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Corpus Callosum Volume in Railroad Workers
With Chronic Exposure to Solvents
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Objective: Changes to cognition and behavior have been reported
after long-term exposure to solvents. Solvents are hypothesized to affect
brain white matter. To test this, we examined the volume of the corpus
callosum in workers with a history of exposure to solvents. Methods: We
manually traced (blind to group membership) the volume of the corpus
callosum in 31 railroad workers and 31 matched controls. Results:
There was a decrease in the genu of the corpus callosum in the
solvent-exposed workers compared with controls. A smaller volume of the
genu of the corpus callosum was associated with greater exposure and
worse performance on cognitive tasks. Conclusions: This study supports
the hypothestis that occupational exposure to solvents affects the anterior
white matter of the brain and is related to extent of exposure and degree
of cognitive change. (J] Occup Environ Med. 2006;48:615—-624)
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olatile organic solvents are used in
many occupational settings. Neuro-
psychiatric changes are well docu-
mented for persons with a history of
chronic solvent exposure." Commonly
reported chronic symptoms include
headaches, dizziness, memory loss,
mental dullness, distractibility, de-
pression, anxiety, and irritability.
Symptoms often appear gradually and
may initially remit when exposure
ceases (eg, weekends), but with con-
tinued exposure, there is evidence
that changes may be longlasting.>?
Significant associations with dose
and cumulative time of exposure
have been reported.* However, a
concern expressed in the literature is
that the behavioral testing perfor-
mance used to infer damage to the
central nervous system is, in part,
effort-dependent.” Effort-indepen-
dent findings are useful to address
these concerns and to correlate phys-
iological findings with behavioral
data.

The etiology of the neuropsychiat-
ric dysfunction in solvent-exposed
workers has typically been attributed
to either a traumatic psychologic re-
action to the exposure® or to second-
ary central nervous system (CNS)
damage with resultant mood disor-
der.” Neuroimaging allows for a
more detailed look at CNS changes
hypothesized to result from solvent
exposure.

Most organic solvents are lipophilic.
They can penetrate the blood—brain
barrier and may disrupt membrane
functions of the cell body, axon, and
synapse. It has been noted that persons
who chronically abuse solvents (eg,
sniffers/huffers) have CNS changes on
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autopsy and clinical magnetic reso-
nance image (MRI) that are consistent
with widespread loss of myelin.®~'°
Application of functional neuroimag-
ing techniques to nonabusing popula-
tions with a history of occupational
exposure to organic solvent exposure
has documented changes in both
cortical and subcortical areas with sin-
gle photon emission computerized to-
mography (SPECT)'"'? and positron
emission tomography (PET)."*~"°
However, functional imaging does not
necessarily speak to the underlying
neuropathology. Functional imaging
results are amenable to a variety of
explanations about altered brain func-
tion. In contrast, structural neuroimag-
ing provides evidence in terms of what
regions of the brain are affected and
possibly what type of tissue is affected.
A recent study by Alkan et al'® used
magnetic resonance spectroscopy to
measure different levels of metabolites
in the brain in a group of shoemakers
with an average of 15 years of expo-
sure to degreasers, glues, and other
volatile organic compounds. Based on
a difference in the ratio of choline to
creatine, it was suggested there was
evidence of demyelination in the
workers compared with control sub-
jects. The authors also noted a positive
correlation between demyelination and
years of exposure.

The lipophilic nature of solvents, the
case reports of solvents affecting the
brain white matter, and the recent
study by Alkan et al'® suggesting de-
myelination provide converging lines
of evidence to examine the volume of
white matter in solvent-exposed work-
ers. The corpus callosum is the largest
white matter bundle in the brain. Cor-
pus callosum volume has been shown
to be affected in other neuropsychiatric
conditions, including schizophrenia
and posttraumatic stress disorder.'”'®
In addition, abnormalities of the cor-
pus callosum have been reported in
alcoholism,'” a condition of voluntary
solvent exposure. Thus, the purpose of
the present study was to examine the
effects of occupational exposure to
solvents on brain white matter by mea-
suring the volume of the corpus callo-
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sum in railroad workers who had been
chronically exposed to solvents. Our
hypothesis was that exposed workers
would have decreased volume of the
corpus callosum compared with non-
exposed controls.

Specifically, we hypothesized the
anterior portion of the corpus callo-
sum would be smaller. The genu or
anterior portion of the corpus callo-
sum sends fibers to the prefrontal
cortex. Functional imaging has sug-
gested that the prefrontal cortex may
be affected by solvent exposure.'*
The genu appears to be more prone
to injury.”” In addition, we hypothe-
sized that the anterior portion of the
corpus callosum would be related to
performance on behavioral measures
of frontal lobe function.

Materials and Methods

Subject Selection

This article is part of a larger study
that compared railroad workers with
a history of solvent exposure to non-
exposed controls. Outcome measures
in this larger study included psychi-
atric status, neuropsychologic perfor-
mance, functional brain imaging with
PET, and structural brain imaging with
MRI. The results of the neuropsycho-
logic and PET data will be presented
in future publications. This is the
first study to be published from the
overall dataset. Solvent exposed par-
ticipants were clinic referred railroad
workers with both significant expo-
sures in their occupational environ-
ment and complaints of cognitive
dysfunction (eg, memory and/or con-
centration problems) between 1995
and 2003. To be considered for the
study, a minimum of 10 years of sol-
vent exposure was required. Exclusion
criteria included pending or ongoing
litigation regarding exposure, current
substance abuse or illicit drug use,
history of neurologic or neurosurgi-
cal condition (eg, stroke, closed head
injury, brain tumor), history of psy-
chiatric problems before exposure, or
history of other serious medical ill-
ness (eg, myocardial infarction, car-
diac surgery, organ failure). Subjects

with medically controlled conditions
such as hypertension or noninsulin-
dependent diabetes were included, al-
though these factors were addressed
in subsequent analyses. A total of 258
patient files were reviewed. Those pa-
tients that passed an initial screening
based on historical information con-
tained in the files were then con-
tacted by telephone (n = 113). Of
these, 37 patients agreed to participate
in the study, 57 declined to participate,
and the remaining 19 patients were
excluded based on the previously men-
tioned exclusion criteria.

An equal number of control subjects
were recruited from community loca-
tions and were matched to the exposed
subjects in terms of age, education,
similar blue-collar occupation, and so-
cioeconomic status. The control sub-
jects included maintenance workers at
West Virginia University, trade unions
in the region, and respondents to news-
paper advertisements. Control subjects
were not considered if they reported
any solvent exposure in their occupa-
tion (eg, painters) or through other
means (eg, accidental exposure). All
potential control participants under-
went the medical screening described
previously over the telephone and
were subjected to the same exclusion
criteria as the solvent-exposed sub-
jects. All participants were white
males. Before participation, all sub-
jects signed an informed consent form
approved by the Institutional Review
Board at West Virginia University.

Solvent Exposure Interview

The exposure environment experi-
enced by the railroad workers in this
study was briefly described in a previ-
ous publication that described a work-
shop on solvent exposure in railroad
workers.”! We reiterate and describe
particulars of the work environment in
detail subsequently. Each solvent-
exposed subject underwent a struc-
tured interview to assess exposure. The
exposed subjects had worked at two
principal sites and described uncon-
trolled, long-term, intense skin contact
and inhalation exposures to a variety
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of cleaning solvents and solvent mix-
tures, including tetrachloroethylene,
trichloroethylene, trichloroethane, and
mineral spirits. Settings and job duties
included locomotive degreasing oper-
ations that applied 55-gallon drums of
solvents through a spray wand, entry
into enclosed locomotive spaces still
wet with evaporating solvent, part and
tool cleanup operations involving in-
halation and frequent skin contact, and
other wheel, motor, car, and part de-
greasing operations. These operations
required hand applications of organic
solvents and solvent mixtures without
personal protective equipment, fre-
quently at rates of more than one
gallon per day. Multiple job categories
were involved and many employees
described similar operational expo-
sures at more than one job. For most of
their work histories, workers described
multiple episodes of acute neurointoxi-
cation symptoms, including headache,
nausea, and a “giddy-headed” sensa-
tion, frequent permissible “fresh air”
breaks to address symptoms, absence
of respirator use, and intermittent or
no use of protection from dermal ex-
posure. The average number of years
of exposure was 24.3 with a range of
10-35 years. The average length of
time between termination of expo-
sure and evaluation was 8.44 years
(range, 1-24 years), and their most
recent exposure was greater than 1
year before the study. As a means of
ordering the severity of exposure,
based on the exposure histories, sub-
jects were classified on a scale of 1
to 3, with subjects in group 1 having
the lowest level of exposure (ie,
shortest duration of exposure and job
titles and descriptions indicating less
exposure) and those in group 3 hav-
ing the heaviest exposures (ie, the
longest duration of exposure and a
history of multiple fresh air breaks).
Group 2 had exposures intermediate
between groups 1 and 3. The classi-
fication was based on the structured
interview data and was done blind to
the corpus callosum data. This clas-
sification system has been validated
with other samples of solvent-
exposed individuals.?* It should be

noted that all subjects provided his-
tories of multiple episodes of intoxi-
cation over prolonged periods.

Psychiatric Interview

All subjects completed a compre-
hensive structured psychiatric inter-
view, the Structured Clinical Interview
for DSM-IV,** which was adminis-
tered in person using the computer-
facilitated format.*

Subjects

A subset of the total sample (31 of
37 solvent-exposed and 33 of 37
controls) were able to participate in
MRI scans Subjects who were too
large to fit in the MR scanner, had
metal in their body, or experienced
claustrophobia were not scanned
(six subjects in the solvent-exposed
group and four controls). The MRI
scan of one control subject was ex-
cluded because excessive movement
distorted the images and one control
subject’s scan was lost because
technical difficulties prevented
saving the data. Demographic vari-
ables for the 62 participants who
were able to complete the MRI
scan are listed in Table 1. There
was no difference between groups
for age, education, or estimated 1Q
using the North American Adult
Reading Test.>* There was also no
difference between the groups for
height and weight, which can affect
brain volumes. Eleven of the 31
solvent-exposed participants in-
cluded in the MRI analysis (35%)
had a current psychiatric diagnosis;
three had an anxiety disorder, seven
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had a mood disorder, and one had both
a mood and an anxiety disorder. None
of the exposed participants had a
prior lifetime diagnosis of a psychi-
atric condition. Two of the controls
had a current psychiatric diagnosis,
one anxiety disorder, and one mood
disorder, and none of the controls
had a past lifetime diagnosis of any
Axis I psychiatric condition (eg, mood
disorder, anxiety, schizophrenia).
Three of the exposed participants and
four of the controls had a past diagno-
sis of alcohol abuse or dependence.
None of the subjects had a current
diagnosis of substance abuse or depen-
dence and none had used significantly
within the last year.

Magnetic Resonance Image
Scanning Procedures

All imaging was acquired on a
GE 1.5-T MR system. First, each
participant received a three-plane lo-
calizer for slice prescription. Then,
each participant received a high-
resolution three-dimensional spoiled
gradient recall (SPGR) image ac-
quired in the axial plane with 1.2 mm
slice thickness covering the entire
brain (field of view = 22 cm, matrix
256 X 256, NEX = 0.75, TR = 30,
TE = minimum full band width =
15.63).

Manual Tracing

The volume of the corpus callo-
sum was measured using a variation of
manual tracing. We used in-house
software within the Matlab environ-
ment (Mathworks, Sherborn, MA).
The software provides three orthogo-

TABLE 1

Demographic Variables for the Full Sample*

Solvent (N = 31)

Control (N = 31)

Mean (SD) Mean (SD)
Age 54.5 (5.3) 52.4 (5.5)
Education 12.5 (1.4) 13.1(2.1)
NART-IQ 99.1 (9.1 101.0 (7.6)
Height 69.7 (2.6 70.7 (2.5)
Weight 197.0 (30. 193.1 (30.9)

*There were no statistically significant differences between groups. Height is in inches and

weight is in pounds.
SD indicates standard deviation.
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nal views to define volumes of interest
(VOIs) and plots of MR intensity pro-
files across the three orthogonal axes at
an intended point (eg, a point within
the corpus callosum). Upper and
lower MR intensity thresholds were
defined for the corpus callosum by
sliding horizontal lines on the inten-
sity plots. Then, voxels between the
thresholds were displayed in a color
scale and the rest in a gray scale.
Callosal voxels were registered by
clicking a mouse button within the
structure after manually disconnect-
ing continuations of colored areas to
structures other than the corpus cal-
losum. The lower threshold was at
roughly the middle intensity between
white and gray matter intensities. The
callosal VOI was defined in the sagit-
tal plane to cover at least one half of
the lateral extents of lateral ventricles
as observed in the coronal plane. Be-
cause the distinction between the
edges of and transition between corpus
callosum and general white matter can
be unclear, we used an automated pro-
cedure. First, the callosal VOI was
transferred from native space to an
“upright” orientation in which the
midplane was in the middle of the
box containing the image volume
and the anterior commissure (AC)—
posterior commissure (PC) plane
was horizontal. Voxel values of the
transferred VOI were between zero
and one at the peripheries and one in
the rest. The volume of the corpus
callosum was obtained using the
middle 10 mm of the VOI to avoid
the difficulty inherent in determin-
ing the periphery of the structure.
Furthermore, the corpus callosum
was divided into anterior (mainly the
genu), middle (the body), and poste-
rior (mainly the splenium) by the AC
and PC planes. The volume anterior
to the AC was labeled anterior, the
volume posterior to the PC line was
labeled posterior, and the remaining
volume was labeled middle. Tracings
were performed blind to group mem-
bership by one of two operators (GH
and MWH).
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Total Intracranial
Volume Measurement

To adjust for head size, we esti-
mated total intracranial volume.
Each brain was segmented into gray,
white, and cerebrospinal fluid using
the segmentation routine of the im-
age processing program, Statistical
Parametric Mapping 2 (http://www.
fil.ion.ucl.ac.uk). A summation of the
segmented images was hand-corrected
for errors to exclude the sinuses, me-
ninges, and other nonbrain parts. In
addition, the cerebellum and pons
were masked and excluded so that all
measures were based on supratentorial
volume. We calculated total intracra-
nial volume by summing total cor-
rected gray, white, and cerebrospinal
fluid volumes. Volumes were cor-
rected blind to group membership.

Cognitive Measures

To assess frontal lobe function, we
examined a subset of the total neuro-
psychologic battery that was adminis-
tered to each patient. These tests have
been associated with frontal lobe func-
tion and include Trail Making Test
part B, Stroop Color-Word Test,
Letter—Number Sequencing, and Ver-
bal Fluency.”*® Trail Making Test
part B requires subjects to connect
circles on a page alternating in order
between numbers and letters (eg, 1-A—
2-B). The Stroop Color—-Word Test
consists of three trials: 1) color name
reading: subjects read the words red,
green, and blue printed in black ink; 2)
color naming: subjects name the color
of “x’s printed in red, green, or blue
ink; and 3) interference trial: subjects
must name the color of the ink that the
words red, green, and blue are printed
in, however, the color name does not
match the ink color. For example the
word red would be printed in blue ink.
In this example, the subject must not
read the word “red” and must instead
name the ink color “blue.” Letter—
Number Sequencing requires subjects
to listen to a string of numbers and
letters (eg, 4—Z-9-B) and then repeat
back the numbers in ascending order
followed by the letters alphabetically

(eg, 4-9-B-7). Verbal fluency re-
quires subjects to say as many words
as they can in 60 seconds for the let-
ters C, F, and L, respectively. We used
total time to complete Trails B, the
difference between Stroop Color and
Stroop Color—Word performance, total
raw score correct on Letter—Number
Sequencing, and total number correct
on Verbal Fluency as dependent mea-
sures. We included these measures to
test whether changes in the anterior
corpus callosum correlated with fron-
tal lobe behavior.

Analysis

We examined the raw volume of
the corpus callosum and its three
segments as well as the corrected
volumes adjusted for total intracra-
nial volume: each volume divided by
the total supratentorial intracranial
volume. Intraclass correlations were
used to examine interrater reliability
for the corpus callosum volumes. We
used one-way analysis of variance
for each of these dependent measures
to examine differences between the
two groups. Spearman rank-ordered
correlations were used to examine
the possible dose-response relation-
ship. Pearson product-moment corre-
lations were used to examine the
relationship between anterior corpus
callosum volume and frontal lobe
functioning.

Results

Using six randomly selected par-
ticipants, an interclass correlation for
corpus callosum volume was calcu-
lated based on the measurements of
both tracers. A correlation of r = .90
(P < 0.05) was obtained. There were
no differences between groups for
total supratentorial intracranial vol-
ume (see Table 2); however, the
standard deviation for the groups
suggested greater variability in the
control subjects; thus, we report raw
values and values corrected for indi-
vidual differences in supratentorial
intracranial volume. The raw volume
of the total corpus callosum was
significantly lower in exposed partic-
ipants (mean = 6.8) compared with
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controls (mean = 7.5) (F[1,61] =
6.51, P < 0.05). The anterior seg-
ment of the corpus callosum was
significantly different between the
two groups with a smaller volume in
the exposed participants (mean =
2.9) compared with the controls
(mean = 3.4) (F[1,61] = 35, P <
0.05). Expressed as a percentage of
total supratentorial intracranial vol-
ume, the total corpus callosum was
significantly smaller in exposed par-
ticipants (mean = 0.67%) compared
with controls (mean = 0.74%)
(F[1,61] = 6.12, P < 0.05). In addi-
tion, expressed as a percentage of the
total supratentorial intracranial vol-
ume, the anterior segment of the
corpus callosum was smaller size in
subjects with exposure (mean =
0.29%) compared with the controls
(mean = 0.34%) (F[1,61] = 9.49,
P < 0.05). No other region of the
corpus callosum showed a signifi-
cant group effect.

We correlated exposure classifica-
tion with the total volume of corpus
callosum and each segment. Exposure
classification was negatively related to
the total volume of the corpus (r =
—.41, P < 0.05) and to the volume of
the anterior segment (r = —.39, P <
0.05), indicating smaller volumes were
associated with greater exposures. We
found no significant relationships be-
tween cognitive performance and the
raw or corrected volumes of the corpus
callosum segments.

Effect of Medical Variables

Hypertension and diabetes have
been shown to result in whole brain
atrophy, infarction of the white mat-
ter of the brain and hypertension is
specifically associated with de-
creased volume of the prefrontal cor-
tex and with frontal lobe cognitive
deficits.’®* The frequency of hy-
pertension and diabetes mellitus was
greater in the solvent exposed than
control subjects (12 solvent-exposed
individuals and five controls with
one or both conditions). To rule out
the possibility that the observed dif-
ferences in corpus callosum volumes
could be caused by these medical
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TABLE 2
Volumetric Data for the Full Sample*

Solvent (N = 31)

Control (N = 31)

Mean (SD) Mean (SD)
TICV 1001 O (65 0) 1003 0 (80.0)
Total CCt 0.9) 4(1.1)
Anterior CCt 0.5) ( 5)
Middle CC 0 2) 7(0.3)
Posterior CC 0.4) 4 (0.4)
Total CC %t 0. 67 0. 08) 0. 74 (0.12)
Anterior CC %t 0.29 (0.05) 0.34 (0.06)
Middle CC % 0.15 (0.02) 0.17 (0.03)
Posterior CC % 0.23 (0.03) 0.24 (0.05)

*Raw volumes are expressed in milliliters.

tP < 0.05.

SD indicates standard deviation; TICV, total supratentorial intracranial volume; CC, corpus
callosum; %, CC volume as a proportion of TICV.

TABLE 3

Demographic Variables for the Sample With No HTN/DIAB*

Solvent (N = 19)

Control (N = 19)

Mean (SD) Mean (SD)
Age 53.7 (5.7 52.3 (5.9)
Education 12.3(1.4 13.1 (1.9
NART-IQ 100.6 (7.9 102.0 (9.3)
Height 70.0 (3.0 70.9 (2.1)
Weight 195.5 (28.4) 196.9 (28.9)

*There were no statistically significant differences between groups. Height is in inches and

weight is in pounds.

HTN/DIAB indicates hypertension and diabetes; SD, standard deviation.

conditions, we conducted an addi-
tional analysis, which excluded the
subjects with hypertension and dia-
betes (HTN/DIAB). Of the available
26 control subjects, we selected the
19 subjects that best matched the 19
exposed subjects on age and educa-
tion. When there was more than one
subject who matched, random selec-
tion was used. The matching process
was effective and there were no dif-
ferences between groups on any of
the demographic variables (see Table
3). In this sample, raw volume of the
total corpus callosum was signifi-
cantly lower in exposed participants
(mean = 6.8) compared with con-
trols (mean = 7.5) (F[1,36] = 4.76,
P < 0.05). For the segments of the
corpus callosum, the anterior seg-
ment exhibited significant differ-
ences between groups, with a smaller
volume in the exposed participants
(mean = 3.0) compared with the
controls (mean = 3.4) (F[1,36] =

5.55, P < 0.05). The volume of the
corpus callosum expressed as a per-
centage of the total supratentorial
intracranial volume was significantly
lower in exposed participants
(mean = 0.67%) compared with con-
trols (mean = 0.74%) (F[1,36] =
5.11, P < 0.05) (see Table 4). Ex-
pressed as a percentage of total su-
pratentorial intracranial volume, the
anterior segment was significantly
lower in subjects with exposure
(mean = 0.29%) compared with the
controls (mean = 0.33%) (F[1,36] =
5.73, P < 0.05). There was a nega-
tive correlation between exposure
classification and total volume of the
corpus (r = —.47, P < 0.05) and the
anterior segment (r = —.48, P <
0.05) in the subset of our subjects
with no HTN/DIAB. Like in the
whole sample, increased exposure
was associated with smaller volume.
We correlated cognitive performance
with the raw volume of the anterior
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segment of the corpus callosum. In
the subgroup with no HTN/DIAB,
Letter—Number Sequencing was sig-
nificantly correlated with anterior
corpus callosum volume (r = 0.450,
P < 0.05) such that worse perfor-
mance was associated with smaller
volume. There was a significant in-
verse correlation between Stroop
Color-Word performance and ante-
rior corpus callosum volume (r =
—.385, P < 0.05) such that smaller
volume was associated with more
interference (ie, worse performance).
There was a trend for a relationship
with Trail Making B (r = —.254,
P = 0.06) such that smaller volume
was associated with slower perfor-
mance. There was a weak trend with
verbal fluency such that smaller vol-
ume was associated with worse per-
formance (r = .207, P = 0.10).
Finally, none of the volumes of the
corpus callosum correlated with age,
education, estimated IQ, or history of
alcohol abuse (a limited number in
our sample).

To determine if medical status af-
fected corpus callosum volume
within the solvent-exposed sample,
we compared the subjects with HTN/
DIAB and subjects with no HTN/
DIAB. There were no significant dif-
ferences between the two groups for
any of the demographic variables
(see Table 5). There was weak a
trend for higher estimated IQ in the
group with HTN/DIAB (F[1,29] =
2.12, P = 0.15). There was a differ-
ence in total supratentorial intracra-
nial volume (F[1,29] = 4.87, P <
0.05) with the group with HTN/
DIAB having a smaller volume. This
difference remained when covarying
the height and weight of the subjects
to control for differences in overall
body size. When examining the cor-
pus callosum volumes, raw and cor-
rected, there were no differences
between the two groups (all F’s <1;
see Table 6).

Effect of Psychiatric Diagnosis

Of the 31 solvent-exposed sub-
jects, 11 met criteria for current or
past psychiatric diagnosis. Because
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TABLE 4

Volumetric Data for the Sample With No HTN/DIAB*

Solvent (N = 19)

Control (N = 19)

Mean (SD) Mean (SD)
TICV 1020 (61) 1020 (75)
Total CCt 6.8 (0.9) 7.5(0.9)
Anterior CCt 3.0 (0.5) 3.4 (0.5)
Middle CC 1.5(0.2) 1.7 (0.3
Posterior CC 2.3(0.9 2.4 (0.4)
Total CC %t 0.67 (0.08) 0.74 (0.09)
Anterior CC %t 0.29 (0.05) 0.33 (0.05)
Middle CC % 0.15 (0.02) 0.16 (0.03)
Posterior CC % 0.23 (0.03) 0.24 (0.03)

*Raw volumes are expressed in milliliters.
TP < 0.05.

HTN/DIAB indicates hypertension and diabetes; SD, standard deviation; TICV, total supraten-
torial intracranial volume; CC, corpus callosum; %, CC volume as a proportion of TICV.

TABLE 5

Demographic Variables for the Solvent Sample as a Function of Medical Status*

No HTN/DIAB (N = 19)

HTN/DIAB (N = 12)

Mean (SD) Mean (SD)
Age 53.7 (5.7) 55.7 (4.3)
Education 12.3(1.4) 12.8 (1.4)
NART-IQ 100.6 (7.9) 96.1.0 (8.7)
Height 70.0 (3.0) 69.2 (2.0)
Weight 195.5 (28.4) 202.4 (32.7)

*There were no statistically significant differences between groups. Height is in inches and

weight is in pounds.

HTN/DIAB indicates hypertension and diabetes; SD, standard deviation.

TABLE 6

Volumetric Data for the Solvent-Exposed Subjects as a Function of

Medical Status*

No HTN/DIAB (N = 19)

HTN/DIAB (N = 12)

Mean (SD) Mean (SD)
TICVT 1020 (61) 970.7 (62)
Total CC 6.8 (0.9) 6.6 (0.9)
Anterior CC 3.0(0.5) 2.9 (0.5
Middle CC 1.5(0.2) 1.5(0.2)
Posterior CC 2.3(0.3) 2.2 (0.5
Total CC % 0.67 (0.08) 0.68 (0.08)
Anterior CC % 0.29 (0.05) 0.29 (0.05)
Middle CC % 0.15(0.02) 0.15(0.03)
Posterior CC % 0.23 (0.03) 0.23 (0.03)

*Raw volumes are expressed in milliliters.
tP < .05.

HTN/DIAB indicates hypertension and diabetes; SD, standard deviation; TICV, total
supratentorial intracranial volume; CC, corpus callosum; %, CC volume as a proportion of

TICV.

the size of the corpus callosum has
been related to psychiatric sta-
tus,'”'® we undertook an additional
analysis to control for the effect of
psychiatric diagnosis on corpus cal-
losum volume. The solvent-exposed

group was divided between those
subjects that did (n = 11) and did not
(n = 20) have a current or past
psychiatric diagnosis. The groups
were not significantly different for
age, education, and estimated IQ (see
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TABLE 7

Demographic Variables for the Solvent-Exposed Subjects, Divided Between
Those With a Psychiatric Diagnosis (N = 12) and Those Without a Psychiatric

Diagnosis (N = 19)*

Psychiatric Diagnosis

No Psychiatric Diagnosis

N =12) (N =19)
Mean (SD) Mean (SD)
Age 52.5(5.1) 55.5 (5.5)
Education 12.7 (1.3) 12.5(1.5)
NART-IQ 100.3 (7.1) 98.4 (10.1)
Height 69.8 (2.7) 69.7 (2.7)
Weight 189.8 (25.9) 201.0 (32.2)

*There were no statistically significant differences between groups. Height is in inches and

weight is in pounds.
SD indicates standard deviation.

TABLE 8

Volumetric Data for the Solvent-Exposed Subjects, Divided Between Those With a
Psychiatric Diagnosis (N = 12) and Those Without a Psychiatric Diagnosis (N = 19)*

Psychiatric Diagnosis

No Psychiatric Diagnosis

(N =12) (N =19)
Mean (SD) Mean (SD)
TICV 1001 (69) 1001 (64)
Total CC 9(0.9) 7 (0.9
Anterior CC (O 4) ( 6)
Middle CC 6(0.2) 7(0.2)
Posterior CC 3(0.4) 3(0.4)
Total CC % 0. 69 (0.08) 0. 67 (0.08)
Anterior CC % 0.30 (0.04) 0.29 (0.05)
Middle CC % 0.16 (0.02) 0.15 (0.02)
Posterior CC % 0.23 (0.04) 0.23 (0.04)

*Raw volumes are expressed in milliliters.
SD indicates standard deviation; TICV, total supratentorial intracranial volume; CC, corpus
callosum; %, CC volume as a proportion of TICV, there were no statistically significant

differences between groups with all F’s <1.

TABLE 9

Demographic Variables for the ‘Medically Clean’ Solvent-Exposed Subjects
(N = 19), Divided Between Those With a Psychiatric Diagnosis (N = 9) and
Those Without a Psychiatric Diagnosis (N = 10)*

Psychiatric Diagnosis

No Psychiatric Diagnosis

N=9) (N =10)
Mean (SD) Mean (SD)
Age 52.2 (5.4) 55.0 (5.9)
Education 12.4 (1.3) 12.3 (1.5)
NART-IQ 103.4 (7.9) 98.2 (7.5)
Height 70.0 (3.1) 70.1 (2.9)
Weight 186.4 (27.5) 200.1 (30.1)

*There were no statistically significant differences between groups. Height is in inches and

weight is in pounds.
SD indicates standard deviation.

Table 7). There were no significant
differences between those exposed
subjects with and without a psychi-
atric diagnosis on any of the mea-
sures of the corpus callosum (see

Table 8). The same analysis was
undertaken within the subgroup of
solvent-exposed subjects who did
not have any medical problems. Of
those 19 subjects, nine carried a cur-
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rent or past diagnosis and 10 did not.
Again, no differences in any demo-
graphic variables or corpus callosum
volumes were observed (see Tables 9
and 10).

Discussion

This study revealed a decrease in the
volume of the corpus callosum in rail-
road workers with a history of chronic
exposure to solvents. The corpus cal-
losum volume difference was largely
accounted for by the significant differ-
ence in the anterior portion of the corpus
callosum. The volume of the corpus
callosum in workers with solvent ex-
posure was dose-dependent, with
smaller volume associated with higher
levels of exposure. This structural dif-
ference in the volume of the corpus
callosum is consistent with the hypoth-
esis that chronic exposure to solvents
affects the white matter of the brain.
The difference in brain volume was
not the result of other medical condi-
tions that can affect the white matter
(hypertension, diabetes). When this
potential confounding factor was re-
moved from the analysis, the relative
reduction in corpus callosum volume
in solvent-exposed subjects was main-
tained. In addition, controlled hyper-
tension and diabetes did not affect the
volume of the corpus callosum within
the solvent-exposed group. Although
the group with hypertension and dia-
betes had a smaller total supratentorial
intracranial volume, the volumes of the
corpus callosum did not differ between
the solvent-exposed subjects with and
without HTN/DIAB.

The difference in corpus callo-
sum volume was not related to the
presence or absence of a current
mood or anxiety disorder. When we
compared solvent-exposed subjects
with and without psychiatric diag-
noses, no differences in corpus callo-
sum volumes were observed between
subgroups. This similarity between
groups remained when the solvent-
exposed subjects with no HTN/DIAB
with and without psychiatric diagnoses
were compared. This implies that the
changes in the volume of the corpus
callosum were not the result of the
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TABLE 10

Volumetric Data for the ‘Medically Clean’ Solvent-Exposed Subjects (N = 19),
Divided Between Those With a Psychiatric Diagnosis (N = 9) and Those Without

a Psychiatric Diagnosis (N = 10)*

Psychiatric Diagnosis

No Psychiatric Diagnosis

N=29) (N = 10)
Mean (SD) Mean (SD)
TICV 1021 ( 6) 1019 (68)
Total CC 1(0.8) 6.7 (0.9)
Anterior CC 2(0.4) 2.9 (0.6)
Middle CC (O 2) 1.5(0.2)
Posterior CC 4 (0.3) 2.2 (0.3
Total CC % 0. 65 (0.08) 0.69 (0.09)
Anterior CC % 0.28 (0.05) 0.31 (0.04)
Middle CC % 0.15 (0.02) 0.15 (0.02)
Posterior CC % 0.22 (0.03) 0.23 (0.03)

*Raw volumes are expressed in milliliters.

SD indicates standard deviation; TICV, total supratentorial intracranial volume; CC, corpus
callosum; %, CC volume as a proportion of TICV, there were no statistically significant

differences between groups with all F’s <1.2.

effects of psychiatric symptoms on the
brain, but rather the effect of solvents
themselves on brain structure. Expo-
sure to solvents commonly results in
psychiatric symptoms.*> None of our
sample had a history of psychiatric
symptoms before exposure, and thus
we hypothesize that these psychiatric
symptoms are a product of solvent
exposure. Indeed, the rate of current
anxiety and mood disorders obtained
in this study was comparable to previ-
ous reports of psychiatric symptoms as
a result of solvent exposure.*

There are two plausible explana-
tions for the absence of an effect of
psychiatric diagnosis on the corpus
callosum volume in the solvent-
exposed subjects. One possibility is
that the lack of an effect of psychi-
atric diagnosis on corpus callosum
volume was a function of the specific
diagnosis, which pertains to most of
our solvent-exposed sample, (ie, a
mood disorder). Differences in the
volume of the corpus callosum in
mood disorders is not commonly re-
ported,’** and when differences are
present, it occurs in bipolar depres-
sion®> and not the unipolar depres-
sion our subjects experienced. Thus,
the severity or type of the psychiatric
symptoms in our sample may not
have been enough to impact the vol-
ume of the corpus callosum. Another

possibility is that solvents affect the
volume of the corpus callosum to the
same degree regardless of whether or
not there are psychiatric symptoms
present. Thus, patients with solvent
exposure who have cognitive changes
alone versus cognitive and emotional
changes together appear to have the
same degree of change to the volume
of the corpus callosum. This implies
that the changes to the volume of the
corpus callosum were not secondary
to the effects of psychiatric symp-
toms alone on the brain, but rather
the effect of solvents themselves on
brain structure.

This is the first study we are
aware of to document changes in
the volume of white matter of the
brain in workers involuntarily ex-
posed to solvents. There have been
previous reports of solvent abuse
leading to white matter changes in
individual cases and groups.®?®*’
In addition, a recent report of de-
creased metabolites, found by means
of magnetic resonance spectroscopy,
suggests demyelination is associated
with solvent exposure.'® Previous re-
ports have documented that depen-
dence on alcohol (a solvent) leads to
impairment of the white matter of the
brain. This has been documented by
manual tracing of the volume of the
corpus callosum and automated mea-

surement.'® In addition, the relatively
new technique of diffusion tensor im-
aging has shown impairment of the
corpus callosum in alcoholism.?®
Diffusion tensor imaging allows for
measurement of the microstructure
of the white matter of the brain and
appears more sensitive to diseases
that affect white matter than standard
clinical imaging or volumetric stud-
ies. For example, normal-appearing
white matter, based on standard clin-
ical imaging, has been shown to be
impaired with diffusion tensor
imaging in patients with multiple scle-
rosis and small-vessel ischemic dis-
ease.””* Replication of the results
of the present study with diffusion
tensor imaging appears warranted.
The difference in the corpus callo-
sum volume between the groups was
greatest in the anterior segment,
which consists primarily of the genu.
The genu completes development
later than the splenium. This is
thought to make it more vulnerable
to injury,’® and it is found to be
injured in other populations.®® Stud-
ies of the morphology and projec-
tions of the corpus callosum suggest
that the anterior part or the genu
projects to prefrontal cortex.*'™*
Consistent with this, we observed a
relationship between the volume of
the anterior segment and cognitive
measures of frontal lobe function
with smaller volume being associ-
ated with poorer performance. We
only observed this relationship in the
subgroup with no HTN/DIAB, which
suggests that hypertension and dia-
betes introduced uncontrolled vari-
ance into the behavioral performance
of the sample. One might also predict
that the volume of the prefrontal
cortex might also be affected in in-
dividuals with exposure to solvents
as the fibers from the genu project to
the prefrontal cortex. Whether the
better hypothesis is that impairment
exists in the genu and affects the
prefrontal cortex or that the impair-
ment is in the prefrontal cortex and
affects the white matter is not clear.
Further study is needed to examine
the volume of the prefrontal white
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matter and gray matter in samples of
solvent-exposed workers.

We observed a dose-response rela-
tionship between corpus callosum vol-
ume and exposure similar to what was
reported in the MRS study of Alkan et
al.'® The subjects enrolled in this study
reported repeated episodes of high-
dose exposure, including intoxication
symptoms, and accepted permissible
fresh air breaks as a safety response to
symptoms during workplace opera-
tions. Our method of classifying expo-
sure to include duration and severity
was sensitive to group levels changes
on MRI. However, there are limita-
tions to this type of retrospective as-
sessment from occupational history
data, and conclusions in this area
should be made cautiously and the
findings replicated.

There are other limitations to this
study. Although the manual tracing
technique is expensive and time-
consuming, it should be replicated in
other exposed populations. Neverthe-
less, the data are robust within this
study. Second, the results may not
apply to all individuals with a history
of solvent exposure because exposure
will vary depending on the workplace,
ventilation, and use of protective
equipment. Our population reported
frequent episodes of intoxication asso-
ciated with high-volume, unprotected
use. In addition, our population was
not randomly selected. Therefore, it is
not clear how well these findings will
generalize to less-exposed populations.
In addition, it is not clear that these
findings can be applied to individual
patients, because the differences we
observed were found in group data.
The topic of low-level nonintoxicating
exposures also holds substantial re-
search importance. It is unclear
whether these results can be general-
ized to lower-exposure populations
commonly reported in the literature.
Finally, our population was a clinical
population and as such may not be
representative of solvent-exposed
workers as a whole. Replication of our
finding with a nonclinical population
would add strength to the hypothesis
that solvents affect the white matter of

the brain. An epidemiologic study
would be required to determine the
extent to which solvent exposure re-
sults in changes to the corpus callosum
in the population of workers at large.

In summary, we have documented
changes in the volume of the white
matter, specifically, the anterior corpus
callosum, in workers who have been
exposed to solvents. A dose-response
effect was present. The results are
consistent with hypothesized mecha-
nisms of damage to the CNS white
matter after solvent exposure.

Acknowledgments

This study was supported by ROI-
OHO03646-02 from the National Institute for
Occupational Safety and Health, Lisa Mor-
row, PI.

References

1. Morrow L, Muldoon SB, Sandstrom DJ.
Neuropsychological sequelae associated
with occupational and environmental ex-
posure to chemicals. In: Tarter R, Butters
M, Beers S, eds. Medical Neuropsychol-
ogy: The Impact of Disease on Behavior,
2nd ed. New York: Kluwer Academic/
Plenum Publishers; 2001:199-245.

2. Morrow LA, Ryan C, Hodgson M, et al.
Risk factors associated with persistence
of neuropsychological deficits in persons
with organic solvent exposure. J Nerv
Ment Dis. 1991;179:540-545.

3. Morrow LA, Steinhauer SR, Condray R.
Predictors of improvement in P300 la-
tency in solvent exposed adults. Neuro-
psychiatry Neuropsychol Behav Neurol.
1998;11:146-150.

4. Kaukiainen A, Riala R, Martikainen R, et
al. Solvent-related health effects among
construction painters with decreasing ex-
posure. Am J Ind Med. 2004;46:627—-636.

5. Bianchini KJ, Houston RJ, Greve KW, et
al. Malingered neurocognitive dysfunc-
tion in neurotoxic exposure: an applica-
tion of the Slick criteria. J Occup Environ
Med. 2003;45:1087-1099.

6. Schottenfeld RS, Cullen MR. Organic
affective illness associated with lead in-
toxication. Am J Psychiatry. 1984;41:
1423-1426.

7. Morrow LA, Ryan CM, Hodgson M,
Robin N. Alterations in cognitive and
psychological functioning after organic
solvent exposure. J Occup Med. 1990;32:
444-450.

8. Aydin K, Sencer S, Demir T, et al.
Cranial MR findings in chronic toluene

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

623

abuse by inhalation. AJNR Am J Neuro-
radiol. 2002;23:1173-1179.

. Rosenberg NL, Kleinschmidt-DeMasters

BK, Davis KA, et al. Toluene abuse
causes diffuse central nervous system
white matter changes. Ann Neurol. 1988;
23:611-614.

Unger E, Alexander A, Fritz T, et al.
Toluene abuse: physical basis for hypoin-
tensity of the basal-ganglia on T2-
weighted MR images. Radiology. 1994;
193:473-476.

Callender T, Morrow LA, Subramanian
K, et al. Three dimensional brain meta-
bolic imaging in patients with toxic en-
cephalopathy. Environ Res. 1993;60:
295-319.

Fincher CE, Chang T-S, Harrell EH, et al.
Comparison of single photon emission
computed tomography findings in cases
of healthy adults and solvent-exposed
adults. Am J Ind Med. 1997;31:4-14.
Edling C, Hellman B, Arvidson B, et al.
Do organic solvents induce changes in
the dopaminergic system? Positron emis-
sion tomography studies of occupation-
ally exposed subjects. Int Arch Occup
Environ Health. 1997;70:180-186.

Haut MW, Leach S, Kuwabara H, et al.
Verbal working memory and solvent ex-
posure: a positron emission tomography
study. Neuropsychology. 2000;14:551—
558.

Morrow LA, Callender T, Lottenberg S,
et al. PET and neurobehavioral evidence
of tetrabromoethane encephalopathy.
J Neuropsychiatry Clin Neurosci. 1990;
2:431-435.

Alkan A, Kutlu R, Hallac T, et al. Occupa-
tional prolonged organic solvent exposure
in shoemakers: brain MR spectroscopy
findings. Magn Reson Imaging. 2004;22:
707-713.

Keshavan MS, Diwadkar VA, Harenski
K, et al. Abnormalities of the corpus
callosum in first episode treatment naive
schizophrenia. J Neurol Neurosurg Psy-
chiatry. 2002;72:757-760.

. Villarreal G, Hamilton DA, Graham DP,

et al. Reduced area of the corpus callo-
sum in posttraumatic stress disorder. Psy-
chiatry Res Neuroimaging. 2004;131:
227-235.

Pfefferbaum A, Lim KO, Desmond JE,
Sullivan EV. Thinning of the corpus cal-
losum in older alcoholic men: a magnetic
resonance imaging study. Alcohol Clin
Exp Res. 1996;20:752-757.

Pfefferbaum A, Sullivan EV, Hedehus
M, et al. Age-related declines in brain
white matter anisotropy measured with
spatially corrected echo-planar diffusion
tensor imaging. Magn Reson Med. 2000;
44:259-268.



624

21.

22.

23.

24.

25.

26.

217.

28.

Frumkin H, Ducatman AM, Kirkland K.
Solvent exposure in the railroad industry. J
Occup Environ Med. 1997;39:926-930.
Morrow LA, Gibson C, Bagovich GR, et
al. Increased incidence of anxiety and
depressive disorders in persons with or-
ganic solvent exposure. Psychosom Med.
2000;62:746-750.

Blair JR, Spreen O. Predicting premorbid
1Q: a revision of the National Adult
Reading Test. Clin Neuropsychol. 1989;
3:129-136.

First M, Spitzer RL, Gibbon M, Williams
JIBW. Computer Assisted SCID-Clini-
cian Version (CAS-CV). Washington,
DC: American Psychiatric Press; 1998.
Spitzer RL, Gibbon M, Williams JBW.
Structured Clinical Interview for DSM-1V
Axis I Disorders (Version 2.0). New York
State Psychiatric Institute, Biometrics
Research Department; 1996.

Demakis GJ. Frontal lobe damage and
tests of executive processing: a meta-
analysis of the category test, Stroop test,
and Trail-Making test. J Clin Exp Neuro-
psychol. 2004;26:441-450.

Stuss DT, Floden D, Alexander MP, et al.
Stroop performance in focal lesion patients:
dissociation of processes and frontal lobe
lesion location. Neuropsychologia. 2001;
39:771-786.

Haut MW, Kuwabara H, Leach S, Arias
RG. Neural activation during perfor-
mance of number—letter sequencing. Appl
Neuropsychol. 2000;7:237-242.

29.

30.

31.

32.

33.

34.

35.

36.

Solvents and Corpus Callosum Volume - Haut et al

Stuss DT, Alexander MP, Hamer L, et al.
The effects of focal anterior and posterior
brain lesions on verbal fluency. J Int
Neuropsychol Soc. 1998;4:265-278.
Raz N, Rodrigue KM, Acker JD. Hyper-
tension and the brain: vulnerability of the
prefrontal regions and executive func-
tions. Behav Neurosci. 2003;6:1169—
1180.

Schmidt B, Lanuner LJ, Nilsson LG, et al.
Magnetic resonance imaging of the brain in
diabetes: the cardiovascular determinant
of dementia (CASCADE) study. Diabe-
tes. 2004;53:687-692.

Ferguson SC, Blane A, Perros P, et al.
Cognitive ability and brain structure in
type 1 diabetes: relation to microangiopa-
thy and preceding severe hypoglycemia.
Diabetes. 2003;52:149-156.

Lacerda ACT, Brambilla P, Sassi RB, et
al. Anatomical MRI study of the corpus
callosum in unipolar depression. J Psy-
chiatric Res. 2005;39:347-354.
Parashos 1A, Tupler LA, Blitchington T,
Krishnan KR. Magnetic-resonance mor-
phometry in patients with major depres-
sion. Psychiatric Res. 1998;84:7-15.
Brambilla P, Nicoletti M, Sassi RB, et al.
Corpus callosum signal intensity in pa-
tients with bipolar and unipolar depres-
sion. J Neurol Neurosurg Psychiatry.
2005;75:221-225.

Filley C, Heaton R, Rosenberg N. White
matter dementia in chronic toluene abuse.
Neurology. 1990;40:532-534.

37.

38.

39.

40.

41.

42.

43.

Thuomas KA, Moller C, Odkvist LM, et al.
MR imaging in solvent-induced chronic
toxic encephalopathy. Acta Radiol. 1996;
37:177-179.

Pfefferbaum A, Sullivan EV. Microstruc-
tural but not macrostructural disruption
of white matter in women with chronic
alcoholism. Neuroimage. 2002;5:708—
718.

O’Sullivan M, Summers PE, Jones DK,
et al. Normal-appearing white matter in
ischemic leukokraurosis: a diffusion ten-
sor MRI study. Neurology. 2001;57:
2307-2310.

Rovaris M, Bozzali M, Iannucci G, et
al. Assessment of normal-appearing
white and gray matter in patients with
primary progressive multiple sclerosis:
a diffusion-tensor magnetic resonance
imaging study. Arch Neurol. 2002;59:
1406-1412.

Abe O, Masutani Y, Aoki S, et al. To-
pography of the human corpus callosum
using diffusion tensor tractography.
J Comput Assist Tomogr. 2004;28:533—
539.

De Lacoste MC, Kirkpatrick JB, Ross
ED. Topography of the human corpus
callosum. J Neuropathol Exp Neurol.
1985;44:578-591.

Witelson SW. Hand and sex differences
in the isthmus and genu of the human
corpus callosum. A postmortem morpho-
logical study. Brain. 1989;112:799—
783.



