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ABSTRACT

BACKGROUND AND PURPOSE: Free water in the posterior substantia nigra obtained from a bi-tensor diffusion MR imaging model has been
shown to significantly increase over 1- and 4-year periods in patients with early-stage idiopathic Parkinson disease compared with healthy
controls, which suggests that posterior substantia nigra free water may be an idiopathic Parkinson disease progression biomarker. Due to the
known temporal posterior-to-anterior substantia nigra degeneration in idiopathic Parkinson disease, we assessed longitudinal changes in free
water in both the posterior and anterior substantia nigra in patients with later-stage idiopathic Parkinson disease and age-matched healthy
controls for comparison.

MATERIALS AND METHODS: Nineteen subjects with idiopathic Parkinson disease and 19 age-matched healthy control subjects were
assessed on the same 3T MR imaging scanner at baseline and after approximately 3 years.

RESULTS: Baseline mean idiopathic Parkinson disease duration was 7.1 years. Both anterior and posterior substantia nigra free water
showed significant intergroup differences at baseline (P � .001 and P � .014, respectively, idiopathic Parkinson disease versus healthy
controls); however, only anterior substantia nigra free water showed significant longitudinal group � time interaction increases (P � .021,
idiopathic Parkinson disease versus healthy controls). There were no significant longitudinal group � time interaction differences found
for conventional diffusion tensor imaging or free water– corrected DTI assessments in either the anterior or posterior substantia nigra.

CONCLUSIONS: Results from this study provide further evidence supporting substantia nigra free water as a promising disease-progres-
sion biomarker in idiopathic Parkinson disease that may help to identify disease-modifying therapies if used in future clinical trials. Our
novel finding of longitudinal increases in anterior but not posterior substantia nigra free water is potentially a result of the much longer
disease duration of our cohort compared with previously studied cohorts and the known posterior-to-anterior substantia nigra degen-
eration that occurs over time in idiopathic Parkinson disease.

ABBREVIATIONS: aSN � anterior substantia nigra; FW � free water; HC � healthy control; IPD � idiopathic Parkinson disease; IPD-NM � subjects with IPD not
receiving any MAOI at baseline; IPD-R � subjects with IPD receiving rasagiline at baseline; MAOI � monoamine oxidase inhibitor; MMSE � Mini-Mental State
Examination; MoCA � Montreal Cognitive Assessment; MNI � Montreal Neurological Institute; NODDI � neurite orientation dispersion and density imaging; pSN �
posterior substantia nigra; SN � substantia nigra pars compacta

At the time of diagnosis of idiopathic Parkinson disease (IPD)

about 30%–50% of the dopaminergic neurons in the sub-

stantia nigra pars compacta (SN) have degenerated, resulting in

dopamine deficiency and motor symptoms.1-3 This degeneration

is initially focused in the ventrolateral tier, which is grossly in the

posterior SN, with the more anterior regions of the SN affected

relatively later in the disease.3 Thus, the pattern of SN neuronal

loss in IPD is heterogeneous and progresses from a posterior-to-

anterior direction with over time.

Diffusion tensor imaging is a diffusion MR imaging–derived as-

sessment that reflects tissue microstructural integrity.4 As a result,

multiple groups have sought to determine whether SN DTI can dis-

tinguish subjects with IPD from healthy controls (HCs). Results of

these studies have been conflicting.5 These conflicting results have

been theorized to be due to inconsistent methodologies used to de-
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lineate the SN or unpredictable contamination of DTI assessments

from free water (FW), which is extracellular water.5-7 FW mapping

obtained from a bi-tensor diffusion MR imaging model was devel-

oped, which allows separating out the contribution of FW to DTI

assessments (FW-corrected DTI) and for determining the fraction of

FW itself, to control for FW contamination.7 Most interesting, sub-

sequent studies have shown that FW itself in the posterior (p) SN

distinguishes patients with IPD from HCs better than conventional

DTI as well as FW-corrected DTI assessments.8,9 Furthermore, 2

studies by the Vaillancourt group have shown pSN FW to signifi-

cantly increase longitudinally over 1 and 4 years in patients with ear-

ly-stage IPD compared with HCs, suggesting that pSN FW may be a

disease-progression biomarker in early IPD.10,11

Due to the known temporal posterior-to-anterior SN degen-

eration in IPD,3 we assessed longitudinal changes in FW and ex-

plored changes in FW-corrected DTI and conventional DTI in

both the posterior and anterior (a) SN in patients with later-stage

IPD and age-matched HCs over approximately 3 years. Addi-

tional exploratory outcomes included assessment for associations

between longitudinal changes in clinical outcomes (motor and

cognitive) and longitudinal changes in DTI/FW in the SN and

multiple other regions of interest. We were particularly interested

in identifying ROIs that may reflect longitudinal worsening of cog-

nition because dementia eventually occurs in 80% of patients with

IPD, is likely unrelated to SN pathology, and is one of the most dis-

abling long-term sequela of IPD.12 Finally, we also explored differ-

ences in these outcomes between the subjects with IPD receiving the

monoamine oxidase inhibitor (MAOI) rasagiline at baseline and IPD

subjects not receiving any MAOI at baseline to examine the potential

disease-modifying actions of rasagiline.13

MATERIALS AND METHODS
The institutional review board at the University at Buffalo provided

ethics approval for this study before subject enrollment. From March

2011 to March 2013, thirty-two subjects with IPD and 25 age- and

sex-matched HC subjects provided written informed consent and

underwent MR imaging and clinical assessment, including ‘on’ state

Unified Parkinson’s Disease Rating Scale Part III,14 the Montreal

Cognitive Assessment (MoCA),15 and the Mini-Mental State Exam-

ination (MMSE).16 Subsequently, from January to October 2015,

after again providing written informed consent, available subjects

were re-assessed with the same clinical and MR imaging measures

(follow-up assessments). All subjects with IPD satisfied the UK Par-

kinson’s Disease Society Brain Bank criteria for diagnosis17 and were

assessed clinically by the same movement disorder neurologist (T.G.

or D.G.L.) at both time points. Healthy controls consisted primarily

of spouses and friends of the participants with IPD. A small number

of healthy controls in this study had participated in previous research

studies at the University at Buffalo and had consented to be contacted

for future studies.

Using the same 3T-MR imaging scanner Signa Excite HD 12.0

Twin Speed 8-channel; (GE Healthcare, Milwaukee, Wisconsin)

and a multichannel head and neck coil at both time points, we

performed diffusion MR imaging with a voxel size of 2 � 2 � 4

mm3 and a 0.5-mm gap. The sequence used 2 averages with 25

noncollinear directions, b�900 s/mm2 and 1 volume without di-

rectional weighting (b�0 s/mm2). A high-resolution 3D T1-

weighted volume with 1 � 1 � 1 mm3 isotropic voxels was also

acquired. Image analyses were performed in the Buffalo Neuroimag-

ing Analysis Center by an evaluator (N.B.) blinded to subjects’ clini-

cal and treatment characteristics. DTI image analyses were per-

formed with the FSL 5.0 Toolbox (www.fmrib.ox.ac.uk/fsl). We used

code implemented in Matlab (MathWorks, Natick, Massachusetts)

to fit a regularized bi-tensor model and to generate FW maps and

FW-corrected maps of the 4 standard DTI assessments.7 To elimi-

nate all non-neural tissue, we extracted the original b�0 images (with

no diffusion-weighting) and de-skulled them in FSL using the Brain

Extraction Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET). Suscepti-

bility-induced geometric distortions were corrected for using non-

linear registration of the b�0 s/mm2 image to the T1WI volume,

while eddy currents were corrected using the FSL eddy tool

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy).18

FW, FW-corrected DTI, and conventional DTI measures of frac-

tional anisotropy, mean diffusivity, axial diffusivity, and radial diffu-

sivity were assessed in the anterior and pSN as well as several regions

likely to reflect cognitive status19-23: the anterior and posterior cin-

gulate, anterior thalamus, fornix, genu and splenium of the corpus

callosum, and major lobar white matter tracts. All ROIs were drawn

manually except for those in the lobar white matter. The former ROIs

were derived by nonlinear registration of the 3D T1WI volume Mon-

treal Neurological Institute (MNI) space. MNI-defined lobar masks

were warped into native space using the corresponding inverse warp.

Finally, the ROIs were then restricted to voxels having a partial vol-

ume estimate of �0.85 for white matter, as derived from tissue seg-

mentation of the 3D T1WI volume.24

SN ROIs were drawn by one of the blinded authors (N.B.) as

previously described.11 Briefly, the b�0 image was linearly registered

with 12 df to a T2-weighted MNI space image with 2-mm3 isotropic

voxels.25 Next, left and right hemisphere anterior and posterior SN

ROIs were drawn separately on each b�0 image after transformation

into MNI space. Each ROI consisted of a 2 � 2 mm square placed on

2 consecutive slices, for a total of eight 2 � 2 � 2 mm3 voxels. The

superior slice for the SN ROI placement was chosen just inferior to

the red nucleus where the red nucleus was either barely or no longer

visible. Anterior and pSN ROIs were placed in the area of hypoin-

tense signal on the b�0 image corresponding to the SN (Fig 1). Such

SN ROI placement is also consistent with placement guided by neu-

romelanin-sensitive imaging.5 Finally, the DTI-derived maps were

resampled into MNI space with trilinear interpolation using the b�0

transformation matrix, and quantitative measures were extracted

from the SN ROIs. Other exploratory ROIs were delineated as previ-

ously described.19,21,23 The MR imaging scanner underwent no

hardware or software upgrades during the study.

Statistical analyses were conducted using SPSS for Windows,

Version 24.0 (IBM, Armonk, New York). Intergroup differences

in baseline characteristics were analyzed using the �2 test, Student

t test, and nonparametric Mann-Whitney U test when appropri-

ate. The repeated measures ANCOVA general linear model

framework with age and sex as covariates was used for longitudi-

nal and cross-sectional assessments. The ROI main effects of

group and time as well as the interaction effect of group � time

were considered significant at P � .05. There were no corrections

for multiple comparisons in non-SN ROIs due to the exploratory

nature of these outcomes and the limited sample size of the study.
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Within-Parkinson-disease-group associations between longitu-

dinal changes in imaging measures and longitudinal changes in

clinical outcomes were assessed using age-, sex- and disease dura-

tion–adjusted forward-selection models (P � .05 selection crite-

rion), in which change in clinical outcomes was considered the

dependent measure. Post hoc analyses for differences at baseline

between the subjects with IPD receiving rasagiline at baseline

(IPD-R) and subjects with IPD not receiving any MAOI at base-

line (IPD-NM) were performed using the Fisher least significant

difference and Fisher exact test (categoric) and for longitudinal dif-

ferences using the repeated measures ANCOVA general linear model

framework with disease duration as a covariate. For reproducibility

analysis of the manually drawn ROIs, 2-way absolute agreement, sin-

gle-measure intraclass correlation coefficient was used. A random

sample of data from 5 healthy controls and 5 patients with IPD was

analyzed and re-analyzed after 1 month to minimize recall bias. The

order of the analyses was also randomized.

RESULTS
Of the original 57 subjects enrolled at baseline, 18 were unable to be

reassessed at the 3-year follow-up visit due to death (n � 4), a deep

brain stimulation operation (n � 2), change in residence (n � 3),

decision not to participate (n � 6), or loss to follow-up (n � 3).

Another subject was removed from the analyses after a frontal lobe

astrocytoma was found on the 3-year follow-up MR imaging. There-

fore, 38 subjects with available data at both time points were included

in the analyses. The characteristics of these 38 subjects are summa-

rized in Table 1. There were no significant intergroup differences in

subjects’ ages, but the IPD group had significantly more men and a

longer time to follow-up compared with the HC group.

Anterior SN FW demonstrated both significant intergroup dif-

ferences at baseline and group � time longitudinal interaction dif-

ferences over the 3-year follow-up period, while pSN FW only dem-

onstrated significant intergroup differences at baseline (Fig 2 and

Table 2). No other SN DTI or FW-corrected DTI assessment showed

both significant intergroup and group � time interaction differences.

Comparisons of longitudinal changes in MR imaging assess-

ments with longitudinal changes in clinical outcomes showed in-

creasing bitemporal lobe white matter FW-corrected mean diffusiv-

ity to be associated with decreasing (worsening) MMSE and MoCA

scores (Fig 3; standardized coefficient, P values; respectively: �0.909,

P � .001; �0.534, P � .037). In addition, left aSN FW and total pSN

FW changes were associated with worsening MMSE but not MoCA

scores (standardized coefficient, P values; respectively: �0.781, P �

.002; 0.563, P � .011). Only increasing left parietal lobe white matter

FW-corrected axial diffusivity was associated with increasing (wors-

ening) Unified Parkinson’s Disease Rating Scale Part III motor scores

(standardized coefficient, P value: 0.654, P � .033).

There were no significant baseline or longitudinal differences

between the IPD-R (n � 11) and IPD-NM (n � 8) groups for any

ROI assessment after correction for disease duration (5.1 years for

subjects with IPD-R and 9.8 years for those with IPD-NM at base-

line). The subjects with IPD-R had been receiving rasagiline for a

mean of 35.6 � 40.3 months before baseline.

For the left anterior SN, left posterior SN, right anterior SN, and

right posterior SN, the intraclass correlation coefficient values were

0.93, 0.85, 0.91, and 0.83, respectively. Intraclass correlation coeffi-

cient results of the non-SN ROIs ranged between 0.75 (for the ante-

rior thalamus) to 0.96 (for the genu of the corpus callosum).

DISCUSSION
In our later-stage IPD cohort, we found significant longitudinal in-

tergroup differences in aSN FW, with more rapid increases in sub-

jects with IPD compared with HCs over approximately 3 years of

follow-up (Fig 2). This represents the first, independent replication

of previously observed longitudinal increases in SN FW in IPD,10,11

though in the aSN segment and not the pSN. These data, in total,

support SN FW as a promising disease-progression biomarker in IPD.

As noted, previous studies have shown conflicting results re-

garding cross-sectional, conventional DTI assessments of the SN

in subjects with IPD compared with HCs.5,26 These inconsisten-

cies may, in part, be due to FW contamination of the conventional

DTI measures7-9,27 or to discrepancies in SN ROI delineation.5

Both cross-sectional and longitudinal studies, including ours,

have shown SN FW to distinguish those with IPD from HCs better

and to be more sensitive to SN changes over time than conven-

tional DTI or FW-corrected DTI SN assessments.8-11 Another

recent longitudinal DTI study by Loane et al28 did not find any

cross-sectional differences in SN fractional anisotropy or mean

diffusivity at baseline between subjects with IPD and HCs but did

find significant longitudinal changes in both assessments in IPD

over about 1.5 years of follow-up. However, the Loane et al study

found that SN fractional anisotropy values in HCs at baseline fell

between SN fractional anisotropy values in subjects with IPD at

baseline and those with IPD 1.5 years later. Such a finding would

not be consistent with a valid IPD disease state biomarker. On the

other hand, when using SN FW assessments, which were not used by

Loane et al, our study and previous studies have shown baseline in-

tergroup differences consistent with a disease state biomarker and

showed SN FW to significantly increase longitudinally.10,11

It also appears that SN ROI delineation may affect DTI study

results in IPD. For example, Langley et al5 showed robust cross-

sectional differences in SN fractional anisotropy using neu-

FIG 1. Substantia nigra ROIs. Representative b�0 s/mm2 images lin-
early registered to the MNI atlas are shown demonstrating the place-
ment of the substantia nigra ROIs. Z-coordinates refer to the slice
shown in MNI space. See the “Materials and Methods” section for a
more detailed description of how ROIs were placed.
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romelanin-sensitive MR imaging to delineate the SN ROI in a

location mostly inferior to the red nucleus but found no signifi-

cant cross-sectional differences in SN fractional anisotropy when

the SN ROI was delineated at the level of the red nucleus in the

same IPD and HC cohorts. Therefore, using FW assessments and

delineating the SN ROI just inferior to the red nucleus, as was

done by Langley et al, by the Vaillancourt group, and by us in the

present study (Fig 1),5,8-11,29 may provide more consistent results

in future cross-sectional and longitudinal IPD studies.

The main novel finding in our study was that aSN and not pSN

showed significant longitudinal increases in FW. Whether one

observes FW longitudinal increases in the pSN and/or aSN may be

a reflection of IPD disease duration, with the pSN first showing

increased FW followed by the aSN, which would be in keeping

with the known spatial profile of SN degeneration over time in

IPD.3 This possibility is supported by the fact that the 2 IPD co-

horts previously studied had mean disease durations at baseline of

0.6 and 3.0 years and showed longitudinal increases in pSN FW,

while our IPD cohort had a mean disease duration of 7.1 years at

baseline and showed significant longitudinal increases in aSN

FW.10,11 Indeed, another IPD cohort with a mean disease dura-

tion of 5.2 years showed significant cross-sectional increases in

both aSN and pSN FW compared with HCs, similar to findings in

our cohort (Fig 2 and Table 2).9 Although these data support SN

FW to potentially reflect the known posterior-to-anterior pattern

of SN degeneration with time in IPD,3 further work is needed to

better clarify cross-sectional and longitudinal FW differences at

both SN sites based on disease duration in IPD.

Identification of disease-progression biomarkers that are not

influenced by IPD symptomatic therapies will be of great value in

identifying disease-modifying therapies for IPD.30 SN FW repre-

sents a logical biomarker toward this end. Free water is water

molecules within a voxel that are not hindered or restricted by the

cellular environment and therefore originate from extracellular

water.7 Free water has been shown to reflect pathologic processes,

including tissue atrophy and inflammation,31 both of which are

known to occur in the SN of IPD. In addition, SN FW is not

significantly affected by acute levodopa administration in subjects

with IPD.32 Thus, SN FW assessments may help to distinguish the

disease-modifying effect of a therapy, such as a reduction in SN

degeneration and atrophy, from its symptomatic action, which

has been difficult to achieve on the basis of clinical outcome as-

sessment alone.30 In addition, 3T MR imaging is widely available

and relatively inexpensive to perform compared with radioli-

gand-based imaging modalities. Such features make SN FW as-

sessed by MR imaging an attractive imaging outcome to incorpo-

rate into future disease-modifying clinical trials.

It would also be interesting to explore how SN assessments

using newer multicompartmental diffusion imaging modalities,

such as neurite orientation dispersion and density imaging

(NODDI) or restriction spectrum imaging, compare with SN FW

both cross-sectionally and longitudinally in IPD.33,34 With differ-

ent algorithms than we used to assess FW, both NODDI and re-

striction spectrum imaging also provide estimations of isotropic

FW as well as neurite density disentangled from orientation dis-

persion.33,34 Thus, NODDI and restriction spectrum imaging may

prove to be more sensitive modalities to assess SN pathology in IPD

than the FW assessment technique we have used. In fact, SN NODDI

has recently been shown to robustly distinguish those with IPD from

HCs in a cross-sectional fashion; however, neither NODDI nor re-

striction spectrum imaging have been used to assess longitudinal SN

changes in IPD, to date.35 Also, these techniques require more ad-

Table 1: Subject demographic and clinical informationa

HC (n = 19) IPD (n = 19) Between Groups

BL F/U BL F/U P Value within BL P Value within F/U
Age (yr) 56.5 (10.1) 59.6 (10.3) 59.8 (8.4) 63.2 (8.4) .276 .251
Male sex (No.) (%) 5 (26) – 12 (63) – .022 –
Disease duration (yr) – – 7.1 (5.1) 10.4 (5.3) – –
Time to F/U (mo) – 36.2 (5.4) – 43.8 (7.8) – .001
MMSE score 29.4 (0.9) 29.5 (0.9) 29.4 (1.0) 27.6 (4.8) .586 .862
MoCA score 27.3 (2.4) 27.9 (2.1) 24.4 (4.2) 24.3 (6.9) .095 .046
CDR score (mean, median) (IQR) 0, 0 (0–0) 0.1, 0 (0–0) 0.2, 0 (0–0.5) 0.3, 0 (0–0.5) .053 .317
UPDRS-III score 0.8 (1.2) 1.3 (2.3) 18.8 (7.3) 22.1 (9.2) �.001 �.001
H&Y (mean, median) (IQR) 0, 0 (0–0) 0, 0 (0) 1.9, 2 (1–2.5) 2.4, 2.5 (2–3) �.001 �.001
S&E score 100 (0) 100 (0) 91.3 (9.3) 79.5 (21.8) .001 .001
GDS score 1.9 (2.9) 1.2 (1.9) 2.3 (2.1) 5.2 (7.9) .615 .044

Note:—H&Y indicates Hoehn and Yahr scale; S&E, Schwab and England Activities of Daily Living Scale; GDS, Geriatric Depression Scale; IQR, interquartile range; BL, baseline; F/U,
follow up; CDR, Clinical Dementia Rating; UPDRS III, Unified Parkinson’s Disease Rating Scale, Part III.
a Results are presented as mean (SD), unless otherwise noted.

FIG 2. Longitudinal changes in SN FW in patients with later-stage IPD
and HCs. aSN and pSN FW group and group � time interaction inter-
group differences were P � .001, � 0.021, and P � .014, � 0.651,
respectively. Follow-up was approximately 3 years from baseline. Er-
ror bars are � 1 standard error of mean.
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vanced acquisition schemes, whereas the bi-tensor model used in the

current study can be applied to any DTI-based protocol.

Besides the significant longitudinal changes in aSN FW, we also

found that longitudinal increases in bitemporal white matter FW-

corrected mean diffusivity were associated with longitudinal worsen-

ing of cognition in IPD as measured by both the MMSE and MoCA

(Fig 3). Previous cross-sectional studies have also found significant

lobar white matter DTI changes associated with worsened cognition

in IPD.19,20,22 Meaningful clinical outcomes not responsive to

levodopa, such as cognition, will likely be critical to the interpretation

of long-term disease-modifying trials because the nonmotor symp-

tom of dementia is typically far more disabling than the IPD motor

symptoms.30 Because it takes approximately 10 years on average after

IPD diagnosis for dementia to occur,36 the use of biomarkers that are

sensitive to cognitive decline in IPD would help to identify cognitive-

protecting disease-modifying therapies during a shorter time period

is more realistic for the duration of a randomized controlled trial.

Our findings suggest that longitudinal assessment of temporal lobe

white matter FW-corrected mean diffusivity may represent a cogni-

tive biomarker to complement a disease-modifying trial design.

However, because this is the first longitudinal study showing this

association and our non-SN ROI outcomes were not corrected for

multiple comparisons, these results should be considered prelimi-

nary until further data are available.

We did not find any significant longitudinal or post hoc cross-

sectional differences at baseline between the IPD-R and IPD-NM

groups for any ROI assessment after correction for the intergroup

differences in disease durations. In contrast, a recent study did

find significantly reduced pSN FW in subjects with IPD-R with a

mean disease duration of 2.3 years compared with subjects with

IPD-NM.37 The differences in these findings may be due to dif-

ferences in sample sizes, IPD cohort disease duration, or MR im-

aging acquisition techniques. A prospective, randomized longitu-

dinal study addressing the effects of rasagiline on pSN FW is

currently in progress.38

The main weakness of our study was the high rate of subject

attrition. This may have been due to the original 57 subjects need-

ing to give consent to a new study after a prolonged, 3-year period

and due to the more advanced disease duration of our IPD cohort

(7.1 years at baseline). The loss of �30% of our original cohort

likely diminished our power to detect intergroup differences. The

Ofori et al10 and Loane et al28 longitudinal IPD imaging studies

used 1- and 1.5-year follow-up periods and IPD cohorts with

disease durations at baseline of 3.0 and 3.9 years, respectively, and

had no subject attrition, suggesting these to be preferable fol-

low-up periods and IPD disease durations for maximizing subject

retention.10,28

Another weakness of our study was the use of a 4-mm slice

thickness for the DTI-based MR imaging sequence with 0.5-mm

gaps between slices and only 25 gradient directions. Most of the

previously referenced DTI and FW studies used a 2-mm slice

thickness without any gaps and 64 gradient directions.5,9,10,20,28

The coarser image and angular resolutions from our MR imaging

protocol compared with MR imaging protocols of the previous

studies likely decreased our sensitivity to detect intergroup differ-

ences. Also, the larger MR imaging slice thickness used in our study

most likely accounts for the much higher SN FW values, even in HCs,

compared with those found in previous studies.9,10 Future studies

assessing SN FW and/or DTI in IPD would likely benefit from the use

of an MR imaging slice thickness close to 2 mm without gaps between

slices and a larger number of gradient directions.

CONCLUSIONS
This study supports SN FW assessed by MR imaging as a promising

disease-progression biomarker in IPD. Now that 2 independent

groups have reported significant increases in SN FW over time in 3

different IPD cohorts, further research is justified on longitudinal SN

FW changes in IPD and on longitudinal effects of potential disease-

modifying therapies on this neuroimaging outcome.
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