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Organic solvents are known toxic effects like vertigo, behavioral obstacle, distracting, and peripheral neuropathy
in neuron areas. However, there have been few studies how neurotoxic solvents—exposed workers are affected
by the cognitive load of preceding working memory tasks. Therefore, we used fMRI as to measure the neural
correlates of working memory impairment in occupational workers who had from chronic exposure to organic
solvent. Twenty—nine solvent—exposed workers were included in this study. Each participant concluded the verbal
N-back tasks (1- and 2-back) during the fMRI acquisition. Within—group analyses showed fronto—parietal
networks were active in each condition. Direct comparisons between 1— and 2-back showed higher activation
during the 2-back than 1-back. We found that increased activation of these regions at lower task demand is

associated with increased cost of implementing.
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Introduction

Organic solvents are contained in volatile liquids, such as
printing or dry cleaning agents, metal degreasing, and paint,
and used in many industries. Therefore, occupational exposures
are common in metal degreasing, paint stripping, and dry
cleaning occupations. Some solvents have well-established neu-
rotoxic effects, including dizziness, loss of consciousness, be-
havioral abnormalities, and peripheral neuropathy.l’z) Certain

solvents may cause motor system abnormalities.” Accumulated
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or repeated exposures usually represent a chronic continuous
diffuse injury to the brain resulting called chronic toxic ence-
phalopathy (CTE). A variety of cognitive impairment is usu-
ally involved in the clinical manifestations of CTE.” Interna-
tionally, CTE is a recognized and established condition that re-
sults from immoderate occupational exposure to solvents via
inhalation or skin contact. According to several researches, sol-
vent-exposed workers are frequently showed significantly com-
promised attention, processing speed, and working memory
deficits compared to demographically similar unexposed con-
trols.*”

The few neuroimaging studies to document neural structures
affected by exposure to solvents demonstrated that solvents-ex-
posed subjects showed significantly lower activation of anterior
frontal areas and significantly worse performance on the work-
ing memory task than did controls.*” Haut and colleagues
studied the pattern of neural activation during verbal working
memory in patients with solvent exposure using [°O] water
positron emission tomography (PET).” They suggested that
frontal dysfunction and compensatory can be related to use

within anterior regions of the working memory system in pa-
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tients with solvent exposure.

However, no investigations have directly examined that how
solvents-exposed subjects are influenced by the cognitive load
of a preceding working memory task. Accordingly, in this
study, we used fMRI to evaluate the neural correlates of or-
ganic solvent induced memory impairment in occupational
workers with subclinical dysfunction in working memory net-
works as a consequence of chronic exposure to this neuro-
toxicant. We supposed that memory functional deficits were
related to an increased cognitive demand on the working mem-
ory system. Therefore, we performed fMRI experiments using
the 1- and 2-back memory tasks to examine the behavioral
significance of additionally recruited brain regions in the work-

ers with chronic neurotoxicant exposure.

Materials and Methods
1. Subjects

A total 29 solvent-exposed workers were recruited in this
study. The subjects were 45.07£6.0 year old and all were right-
handed. We recruited active solvent-exposed workers who had
worked in plants using organic solvents over 5 or more years.
All subjects had normal vision and had Korean as the first
language. They all agreed to participate in our fMRI study and
provided written informed consent. The protocol used for this

study was approved by the local Internal Review Board.
2. Verbal working memory task

The verbal N-back task was applied during the fMRI ac-
quisition to investigate changes in neural recruitment and sup-
pression as a function of increasing task load. N is an integer
usually 0, 1, 2, or 3, requires on-line monitoring, updating,
and manipulation of remembered information, and is therefore
assumed to place great demands on a number of key processes
within working memory.” In our implementation of the fMRI-
compatible N-back task, participants were presented with a
stream of letters and asked to respond when presented with
target letters defined according to one of N prespecified con-
ditions (in this case, three conditions referred to as 0-, 1-, or
2-back). In the control condition (0-back), participants were
asked to identify the target letter “A” that was presented at
the beginning of each trial block. In the N-back (N is 1 or 2)
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condition, they had to permanently memorize the recently pre-
sented letters in order to press a button when a letter matched
one that had been presented N letters before the present letter
(Fig. 1). We used letters from the Korean alphabet as target
cues. Stimuli were displayed using SuperLab (Cedrus Corp.,
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Fig. 1. N-back task paradigm and schematic of block design. In
the O-back condition, participants were asked to identify the
target letter “A” that was presented at the beginning of each
trial block. In the N-back (N is 1 or 2) condition, they had to
permanently memorize the recently presented letters in order to
press a button whent a letter matched one that had been
presented N letters before the present letter. The entire
functional scanning run took approximately 4 min 48 sec.
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version 4.5, San Pedro, CA). When SuperLab detects the MRI
scan trigger, it immediately starts the N-back stimulus task.
The stimuli were presented binocularly using a goggle-based
system (modified SilentVision SV-7021 Fiber Optic Visual
System, Avotec Inc., Stuart, FL) positioned on top of the head
coil. Participants responded with their right index finger if a
specific target appeared and with their middle finger if there
was no match. To ensure that the participants understood the
task demands, they received instructions and rehearsed before
they entered the MRI suite. The experiment utilized a blocked
design with two epochs for each of the two experimental con-
ditions (4 epochs in total). Each stimulus letter was visible for
500 ms and was followed by a fixation cross that randomly
appeared for 2500 or 3500 ms. Ten letters were presented in
each epoch of trials, so that each epoch lasted 36 sec. The
probability of a letter being a target was 31%. The entire fun-

ctional scanning run took approximately 4 min 48 sec.
3. Functional magnetic resonance imaging

Blood oxygenation level dependent (BOLD) contrast was
collected for each subject using a 3.0 T GE EXCITE scanner
(Milwaukee, WI) equipped with a transmit-receive body coil
and a commercial eight-element head coil array. T2*-weighted
echo-planar imaging was used for fMRI acquisition. The fol-
lowing acquisition parameters were used in the fMRI protocol:
echo time (TE)=40 ms, repetition time (TR)=3000 ms, field of
view (FOV)=22%22 cm, acquisition matrix=64x64. Using a
midsagittal scout image, 31 contiguous axial slices with 4 mm
thickness were placed along the anterior-posterior commissure
(AC-PC) plane covering the entire brain. A 3-dimensional T1-
weighted anatomical scan was obtained using fast spoiled gra-
dient echo (FSPGR) for structural reference. The following ac-
quisition parameters were: TE=3 ms, TR=7.8 ms, flip angle
(FA)=20°, FOW=25.6x25.6 cm, acquisition matrix=256%256,

voxel size=1.0x1.0x1.0 mm’.

4. Functional image analyses

Image processing and statistical analyses for fMRI data were
carried out using MATLAB (The Mathworks Inc., Natick,
MA) and SPMS8 (SPM; Wellcome Department of Imaging
Neuroscience, London, UK; online at http://www.fil.ion.ucl. ac.
uk). Data were converted from DICOM to NIFTII format,

processed using a slice timing correction with the first ac-
quired slice to correct for temporal offsets in the acquisition of
slices and spatially realigned and unwarped to the first image
for correction movement and distortion. The mean fMRI vol-
ume and FSPGR were coregistered using mutual information,
and normalized to the Montreal Neurological Institute (MNI)
brain.”
Gaussian kernel of FWHM 8 mm. The pre-processed fMRI

data were then entered into the first-level individual analysis

The normalized data were smoothed with isotropic

by comparing fMRI activity during the N-back task with that
during the O-back (N-back>0-back). In the second-level with-
in-group analysis, contrast images from the analysis of in-
dividual subjects were analyzed by one-sample t-tests, there by
generating a random-effects model, allowing inference to the
general population. And for the direct comparison between the
conditions (2-back > 1-backand 2-back < 1-back), contrast im-
ages for the main effects were assessed using a two-sample
t-test. The significant level of p<0.01 was used with correct-
ing multiple comparisons by using the false discovery rate
(FDR) method across the whole brain and clusters of fewer

than 32 voxels were ignored.
5. Statistical analysis

We used t-tests to examine N-back accuracy and reaction
time in solvent-exposed subjects. Pearson correlation analyses
were used to determine the correlations between mean percent-
age changes in BOLD fMRI signals in the activation brain re-
gions and working memory performance in individual subjects.
All statistical analyses were performed using SPSS software.

Statistical significance was defined at p<0.05.

Results
1. General characteristics and N-back task performance

The demographic, clinical, and laboratory characteristics of
the 29 organic solvent exposed workers are listed in Table 1.
Moreover, reaction time and accuracy data for the N-back task
collected during scanning for organic solvent-exposed subjects
with standard deviation are presented in Table 1. The mean
performance differences between the N-back tasks and 0-back
control condition was inferior in the high-load-cognitive task

(2-back) compared to that of the low-load-cognitive task
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(1-back). The differences in reaction time between two cogni-
tive loads were statistically significant (p<0.01), except for

task accuracy.

Table 1. Demographic, clinical, and laboratory characteris-
tics of organic solvent-exposed subjects.

N=29

Age (year) 45.07£6.0
Educational level n (%)

No education 0 (0%)
Elementary school 0 (0%)
5(

Middle school 17.24%)

High school or more 24 (82.76%)
College 0 (0%)
Smoking (pack year) 14.72+10.57
Duration of exposure (year) 14.39+7.38
Alcohol year 19.51+10.80

Reaction time (msec)

1-back 1286.9+3.2

2-back 1466.145.3
Task accuracy (%)

1-back 759427

2-back 742+17

Mean+SD.
1-back>0-back
-65 -61

T-value
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2. Functional magnetic resonance imaging data

In the within-group analyses, the N-back working memory
tasks revealted that a network of frontal and parietal cortical
areas was active in both two conditions (1- and 2-back). The
network included activations in the dorsolateral prefrontal cor-
tex (DLPFC), ventrolateral prefrontal cortex (VLPFC), inferior
parietal cortex (IPC), precuneus, and cerebellum (Fig. 2).
Direct comparisons between two conditions (1- and 2-back)
showed that, during the 2-back working memory task, the or-
ganic solvent-exposed subjects showed higher activation than
performing the 1-back working memory task in the bilateral
DLPFC, IPC, and cerebellum (Fig. 3). No region showed sig-
nificantly higher activation in the performing the 1-back task
compared to the 2-back task.

3. Correlation analysis between mean percentage BOLD
signal changes and task performance

The increased percentage BOLD signal change in the left
inferior parietal cortex of the 1-back task compared to O-back
control condition showed a strong positive correlation (R=0.370,

p<0.05) with increased 1-back response time compared to

2-back>0-back

-57 -52 -48

. o0 oo @

Fig. 2. Brain activation maps con-
trasted from 1- or 2-back minus 0-
back task for all organic solvent-
exposed subjects. The N-back wo-
rking memory tasks revealted that
a network of frontal and parietal
cortical areas was active in both
two conditions.
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Fig. 3. Brain activation maps derived from direct comparison
between 2-back task and 1-back task. During the 2-back task,
the organic solvent-exposed subjects showed higher activation
than performing the 1-back task in the frontal and parietal
cortical areas. No region showed significantly higher activation
in the performing the 1-back task compared to the 2-back task.

0-back control condition (Fig. 4). For the high-load-cognitive
task (2-back), however, such a positive trend was not founded

for any of the activated brain areas.

Discussion

In this study, employing the N-back task with varying levels
of load, our goal was to investigate activation patterns of cog-
nitive load in individuals with chronic occupational exposure
to solvent. As hypothesized, we found that solvent-exposed
subjects exhibited significantly higher activation of the bilateral
DLPFC, IPC, and cerebellum with increased cognitive demands
during the N-back tasks. Our findings of higher activity in
brain regions with increased cognitive demands is consistent
with studies that increasing working memory processing load
is generally associated with increased activation of that bi-
lateral frontal and parietal cortexes.”'”

With increased cognitive demands during performance of the

N-back tasks, the prefrontal cortex plays an essential role in
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Fig. 4. Correlation between BOLD signal change and 1-back
task performance (reaction time) (R=0.370, p<0.05).

mediating the monitoring of online stimuli, conforming the in-
formation that is held in working memory to include the most
recently presented stimulus,” The DLPFC is thought to support
the executive or cognitive functions for manipulating and main-
taining items in the working memory."” Furthermore, the left
DLPFC is essential for allowing and guiding approach of ver-
bal and spatial knowledge, while the right DLPFC is necessary
for the manipulating information in a verbal and spatial rea-
soning contexts as well as allowing adaptive decision ma-
king.>"” Rypma and colleagues suggests that the increased
brain activation with increased cognitive load in the DLPFC is
the result of the strategic process of data compression.'? Thus,
our findings are in line with prior studies that have demon-
strated the relationship between cognitive load and brain acti-
vation in the DLPFC.

Additionally, we found that solvent-exposed subjects exhibited
significantly higher activation of the IPC with increased cogni-
tive demands during the N-back tasks. Several neuroimaging
studies have showed that the bilateral parietal cortices are en-
gaged when verbal information must be remembered from
short-term memory regardless of the type of verbal item (e.g.,
letter, words, or digits).ls’m

We also found a positive association between increased re-
action time on the 1-back task compared to 0-back task and
increased percentage BOLD signal changes in the left inferior
parietal cortex, while such a positive association was not
founded for the 2-back task. This suggested that the increased

recruitment of this region at lower task demand (1-back) is as-
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sociated with increased cost for the performing that. However,
at higher task demand (2-back), there are no relationship be-
tween the utilization of neural resources and the performing
task because the neural activation in the solvent-exposed sub-

jects approached a ceiling for the 2-back task.

Conclusion

In conclusion, employing the N-back task with varying lev-
els of load, we investigated activation patterns of cognitive
load in individuals with chronic occupational exposure to
solvent. As hypothesized, we found that solvent-exposed sub-
jects exhibited significantly higher activation of the bilateral
DLPFC, IPC, and cerebellum with increased cognitive de-
mands during the N-back tasks. Furthermore, we also found a
positive association between increased reaction time on the
1-back task compared to O-back task and increased percentage
BOLD signal changes in the left inferior parietal cortex, while

such a positive association was not founded for the 2-back task.

References

1. Bale AS, Barone S, Jr., Scott CS, Cooper GS: A review
of potential neurotoxic mechanisms among three chlorinated or-
ganic solvents. Toxicol Appl Pharmacol 255:113-126 (2011)

2. Spencer PS, Schaumburg HH, Sabri MI, Veronesi B:
The enlarging view of hexacarbon neurotoxicity. Crit Rev Toxicol
7:279-356 (1980)

3. Firestone JA, Longstrength WTJ: Neurologic and psychi-
atric disorders. Rosenstock L, Cullen M, Brodkin C, Redlich C:
Textbook of clinical occupational and environmental medicine.
4thed, Saunders Elsevier, Philadelphia (2004), pp. 645-660

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

PROGRESS in MEDICAL PHYSICS Vol. 26, No. 2, June, 2015

5. Baker EL: A review of recent research on health effects of hu-
man occupational exposure to organic solvents. A critical review.
J Occup med 36:1079-1092 (1994)

6. Haut MW, Leach S, Kuwabara H, et al: Verbal working
memory and solvent exposure: a positron emission tomography
study. Neuropsychology 14:551-558 (2000)

7. Owen AM, McMillan KM, Laird AR, Bullmore E: N-back
working memory paradigm: a meta-analysis of normative func-
tional neuroimaging studies. Hum Brain Mapp 25:46-59 (2005)

8. Evans A, Collins DL, Mills SR, et al: 3D statistical neuro-
anatomical models from 305 MRI volumes. Proc IEEE-Nuclear
Science Symposium and Medical Imaging Conference 3:1813-
1817 (1993)

9. Braver TS, Cohen JD, Nystrom LE, et al: A parametric
study of prefrontal cortex involvement in human working
memory. Neurolmage 5:49-62 (1997)

10. Cohen JD, Perlstein WM, Braver TS, et al: Temporal dy-
namics of brain activation during a working memory task. Nature
386:604-608 (1997)

11. Petrides M: Dissociable roles of mid-dorsolateral prefrontal
and anterior inferotemporal cortex in visual working memory.
Journal of Neuroscience 20(19):7496-7503 (2000)

12. Hagoort P, Hald L, Bastiaansen M, Petersson KM:
Integration of word meaning and world knowledge in language
comprehension. Science 304(5669):438-441 (2004)

13. Barbey AK, Kruger F, Grafman J: An evolutionarily adap-
tive neural architecture for social reasoning. Trends Neurosci
32(12):603-610 (2009)

14. Rypma B, Berger JS, D’Esposito M: The influence of
working memory demand and subject performance on prefrontal
cortical activity. J CognNeurosci 14(5):721-731 (2002)

15. Davachi L, Maril A, Wagner AD: When keeping in mind
supports later bringing to mind: neural markers of phonological
rehearsal predict subsequent remembering. Journal of Cognitive
Neuroscience 13(8):1059-1070 (2001)

16. Henson RN, Burgess N, Frith CD: Recoding, storage, re-
hearsal and grouping in verbal short-term memory: An fMRI
study. Neuropsychologia 38(4):426-440 (2000)

17. Majerus S, Laureys S, Collette F, et al: Phonological
short-term memory networks following recovery from Landau
and Kleffner syndrome. Hum Brain Mapp 19:133-144 (2003)

_77_



Tae Geun Kim, et al

: The Neural Alteration according to Cognitive Load on Working Memory by Organic—Solvent Exposures

F718MH0 ==& HAZNM Eo{El =Y 7Aoo
ml-Hrsron mE MHs sl
sA2rystm ol gMxZstn Teaystm o mbryst & stz o|sta)
TASystm TS MALZ S SAS0ystm o niryst EXjo|stmAl
2E 2 - MRS - 2d2U5 T . =T . z200d

F71EM = 81715, ST, Fo Mot UEMAZL 22 M 5M82 2ol 222 & e[ Uct Tz}, oy
st Ald SMEFC 77| Mo &2 Z2XE0| &Y 7Y Jlss THE O QX Fatof o{EA HES H=X|of
B Bol AFIL HO{X| Lhct mElA, 2 AT = 7|SHel APV|ZHGAS 0|85l0 PN OZ |I|SH|
of &8 ZEXE0| 2IX| Batof wE &Y 7Y 7|52 s of ZoiX|= AZF #Hate| HAE Am ot 20%H 9|
77| EHoll =EE ZEXES o422 A A 7| 7|S(1-back and 2-back)g THAIZI2H =2 QX Fsie}
=2 QX Foto =Y J|d J|sE s f, 2AX| Fotol xolo| w2l gdEt == = FAHo xfo|E FoRUCh
1-backe| BHSEEIF Botehol| wal =5 stel F4 mZoAel & gAd3t MY Sotstes BAHE 2=, ol2{st
B7te= 2ol o =2 21X #stel 2—b ck01IH: S2O{X|X| gkouct. ol E Sall, 21X Fstrt Ho| ZET+F M5t =
= = g9o| Holx|H, 7| EHo| EE ZEANER Ol FE W2 QX Fopyt 2R E = JF9 & M5t
SItE =, =2 2X| Fst7t ZelA EIDJ O oA = M3t ZoteX| 21 stA| cict2s HE o 5 UL
EME0: RUISHCE, ANESM, 71SH A|3EIY, 2AT|A

_78_



