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ABSTRACT

Pesticide exposure is linked to Parkinson’s disease, a neurodegenerative disorder marked by dopamine cell loss in the
substantia nigra of the basal ganglia (BG) that often presents asymmetrically. We previously reported that pesticide-
exposed agricultural workers (AW) have nigral diffusion tensor imaging (DTI) changes. The current study sought to confirm
this finding, and explore its hemisphere and regional specificity within BG structures using an independent sample
population. Pesticide exposure history, standard neurological exam, high-resolution magnetic resonance imaging (T1/T2-
weighted and DTI), and [123I]ioflupane SPECT images (to quantify striatal dopamine transporters) were obtained from 20 AW
with chronic pesticide exposure and 11 controls. Based on median cumulative days of pesticide exposure, AW were
subdivided into high (AWHi, n¼10) and low (AWLo, n¼10) exposure groups. BG (nigra, putamen, caudate, and globus
pallidus [GP]) fractional anisotropy (FA), mean diffusivity (MD), and striatal [123I]ioflupane binding in each hemisphere were
quantified, and compared across exposure groups using analysis of variance. Left, but not right, nigral and GP FA were
significantly lower in AW compared with controls (p’s < .029). None of the striatal (putamen and caudate) DTI or
[123I]ioflupane binding measurements differed between AW and controls. Subgroup analyses indicated that significant left
nigral and GP DTI changes were present only in the AWHi (p � .037) but not the AWLo subgroup. AW, especially those with
higher pesticide exposure history, demonstrate lateralized microstructural changes in the nigra and GP, whereas striatal
areas appear relatively unaffected. Future studies should elucidate how environmental toxicants cause differential
lateralized- and regionally specific brain vulnerability.
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Parkinson’s disease (PD) is marked primarily by loss of dopa-
mine neurons in the substantia nigra (SN) of the basal ganglia
(BG) and striatal dopamine deficiency (Dickson et al., 2009;
Fearnley and Lees, 1991). The fact that identical twins

frequently are discordant for PD suggests that environmental
factors may be associated with the etiology of sporadic PD
through mechanisms such as oxidative stress, neuroinflamma-
tion, and/or cytotoxicity (Tanner et al., 1999; Wirdefeldt et al.,
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2004). Recent epidemiologic data support the hypothesis that
pesticide exposure is associated with increased risk of PD
(McCormack et al. 2002; Pezzoli and Cereda, 2013; Tanner et al.,
2011). In addition, a number of pesticides (eg, paraquat, rote-
none, maneb) can cause direct dopaminergic toxicity in animal
models (Desplats et al., 2012; Uversky, 2004).

The onset of PD motor symptoms is typically asymmetric
(Riederer and Sian-Hulsmann, 2012) and more often present on
the right side of the body (Uitti et al., 2005). Several studies have
sought to identify a cause for this laterality. For example, asym-
metrical changes in dopamine transporter levels have been
reported in the striatum of PD patients (Siebyl et al., 1995), but
the exact causes and mechanisms of the lateralized vulnerabil-
ity to PD are unknown.

Recently, magnetic resonance imaging (MRI) has been used
extensively to study PD-related pathological changes in human
subjects (Chan et al., 2007; Du et al., 2012; Martin et al., 2008;
Vaillancourt et al., 2009). In particular, diffusion tensor imaging
(DTI), by measuring microstructural organization or integrity,
has shown promise as a tool for assessing PD-related nigral
changes probably due to dopamine cell loss (Chan et al., 2007;
Du et al., 2011; Peran et al., 2010). In the MPTP PD mouse model,
DTI changes are correlated with dopamine neuron loss in the
SN (Boska et al., 2007). Furthermore, several human studies have
demonstrated reduced FA values in the SN of early PD patients,
consistent with the notion that DTI changes may be able to de-
tect nigral microstructural changes and track their progression
in vivo (Du et al., 2012; Ofori et al., 2015; Vaillancourt et al., 2009).

We recently demonstrated decreased diffusion measures in
asymptomatic agricultural workers (AW) exposed to pesticides
(Du et al., 2014), providing the first direct evidence that chronic
pesticide exposure may lead to nigral microstructural changes
in humans that are qualitatively similar to PD. In this study, we
first sought to confirm this finding, and then investigate
whether changes occurred in a lateralized- and regionally
specific manner within BG structures using MRI DTI (to reflect
microstructural integrity). We hypothesized that: (1) other BG
structures also may be susceptible to pesticide-related neuro-
toxicity; and (2) left side BG structures may be more vulnerable
to pesticides because PD often presents with right side symp-
toms (Uitti et al., 2005). Second, we examined nigrostriatal integ-
rity via [123I]ioflupane SPECT (single photon emission computed
tomography) imaging (to visualize striatal dopamine transport-
ers). Striatal dopaminergic terminal deficits are an essential fea-
ture of PD. We hypothesized that striatal dopaminergic
transporter binding would be lower in AW with a history of
pesticide exposure since our previous study (Du et al., 2014)
showed that AW had similar, but less severe, nigral microstruc-
tural changes (Du et al., 2012; Ofori et al., 2015; Vaillancourt et al.,
2009). Third, we investigated the relationships between BG
imaging measurements and pesticide exposure. We hypothe-
sized that: (1) subjects with longer durations of pesticide expos-
ure will be more likely to have BG imaging changes; and (2) the
BG imaging changes will be correlated with duration of pesticide
exposure. Lastly, we explored the relationship between signifi-
cant MRI DTI changes and dopamine transporter density.

MATERIALS AND METHODS

Subjects
A total of 20 AW and 11 controls were recruited from regional
AW meetings in central Pennsylvania, USA, and from the com-
munity around the Penn State Hershey Medical Center (PSHMC).

Those contacting us and expressing an interest in the study were
screened for inclusion/exclusion criteria that included age 45-
75 years, able/willing to provide consent, no significant memory
impairment (Mini Mental Status Exam (MMSE)> 24), normal kid-
ney or liver function, no significant medical and or neurological
deficits, and no claustrophobia or other condition precluding an
MRI. AW were defined as subjects who had applied pesticides at
any point in their lifetime and controls as those who did not
have any history of pesticide exposure. Seven subjects (1 control
and 6 AW) participated in a previous study focused on pesticide
exposure effects on MRI measures in the SN (Du et al., 2014).
Subjects were all male and answered negatively for past diagno-
sis of neurological disorders. As part of the screening visit,
detailed demographic information was obtained from all sub-
jects. Since all subjects in the overall cohort were male, matching
by gender was not an issue for the current study. Written
informed consent was obtained from all subjects in accordance
with the Declaration of Helsinki, and approved by the PHMC
Internal Review Board/Human Subjects Protection Office.

Clinical Information
Height and weight were measured to calculate body mass index
(BMI) for each subject. Handedness was determined by the dom-
inant hand used during writing and eating, and all subjects
were right-handed except for 1 control subject. A fasting blood
sample was collected the morning of the study visit and
assayed at the PSHMC clinical lab to rule out major medical
issues (such as anemia, renal or liver dysfunctions). All subjects
were examined and ascertained to be free of any obvious neuro-
logical and movement deficits using the UPDRS motor scores
(UPDRS-III) with a threshold score of <15 indicating lack of par-
kinsonian motor signs as defined by a previous study (Lee et al.,
2015). The UPDRS-III exams were performed by trained raters
according to the Movement Disorder Society training modules.
Subjects also completed sections I (a nonmotor-related func-
tional questionnaire) and II (a motor-related functional ques-
tionnaire) of the UPDRS.

Exposure Assessment
Pesticide exposure was evaluated using a validated and detailed
questionnaire from the Agriculture Health Study (AHS). The
AHS is a large prospective study of the National Institute of
Environmental Health Sciences that examines health effects
among AW who have been exposed to pesticides (http://www.
niehs.nih.gov). Using the AHS questionnaire, we evaluated fre-
quency (ie, average annual number of days used) and duration
(ie, number of exposed years) of pesticide exposures, including
types of pesticide handled (ie, mixing, loading, and/or applica-
tion), personal protective equipment use, and personal hygiene
practices. Pesticides assessed were selected because of their fre-
quency and overall use in the agricultural settings of central
Pennsylvania, or because of human or animal data suggesting
their possible adverse health effects. The pesticides to which
subjects were exposed are listed in Supplementary Table 1.

Pesticide exposures in AW and control subjects were calcu-
lated based on the number of days of exposure. AW then were
dichotomized into 2 groups based on the median: low exposure
AW (AWLo) and high exposure AW (AWHi). The dichotomized ex-
posure variable was the main exposure metric for all subjects.

Imaging Data Acquisition
Brain MRI data acquisition. All subjects were scanned with a 3.0
Tesla MRI system (Trio, Siemens Magnetom, Erlangen,
Germany, 8-channel phased array head coil) with high-
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resolution T1-, T2-weighted, and DTI sequences. A 3D MPRAGE
with TR ¼ 1540 ms, TE ¼ 2.3 ms, isotropic 1-mm voxels was uti-
lized to acquire T1-weighted images. A fast-spin-echo sequence
was used to obtain T2-weighted images with TR/TE ¼ 2500/316,
FOV ¼ 256 � 256 mm, matrix ¼ 256 � 256, slice thickness ¼
1 mm (with no gap), and slice number ¼ 176. For DTI, acquisition
parameters were as follows: TR/TE ¼ 8300/82 ms, b value ¼
1000 s/mm2, diffusion gradient directions ¼ 42 and 7 b ¼ 0 scans,
FOV ¼ 256 � 256 mm, matrix ¼ 128 � 128, slice thickness ¼
2 mm (with no gap), and slice number ¼ 65.

Dopamine transporter data acquisition. [123I]Ioflupane (DaTscan, GE
Healthcare, Ltd, Marlborough, Massachusetts) was used to
image dopamine transporters. Subjects ingested Lugol’s solu-
tion diluted in water (equivalent to 100 mg of iodide) to protect
the thyroid gland. An IV line was placed by an experienced
nurse and 1 h after ingestion of the iodide solution, subjects
were injected with 4 mCi of [123I]ioflupane. Images of the brain
were acquired 4 h later using a SPECT camera (Siemens, Symbia
Evo) with the recommended imaging parameters (Kupsch et al.,
2012). The reconstructed images then were transferred to a se-
cure research picture archiving and communication system for
further analysis.

Data Analysis
Segmentation of BG structures on MRI. The SN was defined manu-
ally on T2-weighted images using ITK-SNAP (Yushkevich et al.,
2006) by an investigator blinded to subject identification. This
region of interest was defined as a hypointense band between
the red nucleus (RN) and cerebral peduncle (CP) in axial sections
(Du et al., 2011; Massey and Yousry, 2010; Vaillancourt et al.,
2012), as illustrated in Figure 1A. The most superior extent of
the SN segmentation was defined at 1 slice inferior to the axial
section of the RN showing the largest radius. A total of 4–6 slices
(from the rostral to caudal part of the SNpc) were used as the SN
region of interest (ROI) (Yushkevich et al., 2006). The right and
left SN were analyzed separately. Another set of SN ROIs also
was obtained by a second rater (MG) using the same segmenta-
tion protocol, thus providing an estimate of the inter-rater reli-
ability using intra-class correlation coefficients. Putamen (Put),
caudate, and globus pallidus (GP) ROIs were defined on high-
resolution T1-weighted images using multi-atlas automatic

segmentation software (AutoSeg) for each subject (Gouttard
et al., 2007; Figure 1B).

Estimation of DTI measures. DTI image quality control and tensor
reconstruction was performed using DTIPrep (Neuro Image
Research and Analysis Laboratory, University of North Carolina,
Chapel Hill, North Carolina, USA) that first checks DWI images
for appropriate quality by calculating the inter-slice and inter-
image intra-class correlation, and then corrects for the distor-
tions induced by eddy currents and head motion (Liu et al.,
2010). Diffusion tensor images then were estimated via
weighted least squares (Salvador et al., 2005). DTI is thought to
reflect the diffusion of water molecules in tissues and thus is an
indicator of the structural organization in a region. Two DTI val-
ues (fractional anisotropy [FA] and mean diffusivity [MD]) were
calculated out of 3 diffusivity eigenvalues (k1, k2, k3; Le Bihan
et al., 2001). FA is a weighted average of pairwise differences of
the 3 eigenvalues and may reflect the degree of diffusion
anisotropy.

FA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk1 � k2Þ2 þ ðk2 � k3Þ2 þ ðk3 � k1Þ2

q

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

1 þ k2
2 þ k2

3

q

vuuut

MD is an average of the 3 eigenvalues and provides informa-
tion regarding the magnitude of the diffusion (Du et al., 2014; Le
Bihan et al., 2001; Lee et al., 2016).

The segmented bilateral ROIs were mapped to FA maps by
co-registering the T2-weighted images to the B0 images of DTI
data using an affine registration pipeline implemented in 3D
Slicer (www.slicer.org) (Rueckert et al., 1999). Mean FA and MD
values then were obtained for further analysis.

Quantification of striatal DAT binding. To obtain striatal regions of
interest, a common atlas was first generated from all acquired
[123I]ioflupane (dopamine transporter [DAT]-binding density)
images. The striatum was delineated manually on this common
atlas, and divided into the anterior and posterior divisions to
separate the caudate from the Put (Seibyl et al., 1995). Subject
images first were aligned to a common atlas via linear affine
registration (Avants et al., 2011). Mean signal intensity values
were extracted from the delineated striatal ROIs on each subject

Figure 1. Schematic of the segmentation of BG structures. A, Illustration of ROI definition of the SN. The arrows indicate the SN, RN, and CP. B, Illustration of the ROI

definition of the caudate (CN), Put, and GP. Regions are indicated by arrows.
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image. Striatal binding was normalized for each image by sub-
tracting the mean signal intensity region of an occipital ROI
from the striatal intensity (Seibyl et al., 1995). All striatal meas-
urements are reported according to hemisphere location, with
each region separated into the anterior (caudate) and posterior
(Put) areas. Hereafter, we refer to the results as DAT binding (ie,
relative DAT density).

Inter-Rater Validation of DTI Measurements
There was moderate agreement between the 2 raters regarding
the segmentation and resulting extraction of DTI measures in
the SN. The inter-rater agreement using concordance correl-
ation coefficients (CCCs) were 0.74 for left FA and 0.69 for right
FA. The CCCs were 0.64 for left MD and 0.67 for right MD. The
results presented in this article are based on the data from one
rater, although an independent analysis of the ROIs from the se-
cond rater yielded similar results (data not shown).

Statistical Analysis
Demographic and clinical measures were compared between
controls and AW as a whole using t-tests, whereas those among
controls, low exposure (AWLo), and high exposure (AWHi) AW
were conducted using 1-way analysis of variance (ANOVA).
Basal ganglia DTI (FA and MD) and DAT-binding (anterior and
posterior striatal regions) measures were compared between
each hemisphere by paired t tests within controls, AW, or AW
subgroups. Then, BG DTI (FA and MD) and DAT-binding (anter-
ior and posterior striatal regions) measures were compared be-
tween controls and the agricultural group or subgroups by 1-
way analysis of covariance (ANCOVA) with adjustment for age.
We explored the associations between BG DTI measures and
days of pesticide exposure using Spearman partial correlations
while adjusting for age. Last, we explored the relationship be-
tween significant DTI measures and striatal DAT binding meas-
urements adjusting for age. Due to the explorative nature, we
did not control for multiple comparisons. Significance was
defined as p < .05 and marginal significance as p � .05 and <.10.
All statistical analyses were performed using SAS 9.3 with 2-
sided alphas (SAS Institute Inc., Cary, North Carolina, USA).

RESULTS

Demographic Data
There were no differences in age, BMI, University of Pittsburgh
Smell Identification Test, MMSE, UPDRS-I, or UPDRS-II scores
between controls and AW (Table 1). In contrast, AW tended to
have higher UPDRS-III scores than controls (p ¼ .062; Table 1).

Exposure Assessment
Intrinsic to our study design, AW had more days of exposure
compared with controls. The range of exposure duration, how-
ever, was extremely wide and a few subjects had extremely
long exposure durations (see Supplementary Figures). The me-
dian cumulative days of pesticide exposure for all AW was 638
days (range ¼ 105–6825). The median number of days for the
AWLo subgroup was 245 days (range ¼ 105-525), whereas that
for the AWHi subgroup was 1750 days (range ¼ 750–6825 days).

Diffusion Imaging Measures
Lateralized differences in DTI measurements. Within controls, the
left FA values in the Put (p ¼ .021) and GP (p ¼ 0.039) were sig-
nificantly higher than those on the right, and a similar but
nonstatistically significant difference was observed for the SN
(p ¼ .058). The left MD in the SN (p ¼ .030), Put (p ¼ .0004),
and GP (p < .0001) were significantly lower than on the right.
There were no statistically significant hemisphere differences
in the caudate.

Within AW overall, the left FA value was significantly
higher in the Put (p ¼ .002) and GP (p ¼ .001) compared with
the right side (a finding similar to that observed in controls),
but there were no differences in the SN or caudate (p � .19).
Similar findings for MD values were seen in the overall AW
group, with lower Put (p < .0001) and GP (p < .0001) MD meas-
ures in the left compared with the right but no difference in
the SN or caudate.

Within the AW subgroups, left FA values in the Put (p ¼ .002)
and GP (p ¼ .002) were significantly higher in AWLo but not AWHi

(p � .14) subjects. The left MD values were significantly lower in
both AWLo (p � .0003) and AWHi (p � .018) subjects than those on
the right, with a trend for the SN in AWLo subjects (p ¼ .062).

Table 1. Demographic and Clinical Characteristics of Study Subjects

AWs Group comparisons

Controls AW AWLo AWHi Controls
vs. AW

Controls
vs. AWLo

Controls
vs. AWHi

AWLo

vs. AWHi

Number (n) 11 20 10 10
Age 59.1 6 10.1 59.4 6 7.4 60.6 6 8.7 58.2 6 5.9 0.923 0.688 0.812 0.534
BMI 27.2 6 2.5 29.4 6 3.8 29.2 6 3.4 29.6 6 4.2 0.102 0.206 0.130 0.798
Days of exposurea 0 638 (105–6825) 245 (105–525) 1750 (750–6825)
MMSE 29.8 6 0.4 28.7 6 1.3 28.2 6 1.3 29.1 6 1.0 0.783 0.754 0.876 0.876
UPSIT 31.5 6 4.3 32.0 6 5.0 29.7 6 5.7 34.3 6 3.0 0.790 0.376 0.173 0.030
UPDRS

UPDRS-I 0.5 6 0.7 0.9 6 1.3 0.6 6 0.8 1.1 6 1.7 0.480 0.913 0.273 0.333
UPDRS-II 2.1 6 2.5 2.8 6 3.0 2.3 6 3.0 3.3 6 3.1 0.508 0.867 0.337 0.437
UPDRS-III 2.5 6 2.3 4.8 6 3.6 5.2 6 3.5 4.4 6 3.9 0.062 0.064 0.182 0.587

Data represent the mean 6 SD unless otherwise indicated. Each measure was compared using either t tests (controls vs. AWs) or ANOVA (for the comparisons among

controls, AWLo, and AWHi). BMI, Body mass index; MoCA, Montreal Cognitive Assessment; UPDRS, Unified Parkinson’s Disease Rating Scale; UPSIT, University of

Pittsburgh Smell Identification Test.
aDays of exposure for AWs and their subgroups are reported as median and range. The groups were not compared since controls had 0 days of exposure and thus sta-

tistics were not appropriate.
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Differences in DTI measurements between controls and AWs. When
compared with controls, AW had lower left, but not right, SN
and GP FA values after adjusting for age (p � .029, Table 2).
There were no significant differences in bilateral striatal (caud-
ate or Put) DTI measurements (FA or MD) between AW and
controls.

The subgroup comparisons revealed that AWHi, but not
AWLo, subjects showed significantly lower left nigral and GP (p
� .037) FA values compared with controls. Trend MD differences
were observed between controls and AWHi subjects in the right
caudate (p ¼ .093) and between controls and AWLo in the right
GP (p ¼ .077; Table 2). The differences between the AWHi and
AWLo groups were not statistically significant (p � .24).

Striatal Dopaminergic Transporter (DAT Binding, [123I]-Ioflupane
SPECT) Measures
There were no significant hemispheric differences in any stri-
atal DAT binding measures in controls, AW, or the AW sub-
groups (p � .36). Comparison of DAT-binding intensity among
controls and AW subgroups (high- and low-exposure) also dem-
onstrated no significant difference in striatal subregions (p �
.21; Table 3).

The Relationship of MRI DTI and Dopaminergic Transporter (DAT
Binding) Measurements With Exposure Metrics
DTI measures (FA or MD) from the SN, Put, caudate, or GP did
not correlate with days of exposure in the overall AW group (p �
.17). DAT-binding measurements also did not correlate with
days of exposure (p � .32; Supplementary Figure 2).

Since SN and GP FA measurements were significantly differ-
ent between controls and AW, we graphed the relationships be-
tween FA measures and days of exposure using the raw data,
and presented them in Supplementary Figure 1 for nigral FA
and Supplementary Figure 2 for GP FA values.

The Relationship Between DTI and Striatal Dopaminergic
Transporter Density
Since SN and GP DTI measures were significantly different be-
tween controls and AW, we explored their relationship to stri-
atal DAT-binding measurements. Within controls, there were
no significant correlations between any DTI measure and stri-
atal dopaminergic transporter measurements (data not shown).
Within AW, right SN FA values negatively correlated with DAT
binding in the right posterior striatum (q ¼ �0.489; p ¼ .034;
Table 4). In addition, FA values in the left GP correlated

Table 2. DTI Measures in Control and AWs

BG
regions

Hemi-sphere Controls
(Con)

AWs Group comparisons

AW AWLo AWHi Con
vs. AW

Con
vs. AWLo

Con
vs. AWHi

AWHi

vs. AWLo

FA measures
SN Left 0.503 6 0.043 0.447 6 0.071 0.463 6 0.093 0.432 6 0.040 0.026* 0.151 0.017* 0.310

Right 0.464 6 0.059 0.445 6 0.071 0.440 6 0.073 0.450 6 0.074 0.476 0.443 0.662 0.746
Caudate Left 0.223 6 0.018 0.222 6 0.027 0.225 6 0.032 0.219 6 0.023 0.863 0.934 0.709 0.658

Right 0.222 6 0.039 0.218 6 0.031 0.216 6 0.038 0.219 6 0.024 0.726 0.847 0.691 0.842
Put Left 0.322 6 0.029 0.310 6 0.030 0.315 6 0.034 0.304 6 0.026 0.280 0.577 0.202 0.477

Right 0.307 6 0.027 0.294 6 0.037 0.296 6 0.036 0.291 6 0.040 0.320 0.517 0.303 0.706
GP Left 0.401 6 0.030 0.366 6 0.044 0.371 6 0.051 0.362 6 0.038 0.029* 0.101 0.037* 0.635

Right 0.364 6 0.049 0.337 6 0.042 0.330 6 0.046 0.344 6 0.039 0.126 0.118 0.299 0.592
MD measures
SN Left 8.1961.48 x 10�4 8.5561.21 x 10�4 8.3361.26 x 10�4 8.7761.18 x 10�4 0.439 0.710 0.350 0.581

Right 8.9861.96 x 10�4 9.0561.25 x 10�4 9.4161.29 x 10�4 8.6961.16 x 10�4 0.886 0.459 0.623 0.236
Caudate Left 1.049 6 0.115 1.041 6 0.212 1.092 6 0.259 0.990 6 0.149 0.906 0.630 0.496 0.262

Right 1.110 6 0.183 1.040 6 0.127 1.083 60.145 0.998 6 0.094 0.187 0.562 0.093 0.273
Put Left 0.744 6 0.020 0.751 6 0.030 0.749 6 0.026 0.752 6 0.035 0.518 0.756 0.435 0.647

Right 0.788 6 0.027 0.794 6 0.043 0.799 6 0.028 0.789 6 0.056 0.638 0.593 0.795 0.788
GP Left 0.751 6 0.035 0.789 6 0.071 0.796 6 0.091 0.783 6 0.049 0.109 0.117 0.248 0.671

Right 0.815 6 0.040 0.857 6 0.078 0.872 6 0.089 0.843 6 0.068 0.106 0.077 0.319 0.430

Data represent the mean 6 SD. DTI measures were compared using ANCOVA with adjustment for age. p values are presented for the comparisons among controls,

AW, and AW subgroups (Hi and Lo). Asterisks and bolded text represent significant comparisons.

Table 3. Dopamine Transporter Uptake Measures in Controls and AW

AWs Group Comparisons (p values)

Controls AW AWLo AWHi Controls vs. AW Controls vs. AWLo Controls vs. AWHi AWHivs. AWLo

Anterior Striatum
Left 2.51 6 0.51 2.40 6 0.34 2.45 6 0.34 2.34 6 0.36 0.458 0.807 0.312 0.453
Right 2.44 6 0.42 2.34 6 0.32 2.40 6 0.36 2.27 6 0.27 0.445 0.953 0.213 0.248
Posterior Striatum
Left 3.13 6 0.62 3.17 6 0.57 3.18 6 0.68 3.16 6 0.48 0.817 0.721 0.974 0.752
Right 3.11 6 0.45 3.19 6 0.53 3.19 6 0.60 3.18 6 0.49 0.650 0.612 0.796 0.807

Data represent the mean 6 SD. DAT binding is expressed as a ratio of striatal/occipital cortex binding, and were compared using ANCOVA with adjustment for age. p

values are presented for the comparisons among controls, AW, AW subgroups (Hi and Lo).
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positively with DAT binding in the left posterior striatal region
(q ¼ 0.459, p ¼ .048).

DISCUSSION

The results from this study are consistent with prior cross-sectional
findings of SN microstructural changes in AW (Du et al., 2014), but
also revealed lower GP values in AW and lateralized (left) vulnerabil-
ity of these BG structures to pesticide exposure. Conversely, our
study did not reveal any DTI differences in striatal structures (caud-
ate and Put). In addition, DAT binding was not decreased in AW as
we hypothesized, suggesting that striatal regions are relatively resili-
ent to pesticide neurotoxicity. The finding that nigral and pallidal FA
measures are lower only in AW with high, but not low, exposures to
pesticide hints at a potential exposure-MRI correlation. The direct
correlation analysis, however, did not detect a significant associ-
ation, which could be due to the small sample size. Collectively,
these results suggest a lateralized and selective BG signature that
can be captured by DTI may reflect damage due to occupational
pesticide exposure among agricultural workers.

SN and GP Microstructural Changes as Markers of Pesticide Related
Neurotoxicity
Lower SN FA values in AW observed previously (Du et al., 2014) and
in the current study were in a similar to, but less severe, than those
seen in PD patients (Du et al., 2012; Ofori et al., 2015; Prodoehl et al.,
2009). The exact mechanism and implications of this DTI finding
are unknown. Given the evidence from animal (Boska et al., 2007)
and epidemiological (McCormack et al., 2002; Pezzoli and Cereda,
2013; Tanner et al., 2011) studies, one may hypothesize that this
microstructural signature may reflect dopaminergic cell loss similar
to that in PD. Yet no striatal field difference in DAT-binding argues
against this hypothesis. There is a view that that PD may be caused
by multiple “hits” (Hawkes et al., 2007; Sulzer, 2007), and the micro-
structural findings detected by DTI may mark one of these vulner-
abilities. These nigral findings do not represent PD pathology per se,
but rather a proximal event that may make exposed individuals
more susceptible to a “next” hit that will cumulatively lead to PD.

We also discovered decreased GP FA values in AW, especially
those with higher exposure levels. These data suggest that the

GP, like the nigra, is vulnerable to pesticide exposure. The GP
has higher energy demands, is a “sink” for divalent ions (eg,
iron, manganese, copper, etc.), and displays FA alterations even
at relatively low exposure levels (Lee et al., 2015). Yet GP FA
alterations have not been described in PD patients or in our own
dataset (unpublished). It is increasingly recognized, however,
that REM behavior disorder is associated with the development
of neurodegenerative disease, particularly a-synucleinopathies
(eg, PD, multisystem atrophy, and Lewy body dementia; Boeve,
2010; Iranzo et al., 2006, 2013; Schenck et al., 1996). Radiotracer
imaging in this prodromal population indicates increased me-
tabolism in the GP (Holtbernd et al., 2014). Thus, it will be very
interesting in the future to see if the GP FA differences observed
in the current study may be related to GP metabolism. Our ex-
ploratory correlation analyses showed that lower left GP FA val-
ues may be associated with lower left Put (posterior striatal)
DAT binding (Table 4). The traditional view suggests that the
nigra projects to the striatum that then connects to the GP inter-
nus through the direct or indirect pathway (DeLong et al., 1984).
Several recent studies, however, have reported that the GP, par-
ticularly the GP externus (GPe), projects to the dorsal striatum
(reviewed by Hegeman et al., 2016). A systematic analysis of GPe
inputs to the dorsal striatum currently is lacking, but it is pos-
sible that microstructural changes in the GP (reflected by lower
FA values) could precipitate nigrostriatal dopaminergic terminal
alterations that ultimately lead to PD vulnerability. Further
studies are warranted to investigate both nigral and pallidal DTI
modifications as biomarkers for pesticide-related toxicity.

Lateralized SN Change and Its Significance to the Asymmetrical
Onset of PD Symptoms
The finding of lateralized vulnerability of the left SN and GP in
AW is consistent with previous studies in PD indicating that the
dominant hemisphere is more vulnerable to insult (Filippi et al.,
1995). Previous studies also have suggested that handedness
and hemisphere dominance may play a role in the development
of PD symptoms (Barrett et al., 2011; Haaxma et al., 2010;
Scherfler et al., 2012). Indeed, Uitti et al. (2005) demonstrated
that right handed PD patients have a greater likelihood of hav-
ing right- rather than left-side symptoms, although handedness
explained relatively little of the variance (approximately 20%)
associated with asymmetric onset in PD. Lower left SN FA val-
ues have been reported previously in PD patients (Prakash et al.,
2012). Furthermore, Scherfler et al. (2012) measured dopamine
transporter labeling in right-handed PD subjects and found a
preponderance of lower left putaminal binding, asserting that
the vulnerability of SN neurons may not be random. To our
knowledge, this study is the first demonstration of lateralized
vulnerability of the BG to environmental toxins.

The exact cause of the lateralized vulnerability, however, is
unclear. In this study, left BG DTI measures were higher than
right side values in control subjects. Whereas the higher SN FA
values may symbolize better organization and efficiency of this
hemisphere, it also may represent higher energy demands and
its vulnerability to neurotoxins. Future studies regarding the
timing of lateralized BG FA differences in the brain may be ex-
tremely useful in understanding neurodevelopment and may
shed light on its contribution to the asymmetric onset of PD.

Relative Resilience of Striatal Dopaminergic Transporters and the
Possibility of Contralateral Compensation
In our study, nigral and GP microstructural changes in AW
occurred in the absence of DTI or DAT binding differences in
any striatal region. These data suggest that striatal

Table 4. Relationships Between DTI FA and DAT Binding Values in
AW

DAT Bindinga

Anterior Posterior

Left Right Left Right

Substantia nigra
FA

Left �0.031 0.090 0.063 �0.177
0.900 0.717 0.792 0.469

Right �0.174 0.119 �0.265 20.489*
0.476 0.627 0.273 0.034

Globus Pallidus
FA

Left 0.256 0.302 0.459* 0.147
0.290 0.208 0.048 0.548

Right 0.159 0.315 �0.283 0.046
0.517 0.190 0.241 0.853

aData represent the correlation coefficients (q, top number) and the p values

(bottom number) of the Spearman partial correlation analyses with adjustment

for age. Significant correlations are indicated by bolded text and asterisks.
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dopaminergic terminals are more resilient to pesticide exposure
and microstructural alterations in the SN/GP occur prior to or
without evidence of dopamine transporter loss. These results
are contrary to our original hypothesis. An alternative hypoth-
esis is that there are compensatory increases in dopamine
transporters that occur in response to perturbation (Castro-
Hernandez et al., 2015; Gordon et al., 1996; Kimmel et al., 2001;
Lee et al., 2000; Meiergerd et al., 1993) as has been shown in ani-
mal models (Mamaligas et al., 2016) and humans (Berry et al.,
2016; Rossi et al., 2017).

Interestingly, we observed significant associations between
nigral DTI and DAT-binding measurements. Namely, right nigral
FA measures correlated negatively with DAT binding in the right
posterior striatum, the region known to be affected early in PD
patients (Fearnley and Lees, 1991). Although nigral projections
are primarily to the ipsilateral striatum, several studies have
demonstrated contralateral projections in rodent models
(Douglas et al., 1987; Veening et al., 1980), suggesting that approxi-
mately 3% of nigral projections are contralateral. Additional stud-
ies have shown electrophysiological and neurochemical changes
in the striatum that result from manipulations of the contralat-
eral nigra (Castellano and Rodriguez Diaz, 1991; Lawler et al.,
1995; Nieoullon et al., 1979). Thus, it is possible that the com-
promise in the left SN may preferentially affect the left striatum
such that it sends a “help” signal to the right nigrostriatal path-
way that then assumes a predominant compensatory role for
deficits in the left circuit. Consistent with this hypothesis, previ-
ous studies have suggested compensatory brain mechanisms
may occur both in animal models exposed to a perturbation
(Blanchard et al., 1996; Dravid et al., 1984) and in patients with
neurological disorders (Lewis et al., 2011; Mufson et al., 2015).

Limitations of Our Studies and Future Directions
Despite the intriguing nature of the results, our study has sev-
eral limitations. First, although the number of subjects is similar
to that in many imaging studies, the sample size is relatively
small. Second, previous research has indicated that FA values
are affected by age and factors such as diet and socio-economic
status (Salat et al., 2005; Vaillancourt et al., 2012; Wu et al., 2011).
In our statistical analyses, we accounted for age, but not diet
and socio-economic status. Third, there was a wide range of
exposures in our AW cohort, with only a sparse sample with
>1000 days of exposure that limited our attempt to correlate the
exposure measurement with our imaging findings. We tried to
mitigate this by separating the AWs into 2 groups based on the
median days of exposure, but additional subjects are needed to
fill in the sparse areas. Fourth, AWs are exposed to multiple
pesticides, and there is no known biomarker (blood, urine, etc)
to reflect past pesticide exposure. Thus, we were unable to de-
termine the exact chemical(s) that may have contributed to the
current findings.

Summary
This study demonstrated a lateralized microstructural signature
in the BG that may be related to chronic pesticide exposure,
with the left SN and GP being more vulnerable than the right,
and striatal structures being more resistant. These occur with-
out deficits in dopamine transporter density that is marked in
PD. Our study also hinted that right nigrostriatal circuitry may
compensate when pesticides insult the left pathway. These
findings need to be replicated in larger cohorts and with longi-
tudinal designs because they may be extremely important in
understanding pesticide-related neurotoxicity and its link to
PD-related pathoetiology.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences online.
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