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Historically, studies have extensively examined the basal ganglia in Parkinsons disease for specific characteristics that can be observed with medi-
cal imaging. One particular methodology used for detecting changes that occur in Parkinsons disease brains is diffusion tensor imaging, which
yields diffusion indices such as fractional anisotropy and radial diffusivity that have been shown to correlate with axonal damage. In this study, we
compare the diffusion measures of basal ganglia structures (with substantia nigra divided into subregions, pars compacta, and pars reticula), as well
as the diffusion measures of the diffusion tracts that pass through each pair of basal ganglia structures to see if significant differences in diffusion
measures can be observed in structures or tracts in newly diagnosed Parkinsons disease patients. Additionally, we include the ventral tegmental
area, a structure connected to various basal ganglia structures atfected by dopaminergic neuronal loss and have historically shown significant al-
terations in Parkinsons disease, in our analysis. We found significant fractional anisotropy differences in the putamen, and in the diffusion tracts
that pass through pairs of both substantia nigra subregions, subthalamic nucleus, parabrachial pigmental nucleus, ventral tegmental area. Addition-
ally, we found significant radial diffusivity differences in diffusion tracts that pass through the parabrachial nucleus, putamen, both substantia nigra
subregions, and globus pallidus externa. We were able to find significant diffusion measure differences in structures and diffusion tracts, potentially

due to compensatory mechanisms in response to dopaminergic neuronal loss that occurs in newly diagnosed Parkinsons disease patients.
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INTRODUCTION

Basal ganglia structures such as the subthalamic nucleus (STN)
and substantia nigra (SN) have been crucial targets for studying
Parkinsons disease (PD). It has been well established that the death
of dopaminergic neurons commonly occurs in the substantia
nigra of clinical PD patients [1], which in turn contributes to the
dysfunction of downstream nigrostriatal pathways (putamen, GPe,
STN, GPi/SNr, thalamus, motor cortex) related to movement dis-
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orders [2]. However, most reviews reported axonal degeneration
starting from 50% of SN dopamine neurons to 70% before mo-
tor signs appear, making it vital to detect neuronal loss in the SN
before PD diagnosis. Additionally, there are various diseases with
similar motor symptoms that are found in PD such as multiple
system atrophy and tremor, making it desirable to distinguish PD
from other motor diseases by observing biomarkers visible in SN
[3, 4]. Examining how SN biomarkers change under treatments
such as L-DOPA and deep brain stimulation can help explain the
results of experiments regarding the effectiveness of treatments or
conflicting results that arise due to side effects of treatments [5, 6].
Diffusion tensor imaging (DTI) has been used as a common
MRI sequence to measure diffusion indices such as fractional
anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and
mean diffusivity (MD), which describe random Brownian motion
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of water molecules. Various studies have shown correlations be-
tween significantly low levels of diffusion measures and alterations
in white matter microstructural integrity. Increases in RD have
been shown to indicate fibers with significant demyelination while
healthy, myelinated fibers were shown to have high FA and low RD
[7,8]. Additionally, studies showed that decreased AD can indicate
axonal injury, and increased MD can describe microstructural
damages that occur in necrosis [9, 10]. As such, many studies have
compared diffusion measures between PD patients and healthy
controls (HC) to observe whether the death of dopaminergic
neurons in SN can be traced to significant changes in diffusion
measures [11,12].

While the focus of diffusion weighted results are generally on
white matter tract integrity, diffusion indices have also been used
to indicate significant changes in deep gray matter structures in
various neurodegenerative disorders. As breakdown of micro-
structures in grey matter structures occur, certain diffusion indices
such as MD can indicate increase in net diffusion due to fewer
obstacles impeding diffusion, as opposed to diffusion in a particu-
lar direction [13]. Meta-analyses and review articles of PD DTI
studies showed that studies were able to find significant changes in
diffusion measures of various grey matter structures, particularly
in the putamen and the thalamus. While many studies of DTI
measures in PD SN, where dopaminergic neuronal loss occurs,
were able to find significant differences in DTI measures of PD
and HC SN, there were also conflicting results that suggest the use
of DTT measures as PD biomarkers may be inconsistent [14].

In order to clarify whether DTI measures can be used for iden-
tifying abnormalities of the SN normally found in PD, various
studies have attempted to replicate significant differences of DTI
measures between PD and HC SN [15]. However, inconsistent re-
sults between several studies shifted the scope of finding potential
significant DTI differences between SN down to SN subregions
particularly in the pars compacta SN subregion (SNc) where
the loss of dopaminergic neurons occurs [15, 16]. Most studies
showed conflicting results regardless of the comparison between
SN subregions, but such issues may have been attributed to incon-
sistencies in delineating SN into SNc and SNr due to their small
size and lack of defining borders [11].

In this study, we compare the fractional anisotropy (FA), quan-
titative anisotropy (QA), mean diffusivity (MD), axial diffusivity
(AD), radial diffusivity (RD), of regions defined by the CIT168
atlas where it is either rich in dopaminergic neurons or is the target
of dopaminergic innervation between PD and HC. We delineate
structures from the CIT168 atlas such as putamen, caudate, nucle-
us accumbens (NA), globus pallidus externa (GPe), globus pallidus
interna (GP1i), substantia nigra pars compacta (SNc), substantia
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nigra pars reticula (SNr), and subthalamic nucleus (STN) [17].
Additionally, as part of the CIT168 atlas, we delineate parabrachial
pigmented nucleus (PBP) and ventral tegmental area (VTA), two
structures part of the mesocorticolimbic pathway responsible for
reward and motivation. While not directly affected by dopami-
nergic neuronal loss in the SN¢, VTA, and PBP are inspected for
significant differences in diffusion measures due to the associated
neuronal and morphological changes that can occur in PD VTA
and PBP. In addition, we generate diffusion tractography between
each segmented structure for comparing DTI measures of white
matter tracts that pass through each structure. Assessing diffu-
sion measures of tracts representing pathways affected by PD may
show more conclusive evidence of disrupted dopaminergic con-

nectivity.
MATERIALS AND METHODS

Subjects

65 HC and 65 PD subjects used in the preparation of this article
were recruited from the Parkinsons Progression Markers Initia-
tive (PPMI) database (www.ppmi-info.org/data) [18]. For up-to-
date information on the study, visit www.ppmi-info.org. Each PD
subject was assessed for PD using Part III of Movement Disorder
Society-sponsored revision of the Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS I1I), observation of dopaminergic
neurons through dopamine transporter SPECT scans, and dis-
playing motor symptoms such as resting tremor or bradykinesia.
Assessment of PD was done before any subjects were administered
PD medication that can interfere with PD symptom testing. All
subjects involved in this research were tested negative for neuro-
logical disorders apart from PD. Group demographics and clinical
characteristics are shown in Table 1. All subjects provided written
informed consent to share each subjects unidentified clinical data
with investigators.

MRI data acquisition

MRI data of HC and PD subjects used in this study was obtained
from the PPMI database (www.ppmi-info.org/data). Diffusion
MRI images were acquired using standard protocols on 3T scan-
ners at approximately 11 blinded PPMI imaging sites. T1-weighted
images were acquired using 3D T1-weighted MPRAGE sequence
(echo time (TE)=90 ms, repetition time (TR)=2,300 ms, 1 mm’
resolution) and DTT images were acquired using 2D single-shot
echo-planar DTT sequence (TE=88 ms, TR=900 ms, 2 mm’ resolu-
tion, 72 slices, flip angle=90°, 64 gradient directions, b-value=1,000
s/mm?’). More details regarding MRI sequence information can
be found in the PPMI MRI technical operations manual (https://
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Table 1. Group characteristics of PD and HC

Group HC (n=65) PD (n=65) p-value
Age (mean+SD) 58.7+11.1 60.5+9.6 0.316
Sex (male/female) 44/21 43/22
Dominant side (left/right) 27/38
Education years (mean+SD) 15.5+3.0 15.2+3.1 0.186
Age onset (years) 58.4+10.2
Duration of disease (months) 6.4+6.9
Total levodopa equivalent daily dose 547.0+264.0
MoCA (mean+SD) 28.3+1.2 27.7+1.8 0.509
MDS-UPDRS I Score (mean+SD) 0.7+1.7 19.5+8.9 <0.001

HC, healthy controls; PD, parkinsons disease; SD, standard deviation; MoCA, Montreal Cognitive Assessment Test Scoring; MDS-UPDRS 111, Move-
ment Disorder Society-sponsored revision of the Unified Parkinsons Disease Rating Scale.

www.ppmi-info.org/wp-content/uploads/2017/06/PPMI-MRI-
Operations-Manual-V7.pdf).

Image processing

Prior to segmentation and diffusion fiber reconstruction, a series
of preprocessing steps were performed on each subjects DTT im-
age to correct for errors such as eddy currents and head motion.
Through various programs provided by MRtrix3, DTI images
went through denoising (dwidenoise), Gibbs ringing removal
(dwidenoise), motion and distortion correction (dwifslreproc),
bias field correction (dwibiascorrect), and resampled to 1 mm’
isotropic resolution (mrgrid) [19, 20].

Atlas segmentation of CIT168 structures, putamen, caudate,
nucleus accumbens (NA), globus pallidus external (GPe), globus
pallidus internal (GP1), substantia nigra pars compacta (SNc), sub-
stantia nigra pars reticula (SNr), subthalamic nucleus (STN), para-
brachial pigmented nucleus (PBP), ventral tegmental area (VTA),
was done through the default Lead-DBS Lead Connectome
pathway [21]. First, each subject’s b0 image extracted from DTI
images is co-registered to the T1w image using SPM12 (https://
www.filion.ucl.ac.uk/spm/software/spm12). Following the co-
registration, the co-registered T1w images are normalized using a
modified version of advanced normalization tools (ANTs) to the
MNI ICBM 2009b template space in which the CIT168 atlas is
preregistered to. Inverse warps generated from normalization and
co-registration are applied on the CIT168 atlas to warp the atlas
to the subjects diffusion space. The quality of each co-registration
and normalization were visually inspected using edge detection-
based wireframes and atlas segmentations overlaid on top of co-
registered images generated by Lead-DBS.

Diffusion processing

Lead Connectome, a MATLAB-based structural connectomic

analysis pipeline that utilizes DSI studio for generalized Q-ball
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imaging (GQI) for reconstruction and deterministic fiber tracking,
was used to generate a structural connectome for each subject [22].
400,000 tracts were generated using a step size of 0.5 mm, an an-
gular threshold of 75°, minimum length of 10 mm, and maximum
length of 300 mm. DSI studios statistics tool was used to obtain
values of diffusion network measures (FA, QA, MD, AD, RD) in
segmented CIT168 structures, and the DSI studios connectivity
matrix tool was used to obtain diffusion network measures of fiber

tracts that connect each pair of segmented structures.

Statistical analysis

Group characteristics, age, education years, and MoCA test
scores were tested for significant differences using student’s t-test
to ensure that group differences of diffusion measures were not in-
fluenced by differences of group characteristics. Volumes and dif-
fusion measures of segmented CIT168 structures were compared
between all HC and PD using students t-test. The Benjamini-
Hochberg false discovery rate (FDR) procedure was done on
volumetric and diffusion measure comparisons with significance
set to p<0.05 to correct for false positives when conducting mul-
tiple comparisons. The same methodology using students t-test
and FDR was done to find significant differences (significance at
p<0.05) in diffusion measures of PD and HC diftusion fiber tracts

between each segmentation pair.
RESULTS

CIT168 structures that were segmented using PPMI HC and
PD diffusion images with Lead-DBS are shown in Fig. 1. Demo-
graphics and clinical characteristics of HC and PD subjects were
compared for significant differences using students t-test. MDS-
UPDRS 111 scores showed significant differences (p<0.001) be-
tween HC and PD, as shown in Table 1.

The students t-test was used to compare each volume and dif-
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Fig. 1. Basal ganglia segmentation involved in Parkinsons disease. Left represents segmentations overlaid on top of MNI template, right represents an
example segmentation of a PD subject used in this study (Patient 3127), overlaid on the same subjects T1w image. Structures segmented are left and
right putamen, caudate, nucleus accumbens (NA), globus pallidus externus (GPe), globus pallidus internus (GP1), substantia nigra pars compacta (SNc),
substantia nigra pars reticula (SNr), subthalamic nucleus (STN), parabrachial pigmented nucleus (PBP), ventral tegmental area (VTA).

Table 2. Volumetric differences of HC and PD basal ganglia, PBR, VTA segmentations

Putamen Caudate NA GPe GPi SNr SNc STN PBP VTA

HCvolume L  4,697.14 447598 412.98 781.88 436.63 48.28 475.05 265.08 221.18 122.38
R 4957.72 4,730.66 49294 856.49 482.18 38.52 529.46 265.75 232.14 116.78

PD volume L 4857.18 4,689.72 429.86 801.26 452.18 49.22 497.63 274.35 233.11 127.18
R 512198 4,950.31 513.48 882.75 500.05 40.83 550.89 278.95 24528 121.12

p L 0.32 0.32 0.32 0.44 0.32 0.73 0.31 0.32 0.27 0.36
R 0.33 0.32 0.32 0.36 0.32 0.32 0.32 0.31 0.27 0.36

Comparison of average volume (in mm’) between ROIs segmented using HC (healthy control) images and PD (Parkinsons disease) images. Each com-
parison was done through a t-test, and corrected for false positives through FDR correction. p-values shown in this table are p-values adjusted from FDR

correction. No significant differences (p<0.05) were found between control volumes and patient volumes.

fusion measure (FA, QA, MD, AD, RD) of segmented CIT168
structures between HC and PD as shown in Table 2 and Table 3.
The Benjamini-Hochberg procedure was used to control for false
discovery rate (FDR) with significance set to p<0.05. Structures
showed no significant group differences in volume of HC and PD
segmentations as shown in Table 2. Structures with significant dif-
fusion measure differences were putamen (FA, MD, AD, RD) and
GPi (MD, RD) but post FDR correction showed significant differ-
ences were limited to MD and RD of the putamen.

The students t-test was also used to compare the diffusion mea-
sures (FA, QA, MD, AD, RD) and fiber tract counts of connectivity
between each CIT168 structure pair segmented with Lead-DBS.
The Benjamini-Hochberg procedure was used to control for false
discovery rate (FDR) with significance set to p<0.05. No connec-
tivity pair showed significant differences in fiber tract counts, MD,
AD, and QA post FDR correction. Only right hemisphere con-

nectivity pairs showed significant difference between HC and PD
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diffusion measures. 8 connectivity pairs showed significant differ-
ences in FA and 4 connectivity pairs showed significant differences
in RD as shown in Table 4.

DISCUSSION

For our study, we utilized diffusion MRI images to compare dif-
fusion measures of CIT168 structures influenced by the death of
dopaminergic neurons. We mainly focused on the significant dif-
ferences of diffusion measures in SN substructures, SNc and SN,
based on reports of DTT alterations being localized to SNc where
the loss of dopaminergic neurons occurs. Additionally, we inves-
tigated the diffusion measures of diffusion fiber tracts that passed
through pairs of CIT168 structures to observe how diffusion
fibers change under PD. Our results revealed that after correcting
for false discovery rate, the only structure that showed significant

differences in diffusion measures was Putamen. SN substructures
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Table 3. Diffusion measure differences of the PD and HC basal ganglia, VTA, PBP

QA FA MD AD RD
Region
HC PD HC PD HC PD HC PD HC PD
Putamen L 0.039  0.040 0275 0285 0723 0.726 0933 0.946 0618 0617
R 0.040  0.042 0.260*  0.280*  0.780  0.746 0.997 0974 0.672  0.632
Caudate L 0.040  0.038 0.204  0.194 1213 1.363 1418 1.565 1110 1.262
R 0.038  0.036 0182 0.176 1.376 1.492 1.580 1.692 1.274 1.392
Nucleus accumbens L 0.053  0.059 0207 0218 0.798  0.808 0956  0.980 0718 0.722
R 0.054  0.054 0206 0.206 0.803  0.834 0960  0.997 0724 0.752
Globus pallidus external L 0.032  0.035 0333 0351 0713 0.727 0959 0992 0590  0.594
R 0.038  0.042 0338 0355 0777 0.756 1.056 1.047 0.638 0611
Globus pallidus internal L 0.048  0.048 0425 0429 0.687  0.699 1.006 1.029 0527 0534
R 0.051 0.053 0426 0435 0738  0.720 1.085 1.074 0565 0543
Substantia Nigra pars compacta L 0.061 0.060 0.435  0.450 0.778  0.778 1.150 1.163 0.592  0.586
R 0.063  0.061 0430 0452 0769  0.764 1.132 1.143 0587 0574
Substantia Nigra pars reticular L 0.067  0.066 0556 0.568 0756 0.756 1.241 1.257 0.515 0.506
R 0062  0.062 0513 0.540 0812 0.790 1277 1277 0.580  0.548
Subthalamic nucleus L 0.056  0.055 0520 0521 0.706  0.688 1.105 1.083 0507  0.491
R 0.057  0.055 0.491  0.501 0.741 0.704 1.135 1.090 0544 0511
Parabrachial pigmented nucleus L 0.059  0.055 0.445  0.441 0712 0712 1.048  1.039 0544 0549
R 0.058  0.054 0436 0444 0.727  0.709 1.062 1.035 0559 0.546
Ventral tegmental area L 0.077  0.072 0470 0475 0733 0.706 1.086 1.054 0556 0.532
R 0.076  0.072 0450  0.464 0.749  0.755 1.092 1.106 0578 0579

Average diffusion measures of left and right basal ganglia structures. Significant differences and p-values were calculated using student t-tests, with p-
values adjusted for multiple corrections using FDR correction. Bolded values represent diffusion measures with significant difference (p<0.05), values
with asterisk represent measures with significant difference after FDR correction. FA, Fractional Anisotropy; QA, Quantitative Anisotropy; MD, Mean

Diffusivity; AD, Axial Diffusivity; RD, Radial Diffusivity.

Table 4. Diffusion measures of diffusion connectivity between
segmented structures with significant differences

. HC PD
Regions p
averages averages
FA
SN¢ SNr 0.470 0.489 0.035
STN 0.470 0.490 0.021
PBP 0.466 0.486 0.021
VTA 0.457 0.478 0.035
SNr PBP 0.460 0.482 0.021
VTA 0.442 0.465 0.021
STN PBP 0.467 0.485 0.037
PBP VTA 0.461 0.482 0.037
RD
Putamen  SNr 0.577 0.533 0.041
PBP 0.605 0.557 0.034
GPE PBP 0.604 0.557 0.040
SNc PBP 0.595 0.560 0.034

All regions in this table are right hemisphere structures. HC and PD aver-
ages represent averages of diffusion measures FA and RD. p-values in this
table are FDR corrected.
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with significant diffusion measure differences in diffusion tracts
paired with PBP, GPe, GPi, VTA, and putamen.

A significant number of studies on group differences of brain
structure diffusion measures have been done to observe DTI
changes in PD [14, 15]. Effects of dopamine loss due to death of
dopaminergic neurons in SN causing imbalance of several other
neurotransmitters in downstream motor systems and other struc-
tures have been illustrated through diffusion measure changes [23,
24]. A review paper that compiled multiple different non-hypothe-
sis-driven, diffusion assessments of PD and controls showed mul-
tiple instances where studies found correlations between motor
symptoms and diffusion measure changes [14]. While the majority
of such studies found FA decreases and MD increases in regions
that were analyzed, many studies showed that PD subjects had FA
increases in the putamen, results which are in line with our sig-
nificant FA increases in PD right putamen (HC=0.260, PD=0.280,
p=0.020) [25, 26]. The putamen is a key structure in the motor
system affected by Parkinsons, as it is directly connected to the
SNc through dopaminergic neurons [27]. Additionally; as a result
of dopaminergic neuronal loss, projections from the putamen to
other basal ganglia structures such as GPe, STN, GPi, and SNr are
abnormally altered, causing increased inhibition of downstream
signals to structures such as centromedian (CM) and the motor
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cortex [27]. This in turn reduces the excitatory signals from the
CM and the motor cortex to the putamen, which effectively creates
a loop of increased motor cortex inhibition signals as putamen is
less able to suppress inhibition signals to the motor cortex [28].

While there were significant differences in diffusion measures
of the putamen, there were no significant differences in diffu-
sion measures of both SNc and SNr after FDR correction. As the
focal point of numerous PD studies, the SN has been a frequent
region of interest for finding correlations between dopaminergic
neuronal death and change in diffusion measures [14]. Various
meta-analyses and reviews reported 2 studies with increased FA in
SN, 11 with no significant FA changes, and 19 with significant FA
decreases [14, 15]. Therefore, conflicting diffusion measure results
have led to further investigation towards the substructures of SN,
which consists of the posterior part of SN where dopaminergic
neurons are located, referred to as SN¢, and the lateral part of SN
referred to as SNr [29]. Due to dopaminergic neuronal death being
localized to SNc and excitatory signals to SNr being less inhibited
by loss of dopamine, it is possible that observing SN as a whole can
lead to inconsistencies in significant diffusion measure differences
[29]. Despite our results showing significant FA differences in both
of the SN subregions, none of the results survived FDR correction.
Our results were similar to other previous studies that reported no
significant diffusion measure differences in either subregion of SN,
but multiple conflicting studies were also able to find significant
FA differences in SN subregions [30, 31]. Inconsistencies between
results of studies observing SN can be due to multiple factors
regarding the type of PD subjects involved in studies and the con-
sistencies between SN segmentations. PPMI subjects involved in
the study consist of early diagnosed cases, averaging at 6.4 months
of disease duration and consisting of mixed young-onset subjects
(age<50) and standard onset subjects (age>50). A longitudinal
study comparing FA of brain structures between types of PPMI
subjects involving young onset, young controls, old onset, and old
controls showed that young-onset subjects had significantly high-
er FA in multiple brain structures than young controls while older
onset subjects had significantly lower FA in SN than old controls
[14]. As such, the mixture of subject ages, duration of disease, and
diagnosis could have influenced how significant the FA differences
were in the subregions of SN.

In our analysis of diffusion measures of basal ganglia diffusion
tractography, we found several diffusion tracts that pass through
pairs of basal ganglia structures with significant differences in FA
and RD. Tractography that passed through pair combinations
of basal ganglia structures, SNc, SNr, PBP, and VTA showed FA
increases in PD subjects, and tractography that passed through
PBP and either putamen, GPe, or SNc showed RD decreases in PD
370

www.enjournal.org

subjects (SN¢, SNr, p=0.035; SN¢, STN, p=0.021; SN¢, PBP, p=0.021;
SNg, VTA, p=0.035; SN1, PBP, p=0.021; SNr, VTA, p=0.021; STN,
PBP, p=0.037; PBP, VTA, p=0.037). Diffusion tractography has
been used prominently for detecting connectivity between regions
of interest by simulating a rough estimate of white matter tracts
through the diffusion of water [32]. As such, PD studies have
utilized diffusion tractography to identify significant changes in
tractography that might reflect the disruption of dopaminergic
connectivity and its effects on the basal ganglia [33, 34]. Reports
of significant decreases in FA of diftusion tractography have been
consistent throughout various studies, particularly in the nigros-
triatal tract that connects the SN to the putamen via dopaminergic
neurons [14, 33, 34]. However, our results showed no significant
FA differences in tracts with any basal ganglia structure that pairs
with the putamen, and the pairs of basal ganglia structures (SN,
SN, PBP, VTA) that did show significant FA differences were FA
increases rather than the commonly reported FA decreases. There
are several possible explanations for significant FA increases, in-
cluding inflammation from dopaminergic neuronal loss and com-
pensatory responses to structural connectivity changes [35]. VTA
and PBP are part of the mesocorticolimbic reward and motivation
system, which involves the A10 group of dopaminergic neurons
situated laterally to the A9 group of dopaminergic neurons stem-
ming from SNc [36]. Neurons passing through VTA have been
shown to be connected to structures that are also connected to
SNc, and albeit at a slower rate, degenerate in PD similarly to SNc
dopaminergic neurons [37]. Due to its close location from SN,
diffusion tracts that are shown to pass through VTA, PBP with
SNc may show increased FA due to elevated levels of oxidative
stress and neuroinflammation from dopamine degradation [38-
40]. Another potential explanation for the FA increase in VTA,
PBP connectivity is enhanced activation of bidirectional neurons
from the striatum to the VTA due to a disrupted regulatory system
reliant on dopamine signaling [41].

RD, which measures the diftusivity perpendicular to the tract,
has been historically used for detecting demyelination and inflam-
mation. An increase in RD has been correlated with demyelin-
ated axons, as well as increased motor and memory dysfunctions
[42, 43]. However, our results using the PPMI dataset showed
significantly decreased PD RD in tracts passing through the PBP,
SN, SN¢, Putamen, and GPe (putamen, SNr, p=0.041; putamen,
PBP, p=0.034; GPe, PBP, p=0.040; SN, PBP, p=0.034). Similar to
our seemingly conflicting results regarding FA increases in PD
diffusion tracts, the decrease in RD can be attributed to neural
compensatory mechanisms observed in PD patients at the early
stages of diagnosis. A study comparing diffusion measures of dif-

fusion tracts in PD patients with early and progressive stages of
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PD showed that the lower RD observed in early PD patient white
matter tracts became more comparable to that of HC white matter
tracts at later stages of the disease [44]. The study suggests that the
initial decreases of RD in PD were from compensations from do-
paminergic deficiency which slowly phases out due to worsened
symptoms and expended neural resources as the disease progress-
es, resulting in increased RD of white matter tracts [44].

There are various limitations of the methods used in the study
that could have significantly affected the results. First, the PPMI
data used in this study were acquired from 11 different sites, with
their locations blinded for subject confidentiality, and potentially
with different MRI vendors. While quality check from PPMI and
preprocessing steps for diffusion images were done to correct for
possible inhomogeneities that can arise due to different scanners,
it is possible that our results were significantly affected regardless.
Second, the normalization and coregistration methods used for
atlas-based segmentations in the Lead-DBS pipeline while utilizes
algorithms shown to have high dice-coefficient when segmenting
the STN and GPi, may have minor inaccuracies in segmenting
other regions of the basal ganglia. While all segmentations through
this method were checked visually, it is possible that certain re-
gions had minor inaccuracies, which could significantly affect DTI
metrics due to the small size of the segmentations. Third, certain
regions, such as VTA, PBP, and the inner boundaries of the two
SN substructures, SNc and SNr do not express boundaries in T1w
and diffusion weighted images. As such, visual inspection of such
structures are limited to their general location given by the CIT168
atlas.

In this study, we were able to utilize the Lead-DBS segmentation
pipeline and DSI studio diffusion tractography pipeline to com-
pare diffusion measures of basal ganglia structures and the tracts
that pass through the structures. We were able to find significant
FA differences in the putamen, then find significant FA differences
in tracts covering basal ganglia structures involved in PD, such as
VTA, PBP, SN¢, SNr, and STN. Our findings showed that similar
to other studies on PD patients at earlier stages of the disease,
the tracts passing through basal ganglia had significant diffusion
measure differences that were contradictory to studies with PD at
more advanced stages of the disease, likely due to compensatory
mechanisms that slowly get weaker as the disease progresses. Fu-
ture longitudinal studies on PD patients will be necessary to verify
whether the pattern of diffusion measure changes in diffusion
tracts as the disease progresses also occur in VTA and PBP diffu-

sion tracts.
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