this study striatal
[123I]IBZM binding predominantly represents binding
to D2R.

Table 4. Psychomotor Performance and Attention in Chronic Solvent-Induced Encephalopathy Patients, Exposed
Asymptomatic Workers, and Nonexposed Asymptomatic Workers

Cognitive Functions CSE, Mean
(SD)

EC, Mean
(SD)

NEC,
Mean (SD)

F df p

Psychomotor performance 2.9 14 0.004

n 10 10 11

MPT-cog 1
(milliseconds)

568.7 (88.9)a 495.7 (45.9)b 386.5 (49.1) 15.3 2 �0.001

MPT-cog 2
(milliseconds)

735.2 (171.9)c 644.8 (125.4) 511.8 (83.6) 5.2 2 0.013

MPT-mov 1
(milliseconds)

126.2 (23.7) 137.0 (22.3) 120.2 (19.5) 1.7 2 0.207

MPT-mov 2
(milliseconds)

131.9 (29.6) 135.6 (25.7) 120.9 (30.0) 0.7 2 0.489

SC (seconds) 57.7 (9.4) 50.6 (9.1) 48.2 (5.20) 1.2 2 0.314

SW (seconds) 74.6 (12.1)d 59.6 (7.3) 64.1 (9.1) 5.0 2 0.014

TRAIL-A (seconds) 44.9 (8.6) 33.4 (13.0) 36.4 (12.5) 3.4 2 0.046

Attention 2.4 4.0 0.06

n 10 10 11

TRAIL-B (seconds) 123.9 (32.0) 82.8 (26.4) 90 (28.3) 5.3 2 0.012

SCW (seconds) 149.0 (33.9) 101.7 (12.2) 116.5 (43.3) 3.0 2 0.069
aChronic solvent-induced encephalopathy (CSE) versus nonexposed asymptomatic workers (NEC), p � 0.001.
bExposed asymptomatic workers (EC) versus NEC, p � 0.001.
cCSE versus NEC, p � 0.007.
dCSE versus EC, p � 0.004.
SD � standard deviation; df � degrees of freedom; MPT � Motor Planning Task; TRAIL � Trail Making Test; SC � Stroop Color;
SW � Stroop Word; SCW � Stroop Color Word.
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Previous studies showed that chronic exposure to or-
ganic solvents can affect the level and turnover of cat-
echolamines, including dopamine.15 Animal studies
showed that toluene exposure reduces D2R affinity,
possibly because of a change in membrane fluidity. An
increase in the rate of striatal dopamine synthesis was
observed in CSE workers16 possibly because of a
solvent-induced, enhanced, catalytic activity of dopa-
decarboxylase in the synthesis of dopamine or as a re-
sponse to the reduced D2R affinity.

Our results showing a trend for reduced Cho levels
in FGM appear to be in contrast with Alkan and col-
leagues’13 results; these authors report increased Cho
levels, indicating demyelinization after solvent expo-
sure. The background of our contrasting findings is yet
unclear.

In CSE patients, as well as in the exposed control
subjects, reductions were found in FGM metabolites
NAA � NAAG. After post hoc analyses, this effect was
significant in the exposed control subjects, but not in
the CSE group. Both these findings may suggest ab-
normalities in frontal neuronal viability and axonal
density.34

In our study, no significant differences were ob-
served in WM integrity using a multivariate analysis
including all the ROIs. This is not in line with find-
ings in highly exposed solvent abuse cases in which de-
myelinization, gliosis, multifocal and diffuse WM
changes, and hypointensities in the basal ganglia and
thalami were reported.11 In addition, the volume of
the corpus callosum, the largest WM bundle in the
brain, has shown to be affected after chronic solvent
exposure.12 It appears that current study design was
slightly underpowered to detect the presumably more
subtle WM abnormalities in the separate ROIs in our
less intensely exposed patients and workers as com-
pared with the highly exposed solvent abusers.

An important confounder in this type of study is the
alleged presence of alcohol-related disorders in CSE, as
well in the EC. Importantly, it was shown that D2R
binding was also reduced in patients with a history of
alcohol dependence.35 Therefore, patients with CSE
and EC with a history of lifetime alcohol- or
substance-related disorders were excluded from enter-
ing our study.

The observed association between reduced striatal
D2R binding and impaired simple psychomotor speed
confirms the well-recognized role of dopamine receptor
density in simple psychomotor speed, as was previously
reported in natural aging and Parkinson’s disease,17,18

using PET. In contrast, complex psychomotor speed in
our patients was adequately predicted by the integrity
of both the left and right thalamus. This is in line with
the observation that the thalamus is more involved in
complex psychomotor behavior.36 In our patients, the
integrity of both the thalamus, the CN, and the stria-

tum predicted the performance of attention, an associ-
ation that has been reported previously in healthy
adults.17

Interestingly, all our observations are in line with the
presumed anatomic organization of the FST circuitry
in functions of attention and psychomotor abilities.37

The striatum receives topographic projections from
(frontal) cortical areas and, in turn, project its own in-
fluences back on most areas of the frontal lobe via to-
pographically organized pathways that pass through the
thalamus.

Our study has some limitations such as the small
number of patients. Furthermore, we cannot rule out
an uncertainty factor in the validity in the diagnosis of
CSE because of remaining difficulties in differential di-
agnostics. However, patients with major confounding
disorders, such as psychiatric disorders, including
alcohol- and substance-related disorders, sleep disor-
ders, and Parkinsonian symptoms were excluded from
entering the study.

The MRI study was performed on a 1.5-Tesla scan-
ner using a diffusion tensor imaging protocol with
5mm-thick slices at 1.5mm spacing. The use of higher
field scanners may permit a higher spatial resolution.
Because of the limited spatial resolution of the single-
photon emission computed tomography camera, we
were able to assess only specific binding of [123I]IBZM
in the whole striatum, not in subdivisions of the stria-
tum, or in extrastriatal brain areas. Because in this
study disturbances in psychomotor speed and attention
were observed in the CSE patients, it would be of in-
terest in future research to study D2R in striatum sub-
divisions (CN and putamen) and extrastriatal D2R (es-
pecially in the thalamus and prefrontal cortex). Indeed,
with recently developed radiotracers for PET, it is now
feasible to reliably assess binding to these receptors, for
example, with [11C]FLB 457 PET.38

In conclusion, to our knowledge, this is the first
study in CSE patients showing pronounced distur-
bances within the FST circuitry that are related to the
clinical findings and to the severity of solvent exposure.
The comparable, but milder, abnormalities found
within the FST circuitry in the asymptomatic, but ex-
posed, controls may imply a presymptomatic phase of
CSE.

Our results can be an important incentive for further
study, clarifying the nature and specificity of these dis-
turbances, thereby improving diagnostic procedures
and acknowledgment of CSE patients, as well as world-
wide prevention of chronic occupational solvent expo-
sure.
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