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The cardinal movement abnormalities of Parkinson's disease (PD), including tremor, muscle rigidity, and reduced speed and frequency of movements, are caused by degeneration of dopaminergic neurons in the substantia
nigra that project to the putamen, compromising information ﬂow through frontal-subcortical circuits. Typically,
the nigrostriatal pathway is more severely aﬀected on the side of the brain opposite (contralateral) to the side of
the body that manifests initial symptoms. Several studies have suggested that PD is also associated with changes
in white matter microstructural integrity. The goal of the present study was to further develop methods for
measuring striatonigral connectivity diﬀerences between PD patients and age-matched controls using diﬀusion
weighted magnetic resonance imaging (MRI).
In this cross-sectional study, 40 PD patients and 44 controls underwent diﬀusion weighted imaging (DWI)
using a 40-direction MRI sequence as well as an optimized 60-direction sequence with overlapping slices.
Regions of interest (ROIs) encompassing the putamen and substantia nigra were hand drawn in the space of the
40-direction data using high-contrast structural images and then coregistered to the 60-direction data.
Probabilistic tractography was performed in the native space of each dataset by seeding the putamen ROI with
an ipsilateral substantia nigra classiﬁcation target. The eﬀect of disease group (PD versus control) on mean
putamen-SN connection probability and streamline density were then analyzed using generalized linear models
controlling for age, gender, education, as well as seed and target region characteristics.
Mean putamen-SN streamline density was lower in PD on both sides of the brain and in both 40- and 60direction data. The optimized sequence provided a greater separation between PD and control means; however,
individual values overlapped between groups. The 60-direction data also yielded mean connection probability
values either trending (ipsilateral) or signiﬁcantly (contralateral) lower in the PD group. There were minor
between-group diﬀerences in average diﬀusion measures within the substantia nigra ROIs that did not aﬀect the
results of the GLM analyses when included as covariates. Based on these results, we conclude that mean striatonigral structural connectivity diﬀers between PD and control groups and that use of an optimized 60-direction
DWI sequence with overlapping slices increases the sensitivity of the technique to putative disease-related differences. However, overlap in individual values between disease groups limits its use as a classiﬁer.

Abbreviations: ADRC, Alzheimer's Disease Research Center; AFNI, Analysis of Functional NeuroImages; BET, brain extraction tool; DWI, diﬀusion-weighted imaging; FA, fractional
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ratio; SPECT, single photon emission tomography; SPM, Statistical Parametric Mapping software; TE, echo time; TI, inversion time; TR, repetition time; TFCE, threshold-free cluster
enhancement; UPDRS, Uniﬁed Parkinson Disease Rating Scale; VA, Veterans Aﬀairs
⁎
Corresponding author at: 7211 MFCB, 1685 Highland Ave., Madison, WI 53705-2281, USA.
E-mail address: gallagher@neurology.wisc.edu (C.L. Gallagher).
http://dx.doi.org/10.1016/j.nicl.2017.09.009
Received 8 March 2017; Received in revised form 7 July 2017; Accepted 6 September 2017
Available online 09 September 2017
2213-1582/ Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

NeuroImage: Clinical 16 (2017) 557–563

F. Theisen et al.

1. Introduction

2. Methods

Parkinson's disease (PD) is a common age-related neurodegenerative disease that is diagnosed on the basis of motor symptoms of resting
tremor, bradykinesia, and rigidity, which are frequently asymmetrical
at symptom onset. These motor symptoms are related to degeneration
of dopaminergic neurons in the substantia nigra (SN) pars compacta
that project to the striatum (caudate nucleus and putamen; Braak et al.,
2003). Mammalian studies have shown that nigrostriatal projections
arise from the ventral portion of the SN and ventral tegmental area,
forming a broad bundle of axons that run through the brainstem tegmentum ventromedial to the red nucleus, the diencephalic prerubral
ﬁeld, and the dorsal and lateral hypothalamic area as well as medial
portion of the internal capsule to distribute throughout the striatum
(Moore and Bloom, 1978). Aﬀerent connections from striatum to SN
terminate mainly in the pars reticulata with a few ﬁbers reaching the
pars compacta (Parent, 1990).
Thus far, restorative treatments for PD, especially transplantation of
fetal dopaminergic precursors into the striatum, have produced suboptimal results, in part due to lack of physiologic integration of the
transplanted neurons into brain networks (Freed et al., 2001; Goren
et al., 2005). As new treatments enter clinical trials, there will be a need
for accurate biomarkers not only of dopamine cell survival but also of
their function and connectivity (Palﬁ et al., 2002). Currently, the nigrostriatal pathway is best evaluated in vivo using Positron Emission
Tomography (PET) or Single Photon Emission Tomography (SPECT)
radiotracers that target dopamine metabolism, binding, or reuptake.
These imaging methods are somewhat susceptible to ﬂoor eﬀects
(Karimi et al., 2013) and cannot evaluate the integration of dopamineproducing transplants into neural networks. Thus, the development of
new non-invasive ways to measure striatonigral connectivity is highly
desirable, if technically diﬃcult. Such technical diﬃculties include
limited spatial resolution of current imaging methods relative to the
size of the nigrostriatal pathway, location of the pathway within the
brainstem, which is susceptible to motion and misregistration errors,
and abundance of large adjacent white matter bundles such as the
corticospinal tract.
For this study, we used a hypothesis-driven approach to quantify
structural connections between the putamen and SN from diﬀusion
weighted imaging (DWI) data using probabilistic tractography. Unlike
deterministic tractography, in which streamlines or “tracks” follow a
single estimated orientation of the primary diﬀusion direction, probabilistic tractography also models error in the diﬀusion estimates. As a
result, the directional orientation of vectors modeled probabilistically
varies between samples, so not all samples will result in a streamline
that reaches the target region. In gray matter regions where the isotropic (equal in all directions) component of diﬀusion is large and the
anisotropic (directional) component small, there is greater variability in
directional estimates such that few streamlines are generated.
Nonetheless, probabilistic tractography is robust to noise since tracks
that propagate in non-anatomic directions soon “die out” due to
random orientations of ﬁber orientation estimates in the adjacent
voxels (Behrens et al., 2003b), and less susceptible to signal drop out in
areas of crossing ﬁbers (Behrens et al., 2007). For the present study we
compared results derived from two diﬀusion weighted imaging (DWI)
sequences, a 40-direction sequence that has been used by our lab in
other studies of aging and neurodegeneration (Ly et al., 2016), as well a
60-direction sequence with higher spatial and angular resolution, designed speciﬁcally for this project. The rationale for using two DWI
sequences was to evaluate replicability of the technique, as well as to
see if results from the optimized sequence would better separate PD and
control groups. We hypothesized that PD patients would have lower
structural connectivity between putamen and SN than their healthy
counterparts.

2.1. Study participants
Forty Parkinson's disease (PD) patients and 44 age- and gendermatched controls were recruited as part of the VA-sponsored
“Longitudinal MRI biomarkers in Parkinson's disease” (LMPD) study.
Participants were recruited from local neurology clinics, through the
University of Wisconsin Alzheimer's Disease Research Center (ADRC)
recruitment database, and from local support groups. To be enrolled,
PD participants had to meet UK Brain Bank criteria for Parkinson's
disease (Hughes et al., 1992), be at least 45 years of age at symptom
onset (to exclude most genetic causes of Parkinson's disease; Lucking
et al., 2000), and be free of signiﬁcant cognitive impairment (Mini
Mental State Examination score of 27–30; Folstein et al., 1975). Exclusion criteria included clinically suspected “atypical” Parkinsonian
syndrome, dementia, other central nervous system disease (multiple
sclerosis, stroke, encephalitis), major psychiatric or medical disease,
family history of PD in two or more ﬁrst-degree relatives, and inability
to hold anti-Parkinson medications for 12–18 h. The University of
Wisconsin-Madison's institutional review board and the W.S. Middleton
V.A. R. & D. committee approved this study and all participants provided written informed consent prior to participation.
2.2. Procedures
Study procedures included a structured interview to determine the
nature and duration of motor, sensory, autonomic, and cognitive
symptoms potentially related to PD, Uniﬁed Parkinson's Disease Rating
Scale (UPDRS; Fahn and Elton, 1987) scoring by a movement disorders
neurologist (C.G.), neuropsychological testing, and brain imaging. PD
participants were oﬀ anti-Parkinson medications for 12–18 h prior to
and during study procedures.
2.2.1. Image acquisition
Participants were scanned on a GE 750 Discovery 3T MRI system
(GE Healthcare, Waukesha, WI) with an 8-channel phased array head
coil. Two structural magnetic resonance imaging (MRI) sequences were
acquired to deﬁne regions of interest for tractography. A high-resolution 3D Brain Volume Imaging (BRAVO) T1-weighted inversion-prepared sequence of repetition time (TR) = 8.2 ms, echo time (TE)
= 3.2 ms, inversion time (TI) = 450 ms, ﬂip angle = 12 degrees, ﬁeld
of view (FOV) = 256 mm, matrix = 256 × 256, slice thickness = 1.0 mm was acquired to deﬁne the putamen for precise hand
tracing. A ﬂuid-attenuated inversion recovery (FLAIR) sequence of
TR = 6000 ms, TE = 124 ms, TI = 1867 ms, ﬂip angle = 90 degrees,
FOV = 256 mm, matrix = 256 × 256, slice thickness = 2.0 mm was
acquired to provide contrast for deﬁning the SN. DWI data were acquired with a diﬀusion-weighted echo planar imaging sequence with
ASSET parallel imaging (undersampling R = 2 in the phase encoding
direction), and higher order shimming prior to the acquisition of each
sequence. For this project, we used two DWI protocols, a 40-direction
sequence that has been used in prior ADRC studies (Ly et al., 2016), as
well as an optimized 60-direction sequence with overlapping slices. The
40-direction (b = 1300 s/mm2) diﬀusion weighted imaging (DWI)
protocol included 52 contiguous, 2.9 mm thick axial slices of
TR = 8000 ms, TE = 86.3 ms, FOV = 240 mm, matrix = 96 × 96 to
yield 2.5 × 2.5 × 2.9 mm3 resolution which was interpolated in-plane
on the scanner to 0.94 mm voxels. The 60-direction (b = 1300 s/mm2)
DWI protocol included 55 overlapping 3.0 mm thick axial slices spaced
every 1.5 mm, TR = 6500 ms, TE = 68.9 ms, FOV = 192 mm, matrix = 128 × 128 to yield 1.5 × 1.5 × 3.0 mm3 resolution, which is
upsampled to 0.75 × 0.75 × 1.5 mm voxels on the scanner. The
thicker overlapping slices provided both higher signal to noise ratio
(SNR) and ﬁner spatial sampling than typical DWI sequences. Each DWI
protocol included eight non-diﬀusion weighted volumes (b = 0). The
558

NeuroImage: Clinical 16 (2017) 557–563

F. Theisen et al.

the putamen were deﬁned medially by the internal capsule and lateral
medullary lamina/globus pallidus and laterally by the external capsule.
Tracing was discontinued one slice below the anterior commissure. On
FLAIR images, the substantia nigra was deﬁned as all low signal in the
brainstem between the level of the red nucleus and the superior cerebellar peduncle. After being drawn with reference to the T1 and FLAIR
images, the ROIs were visually inspected against the FA map and minor
manual edits made to exclude voxels that extended into surrounding
white matter. Final ROI volumes (in number of voxels) were compared
across hemispheres; cases in which inter-hemispheric volumes diﬀered
by > 10% for substantia nigra and > 20% for putamen were inspected
and redrawn as necessary. Finalized ROIs that had been drawn with
reference to the 40-direction data were then coregistered to the 60direction data by ﬁrst coregistering equivalent parameter maps by trilinear interpolation in FMRIB's Linear Image Registration Tool (FLIRT)
(Greve and Fischl, 2009; Jenkinson et al., 2002; Jenkinson and Smith,
2001) and then applying the resulting transforms to the ROIs in 40direction space to bring them into 60-direction space. Finally, ROIs in
register with 40- and 60-direction DWI data were simultaneously visually inspected and minor manual edits performed to improve coverage of the putamen and SN. Mean FA and MD values within the ﬁnalized putamen and SN ROIs were then extracted from the aligned 40and 60-direction DWI data using FSLmaths.

40-direction sequence covered the entire cerebrum, while the 60-direction sequence covered the superior extent of the lateral ventricles to
base of the brainstem.
2.2.2. Image preprocessing
DWI data were processed using the diﬀusion toolbox (FDT) of
Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software
Library (FSL), version 5 (Jenkinson et al., 2012). Automated inspection
of the image series using DTIprep (Oguz et al., 2014) showed that the
number of volumes that failed quality measures (in most cases due to
between-frame motion) was highly similar between PD and control
groups (mean of ﬂagged volumes = 0.8 for the control group and 1.0
for the PD group; 2-tailed P = 0.42). Head motion and image distortions (stretches and shears) due to eddy currents were corrected with
aﬃne transformation in FDT. A binary brain mask was created from the
B0 image using Brain Extraction Tool (BET; Smith, 2002) with fractional intensity set to 0.1. Subsequently, a diﬀusion tensor model was ﬁt
at each voxel to the 4D DWI data series (with additional inputs of the
binary brain mask and gradient table) using DTIFit (Behrens et al.,
2003b). The outputs from this process included fractional anisotropy
(FA) and mean diﬀusivity (MD) maps as well as 1st-3rd eigenvector and
eigenvalue maps, which were visually inspected as a quality control
measure. Diﬀusion parameters were then modeled using FSL's Bayesian
Estimation of Diﬀusion Parameters Obtained using Sampling Techniques and modeling crossing ﬁbers (BEDPOSTX). BEDPOSTX models
diﬀusion signal as ball (isotropic) and stick (anisotropic) components to
generate a distribution of likely ﬁber orientations within each voxel as
well as an estimate of the uncertainty on these orientations (https://fsl.
fmrib.ox.ac.uk/fslcourse/lectures/fdt2.pdf). This technique uses
Markov Chain Monte Carlo sampling to build posterior distributions on
diﬀusion parameters at each voxel that can then be repeatedly sampled
to allow voxel-to-voxel propegation of streamlines until stopping criteria are met (Behrens et al., 2007; Behrens et al., 2003b).

2.2.4. Tractography
Probabilistic tractography was performed using FSL's Probtrackx
2.0. As described above, care was taken not to resample either 40- and
60-direction diﬀusion data prior to tractography. For each subject,
brain hemisphere, and DWI sequence, each voxel in the putamen was
seeded with 5000 streamline samples that migrated according to local
probability density functions – those that contacted the SN were retained as estimates of putamen-SN structural connectivity (Behrens
et al., 2007; Behrens et al., 2003b). Since DTI tractography models
connections between two anatomical ROIs without distinguishing afferent from eﬀerent connections, we refer to the resulting tracks as
“striatonigral”. We used Probtrackx 2.0 default settings of 5000 samples/voxel, step length (0.5 mm), curvature threshold (0.2), and
“loopcheck” to exclude tracks that double back on themselves. The
“classiﬁcation target” option, in which the putamen ROI was the seed
mask and the ipsilateral SN the classiﬁcation target, was employed.
After tractography, for each voxel in the putamen seed ROI, 0 (blue in
Fig. 2) or a number (1–200 as orange-yellow in Fig. 2) of streamlines is
resulted. Only streamlines that propagate to the SN (shown in red in
Fig. 2) appear in the result map (as orange-yellow voxels in Fig. 2). This

2.2.3. Region of interest selection
Regions of interest (ROIs) encompassing the putamen and substantia nigra were hand drawn in Analysis of Functional NeuroImages
(AFNI; https://afni.nimh.nih.gov/afni) by two researchers (R.L., V.P.)
who were blind to subject's diagnosis, and whose inter-rater reliability
(ICC) was 0.99 based on ROI volume. We did not diﬀerentiate SN pars
compacta from pars reticulata as they were not resolvable on the FLAIR
images. ROIs were drawn on T1 and FLAIR images in register with each
subject's FA map generated from the 40-direction sequence in native
DWI space (see Fig. 1, ROI method). On T1-weighted images, borders of

Fig. 1. Method for Deﬁning Regions of Interest (ROIs).
1. High contrast structural images were coregistered to the
40-direction DWI data. 2. The putamen ROI (blue, upper
left) was outlined on sequential T1-weighted axial images
extending from top of lateral ventricles to the anterior
commissure. 3. The substantia nigra (SN) ROI (red, lower
left) was outlined on axial FLAIR images from the level of
the red nucleus to superior cerebellar peduncle. 4. The
putamen and SN ROIs were inspected and revised against
the 40-direction FA maps (center). 5. Putamen and SN ROIs
were coregistered to the 60-direction DWI data (right) and
visually inspected against the 60-direction FA map.
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Fig. 2. Probabilistic Tractography in a
Parkinson's subject.
A substantia nigra (SN) target region (red) and
result map (blue/orange) from the probabilistic
tracking approach are shown superimposed on
the 60-direction FA map. The inset at right shows
the magniﬁed result map, in which blue areas
represent voxels in the seed ROI (putamen) that
do not generate streamlines and thus have values
of zero. Values of the yellow-orange voxels (color
scale at right) represent the number of seeding
events (of 5000 trials) that reach the SN.

map does not quantify how strong a connection is; rather, it provides
information about how robust a ﬁber tract is against the noise/uncertainty, and as such, is best thought of as conﬁdence bounds on the
location of the most likely connection (Behrens et al., 2003a). From the
result map and putamen ROI, we extracted two variables, an index of
connection probability (mean number of streamlines per voxel sampled = sum of voxel values in the result map/number of voxels in the
putamen seed mask), and an index of streamline density (percentage of
seeded voxels that generated streamlines = number of non-zero voxels
in the result map/number of voxels in the seed mask × 100). For the
purpose of statistical analyses, connection probability and streamline
density, as well as the ROI-derived covariates (mean FA and MD within
the ROIs as well as ROI volume) were organized as ipsilateral or contralateral to initial motor symptoms in PD patients, or averaged across
hemispheres in controls.

Table 1
Characteristics of study participants.

2.2.5. Statistical analyses
Statistical analyses were conducted in SPSS (22.0, IBM, Chicago).
Bivariate (Pearson) correlations were initially used to explore the relationship between age, gender, education, ROI-derived, and tractography variables. Generalized linear models were then constructed to
evaluate our speciﬁc hypothesis that structural connectivity would be
lower in PD, regardless of the contributions of potentially important
covariates. These GLM's evaluated the eﬀect of diagnostic group (PD or
control) on putamen-SN connectivity with covariates of age, sex, and
years of education. Volume of the seed mask (voxel number), as well as
DWI values within the seed and target masks, were included as covariates when signiﬁcantly correlated with the tractography outputs.
Findings with a P value of < 0.05 were considered signiﬁcant.

Variable

PD

Control

P value

40-Direction DTI data
Number of subjects (n)
Age (y)
Gender (M:F)
Education (y)
Disease duration (y)
UPDRS part 3 score
PD symptom onset (R:L: symmetrical)

40
65.3 (9.6)
32:8
15.8 (2.7)
6.0 (4.0)
20.0 (9.7)
24:12:4

44
67.1 (8.1)
32:12
17.2 (2.7)
n/a
1.5 (1.6)
n/a

0.37
0.44
0.02⁎
n/a
0.00⁎
n/a

60-Direction DTI data
Number of subjects
Age (y))
Gender (M:F)
Education (y)
Disease duration (y)
UPDRS part 3 score
Side of onset (R:L: neither)

36
64.5 (9.5)
28:8
16.0 (2.6)
6.1 (4.2)
20.3 (10.1)
21:12:3

42
66.8 (8.1)
31:11
17.3 (2.7)
n/a
1.6 (1.7)
n/a

0.25
0.69
0.04⁎
n/a
0.00⁎
n/a

Mean values are displayed with standard deviations (SD) in parentheses. Abbreviations:
PD = Parkinson's disease; n/a = not applicable; y = years.
⁎
P < 0.05 for unpaired t-test between PD and control.

volume of the manually-deﬁned seed (putamen) and target (SN) ROIs.
A comparison of mean FA and MD values within the ROIs (Table 2) did
not reveal consistent diﬀerences between disease groups. When considering the 40-direction data, PD patients had higher mean FA in the
contralateral SN (P = 0.02), a trend towards higher FA in the ipsilateral
SN (P = 0.07), and higher mean MD in the ipsilateral SN (P = 0.02).
There were no signiﬁcant diﬀerences in ROI FA or MD values derived
from the 60-direction data.
Mean connection probability values were moderately correlated
(r = 0.31–0.36, P < 0.05) with the seed mask (putamen) volume, but
not with the target mask (SN) volume for both 40- and 60-direction
data. Within the 40-direction data, mean connection probability was
moderately correlated with putamen FA (r = 0.22–0.26, P < 0.05),
and streamline density was moderately correlated with SN FA
(r = −0.22 to − 0.31, P < 0.05). Within the 60-direction data, mean
connection probability was not correlated with either FA nor MD values
within the ROI's, but the streamline density was correlated with putamen FA (r = −0.49 to − 0.52, P < 0.001). Therefore, volume of the
putamen seed mask, as well as SN and putamen FA, were included as
covariates in GLMs constructed to evaluate the eﬀect of group (PD
versus control) on the tractography outputs.
A summary of the GLM results is shown in Table 3. We found a

3. Results
Demographic and disease characteristics of the participants are
summarized in Table 1. These data are summarized for all subjects (all
of whom had 40-direction DWI data), as well as for the subgroup of
subjects who had 60-direction DWI data of suﬃcient quality for analysis. The PD and control groups did not diﬀer by age or gender, although the PD group was less well educated than the control group. PD
patients, as expected, had higher (worse) functional scores on the
Uniﬁed Parkinson's Disease Rating Scale (UPDRS). Of the PD group, all
but 4 participants were taking anti-Parkinson medications (dopamine
agonists, levodopa, amantadine, and/or monoamine oxidase inhibitors)
at the time of study enrollment.
There was no diﬀerence between PD and control groups in the
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convincing relationships between connection probability measures and
age, gender, or education in the combined dataset, nor with disease
severity measures (UPDRS III scores, disease duration) in the PD group.

Table 2
Seed and target ROI characteristics.
PD Ipsi.

40-Direction DWI data
Volume (voxels)
Putamen
1878 (368)
SN
381 (104)
FA
Putamen
0.209
(0.020)
SN
0.546
(0.052)
MD
Putamen
0.00081
(0.00009)
SN
0.00078
(0.00006)
60-Direction DWI data
Volume (voxels)
Putamen
5424 (1051)
SN
1050 (304)
FA
Putamen
0.265
(0.038)
SN
0.591
(0.077)
Mean diﬀusivity
Putamen
0.00067
(0.00005)
SN
0.00072
(0.00022)

PD Contra.

Control L/R
average

P-value
Ipsi.

Contra.

1865 (370)
392 (110)

1853 (350)
371 (86)

0.75
0.63

0.88
0.33

0.210
(0.023)
0.551
(0.049)

0.205(0.023)

0.35

0.31

0.528 (0.035)

0.07

0.02⁎

0.00080
(0.00009)
0.00077
(0.00006)

0.00079
(0.00005)
0.00075
(0.00003)

0.22

0.88

0.02⁎

0.31

5355 (1056)
1085 (312)

5320 (1024)
1035 (234)

0.66
0.80

0.89
0.41

0.264
(0.031)
0.602
(0.070)

0.256 (0.032)

0.26

0.24

0.600 (0.058)

0.56

0.89

0.00067
(0.00003)
0.00067
(0.00010)

0.37

0.52

0.23

0.38

0.00067
(0.00006)
0.00070
(0.00017)

4. Discussion
This hypothesis-driven investigation used probabilistic tractography
to generate putamen to SN connectivity estimates from diﬀusionweighted data in 40 PD patients and 44 control subjects; it is one of a
few similar investigations to date. The main ﬁnding was that estimates
of anatomical connectivity were on average lower in PD patients than
healthy controls, potentially reﬂecting reduced brainstem white matter
microstructural integrity. Since tractography results are critically dependent on how ROIs are deﬁned (size, location, and extension into
white matter tracks, which typically generate much higher connection
probabilities than gray matter), we were careful to systematically deﬁne ROIs using both structural and diﬀusion images, to use ROIs whose
average size did not diﬀer by disease group or brain hemisphere, and to
control for ROI size and diﬀusion characteristics in our statistical analyses. To further develop the technique, we compared results from a 40direction DWI sequence to an optimized 60-direction sequence. For the
60-direction dataset, slices were overlapped, which does yield a tradeoﬀ between sampling (better), resolution (slightly worse), spatial
sampling (better), and SNR (better). While we have not exhaustively
compared the eﬀects of this type of sampling, we did expect the SNR
boost is a worthy tradeoﬀ for more coarse spatial resolution with ﬁner
spatial sampling. The most promising measure obtained from these data
was an index of streamline density, the mean value of which was signiﬁcantly lower in PD in both brain hemispheres and both diﬀusion
sequences. The 60-direction sequence was more sensitive to putative
disease-related diﬀerences, producing a greater separation between PD
and control means. This may in part be because the more information
contained in diﬀusion data, the lower the uncertainty in estimates of
the principal diﬀusion direction (Behrens et al., 2003a).
Using various tractography approaches, previous studies (Menke
et al., 2009; Tan et al., 2015; Zhang et al., 2015) have reported either
reduced connection probability or altered diﬀusion measures within the
nigrostriatal pathway. However, the only probabilistic tractography
study of similar size to the one reported here (Sharman et al., 2013),
found no signiﬁcant diﬀerence in SN-putamen connectivity in PD.
Three additional studies that used deterministic tracking found reduced
FA and increased mean and radial (RD) diﬀusivity along the pathway
(Tan et al., 2015; Zhang et al., 2015). Tan et al. found the PD subjects to
have a lower streamline count that was correlated with UPDRS scores.
In the present study, we observed signiﬁcantly lower mean striatonigral streamline density in PD; however, scatter plots of the data
(Fig. 3) showed overlap in values between disease groups that will limit
its use as a diagnostic measure. Nonetheless, with future improvements
in diﬀusion-based techniques, it is possible that this measure may prove

Mean values are displayed with standard deviations in parentheses. Abbreviations:
Contra. = contralateral to symptom onset; Ipsi. = ipsilateral to symptom onset; L = left;
PD = Parkinson's disease; SD = standard deviation; R = right; ROI = region of interest.
⁎
P < 0.05 for unpaired t-test between PD and control means.

signiﬁcant eﬀect of group (PD < Control, P = 0.006) on mean connection probability for the brain hemisphere contralateral to initial
symptoms in the 60-direction data. There was also an eﬀect of group
(PD < Control) on the streamline density in both brain hemispheres
and both DWI datasets (40-direction, P < 0.01; 60-direction,
P ≤ 0.001). The 60-direction data provided a better separation between PD and control means. Although the 95% conﬁdence intervals
were distinct between groups (Fig. 3), there was overlap of individual
streamline density values. Inclusion of ROI volumes and FA values as
covariates in the models did not signiﬁcantly alter the degree of signiﬁcance for the group eﬀect. Within 60-direction PD data, there was a
trend towards lower connection probability (P = 0.146) in the brain
hemisphere contralateral to symptom onset, where pathology is expected to be more extensive than on the ipsilateral side. We did not ﬁnd

Table 3
Tractography results.
40-Direction diﬀusion data
Control mean(SD)

60-Direction diﬀusion data
PD mean(SD)

Std. Beta/P

Control mean(SD)

PD mean(SD)

Std. Beta/P

Connection probability
Ipsilateral
65.7(40)
Contralateral
65.7(40)

59.4(60)
58.06(49)

− 0.053/0.564
− 0.063/0.425

76.5(49)
76.5(49)

60.8(45)
48.0(43)

−0.140/0.139
−0.260/0.006⁎

Streamline densityb
Ipsilateral
Contralateral

81.2 (12.2)
81.4 (11.7)

− 0.242/0.008⁎
− 0.217/0.009⁎

72.0(13.7)
72.0(13.7)

58.6(14.9)
61.0(14.7)

−0.367/0.000028⁎
−0.286/0.001⁎

a

87.0 (7.9)
87.0 (7.9)

Abbreviations: SD, standard deviation; PD, Parkinson's disease; Std., standardized.
a
Mean number of samples that generate streamlines that reach the SN per seeded putamen voxel.
b
Percentage of voxels in the putamen that generate one or more streamlines that reach the SN.
⁎
GLM yields P < 0.05 for the main eﬀect of group.
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Fig. 3. Streamline density measures from 40- and 60- direction
DWI data.
The distribution of the streamline density index for controls
(averaged across brain hemispheres) in comparison to PD for
brain hemispheres ipsilateral (Ipsi) and contralateral (Contra) to
initial motor symptoms. Horizontal bars indicate the mean and
SD for each distribution. Although means were signiﬁcantly
diﬀerent between disease groups (40-direction P < 0.01; 60direction P ≤ 001), there was overlap of individual values.

number 1UL1RR025011. The authors would also like to acknowledge
the support provided by the University of Wisconsin Alzheimer's
Disease Research Center Clinical Core for subject recruitment and the
Neuroimaging Core for study design and data analysis and as well facilities and resources at the Geriatric Research, Education, and Clinical
Center (GRECC) of the William S. Middleton Memorial Veterans
Hospital, Madison, WI. The content is solely the responsibility of the
authors and does not represent the oﬃcial views of the US Department
of Veteran Aﬀairs, nor the US Government, nor the National Institutes
of Health. Importantly, the authors wish to thank our volunteers,
without whom this work would not be possible.

useful for tracking longitudinal changes within individuals.
A number of studies (Menke et al., 2009; Vaillancourt et al., 2009;
Schwarz et al., 2013; Lenfeldt et al., 2015, and others) have investigated diﬀusion measures within the SN as a potential biomarker
for PD. Some studies have reported reduced FA in the dorsal SN
(Vaillancourt et al., 2009), while subsequent studies have reported no
consistent FA diﬀerence when averaging across the entire structure
(Schwarz et al., 2013), as was observed in the present study. A recent
meta-analysis suggested that high between-study variance in SN FA
limits it's value as a diagnostic biomarker (Schwarz et al., 2013). A
recent longitudinal study (Loane et al., 2016) found that although
baseline SN DWI values did not diﬀer between PD and control groups,
the PD group had lower FA and higher MD at 18-month follow-up in
comparison to the control baseline. This study suggests that diﬀusion
measures within the SN may prove useful for tracking disease progression.
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5. Limitations
Department of Veterans Aﬀairs, Clinical Sciences R & D Merit
Review Award Number 101CX000555, ICTR/NIH Award Number
1UL1RR025011.

Several limitations should be mentioned. Although the PD and
control groups were age- and gender-matched, there was a diﬀerence in
years of formal education that was controlled for by entering these
covariates into the regression models. Further, the cross-sectional design cannot control for individual diﬀerences in baseline measures as
well as can be done in a longitudinal study. From a technical standpoint, the striatonigal pathway is a non-dominant connection compared
to local projection ﬁbers such as the corticospinal tract and thus is
diﬃcult to isolate using tractography. Further, the use of gray matter
regions as seeds, in which there is high local uncertainty in ﬁber orientation, may bias towards producing streamlines emanating from
more superﬁcial voxels.
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