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A B S T R A C T

Introduction: When using free-water diffusion imaging or positron emission tomography (PET), it is established
that substania nigra microstructure and presynaptic dopamine activity are impaired in early PD. It is not well
understood if these two forms of degeneration are redundant, or if they each provide a unique contribution to the
clinical motor and cognitive symptoms.
Methods: A total of 129 PD and 75 control individuals underwent motor and cognitive evaluations, and in vivo
[11C]dihydrotetrabenazine (DTBZ) monoaminergic brain PET imaging and diffusion imaging. Correlations be-
tween free-water in the substantia nigra and striatal PET measures were analyzed. Unbiased multiple regression
using a backward elimination method was performed between clinical severity and all imaging measures.
Results: Inverse correlations were found between free-water in posterior substantia nigra and DTBZ binding in
putamen and caudate. Multiple regression revealed that increased free-water in the posterior substantia nigra,
decreased DTBZ binding in putamen, and age were predictors of higher Hoehn and Yahr stage, MDS-UPDRS III
scores, and posture and gait sub-scores. Increased posterior substantia nigra free-water alone was associated
tremor scores. Free-water in caudate and putamen did not predict measures of motor performance. Decreased
DTBZ binding in caudate, increased free-water in caudate and posterior substantia nigra were associated with
higher dementia ratings.
Conclusions: These findings suggest that free-water in the posterior substantia nigra and presynaptic dopamine
imaging in striatum are uniquely associated with the clinical symptoms of PD, indicating that each imaging
modality may be measuring a unique mechanism relevant to nigrostriatal degeneration.

1. Introduction

Parkinson's disease (PD) is the second most common age related
neurodegenerative disease and its prevalence increases markedly with
aging [1]. PD is characterized by progressive degeneration of the do-
paminergic neurons in the substantia nigra pars compacta (SNpc), ty-
pically observed in the ventrolateral tier [2]. The shortage of dopami-
nergic input to striatum along the nigrostriatal pathway is responsible

for most of the classical motor manifestations in PD [2]. It is not well
established if the neuroimaging modalities that measure the SN and
striatum reflect redundant or unique mechanisms when related to
clinical severity. If they are unique predictors then it would seem im-
portant that assaying the SN and striatum may benefit in tracking
progression, and evaluating treatment interventions of PD.

Diffusion magnetic resonance imaging (dMRI) maps the diffusion
properties of water and brings promise for identifying progression
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markers of the degeneration within the SN in PD [3]. Recently, a novel
dMRI analysis technique using a bi-tensor model was developed to es-
timate the fractional volume of free-water within a voxel [4], which is
expected to increase in neurodegenerative diseases [5]. Previous studies
have found that free-water was elevated in the posterior SN (pSN) for
PD when compared with healthy controls in single- and multi-site co-
horts [6]. Furthermore, longitudinal studies across multiple sites and
scanners revealed that free-water in pSN increased over a one year
period of time in PD but not in controls, and free-water in pSN con-
tinued to increase over four years in PD, and these patterns were evi-
dent across sites [3,7].

Since free-water provides an indirect measure of dopaminergic de-
generation within the SN, we hypothesize the changes in nigral free-
water relate to disease-related changes in the striatal dopaminergic
nerve terminal density. Previous studies reported mixed results be-
tween nigral dMRI measures (focusing on fractional anisotropy, FA)
and integrity of nigrostriatal dopaminergic nerve terminals evaluated
with molecular imaging [8–10]. However, the reliability and utility of
nigral FA as a biomarker of PD was questioned in recent meta-analyses
[11,12]. In addition, the radiotracers applied in previous studies in-
clude dopamine transporter ligands with single photon emission com-
puted tomography (SPECT) [9,10] and fluorodopa with positron
emission tomography (PET) [8]. These methods may be affected by
compensatory responses and dopaminergic treatments [13,14]. Fur-
thermore, fluorodopa uptake reflects not only the decarboxylation of
fluorodopa to fluorodopamine, but also the egress of trapped fluor-
odopamine from synaptic vesicles, and this can be used to estimate
dopamine turnover, which increases with disease severity [15]. The
various methodologies may explain the different results. Another ap-
proach to determining the integrity of presynaptic dopaminergic
terminal is to study vesicular monoamine transporter type 2 (VMAT2)
binding, which correlates with striatal dopamine and fiber density, and
as some studies suggest, it may be less susceptible to regulation by
dopaminergic treatment [16]. To our knowledge, no study has explored
the relation between striatal VMAT2 binding and nigral free-water
imaging in PD.

In the current study, we assessed the relation of nigral free-water to
striatal VMAT2 binding, and the association of these measures across
the basal ganglia with motor symptoms and cognition function in PD.
We hypothesized that nigral free-water correlates inversely with striatal
VMAT2 binding, and that combination of these two imaging markers
across the basal ganglia improves the prediction of motor and cognitive
performance in PD. We expect that both measures are predictors be-
cause they represent different mechanisms in the nigrostriatal pathway,
and because it has been suggested that the loss of melanized nigral
neurons lags the loss of dopamine markers [17].

2. Methods

2.1. Participants

Participants in this cross-sectional study included 129 subjects with
PD and 75 control subjects (Table 1). Subjects were recruited and tested
at a single site, from October 2008 to June 2015. All PD subjects were
assessed by board-certified neurologists who were experienced in
movement disorders and fulfilled the UK Brain Bank Criteria for idio-
pathic PD [18]. The patients also underwent brain imaging to exclude
atypical parkinsonian syndrome or vascular parkinsonism. Drug-in-
duced parkinsonism was excluded based on the clinical history. None of
the control subjects reported a history of neuropsychiatric or neurolo-
gical diseases. Written informed consent was obtained from all subjects
and approved by the local Institutional Review Board.

2.2. Clinical assessment

Patients were assessed with the motor section of the Movement

Disorder Society Unified Parkinson's Disease Rating Scale (MDS-UPDRS
III) in the off state, Hoehn and Yahr (H&Y) staging in the off state,
Dementia Rating Scale (DRS) in the on state. MDS-UPDRS items for
tremor dominant, bradykinesia, and posture and gait designations were
rated to calculate tremor scores (sum of items 2.10, 3.15–18), brady-
kinesia scores (sum of items 3.2, 3.4–9, 3.14), and posture and gait
scores (sum of items 2.12–13, 3.10–12) [19]. Daily dopaminergic
medications were standardized into a levodopa equivalent daily dose
(LEDD).

2.3. [11C]DTBZ PET acquisition and preprocessing

All subjects underwent brain [11C]DTBZ VMAT2 PET imaging.
Subjects receiving dopaminergic medication were imaged with [11C]
DTBZ PET in the morning after dopaminergic medication had been
withheld overnight. The radiosynthesis procedure, radiochemical
purity, and scanning methods have been described in detail previously
[20]. All PET imaging frames were spatially coregistered within sub-
jects with a rigid body transformation to reduce the effects of subject
motion during the imaging session. These motion corrected PET frames
were spatially coregistered to the T1-weighted MRI scan using SPM8
software (Welcome Trust Center for Neuroimaging, London, UK). In-
teractive Data Language image analysis software (Research Systems,
Inc., Boulder, CO) was used to manually trace regions of interest (ROIs)
on the MRI scans to include the striatum of each hemisphere and
neocortex. The striatal ROIs were defined bilaterally on the caudate
nucleus and the putamen as previously described [20]. Neocortical ROI
definition used semi-automated thresholding delineating the neocor-
tical gray matter signal on the MRI images.

For each ROI, [11C]DTBZ distribution volume ratios (DVR), a
measure of binding, was obtained using the Logan plot graphical ana-
lysis method with time activity curves for each ROI as the input func-
tion and the total neocortex ROI as the reference tissue (a reference
region overall low in VMAT2 binding sites). The mean DVRs for pu-
tamen and caudate were derived by averaging the corresponding bi-
lateral regions, respectively.

2.4. Diffusion MRI acquisition and preprocessing

Diffusion MRI images were collected on a 3T Philips scanner, using

Table 1
Demographic and Clinical data.

Clinical variables PD Controls p

Sample size 129 75 –
Sex, Females/Males 33/96 42/33 <0.001a

Age, years 65.38(7.84) 65.97(11.55) 0.277
Age of onset, years 59.35(8.58) – –
Disease duration, years 6.03(4.21) – –
Education, years 15.31(2.84) 15.99(2.32) 0.154
Total LEDD 699.35(541.17) – –
H&Y 2.44(0.59) – –
MDS-UPDRS III 32.60(14.27) – –
MDS-UPDRS Tremor 6.89(5.19) – –
MDS-UPDRS posture and gait 3.32(3.19) – –
MDS-UPDRS Bradykinesia 16.81(8.45) – –
DRS total score 139.41(4.63) 140.92(2.99) 0.042a

Attention 36.28(1.33) 36.57(0.72) 0.181
Initiation/Perseveration 36.12(2.05) 36.41(1.43) 0.206
Construction 5.98(0.12) 6.00(0.00) 0.280
Conceptualization 37.26(1.78) 37.68(1.21) 0.252
Memory 23.77(1.89) 24.25(1.48) 0.023a

Abbreviations: LEDD= levodopa equivalent daily dose; H&Y = Hoehn and
Yahr stage; MDS-UPDRS III= the motor section of the Movement Disorder
Society Unified Parkinson's Disease Rating Scale; MoCa = Montreal Cognitive
Assessment; DRS=Dementia Rating Scale.

a Statistically significant difference. Data were numbers or mean (SD).

J. Yang et al. Parkinsonism and Related Disorders 62 (2019) 10–15

11



the following parameters: TR: 8044ms, TE: 67ms, flip angle: 90°, re-
solution: 1.75mm isotropic, 15 non-collinear diffusion directions, b-
value of 800 s/mm2 and one with a b-value of 0 s/mm2. FSL (fsl.fmri-
b.ox.ac.uk) was used for preprocessing all diffusion MRI data. The
diffusion data were first corrected for eddy currents, then for head
motion using a 3D affine registration, after which the brain was ex-
tracted. The motion and eddy current corrected volume was then used
as input in two different procedures: (1) DTIFIT to calculate FA maps,
and (2) custom written MATLAB (R2013a, The Mathworks, Natick, MA,
USA) code [4] to calculate free-water and free-water corrected FA maps
(FAT), which was consistent with prior work [4,6]. To obtain a stan-
dardized space representation of the free-water and FAT maps, each
map was registered to its respective template in standard space by a
nonlinear warp using the Advanced Normalization Tools (ANTs) plat-
form. FW and FAT templates were created from the average signal
across a large cohort of aged control subjects available in our labora-
tory.

ROIs of the bilateral anterior SN (aSN), pSN, caudate nucleus, pu-
tamen, and globus pallidus were drawn in MNI space on one template
image blind to all free-water data (Fig. 1A), and the ROIs were used to
extract free-water values from each subject, as previously reported [3].
The procedure was fully automated. The mean free-water and FAT for
each region was calculated bilaterally. To be certain that the MNI space
ROIs were accurately quantifying free-water and FAT, we compared
free-water and FAT obtained in the MNI space with free-water and FAT

obtained using hand drawn regions in patient space in 104 subjects
using a previously published dataset [7,21] from the University of
Florida. Values were compared using intra-class correlation coefficients
(ICC), and the ICC for the aSN, pSN, caudate nucleus, putamen and

globus pallidus were 0.87, 0.92, 0.95, 0.92 and 0.95, respectively.

2.5. Statistical analysis

Differences between groups in terms of demographic and clinical
variables were performed by the Pearson Chi-square test, independent
samples t-test or a Mann-Whitney U test, where appropriate. Imaging
data were compared between groups using analysis of covariance
(ANCOVA) with sex as covariate. Correction via false discovery rate
(FDR) was undertaken, and partial eta squared was reported as a
measure of effect size. Pearson correlations were performed between
striatal DTBZ DVRs and free-water values in aSN and pSN in all subjects
and PD subjects respectively. To explore the relationship between
motor symptoms, H&Y stage and striatal DTBZ DVRs and free-water in
striatum and SN, we performed multiple regression analyses using the
backward elimination method. The dependent variables were H&Y
stage, MDS-UPDSR part III motor score, posture and gait score, tremor
score, bradykinesia score, respectively, while the predictor variables
were putamen DTBZ DVR, caudate DTBZ DVR, free-water in putamen,
free-water in caudate, free-water in aSN, free-water in pSN, age and sex.
Only free-water (and not FAT) was used in the regression analysis to
simply the model, and because FAT has not proven different between
PD and controls when corrected for free-water [21]. Measures including
putamen DTBZ DVR, caudate DTBZ DVR, free-water in putamen, free-
water in caudate, free-water in aSN and free-water in pSN, sex, age and
education years were used also as independent variables in multiple
regression analysis to determine which measures were best associated
with DRS scores in PD subjects. Predictor variables were removed based
on F probability> 0.1. Multicollinearity in the resulting models was

Figure 1. A. Regions of interest for Diffusion MRI. The regions used in this study for diffusion MRI are shown for caudate, putamen, globus pallidus (GP), anterior
substantia nigra (aSN), and posterior substantia nigra (pSN). Each region is shown in MNI space on a B0 image. B. Group comparison of imaging measures between
Parkinson's disease group and controls. Mean values for DTBZ DVR in putamen, DTBZ DVR in caudate, free-water in pSN, free-water in aSN, free-water in putamen,
and free-water in caudate were shown for controls and PD patients. Each bar represented the group mean and errors bars represented ± standard error of the mean.
*Statistically significant between-group differences. C. Multiple regression to associate imaging measures with clinical features in patients with Parkinson's disease.
The predicted versus actual plots for MDS-UPDRS III score is shown. The significant predictors for MDS-UPDRS III score in the regression model were listed on the
right. DTBZ DVR = [11C]dihydrotetrabenazine distribution volume ratio; MDS-UPDRS III= the motor section of the Movement Disorder Society Unified Parkinson's
Disease Rating Scale; DTBZ DVR= [11C]dihydrotetrabenazine distribution volume ratio.
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quantified using the variance inflation factor (VIF). Variables with
VIF> 5 were removed. Statistical significance was at p < 0.05. Ana-
lyses were performed using IBM SPSS Statistics 22 (SPSS, Inc, Chicago,
IL).

3. Results

3.1. Demographic and clinical data

No significant group differences were found in age and education
years. There were more men than women in the PD group compared
with control group. As expected, the PD group had lower DRS scores
compared with controls (Table 1).

3.2. Group differences in DTBZ DVR and free-water

Compared with controls, PD group had reduced DTBZ DVRs in
putamen and caudate, and increased free-water in the pSN (Fig. 1B).
There were no significant group differences in bilateral mean free-water
values in aSN, putamen, caudate and globus pallidus (Table 2 and
Fig. 1B). There were no differences in FAT between PD and control
groups (Table 2).

To estimate head motion during the diffusion imaging collection, we
calculated the mean displacement between volumes in the diffusion
MRI scan for each subject. We conducted a between-group t-test and
found there were no significant differences in mean displacement [t
(202)= 1.631, p=0.104].

3.3. Correlation between free-water and DTBZ DVR

Significant inverse correlations were found between free-water in
the pSN and DTBZ DVR in putamen (r= -0.230, p=0.001), and DTBZ
DVR in caudate (r=−0.295, p < 0.001) across all subjects. The
correlation between free-water in aSN and DTBZ DVR in caudate was
not significant (r=−0.128, p=0.068), and for putamen DTBZ DVR
the correlation was not significant (r=−0.093, p=0.188). When
testing these correlations in PD subjects, only an inverse correlation
between caudate DTBZ DVR and pSN free-water was found
(r=−0.213, p= 0.016).

3.4. Associating clinical scores with DTBZ DVR and free-water using
multiple regressions

Backward stepwise regression analysis produced a significant
model, which associates MDS-UPDRS part III motor score with putamen
DTBZ DVR, free-water in pSN, sex, and age (Table 3). Fig. 1C shows the
actual MDS-UPDRS part III motor scores versus predicted MDS-UPDRS
part III motor scores. The model predicting posture and gait scores was
significant with predictors DTBZ DVR in putamen, free-water in the
pSN and age (Table 3). In a separate model testing imaging measures
and MDS-UPDRS bradykinesia score, the model was significant, with

Table 2
Imaging data.

Imaging parameters PD Controls PFDR corrected Partial eta
squared

DTBZ DVR Putamen 1.768(0.261) 3.545(0.327) < 0.001a 0.890
Caudate 2.071(0.310) 2.697(0.256) < 0.001a 0.474

Free Water pSN 0.182(0.061) 0.162(0.041) 0.040a 0.035
aSN 0.159(0.047) 0.146(0.042) 0.528 0.003
Putamen 0.171(0.079) 0.170(0.075) 0.528 0.002
Caudate 0.252(0.109) 0.258(0.099) 0.528 0.002
Globus
pallidus

0.204(0.111) 0.182(0.075) 0.477 0.008

FAT pSN 0.565(0.043) 0.558(0.037) 0.702 0.002
aSN 0.512(0.046) 0.511(0.039) 0.702 0.001
Putamen 0.209(0.055) 0.190(0.034) 0.268 0.013
Caudate 0.248(0.043) 0.242(0.032) 0.702 0.001
Globus
pallidus

0.333(0.061) 0.313(0.032) 0.268 0.017

Abbreviation: DTBZ DVR= [11C]dihydrotetrabenazine distribution volume
ratio; FAT= free-water corrected fractional anisotropy; pSN=posterior sub-
stantia nigra; aSN= anterior substantia nigra.

a Statistically significant difference. Data were presented as mean (SD).

Table 3
Results of backward stepwise linear regression analyses for predictors in H&Y stage, MDS-UPDRS posture and gait score, MDS-UPDRS bradykinesia score, MDS-
UPDRS tremor score and DRS score in PD subjects.

Dependent Variable Radj
2 F p Maximum VIF Predictors selected by the model standard. beta t P

H&Y 23.9% 14.371 < 0.001 1.118 Putamen DTBZ DVR −0.370 −4.767 < 0.001
pSN Free-Water 0.134 1.655 0.095
Age 0.304 3.749 < 0.001

Part III motor 25.3% 11.827 < 0.001 1.148 Putamen DTBZ DVR −0.395 5.127 < 0.001
pSN Free-Water 0.189 2.337 0.021
Age 0.178 2.178 0.031
Sex −0.135 −1.731 0.086

Posture and gait 24.6% 14.903 < 0.001 1.118 Putamen DTBZ DVR −0.311 −4.023 < 0.001
pSN Free-Water 0.294 3.643 < 0.001
Age 0.205 2.542 0.012

Bradykinesia 22.5% 13.419 < 0.001 1.008 Putamen DTBZ DVR −0.445 −5.709 < 0.001
aSN Free-water 0.109 1.399 0.164
Age 0.211 2.699 0.008

Tremor 5.1% 7.838 0.006 pSN Free-water 0.241 2.800 0.006

DRS 23.1% 10.622 < 0.001 1.118 Caudate DTBZ DVR 0.204 2.487 0.014
Caudate Free-water −0.256 −3.139 0.002
pSN Free-water −0.170 −2.121 0.036
Education 0.250 3.215 0.002

Abbreviation: MDS-UPDRS = Movement Disorder Society Unified Parkinson's Disease Rating Scale; H&Y = Hoehn and Yahr stage; DRS=Dementia Rating Scale;
DTBZ DVR= [11C]dihydrotetrabenazine distribution volume ratio; pSN=posterior substantia nigra; aSN= anterior substantia nigra; VIF= variance inflation
factor.
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predictors including DTBZ DVR in putamen, free-water in the aSN, and
age (Table 3). In another model testing imaging measures and tremor
scores was also significant, though the percent variance accounted for
was low. Free-water in the pSN was the only significant tremor pre-
dictor (Table 3). The model predicting H&Y stage was significant with
predictors including DTBZ DVR in putamen, free-water in the pSN, and
age (Table 3).

A multiple regression model explored the association between DRS
total scores with DTBZ DVR and free-water. The model was significant.
Included predictors were DTBZ DVR in caudate, free-water in caudate,
free-water in the pSN, and education (Table 3).

4. Discussion

The current investigation confirmed our hypothesis and demon-
strated an inverse correlation between nigral free-water and striatal
VMAT2 binding. Multiple regression analyses found that increased free-
water in the pSN, decreased VMAT2 binding in the putamen and age
were associated with higher H&Y stage, MDS-UPDRS part III total
motor scores, and posture and gait scores. This finding suggests that
free-water imaging of the pSN and presynaptic dopamine imaging of
the striatum are uniquely associated with PD clinical symptoms.
Furthermore, VMAT2 binding in caudate, free water in caudate and
pSN, and education associated with DRS total scores. These findings
indicate that free-water in SN is correlated with striatal dopamine
terminal degeneration, and both striatal dopaminergic denervation and
free-water changes in specific structures within the basal ganglia are
complimentary predictors of motor and cognitive deficits in PD pa-
tients.

Our results confirm previous single imaging modality studies
showing increased pSN free-water and decreased striatal VMAT2
binding in PD compared with controls [3,6,20]. Increased pSN free-
water was suggested to be a correlate of neurodegenerative alterations
in the SN resulting in increased extracellular fluid space [6,7]. Nigral
dopaminergic neuronal degeneration in PD is focused initially and most
pronounced in the ventrolateral tier of the SN, and this is the region
where the pSN region is located. It is expected that the anterior region
of the SN would be affected later in the disease [17]. This degeneration
pattern may explain the detection of increased free-water in pSN but
not in anterior SN in patients in relatively early stage. Decreased striatal
VMAT2 in PD reflects diminished nigrostriatal dopaminergic nerve
terminal integrity [20]. Prior studies examined relationships between
imaging metrics obtained from the SN and imaging parameters per-
taining to the integrity of the striatum [3,6,8]. In a small sample study
of PD patients, it was found that increased mean diffusivity of the
caudal section of SN was related to decreased putaminal [18F]dopa
uptake [8]. Our analysis also complements previous findings demon-
strating an inverse relation between pSN free-water levels and putam-
inal nigrostriatal terminal density evaluated with dopamine transporter
SPECT imaging [6]. In a large cohort of subjects, we show an inverse
correlation between SN free-water and striatal VMAT2 binding, in-
dicating that nigral microstructural abnormalities evaluated by free-
water were correlated with striatal dopaminergic denervation. The re-
latively low strength of the correlation between these two imaging
modalities raises the possibility that the progression patterns of SN free-
water and striatal VMAT2 binding changes may not be identical, and
also may not be occurring in parallel. In a prior study, change of striatal
VMAT2 binding was estimated to decline as early as 17 years before
disease onset [22], which could indicate that the decline in nigrostriatal
terminal integrity precedes increases in SN free-water resulting from SN
dopaminergic perikaryal changes. This hypothesis is consistent with the
model of Perlmutter and Norris which describes a non-linear relation-
ship between measures of striatal dopamine terminal density and SN
nigrostriatal perikaryal integrity [23]. Therefore, future longitudinal
studies of early stage PD or pre-PD using both VMAT2 and free-water
are needed to address this question.

In prior molecular imaging studies, diminished nigrostriatal dopa-
minergic terminals-as measured by 6-[18F]fluorolevodopa, 11C-DTBZ
PET and SPECT DAT tracers-correlated with clinical severity particu-
larly assessed by UPDRS motor scores [8,24]. The current study found
that aSN free-water and putaminal VMAT2 binding were associated
with bradykinesia score. This is consistent with our prior study of PD
that showed the baseline pSN free-water didn't correlate with baseline
bradykinesia score, but predicted the progression of bradykinesia over
the next year [7]. Another multicenter longitudinal study of de novo PD
showed that 1-year and 2-year increase in pSN free-water predicted
subsequent progression on H&Y stage over 4 years [3]. Here, we found
that pSN free-water and putaminal VMAT2 binding were both pre-
dictors for H&Y stage, MDS-UPDRS part III motor scores and posture
and gait scores in PD patients. These results complement findings in the
literature and validate MR-based free-water as a measure of PD pa-
thology. Meanwhile, only pSN free-water but not striatal VMAT2
binding was included in the model related to tremor scores, although
the percent of variance predicted was low. The different predictor
patterns for tremor scores and other two motor symptoms scores are
consistent with suggestions that tremor and bradykinesia have distinct
pathophysiologic mechanisms [25]. Helmich suggested recently that
parkinsonian tremor results from diminished dopaminergic innervation
of the thalamus, not the striatum [26]. This hypothesis is also supported
by recent studies testing the brain gray mater density and iron accu-
mulation for different PD related motor symptoms [25,27]. Our study
demonstrates that posterior nigral free-water and putaminal VMAT2
bindings are both significant predictors of motor severity in PD, and
thus they are not redundant measures, which is important if both are
considered in future clinical trials.

We also found that pSN free-water, caudate free-water, and caudate
VMAT2 binding were associated with diminished cognition as eval-
uated by DRS. These results are consistent with the established role of
the caudate in cognition, as well as links between nigral dopaminergic
input to caudate and impaired performance on tests of various functions
including executive, verbal and visual memory functioning [28,29].
Both caudate free-water and caudate VMAT2 binding, reflecting mi-
crostructural abnormalities and dopamine terminal dysfunction, re-
spectively, were predictors of cognitive performance in PD. Caudate
free-water and caudate VMAT2 binding were independent predictors of
cognitive status in PD, suggesting that caudate free-water is measuring
a caudate pathologic component separate from nigrostriatal terminal
degeneration. Smith and colleagues argue that PD is marked by early,
prominent loss of intralaminar thalamic neurons with substantial pro-
jections to the striatum. These thalamic neurons appear to play a par-
ticularly important role in cognition [30]. It is important to note that
the model for predicting cognition in PD accounts for about 23.1% of
the variation in cognitive performance. It suggests that the cognition
changes in PD are unlikely to be related solely to nigrostriatal dys-
function or caudate microstructural changes. Extra-nigrostriatal and
other neurotransmitter systems are also likely to be involved in the
cognition of PD.

One limitation of the current study is the use of 15 directions and 1
b0 for the diffusion imaging protocol. While this is not an optimal
protocol, the pattern of cross-sectional PD compared with control
findings was consistent with the prior data in the literature using a free-
water analysis approach [3,6]. We are not recommending the use of a
15-direction sequence in the future, since additional directions and
more b0 volumes provide better modeling and more stable estimates of
the diffusion signal.

Our findings show that increased nigral free-water was negatively
correlated with striatal dopaminergic denervation. In addition, free-
water in structures along the nigrostriatal pathway correlates with both
motor and cognition features of PD patients. Although further studies
need to confirm these findings, our results suggest that SN free-water
and striatal VMAT2 binding are possible markers for monitoring dif-
ferent aspects of nigrostriatal dopaminergic neuron degeneration and
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may be useful for assessing different features of PD.
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