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Abstract.

Background: Diffusion kurtosis imaging provides in vivo measurement of microstructural tissue characteristics and could
help guide management of Parkinson’s disease.

Objective: To investigate longitudinal diffusion kurtosis imaging changes on magnetic resonance imaging in the deep grey
nuclei in people with early Parkinson’s disease over two years, and whether they correlate with disease progression.
Methods: We conducted a longitudinal case-control study of early Parkinson’s disease. 262 people (Parkinson’s disease:
n=185,aged 67.5 £9.1 years; 43% female; healthy controls: n="77, aged 66.6 £ 8.1 years; 53% female) underwent diffusion
kurtosis imaging and clinical assessment at baseline and two-year timepoints. We automatically segmented five nuclei,
comparing the mean kurtosis and other diffusion kurtosis imaging indices between groups and over time using repeated-
measures analysis of variance, and Pearson correlation with the two-year change in Movement Disorder Society Unified
Parkinson’s Disease Rating Scale Part III.

Results: At baseline, mean kurtosis was higher in Parkinson’s disease than controls in the substantia nigra, putamen, thalamus
and globus pallidus when adjusting for age, sex, and levodopa equivalent daily dose (p <0.027). These differences grew over
two years, with mean kurtosis increasing for the Parkinson’s disease group while remaining stable for the control group; evident
in significant “group x time” interaction effects for the putamen, thalamus and globus pallidus (n; =0.08-0.11, p<0.015).
However, we did not detect significant correlations between increasing mean kurtosis and declining motor function in the
Parkinson’s disease group.

Conclusion: Diffusion kurtosis imaging of specific grey matter structures shows abnormal microstructure in PD at baseline
and abnormal progression in PD over two years.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenera-
tive disease characterized by resting tremor and
hypokinetic symptoms, and the primary pathologi-
cal correlate is neuronal loss in the substantia nigra
(SN). The proposed histopathological staging of PD
is supported by Lewy pathology in striatal neu-
rons resulting from intracytoplasmic aggregation of
alpha-synuclein [1]. SN and Lewy pathology leads to
microstructural disruption and complex remodeling
of grey matter nuclei of the basal ganglia and thalamo-
cortical circuits downstream and, later, involvement
of cortical regions [2-4]. These nuclei primarily
include the thalamus, caudate, putamen, and globus
pallidus. As such, these are now the main targets
for neuromodulatory PD therapy. However, there is
a paucity of evidence on the longitudinal microstruc-
tural dynamics in these nuclei, especially in the early
stages of PD.

One experimental MRI technique, diffusion kurto-
sis imaging (DKI), provides in vivo measurement of
the restricted motion of endogenous water molecules,
allowing quantification of microstructural tissue
characteristics. DKI improves upon conventional dif-
fusion tensor imaging (DTI) because it accounts for
restricted diffusion of water molecules by cell mem-
branes and organelles [5], instead of assuming that
it is Gaussian. For example, mean kurtosis (MK) is
the average magnitude of water molecular displace-
ment by diffusion, and thus reflects tissue density
and the extracellular fluid compartment. DKI has
already shown promise for characterization of tissue
microstructure in neurological disease [6—9], but has
not yet been used to support longitudinal tracking of
disease progression in PD.

In PD, pathological processes reduce the morpho-
logical integrity of the cellular environment [10],
changing the diffusion kurtosis characteristics of the
tissue [8]. Early studies investigating DKI in PD have
overall been inconclusive but were limited by mod-
est sample sizes and non-ideal imaging parameters
[11-16]. Such studies have not reported on axial or
radial kurtosis, involved mid-study scanner software
changes and used manual drawing of regions of inter-
est (ROIs). There has been one longitudinal study
of DKI in PD, but none in early (<1 year duration)
PD. The one longitudinal study of DKI in PD found
only a decrease in putaminal FA over two years in
PD (5.5 years’ duration) compared to controls [16].
A cross-sectional study of DKI at different stages of
PD progression found that mid/late-stage PD patients

had lower kurtosis in the globus pallidus and thalamus
versus early-stage PD patients [17].

We conducted a large case-control longitudinal
study of early PD, hypothesizing that DKI charac-
teristics of key brain nuclei would be altered between
baseline and two-year timepoints in PD patients com-
pared to controls. Secondly, we hypothesized that the
DKI measures would correlate with the decline in
motor function. Specifically, we expect MK to be
increased in PD and to further increase with disease
progression and severity.

METHODS
Participants

We recruited people with early PD and age-
matched healthy controls for the Parkinson’s Disease
Longitudinal Singapore (PALS) prospective cohort
study between 2014 and 2020 [18-22]. We recruited
people with PD within one year of diagnosis and
within two years of the first motor symptom onset
from two tertiary hospitals in Singapore. PD patients
were diagnosed according to the National Institute
of Neurological Disorders and Stroke (NINDS) diag-
nostic criteria [23]. Participants were excluded if they
later changed to a non-PD diagnosis (all patients had
at least 2 years’ follow-up), met the diagnostic cri-
teria for dementia, were illiterate, had a history of
stroke, active malignancy, end-organ failure or major
orthopedic abnormalities, had other neurological and
psychiatric conditions, not have complete MRI and
clinical data, or had excessive head motion or atro-
phy such that it precluded analysis. Healthy controls
were recruited from the community and were free
of significant neurological, psychiatric, or systemic
disease. Both groups underwent the same MRI and
detailed clinical assessment at baseline and 2-year
time points.

Standard protocol approvals, registrations, and
patient consents

All participants gave written, informed consent and
the study was approved by the Singapore Health Ser-
vices Centralised Institutional Review Board.

Data acquisition
We acquired MRI data on a 3T Siemens

Skyra MRI scanner (Siemens, Erlangen, Ger-
many) equipped with a 32-channel head coil and
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Fig. 1. Stages of image processing. Beginning with the raw T1 image, diffusion data and atlases, our processing pipeline included automatic
brain segmentation using FreeSurfer, substantia nigra mask from the CITI atlas, and the preprocessing of the diffusion data using MRTrix3,
before co-registration of the three to extract diffusion kurtosis imaging values for key regions of interest. Images of T1-weighted and diffusion

data were taken from an example participant.

the Syngo MR D13 software version, located
at Singapore General Hospital between Septem-
ber 2014 and 2021. The MRI scan included
a DKI sequence with the following parame-
ters: TE=102ms, TR=10.118 s, FA =90°, in-plane
voxel size=1.8 x 1.8 mm, slice thickness =2.5 mm,
matrix=112 x 112, 55 contiguous slices, anterior-
posterior phase encoding, 60 diffusion-weighted vol-
umes (30 at b= 1000 mm/s2 and 30 at 2000 mm/s?)
evenly distributed on the unit sphere and 3 vol-
umes with b=0mm/s2. It also included a sagittal
T1-weighted MPRAGE sequence with the following
parameters: TE=0.002s, TR=1.9s, FA=9°, in-
plane voxel size=1 x 1 mm, slice thickness =1 mm,
matrix =256 x 256, 256 contiguous slices. No
changes to the scanner software or hardware were
made during the course of the study.

Clinical assessments included the Movement Dis-
order Society Unified Parkinson’s Disease Rating
Scale Part III (MDS-UPDRS-III; [24]), Hoehn &
Yahr stage [25] and Montreal Cognitive Assessment
(MoCA) [26], and were obtained by a neurologist
during the same visit as the MRI. Patients’ Levodopa
equivalent daily dose (LEDD) was recorded. All data
were gathered during the “on” medication state.

Image analysis

Figure 1 shows the image analysis pipeline and
example ROI segmentations. We pre-processed dif-
fusion data using MRTrix3 with the following steps:
denoising, correction of Gibbs’ ringing artefacts,
motion and eddy current correction (using FSL eddy
[27]), and bias field correction (using ANTS [28]).
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DKI parameters were then calculated using Diffu-
sion Kurtosis Estimator [29] (DKE) to produce maps
of the following eight metrics: axial, radial and mean
diffusivity (AD, RD, MD), fractional anisotropy
(FA), axial radial and mean kurtosis (AK, RK, MK),
and fractional anisotropy of kurtosis (KFA). DKE
uses a linearly-constrained linear least-squares model
to estimate tensors. We treated MK as the “primary”
imaging outcome and the other measures as “sec-
ondary”.

We included five deep grey nuclear ROIs: the
thalamus, caudate, globus pallidus, putamen, and
substantia nigra (SN). We also gathered data from
all cerebral white matter (WM) voxels as a con-
trol region. These regions were chosen to reflect a
range of levels of involvement in motor function.
These were extracted from the T1-weighted image
using FreeSurfer (version 6) [30] segmentation for
both hemispheres. For the SN, we non-linearly reg-
istered the CIT168 atlas [31] to each participant’s
T1-weighted image and then linearly to their DTT data
in two steps using FSL FLIRT boundary-based regis-
tration and FNIRT [32]. Masks were thresholded and
eroded by 1 voxel to reduce partial voluming effects.
We visually inspected the masks in diffusion space
to ensure correct positioning and confirmed that all
masks met a minimum threshold number of voxels
(>10) to be valid. To improve signal-to-noise ratio,
we measured and averaged all voxels in both left and
right hemispheres for each nucleus.

Statistics

We first tested all variables for extreme outliers
(defined as the Ist or third quartile £ 3 x inter-
quartile range) and normal distribution by visual
inspection of histograms and Kolmogorov-Smirnov
test. Our analysis focused on MK as the primary
imaging outcome, as a summary measure of diffu-
sional kurtosis and the best comparator to previous
studies.

For the baseline comparison of PD and controls on
MK, the primary imaging measure was the mean MK
in each of the ROIs, which we compared between PD
and control groups using linear regression. For each
test, we used the mean MK in the ROI as the indepen-
dent variable and entered a dummy group variable,
age, sex and LEDD as the dependent variables. Last,
we checked the normality of the residuals using visual
inspection of P-P plots. We also used the same linear
regression approach for all secondary DKI metrics
(AD, RD, MD, FA, AK, RK) and represented the

results in radial plots. Because these imaging mea-
sures were interdependent, we controlled the false
discovery rate (FDR) using the Benjamini-Hochberg
procedure. In this case, the number of comparisons
was equal to the number of test ROIs multiplied by
the number of DKI metrics (5 x 8 =40).

To test the longitudinal change in MK and how it
differs between PD and controls, we used repeated
measures ANOVA with time as the within-subject
factor, group as the between-subjects factor and the
following variables as covariates: age, sex, LEDD,
and the follow-up interval in days. Using the same
procedure, we also tested the other DKI metrics as
secondary tests and applied the same multiple com-
parison correction procedure.

To test for linear relationships between the 2-year
change in MK and 2-year change in disease severity,
we used Pearson correlation with the regional MK
and the MDS-UPDRS-III for each ROL

Data availability statement

Anonymized data will be shared upon reasonable
request from qualified investigators.

RESULTS

Sample characteristics

From a total of 209 PD and 97 controls recruited,
we finally included data from 185 PD and 77 con-
trols after filtering (Table 1). Overall, our PD sample
was representative of early stage PD with minimal
cognitive impairment: the time since diagnosis was
approximately 3 months and MoCA scores were con-
sidered mildly impaired (25.3 4 3.0; threshold for
“normal” cognition: 26). The combined sample was
closely compliant to the two-year follow-up and was
well matched between PD and controls on key demo-
graphic variables, with no significant differences in
age between patients and controls at either timepoint.

Baseline abnormalities in mean kurtosis of key
grey matter nuclei

When controlling for age, sex, and LEDD, MK was
significantly higher in the early PD group compared
to controls in all of the included grey matter nuclei
except the caudate nucleus and was not different in
the WM control region. These were the SN, globus
pallidus, putamen, and thalamus (all p < 0.05; Supple-
mentary Table 1). All residuals were approximately
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Table 1

Demographic and clinical data for PD and control groups at baseline. Values shown as mean (standard deviation). Group and time differences
tested by ANOVA or Chi-square test

Group Parkinson’s disease Healthy controls

n=185 n=77
Timepoint Baseline Year 2 Baseline Year 2 Group effect,p  Time effect in

PD group, p

Age at MRI scan, years 67.5(9.1) 66.6 (8.1) 0.450
Sex, M:F 106:79 36:41 0.119
Disease duration (days)? 135.5 (100.8)
Age at first symptoms onset, years 61.9(9.2)
LEDD, mg/day 225.3 (123.7)  242.5(137.7) 0.600
Follow-up interval, years 2.01 (0.21) 2.12 (0.41) 0.165
MDS-UPDRS-III 20.8 (9.8) 25.2(10.1) 1.3 (1.3) 3.74.2) <0.001 0.040
Hoehn & Yahr stage 1.77 (0.44) 1.98 (0.40) 0.121
MoCA score 25.3 (3.0) 24.7 (3.9) 26.5(0.7) 27.0 (2.8) 0.327 0.603

MDS-UPDRS-III, Movement Disorder Society Unified Parkinson’s Disease Rating Scale Part III; MoCA, Montreal Cognitive Assessment;
LEDD, Levodopa equivalent daily dose. *Disease duration is defined as the time between symptom onset and clinical assessment/MRI

acquisition.

Mean Kurtosis at Baseline

M Parkinson's Disease
W Healthy Controls

*

Mean Kurtosis

Fig. 2. Mean kurtosis in each region of interest compared between
groups. Bar chart showing the result of the group comparison for
baseline mean kurtosis. Error bars show 2 standard deviations. An
asterisk is shown for regions with significant group difference in
a linear regression model controlling for age, sex, and levodopa-
equivalent dose.

normally distributed. Figure 2 shows the group dif-
ferences in the MK data.

Table 2

Baseline abnormalities in secondary kurtosis
measures of key grey matter nuclei

When inspecting the differences between groups
for the other (secondary) DTT and DKI metrics in each
ROI, we found a general pattern of increased diffu-
sivity (MD, AD, and RD), increased kurtosis (MK,
AK, and RK), decreased KFA and minimal/no dif-
ferences in FA in the PD group compared to controls
(Table 2).

However, these differences varied across ROIs, as
shown in Supplementary Figure 1, in which the value
for each measure is scaled across the ROIs. The differ-
ential shape of the radial plots highlights the variation
in microstructural complexity across ROIs and shows
that the interpretation of changes in each region will
be different and depend on the full range of available
metrics.

For example, while the thalamus and SN both
exhibited higher MK in the PD group to similar
extents, the shape of their microstructural profile is

Baseline group differences. Results of the baseline group comparison between Parkinson’s disease and healthy controls controlling for age,

sex, LEDD and years of education. Each cell shows the p-value for the group difference

Diffusion tensor metrics

Diffusion kurtosis metrics

Axial Radial Mean Fractional Axial Radial Mean Fractional

anisotropy anisotropy
Substantia nigra 0.002** 0.109 0.041* 0.099 0.720 0.021* 0.027* 0.004*
Caudate 0.010* 0.033* 0.009* 0.601 0.142 0.519 0.061 0.103
Putamen 0.025* 0.034* 0.029* 0.095 0.010* 0.018* 0.010** 0.111
Thalamus 0.299 0.009* 0.021* 0.938 0.045* 0.020* <0.001** 0.435
Globus Pallidus 0.404 0.580 0.774 0.739 0.030* 0.055 0.022* 0.582
White Matter <0.001** 0.544 0.094 0.802 0.713 0.821 0.548 0.011*

*Significant at o =0.05; **Significant at « =0.01.
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Fig. 3. Plots of the estimated marginal means from repeated-measures ANOVA of mean kurtosis. Results of the repeated measures ANOVA.

2, Gy

Significant effects for “time”: “}”. Significant effects for “group”: “I

use the same y-axis, consistent with that used in Fig. 2.

quite different as a result of (a) differences in absolute
value of the measures between ROIs, and (b) variation
in which measures are different between the groups.

In all ROIs, the AD/RD/MD trio and, likewise,
the AK/RK/MK trio, tended to increase or decrease
in unison, thus having little impact on the FA mea-
sures. The SN and WM had relatively high kurtosis
compared to basal ganglia ROIs.

Longitudinal change in mean kurtosis of grey
matter nuclei between groups

When looking at the change in MK over 2 years
for the groups individually, we found that several of
the nuclei had significantly increased MK in the PD
group, but not in the control group. This PD group
MK increase between baseline and follow-up was
significant for the putamen, globus pallidus (GP), and
thalamus. The control group, on the other hand, did
not show significant changes over time in MK of any
region, nor was there any longitudinal change in MK
of the cerebral WM control region for either group.

. Significant effects for “group x time”: “§” (all p < 0.05). All subfigures

Figure 3 indicates significant effects for “time” with
a“t”.

When looking at significant effects for group dif-
ferences at individual timepoints, the baseline results
were concordant with our above findings in the
“Baseline abnormalities” section (SN, putamen, GP,
and thalamus). At follow-up, the same group differ-
ences either persisted (SN) or grew (putamen, GP
and thalamus, caudate) in the same regions. Figure 3
indicates significant effects for “group” with a “1”.

When we looked at the interaction of “group” and
“time”, we found significant effects for the putamen,
GP, and thalamus (nf, =0.08-0.11, p<0.015; Supple-
mentary Table 2). On inspection of the profile plots
(Fig. 3), this was likely due to the combination of a
lack of change in MK over time in the control group
and an increase of MK over time in the PD group
for those regions. There were no instances where
MK in the PD group returned closer to that of the
control group (normalization). These results indicate
that the change in MK over time differed between PD
and control groups (that the groups always diverged).
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Figure 3 indicates interaction significant effects for
“group x time” with a “§”.

Longitudinal change in secondary kurtosis
measures of grey matter nuclei between groups

We then investigated longitudinal changes in the
secondary DTI and DKI measures using the same
approach. We found significant “group x time” inter-
action effects for the SN, putamen, thalamus, and
GP (Supplementary Table 3). In each region, the PD
group had an increase in either RD, MD, or AK while
the control group had stable or decreasing AD, RD,
MD, or AK. The SN, putamen, GP, and thalamus had
significant interaction effects for AK. The putamen
had a significant interaction effect for RD. However,
none of the results for secondary imaging measures
were significant when controlling for multiple com-
parisons. There were no significant interaction effects
for AD, MD, FA, KFA, or RK, or in the caudate or
WM. These findings show that the above interaction
effects for MK in the putamen, GP, and thalamus may
have been driven primarily by changes in the axial
diffusion/kurtosis components (rather than the radial
components).

Correlations of change in mean kurtosis and
change in PD motor or cognitive symptoms

We did not detect any significant correlations
between the 2-year change in regional MK and two-
year change in MDS-UPDRS-III (Supplementary
Table 4), although this test may be flawed due to
a large number of participants with no change in
MDS-UPDRS-III and the small discrete range of
MDS-UPDRS-III data. We also found that decline
in cognitive (MoCA) performances was also not sig-
nificantly correlated with change in MK in any ROL.
There was however a marginal effect in the putamen,
suggesting association of declining MoCA scores
with increasing MK (p =0.064). When investigating
baseline imaging predictors of PD clinical worsening,
we found that the two-year change in MDS-UPDRS-
IIT was not correlated with baseline MK in any
region.

DISCUSSION

We present a longitudinal study of DKI in early
PD, in a large sample (n=262) including analysis of
arange of DTTand DKI indices. We found clear diver-
gence between PD and controls for MK of the GP and

putamen, even in early-stage PD patients, and over the
relatively short time period of the study (two years).
Our results show early evidence for the added value of
the parallel and transversal diffusion/kurtosis compo-
nents to the differentiation of early PD from controls.
These results signify a possible future role for DKI in
tracking progression of brain microstructural change
and monitoring the effects of interventions on brain
microstructure.

Our results confirmed our first hypothesis that DKI
characteristics of key nuclei would be altered between
baseline and two-year timepoints in PD patients com-
pared to controls, even in the earliest disease stages
after diagnosis. First, our baseline measurements
showed increased MK in all regions in the PD group
compared to controls, which are known to be closely
associated with motor dysfunction in PD. We then
further investigated baseline changes in the secondary
DTI/DKI indices, which showed a wide variation in
profile (Fig. 2). This variation implies the need for
a nuanced approach when interpreting MK changes.
For example, our data show that the largest differ-
ences from controls are not always found in FA, MD,
or MK, and that, importantly, the best differentiators
vary across nuclei. While MK reflects heterogene-
ity of the diffusion environment, the parallel and
transversal kurtosis components reflect heterogene-
ity either specifically along or across the principal
axis of diffusion [5]. Previous cross-sectional studies
using conventional DTI show higher MD and lower
FA in basal ganglia in PD, which our baseline data
agree with [33-35].

We then found divergence of the two groups for
MK in the same regions (putamen, GP, and thalamus)
over the 2-year interval, as shown by significant inter-
action effects for group x time. These regions are
involved in PD pathology [36] and form part of a gen-
eralized “tremor network™ [37]. Progressive increases
in diffusion heterogeneity could reflect remodeling
downstream of dopaminergic neuronal degeneration
in the SN, or direct degeneration of the SN’s exten-
sive arborization in the striatum and basal ganglia.
Our longitudinal analysis of secondary DKI mea-
sures may inform the driving forces behind these MK
changes: our data showed that all regions with MK
changes also had MD changes, and that the axial com-
ponent was more likely the cause of the MK changes
than the radial component. One previous longitudinal
study, albeit in more advanced PD (5.5 years dura-
tion), found putaminal changes in FA, which we did
not observe [16], so this may be present only with
longer disease duration.
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Previous studies using conventional DTI in PD
have demonstrated changes over shorter timeframes
[35, 38] (13 and 19 months). One [38] found only
changes (increased MD and reduced FA) in the SN
in PD using manual ROI drawing and also with-
out correlation to clinical scores in a smaller sample
(n=18 with PD). Another [35] showed longitudinal
changes in the SN, midbrain, and thalamus in PD
(increased diffusivity and reduced FA) based on auto-
mated ROIs in 120 PD patients. The added value of
our study is clear in the increased sample size, ear-
lier disease stage, more advanced imaging, automatic
analysis approach and additional, detailed findings,
over a 24-month timeframe.

In the SN itself, we did not detect a significant
change over time, although MK in the SN is more
difficult to accurately measure because of its small
size, irregular shape, and susceptibility to imaging
artefacts from iron deposition and geometric distor-
tion [39]. These can lead to partial volume effects,
imprecise segmentation, and reduced signal-to-noise
ratio. The cerebral WM also did not show significant
group or time differences in MK, which supports the
specificity of our positive results for PD, since WM
changes are only typically associated with later-stage
PD pathology [40].

Our secondary hypothesis, that the DKI measures
would correlate with the decline in motor function,
was not confirmed. One possibility is that this test
lacked the capability to detect such a relationship
since the patients have been medically treated, which
affected the MDS-UPDRS-III scores of patients mea-
sured during the “on” state in our study. Secondly,
due to the early disease stage of our cohort and rel-
atively short (2-year) interval, the decline in motor
function during the study was also limited. We also
did not detect significant correlations with declin-
ing cognitive performance, although we did find a
marginal (non-significant) effect between increasing
MK and declining MoCA performance in the puta-
men. The putamen is typically more associated with
motor function than cognitive function, although pre-
vious studies have shown relationships between iron
deposition and MoCA in the putamen [41].

Strengths

Our study has the following strengths. First, we
did not allow any scanner upgrades to take place
during the course of the study, eliminating a poten-
tial confound. We took care to closely match our
control group. Our imaging sequence was optimized

to prioritize image quality while retaining a voxel
size that would permit accurate measurements of
small nuclei with reasonable signal-to-noise ratio.
Further strengths are the sample size, longitudinal
study design and early disease stage.

DKI itself has advantages in comparison to con-
ventional DTT; for example, DKI has an additional
shell with higher b-value (b=2000) that is more
sensitive to certain pathologies by emphasizing the
effect of restricted diffusion, while having no major
time penalty. Furthermore, compared to neurite ori-
entation dispersion and density imaging (NODDI),
DKI is more accessible and is computationally more
straightforward, as well as being model-free (not lim-
ited to WM in its interpretation).

Limitations

A limitation of our study is that it is spatially
constrained to the selected regions. A spatially unbi-
ased data-driven study design might identify relevant
changes in new regions that were not investigated
here. Secondly, the biological meaning of altered DKI
values is not fully understood and, while thought to
reflect tissue heterogeneity, further studies are needed
to better understand what various types of DKI alter-
ations mean in the context of neurodegeneration. All
our data were gathered during the “on” medication
state, which may mask some clinical severity. Our
DKI acquisition included only 30 directions per shell,
which is considered a minimum for reasonable DTI
and DKI measurements and may explain some of
the variance in these measures. Free-water imaging
is a second promising technique for imaging brain
microstructure in PD and should be investigated in a
similar manner [42].

Conclusion

In a longitudinal study, we demonstrated that DKI
can detect increased MK in the putamen, GP, cau-
date, and thalamus in early PD, and that this effect
increases over 2 years. This supports the notion that
there is a progressive alteration of brain microstruc-
ture in these specific regions which is (a) not observed
in other basal ganglia regions, (b) specific to early PD
and not controls, and (c) is measurable using DKI
and automatic segmentation techniques. While fur-
ther technical improvements are needed, this could
indicate a future role for DKI in tracking the progres-
sion of brain microstructural change, e.g., in response
to treatment. However, a relationship between longi-
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tudinal change in microstructure and clinical severity
was not strongly supported.
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