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Abstract: Motor phenotypes of Parkinson’s disease (PD) are recognized to have different prognosis and
therapeutic response, but the neural basis for this clinical heterogeneity remains largely unknown. The main
aim of this study was to compare differences in structural connectivity metrics of the main motor network
between tremor-dominant and nontremor PD phenotypes (TD-PD and NT-PD, respectively) using probabil-
istic tractography-based network analysis. A total of 63 PD patients (35 TD-PD patients and 28 NT-PD
patients) and 30 healthy controls underwent a 3 T MRI. Next, probabilistic tractography-based network
analysis was performed to assess structural connectivity in cerebello-thalamo-basal ganglia-cortical circuits,
by measuring the connectivity indices of each tract and the efficiency of each node. Furthermore, dopamine
transporter single-photon emission computed tomography (DAT-SPECT) with '*I-ioflupane was used to
assess dopaminergic striatal depletion in all PD patients. Both PD phenotypes showed nodal abnormalities
in the substantia nigra, in agreement with DAT-SPECT evaluation. In addition, NT-PD patients displayed
connectivity alterations in nigro-pallidal and fronto-striatal pathways, compared with both controls and TD-
PD patients, in which the same motor connections seemed to be relatively spared. Of note, in NT-PD group,
rigidity-bradykinesia score correlated with fronto-striatal connectivity abnormalities. These findings demon-
strate that structural connectivity alterations occur in the cortico-basal ganglia circuit of NT-PD patients,
but not in TD-PD patients, suggesting that these anatomical differences may underlie different motor
phenotypes of PD. Hum Brain Mﬁpp 38:4716-4729, 2017. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

The classical triad of motor symptoms of Parkinson’s
disease (PD) includes resting tremor, rigidity, and bradyki-
nesia [Parkinson, 1817]. However, the expression of these
cardinal motor symptoms varies markedly between
patients [Hoehn and Yahr, 1967], and it is possible to dis-
tinguish two main clinical phenotypes, a tremor-dominant
subtype (TD-PD) and a nontremor subtype (NT-PD), in
which akinetic-rigid symptoms are predominant [Burn
et al., 2006; Jankovic et al.,, 1990; Jellinger and Paulus,
1992; Lewis et al., 2005; Zetusky et al., 1985]. Moreover,
clinical and epidemiological evidences suggest that the
motor phenotype may be predictive of clinical course and
prognosis [Foltynie et al.,, 2002; Nicoletti et al., 2010]. In
fact, with respect to TD-PD, NT-PD has a more rapid rate
of progression with an increased risk to develop disability
and cognitive impairment [Aarsland et al, 2003; Burn
et al., 2006, Goetz et al., 1988; Jankovic and Kapadia, 2001,
Williams-Gray et al., 2007].

The neural basis for this clinical heterogeneity of PD
remains unknown. Functional magnetic resonance imaging
(fMRI) studies clearly demonstrated that the activation at
the level of the prefrontal cortex and the globus pallidus
was reduced in patients with NT-PD compared to those
with TD-PD and controls [Prodoehl et al., 2013]. On the
other hand, in TD-PD patients, cerebral activity related to
tremor first arised in the internal globus pallidus and was
then propagated to the cerebello-thalamo-cortical loop, the
“dimmer-switch hypothesis” [Dirkx et al., 2016; Helmich
et al., 2011, 2012].

However, it is not yet clear whether the functional
changes within these motor circuits are concordant with
anatomical connectivity modifications.

To date, only one recent study investigated the presence
of reduced cortical-subcortical sensorimotor connectivity
in PD patients compared to controls using probabilistic
tractography [Sharman et al., 2013], but no direct compari-
son of structural brain network properties has been per-
formed in motor phenotypes of PD. This work was
designed to investigate structural differences in the main
motor network between patients with NT-PD and patients
with TD-PD. This motor system, including cerebello-
thalamo-cortical and cortico-basal ganglia circuits [Lewis
et al., 2011; Obeso et al., 2014], was explored by using
probabilistic tractography-based structural network analy-
sis. We hypothesized that patients with NT-PD would
show structural abnormalities compared to patients with
TD-PD and healthy controls. We also quantified dopami-
nergic striatal depletion in all patients using dopamine
transporter single-photon emission computed tomography
(DAT-SPECT) with 123I-ioﬂupane. Furthermore, we tested
the hypothesis that the structural and functional neuroim-
aging parameters (i.e, MRI network metrics and '*I-
ioflupane uptakes, respectively) would be differently
associated with the motor signs in the two phenotypes
of PD.

MATERIAL AND METHODS
Subjects

Three groups of 35 TD-PD patients, 28 NT-PD patients,
and 30 controls were enrolled in the study.

Patients were included when they had idiopathic PD,
diagnosed according to the UK Brain Bank criteria
[Hughes et al.,, 1992]. Exclusion criteria were as follows:
(1) cognitive impairment (Mini Mental State Examination
[MMSE] [Folstein et al., 1975] score < 24); (2) neurological,
cerebrovascular or thyroid comorbidities; (3) moderate to
severe head tremor and/or dyskinesias; (4) normal func-
tional neuroimaging of the presynaptic dopaminergic sys-
tem; and (5) treatment with deep brain stimulation and
general exclusion criteria for MRI scanning. Motor disabil-
ity was assessed using Motor Examination scores of the
Unified Parkinson’s Disease Rating Scale (UPDRS-ME)
[Fahn et al., 1987]. TD-PD was defined as a UPDRS-ME
resting tremor score >2 for at least 1 upper or lower
extremity during physical examination, and a history of
resting tremor. NT-PD was defined by a UPDRS-ME rest-
ing tremor score of 0 during physical examination, and as
no history of resting tremor [Helmich et al., 2011; Prodoehl
et al, 2013]. A levodopa equivalent daily dose (LEDD)
[Tomlinson et al., 2010] was calculated for each patient
under anti-Parkinsonian therapy. We assessed patients’
clinical disability in the “practically off” condition that
was at least 12 h after the last dose [Langston et al., 1992].

Controls were defined as a no history of neurological or
severe general medical diseases, an MMSE>24 and a
UPDRS-ME = 0.

All participants gave written informed consent, which
was approved by the Ethical Committee of the University
“Magna Graecia” of Catanzaro, according to the Helsinki
Declaration.

DAT-SPECT

PD patients underwent a DAT-SPECT scan within 2
weeks before or after the MRI scan. DAT-SPECT acquisition
and processing procedures were performed according to the
European Association of Nuclear Medicine guidelines.
Patients received perchlorate (1,000 mg) 30 min before scan-
ning to block thyroid uptake of free radioactive iodine. Brain
imaging was performed 3 hours after the administration of
200 MBq of 123I-ioﬂupane (GE-Amersham, Eindhoven, The
Netherlands) using a dual-headed gamma camera (Infinia
Hawkeye; General Electric, Milwaukee, WI) equipped with
low-energy, high-resolution collimators. Scans were
acquired with a photopeak window centered on 159 keV
+10% with a 128 X128 image matrix (zoom factor: 1.5; 40 s
per view and 2 X 64 views). Slice thickness was 2.95 mm.
Patients were carefully positioned in the gamma camera,
with their meato-orbital axis in a transverse plane to reduce
reorientation during reconstruction, in a special head holder
that allowed a minimal rotation distance. Images were
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reconstructed using filtered back projection with a Butter-
worth filter (cutoff 0.5 and order 6). Chang’s correction
method was used to compensate for attenuation using a
coefficient of 0.11 cm ™ '. The average total number of counts
was 1.8-2.0 million for each SPECT study. Regions of inter-
est (ROIs) were depicted on reoriented, attenuation-
corrected images by using the DATSCAN 3 tool (v.2 for
Xeleris workstation; General Electric). First, the three consec-
utive slices where striatum was best represented were
selected. Afterward, four striatal ROIs were manually super-
imposed on the corresponding brain regions in the central
slice. These preset ROIs have fixed shape and dimensions
(twice the full-width at half-maximum [FWHM]), as previ-
ously suggested [Darcourt et al., 2010], but they may be
rotated on the axial plane to obtain the best fit to the target
region. ROIs were visually centered on the pixels with
higher uptake. Finally, the occipital ROI is positioned and
the five regions are copied on two consecutive slices.
Specific-to-nonspecific binding was evaluated through ratios
between specific uptake in striatal ROIs and mean occipital
ROI uptake. ROI values were considered both individually
for the right and left hemisphere. A semiquantitative assess-
ment was performed. ROIs with fixed sizes were superim-
posed on the striatum (left and right caudate nucleus, left
and right putamen) and on occipital cortex, that has a low
number of DAT binding sites, and it is a useful reference
region. The asymmetry of striatal dopamine depletion was
evaluated, both visually and through the binding ratios, to
identify the more affected and the less affected side for each
patient (MAS and LAS, respectively).

MRI
Acquisition

All participants underwent the same MRI scanning
protocol using a 3-T GE-MR750 scanner (GE Healthcare,
Rahway, NJ). PD patients underwent MRI in the
“practically off” condition. Head movements were mini-
mized using foam pads around participants’ heads. The
protocol included a whole-brain T1-weighted scan [SPGR;
TE/TR =3.7/9.2 ms, flip angle 128, voxel-size 1.0 X 1.0 X
1.0 mm’]; a diffusion-weighted scan that was acquired
using a spin-echo echo-planar imaging sequence (TE/TR
81/10050 ms, band-width 250 kHz, matrix size 128 X 128;
80 axial slices, voxel size 2.0 X 2.0 X 2.0 mm3) with 27
isotropically distributed orientations for the diffusion-
sensitizing gradients at a b-value of 1000 s/mm?; conven-
tional T2-weighted and FLAIR sequences. All images
were inspected by an expert to exclude excessive motion
artifacts or presence of brain abnormalities. FLAIR, T2-
weighted, and T1-weighted images were visually checked
to assess vascular lesions for each patient. The extent and
possible etiology of white matter hyperintensities were not
different across patients, independent of the group.

Motor network reconstruction

Image processing was performed using the Functional
Magnetic Resonance Imaging of the Brain (FMRIB)
Analysis Group Software Library (FSL) (Oxford Univer-
sity, United Kingdom) [Jenkinson et al., 2012]. The MRI
processing workflow is shown in Figure 1. Structural T1
images were skull-stripped and then used to identify the
different regions composing the motor circuit. In particu-
lar, for each subject, the following subcortical structures
were segmented using the FIRST tool of FSL [Patenaude
et al., 2011]: left and right caudate, left and right putamen,
and left and right globus pallidus. Thalamic ROI included
two ventrolateral subthalamic regions that were selected
from the Thalamic Connectivity Atlas of FSL, according to
their connectivity with premotor and primary motor corti-
ces. The Substantia nigra was identified by means of a
probabilistic atlas derived from MRI data of fifthy healthy
volunteers [Murty et al., 2014]. Cortical and cerebellar
motor regions, instead, were identified using the AAL116
atlas; in particular, we extracted the precentral gyrus,
which includes the premotor and primary motor cortices,
the supplementary motor area, and a further ROI includ-
ing the motor lobules of the cerebellum (IV, V, VI, VIII), as
in Buijink et al. [2015].

Atlas-based ROIs were warped in each subject’s T1
space as follows: first, the atlas was nonlinearly registered
to each subject’s T1 image by using the FNIRT tool of FSL
[Jenkinson et al., 2012]; afterward, the resulting warp field
was applied to the binary masks localizing the ROIs. The
resulting images were visually assessed on T1- and T2-
weighted (co-registered to T1) images by one trained
expert to exclude misregistration or erroneous ROIs identi-
fication. In subsequent analyses, left and right motor cir-
cuits were analyzed separately, mainly to avoid spurious
reconstructions of invalid connections. Each motor cerebel-
lar hemisphere was included in the contralateral circuit,
since studies on both primates and humans have demon-
strated that the thalamo-cerebellar connections decussate
at the level of the red nucleus [Bostan et al., 2010; Buijink
et al., 2015; Pelzer et al., 2013].

Diffusion-weighted data were corrected for distorsion
and movement artefacts, and subsequently used to perform
probabilistic tractography of the motor network. Head
motion and image distortions induced by eddy currents in
the DTI data were corrected by applying a 3D full-affine
(mutual-information cost function) alignment of each image
to the mean no-diffusion-weighting (b0) image. After distor-
tions correction, DTI data were averaged and concatenated
into 28 (1 mean b0 + 27 b1000) volumes. To reconstruct con-
nections in the motor circuit with probabilistic tractography,
Bayesian Estimation of Diffusion Parameters Obtained using
Sampling Techniques (bedpostX tool of FSL) [Behrens et al.,
2003, 2007] was performed on diffusion data, which allows
the modeling of crossing fibres within each voxel of the
brain. Briefly, Markov Chain Monte-Carlo sampling was
used to build up distributions on diffusion parameters at
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Figure I.
MRI processing workflow. AAL, automated anatomical labeling; MRI, magnetic resonance imaging;
FIRST, Bayesian segmentation of subcortical structures. [Color figure can be viewed at wileyonli-

nelibrary.com]

each voxel. This processing step, necessary for probabilistic
tractography, was carried out with default options [Behrens
et al., 2007], that is, two fibres modeled per voxel and 1000
iterations before starting the sampling (burning period).
Once bedpostX was completed, the probtrackX tool was
used to generate connectivity distributions between all the
ROIs in the motor circuit. This was done by running proba-
bilistic tractography in network-mode and by setting all the
ROIs of the circuit as waypoint and termination masks, thus
ensuring that probabilistic pathways generating from each
seed ROI were accepted only if they reached, and termi-
nated in, at least one of the other regions of the network.
Furthermore, as we focused on the left and right circuit sep-
arately, we also set an exclusion criterion for streamlines
reaching the forebrain region of the midsagittal plane: this
allowed excluding streamlines that from one hemisphere

reached for the contralateral one, except in the case of
streamlines from the contralateral motor cerebellum. Proba-
bilistic tractography was performed with the following
default parameters, based on the algorithm’s (probtrackx)
default usage: 5000 streamlines drawn, from each voxel,
through the probability distributions on principal fibres
direction, output of bedpostX; 0.2 curvature threshold,
which represents the cosine of the minimum allowed angle
between two steps; exclusion of pathways that create loops,
traveling over voxels where they have already been; samples
are terminated after 2000 steps, where each step has a length
of 0.5 mm.

Probabilistic tractography in network mode provided,
for each subject, a connectivity matrix with dimensions
equal to the number of ROIs in each circuit (eight in this
case). Each entry ij of the matrix represented the number
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of streamlines connecting the i-th and j-th ROI These val-
ues were normalized, to take into account differences in
the seed-ROI sizes, by dividing each row of the matrix for
the waytotal of the corresponding ROI, that is, the total
number of streamlines drawn from it and surviving all the
constraints of tractography (waypoints, termination
mask, and exclusion mask). Thus, we obtained for each
reconstructed tract an anatomical connectivity index,
which is an indirect measure of tract integrity.

The computation of normalized connectivity matrices
allowed us to explore the network properties of the motor cir-
cuit. However, applying graph analysis to tractography data
requires the choice of a specific connection density, to take
into account the influence of intersubject variability in the
total number of reconstructed streamlines. If the appropriate
density were not used, each subject’s raw connectivity matrix
would show substantial differences based on slight variations
in individual anatomy. In this work, we imposed a “subject”
threshold and a “matrix” threshold. The “subject” threshold
was chosen to retain only connections present in at least 50%
of the study participants, thus avoiding influences due to
individual anatomy. The “matrix” threshold, instead, was
chosen over a range of probability values, that is, from
0.001 (more loose) to 0.01 (more stringent). As our study
focuses on a very specific network, we chose the most
stringent threshold of 0.01 with the aim of decreasing the
risk of erroneous findings due to the presence of spurious
connections [Wen et al., 2011].

Normalized networks allow for topological properties,
such as path length, to be quantitatively compared across
subjects. We calculated graph metrics using the brainGraph
toolbox available in R (https://github.com/cwatson/
brainGraph). The definition of these measures has been
discussed in detail elsewhere [Bullmore and Sporns, 2009].
We analysed the structural motor network by measuring the
weighted efficiency of each node. The nodal efficiency is
inversely proportional to the path length of connections
between a given node and every other node in the network,
and can be interpreted as inversely related to the dispersion
of the signal along the paths that connect each node. The
nodal efficiency was weighted by the connectivity indices of
the tracts starting from the node [Achard and Bullmore,
2007].

Statistical Analysis

Statistical analyses were performed with Statistical Pack-
age for Social Science Software (SPSS, version 12.0, Chicago,
IL, USA) for Windows.

Comparative analyses

Clinical variables. To compare sex distributions among
groups, we used the ;> test, whereas for age and MMSE
score, one-way ANOVA and the Kruskal-Wallis test were
performed, respectively. The differeces in disease duration,
LEDD, H&Y, UPDRS-ME, and UPDRS-ME subscores

between PD subgroups were assessed by using the
Mann-Whitney U test, whereas for age at onset, the
unpaired ¢ test was used.

[_ioflupane uptake values. To investigate the differeces

in LAS and MAS striata '*I-ioflupane uptake values
between PD subgroups, we used the unpaired ¢ test and
the Mann-Whitney U test for normally and non-normally
distributed variables, respectively.

MRI network metrics. For each patient with PD, we
elected an MAS and an LAS that were ipsilateral to the
more affected and less affected striata at DAT-SPECT. To
compare the differeces in anatomical connectivity indices
and weighted nodal efficiency values among groups, we
used analysis of covariance, with age, sex, and total intra-
cranial volume included as covariates. We considered the
MAS and LAS for patients with Parkinson’s disease and
the average of right and left side for control subjects. Sig-
nificance level was set at 0.05 after false discovery rate
(FDR) correction for multiple comparisons [Benjamini and
Hochberg, 1995].

Correlation analyses

To explore the relationships of clinical variables with
structural and functional neuroimaging parameters in
patients with PD, we calculated the Spearman rank corre-
lation coefficient. Over the PD subgroups, we considered
UPDRS-ME subscores of more severely affected limbs.
The correlations were considered statistically significant
if the relative P values were <0.05 after FDR correction
[Benjamini and Hochberg, 1995].

RESULTS
Intergroup Comparisons
Clinical data

Subject characteristics are shown in Table I. No significant
differences were found between groups in demographics
or clinical data, except for the UPDRS-ME subscores. As
expected, patients with NT-PD displayed significantly lower
values of tremor subscore and higher values of nontremor
subscore (B + R) compared with those with TD-PD, whereas
the amount of dopaminergic medication, UPDRS-ME, and
Hohen and Yahr (H&Y) scores were similar between the two
phenotypes. In all PD patients, the more severely affected
limbs were always contralateral to the side most affected by
striatal depletion as seen on DAT-SPECT.

DAT-SPECT data

Patients with NT-PD showed significantly lower '*I-

ioflupane uptakes values in the LAS caudate nucleus com-
pared to those with TD-PD (Table I). No other significant
difference was found between the two phenotypes.
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TABLE I. Clinical and DAT-SPECT features of the study subjects®

PD phenotypes

Controls (n = 30) All PD (n=63) TD-PD (n = 35) NT-PD (n =28) P value
Sex, M/F 20/10 42/21 26/9 16/12 ns®
Age,y 66.3+6.7 66.2+83 66.2 +8.4 66.3 £8.2 ns®
MMSE 27.0+6.3 27.0+2.0 26.8 +2.0 273+19 ns¢
Age at onset, y 62.1+79 624+78 61.6+8.3 ns®
Disease duration, y 42+*33 38*29 46*38 ns'
LEDD, mg/die 245.6 +292.9 178.0 = 226.2 330.2 +345.4 ns’
H&Y 1.9+0.5 1.8+05 20+06 ns'
UPDRS-ME 23.4+10.0 235*9.8 23.2+£10.5 nsf
Tremor subscore 41+39 6.7 +3.3 0.7*£1.0 <0.001f
Non-tremor subscore (B+R) 134+7.3 11.1+5.6 164 +8.3 0.004
Axial subscore 5.8+3.2 5.6+27 6.1 3.8 nsf
DAT-SPECT features
LAS putamen 25+0.7 2.7+0.6 24+0.7 ns’
MAS putamen 21*04 21*04 20*04 ns®
LAS caudate nucleus 34+09 3.7+08 3.1+1.0 0.008°¢
MAS caudate nucleus 3.1+08 33+07 3.0+0.8 ns®
LAS striatum 3.0x0.7 3.1x0.7 29+0.8 ns®
MAS striatum 26+05 27+05 25+05 ns®

Abbreviations: DAT-SPECT = dopamine transporter single-photon emission computed tomography; PD = Parkinson’s disease; TD-
PD = patients with tremor-dominant Parkinson’s disease; NT-PD = patients with nontremor Parkinson’s disease; M = male; F = female;
MMSE = Mini Mental State Examination; LEDD = levodopa equivalent daily dose; H&Y = Hohen and Yahr scale; UPDRS-ME = Unified
Parkinson’s Disease Rating Scale-Motor Examination; Tremor subscore = resting and postural tremor (sum of UPDRS items 20-21);
Nontremor subscore (B + R) =limb bradykinesia and rigidity (sum of UPDRS items 22-26); axial subscore = axial symptoms (sum of
UPDRS items 18, 19, 22, 27-31); LAS = less affected side; MAS = more affected side; ns = not significant.

Nine NT-PD patients had a very subtle postural tremor while off-medication at the day of testing, explaining the nonzero tremor subscore.

The DAT-SPECT values were determined using the ratio of specific to nonspecific (occipital area) radioligand binding.

“ata are given as mean values * standard deviation.
bx2 test.

“One way ANOVA.

9Kruskal-Wallis test.

“Unpaired f test.

‘Mann-Whitney U test.

MRI connectivity data

Figure 2 and Table II show the main results of the com-
parative analysis of MRI network metrics in the more
affected hemisphere.

For what concerns the connectivity indices, the values of
the globus pallidus-substantia nigra, putamen—precentral
cortex, and caudate nucleus-supplementary motor area
tracts were significantly lower in patients with NT-PD
compared to both TD-PD patients and controls; the values
of the globus pallidus—-thalamus tract were significantly
lower in patients with NT-PD compared to controls, and
the values of the thalamus—precentral cortex tract were
significantly lower in patients with NT-PD compared to
those with TD-PD. It is notable that the caudate nucle-
us-supplementary motor area tract could not be recon-
structed in any patient with NT-PD.

For what concerns the weighted nodal efficiency, the
values of the globus pallidus were significantly higher in
patients with NT-PD compared to both TD-PD patients

and controls; the values of the supplementary motor area
and the putamen were significantly higher in patients with
NT-PD compared to controls; the values of the substantia
nigra were significantly higher in both PD phenotypes
compared to controls.

No significant differences were observed among the
groups regarding any of the MRI network metrics of the
less-affected hemisphere, except that NT-PD patients had
significantly higher weighted nodal efficiency values in the
substantia nigra compared to control subjects (Table II).

Intragroup Correlations

Figure 3 shows the main results of the correlation analy-
sis in the entire PD cohort and in the PD subgroups (for
more details, see also Tables III and IV).

Over the entire PD cohort, striatal '*I-ioflupane uptakes
correlated with disease duration, UPDRS-ME, and nontremor
subscore (B + R), but not with tremor subscore. Correlations
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Figure 2.

Group differences in MRI network metrics (i.e., connectivity index
and weighted nodal efficiency). Spheres and lines represent brain
nodes and edges, with red spheres and red lines indicating respec-
tively the nodes and the edges showing significance between
groups (top). Anatomical connectivity index and weighted nodal
efficiency mean values for each brain edges and nodes, respectively
(bottom). Regarding the MRI network metrics in the figure, we

between striatal '*I-ioflupane uptakes and nontremor sub-
score (B + R) persisted also in the PD subgroups.

Over the PD subgroups, the correlation analysis between
the UPDRS-ME subscores of more severely affected limbs
and MRI network metrics showed that, in patients with
NT-PD, the bradykinesia-rigidity severity correlated nega-
tively with the connectivity indices of putamen—precentral
cortex tract, and positively with putaminal weighted
nodal efficiency values; whereas, in patients with TD-PD,

considered the more affected side for patients with Parkinson’s
disease, and the average of right and left side for control subjects.
NT-PD, patients with nontremor Parkinson’s disease; TD-PD,
patients with tremor-dominant Parkinson’s disease; *P value <0.05
after false discovery rate correction. [Color figure can be viewed
at wileyonlinelibrary.com]

the tremor severity correlated positively with the connectiv-
ity indices of globus pallidus-substantia nigra tract, and neg-
atively with the pallidal weighted nodal efficiency values.

DISCUSSION

This study examined structural differences in the main
brain motor network between patients with TD-PD and
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TABLE Il. Altered MRI network metrics (i.e., weighted nodal efficiency values and anatomical connectivity indices)
of patients with Parkinson’s disease

P value

MRI network metrics Ctrls® TD-PD NT-PD NT-PD NT-PD TD-PD
Anatomical connectivity indices (mean = SE) (n=230) (n=35) (n=28) vs Ctrl vs TD-PD vs Ctrl
MAS globus pallidus-substantia nigra tract 0.13x0.01 0.13+0.01 0.08 =0.01 0.03 0.03 ns
MAS globus pallidus-thalamus tract 0.25+0.02 0.22 +0.02 0.18 £ 0.02 0.02 ns ns
MAS putamen—precentral cortex tract 0.12+0.01 0.13x0.01 0.09=0.01 0.05 0.02 ns
MAS thalamus—precentral cortex tract 0.05*0.01 0.07 =0.01 0.04 =0.01 ns 0.02 ns
MAS caudate nucleus-supplementary 0.01 = 0.003 0.01 = 0.003 0.00 = 0.00 0.01 0.02 ns

motor area tract
Weighted nodal efficiency values (mean * SE)
MAS globus pallidus 518 +0.58 5.38 +0.31 7.77 +0.78 0.01 0.02 ns
MAS putamen 6.21 £0.29 6.49 = 0.18 7.51 +0.45 0.03 ns ns
MAS supplementary motor area 3.89+0.32 4.66 +0.27 5.86 = 0.62 0.02 ns ns
MAS substantia nigra 3.60 = 0.25 6.63 = 0.45 7.59 +£0.93 0.01 ns 0.02
LAS substantia nigra 3.60 = 0.25 4.85+0.29 4.94+0.55 0.02 ns ns

Abbreviations: Ctrls = control subjects; TD-PD = patients with tremor-dominant Parkinson’s disease; NT-PD = patients with nontremor
Parkinson’s disease; MAS = more affected side; LAS = less affected side; ns = not significant.

Significant P values corrected for multiple comparisons (false discovery rate correction) are indicated in bold.

“The average of right and left hemispheres was considered for control group.

those with NT-PD, using probabilistic tractography. There
are two main findings. First, NT-PD patients showed
structural connectivity alterations in the cortico-basal gan-
glia circuits with nigro-pallidal and fronto-striatal involve-
ment, whereas the same motor connections seemed to be
relatively spared in the TD-PD group. Second, the severity
of rigidity-bradykinesia was inversely related to connectiv-
ity indices of fronto-striatal tract, indicating a major role of
the cortico-basal ganglia motor circuits in the pathophysi-
ology of this symptom. In addition, in NT-PD patients,
weighted nodal efficiency, that is inversely proportional
to the number of connections starting from each node, was
markedly altered at the level of globus pallidus, putamen,
and supplementary motor area. Similarly to the structural
connectivity changes, weighted nodal efficiency was nor-
mal in TD-PD patients, whose values did not significantly
differ from controls.

The reduced connectivity indices of the nigro—pallidal
tract and the increased pallidal weighted nodal efficiency
values found in NT-PD patients could be due to damage
of the nigral dopaminergic neurons projecting to the
globus pallidus (nigro-pallidal pathway) [Lindvall and
Bjorklund, 1979; Parent et al., 1990]. The alteration of pal-
lidal connectivity in NT-PD patients, along with its relative
integrity in TD-PD, is not surprising and it is consistent
with previous pathological findings of reduced dopamine
levels in the ventral part of the internal globus pallidus in
NT-PD patients compared with TD-PD patients [Rajput
et al., 2008]. Our finding is also in agreement with previ-
ous functional MRI findings [Prodoehl et al., 2013], in
which early-stage, drug-naive NT-PD patients had reduced
activity in the internal and the external globus pallidus
with respect to early-stage, drug-naive TD-PD patients and

controls. Interestingly, we also found a significant decrease
in the connectivity index of the pallido-thalamic tract in
NT-PD patients, which could represent an indirect damage
secondary to the nigro—pallidal dysfunction.

In addition to the globus pallidus, patients with NT-PD
showed also structural connectivity changes in the fronto-
striatal pathways and increased weighted nodal efficiency
values of putamen and supplementary motor area, while
these connectivity alterations were spared in TD-PD, who
showed metrics values similar to those detected in
controls. More in detail, our tractography analysis also
showed a decrease in connectivity indices of the puta-
men-precentral cortex tract, and of the caudate nucle-
us-supplementary motor area tract in NT-PD patients.
This result indicates that the impairment of the cortico-
striatal projections might be more severe in akinetic-rigid
phenotype. Striatum (i.e.,, putamen and caudate nucleus)
receives projections from frontal motor areas (i.e., primary
motor cortex, premotor cortex, and supplementary motor
area), which are involved in preparation and execution of
the movements [DeLong and Wichmann, 2015, Haber,
2016]. Furthermore, the significant correlation of rigidity-
bradykinesia subscores of more severely affected limbs
with putaminal weighted nodal efficiency values and puta-
men-precentral cortex tract connectivity indices in NT-PD
patients further strengthens the importance of fronto-
striatal involvement in the emergence of bradykinesia and
rigidity, which may result from a failure of basal ganglia
output to reinforce the cortical mechanisms that prepare
and execute the commands to move [Berardelli et al., 2001;
Michely et al., 2015].

The involvement of the substantia nigra as a node was
similar in both subgroups and for both sides, compared to
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Figure 3.

Correlation analysis. Correlation scatterplots of the clinical vari-
ables [disease duration (A—C), nontremor subscore (D-F), and
tremor subscore (G-l)] with the functional and structural neu-
roimaging metrics of more affeceted side, in all PD patients (A—
C, D, G), in NT-PD patients (E, F), and in TD-PD patients (H, I).
UPDRS-ME subscores in PD subgroups (panels E, F and panels
H, I) are, respectively, the nontremor and tremor subscores of

control subjects, which reflects presynaptic deficit on DAT-
SPECT and provides indirect evidence of the segmentation
method reliability. Indeed, TD-PD and NT-PD patients
displayed significantly higher values of substantia nigra
weighted nodal efficiency in both sides. This increase of
nigral nodal efficiency in patients with PD, regardless of
the clinical phenotype, could be interpreted as a reflection
of the nigral connectivity loss that constitutes the major
pathologic degeneration of PD. According to the inclusion
criteria of our study, all PD patients had an abnormal
functional neuroimaging of the presynaptic dopaminergic
system on DAT-SPECT, and striatal '*’I-ioflupane uptakes
were correlated with the disease duration and the severity
of bradykinesia and rigidity, but not with tremor. These
results confirm that '*I-ioflupane uptake is a good marker

more severely affected limbs. '?’l-ioflupane uptake ratios and
MRI network metrics (i.e., anatomical connectivity indices and
weighted nodal efficiency values) are reported on the x axis;
clinical data are reported on the y axis; blue = patients with TD-
PD; green = patients with NT-PD; r= Spearman’s correlation
coefficient; P=P value corrected according to false discovery
rate. [Color figure can be viewed at wileyonlinelibrary.com]

to monitor severity and progression of PD [Benamer et al.,
2000], and that the tremor severity does not depend on the
striatal dopamine depletion [Kaasinen et al., 2014; Rossi
et al., 2010]. The dopaminergic neuron loss in the substan-
tia nigra pars compacta with the consequent dopamine
depletion in the striatum (nigro-striatal dysfunction) [Kish
et al.,, 1988; Pirker, 2003] is responsible for bradykinesia
and rigidity, through a deafferentation of cortical motor
area such as the supplementary motor area [Buhmann
et al., 2003; Haslinger et al., 2001; Rascol et al., 1992; Wu
et al., 2010], motor, and premotor cortices [Rowe et al.,
2010; Sabatini et al., 2000].

This model, however, does not fully explain PD-
associated tremor [Helmich et al., 2012; Kaasinen et al.,
2014; Rossi et al.,, 2010], that is relatively independent of
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TABLE Ill. Correlations of clinical variables with functional and structural neuroimaging parameters (i.e.,
'Zjoflupane uptakes and MRI graph metrics, respectively) in all 63 patients with Parkinson’s disease

Disease Tremor Nontremor
duration UPDRS-ME subscore subscore (B+R)  Axial subscore
rho Pvalue rho Pvalue rtho Pvalue rho Pvalue rho P value
1B-joflupane uptakes
Specific/nonspecific ratios
LAS putamen —042 0.006 —0.45 0.006 013 047 —-0.52 0.003 —032 0.03
MAS putamen —043 0.006 —0.40 0.006 0.08 0.65 —-048 0.006 —024 015
LAS caudate nucleus -0.36  0.02 -0.31  0.03 023 017 —-044 0.006 —022 018
MAS caudate nucleus —-0.35  0.02 —0.30  0.06 019 018 —041 0.006 —0.23 0.16
LAS striatum -0.39  0.01 —0.48  0.006 010 057 —-0.54 0.003 —035 0.02
MAS striatum -0.37  0.01 -0.33  0.03 014 047 —-042 0.003 —025 013
MRI network metrics
Anatomical connectivity indices
MAS globus pallidus-substantia nigra tract ~ 0.08  0.72 013 047 0.37  0.02 0.02 095 021 018
MAS globus pallidus-thalamus tract -0.29  0.06 -031  0.06 0.05 0.78 -033 0.03 -0.10 057
MAS putamen-precentral cortex tract —-040 0.006 —0.11 0.57 029  0.06 —-0.19 0.18 —0.09 0.64
MAS thalamus—precentral cortex tract -0.01 1.0 -022 018 017 0.34 -021 0.18 016  0.34
MAS caudate nucleus—-supplementary 0.03  0.87 -0.07 072 035  0.02 -0.27  0.08 -0.08 0.72
motor area trct
Weighted nodal efficiency values
MAS globus pallidus -019 018 -021 018 —043 0.006 —0.05 0.77 —0.11 0.57
MAS putamen 017 0.34 020 018 -0.10 057 014 047 024 016
MAS supplementary motor area -0.06 078 -0.10 0.64 -022 018 -0.01 1.0 -0.06  0.72
MAS substantia nigra —0.09 0.65 0.09 0.64 010  0.64 —-0.01 0.95 0.06  0.78
LAS substantia nigra —0.05 0.77 0.03  0.86 0.07 0.72 0.01 1.0 —0.01 1.0

rho = Spearman’s correlation coefficient. Significant P values corrected for multiple comparisons (false discovery rate correction) are

indicated in bold.

other cardinal signs [Zetusky et al., 1985], is less reliably
responsive to dopaminergic modulation [Marjama-Lyons
and Koller, 2000], and does not worsen at the same rate as
bradykinesia and rigidity [Louis et al., 1999; Jankovic and
Kapadia, 2001; Zetusky et al., 1985]. Emerging evidence
suggests that other basal ganglia, such as the globus pal-
lidus, could be involved in generating resting tremor. In
this regard, we found that in TD-PD patients, the tremor
severity correlated with the pallidal connectivity metrics
indicating the relative integrity of pallidal connections.
Indeed, in these patients, tremor subscores of more
severely affected limbs were related with higher connectiv-
ity indices of nigro—pallidal tract, and with lower values of
weighted nodal efficiency of the globus pallidus. Taken
together, our findings suggest that the relative integrity of
pallidal connectivity may contribute to the tremorgenesis
in patients with TD-PD by an imbalance in favor of the
dopaminergic excitatory influence [Rajput et al., 2008].
Although caution should be taken in attempting to relate
these findings without further inquiry, this hypotesis
seems to be in accordance with the evidence that pallidal
deep brain stimulation [De Bie et al., 1999; Lozano et al.,
1995; Vitek et al., 2004] or pallidotomy [Lozano et al.,
1998] can lead to a consistent relief from resting tremor in
PD patients with this prevalent motor sign.

There are some limitations to this study. First, the use of
ROI-based probabilistic tractography may be criticized
because of the a priori selection of nodes. However, when
this technique is used with whole brain approach, the risk
of reconstructing spurious connections may be high, thus
making the results uncertain [Bonilha et al., 2015; Neher
et al., 2015]. Moreover, on the basis of widely accepted evi-
dences of a cortico-basal-ganglia and cerebello-thalamo-
cortical involvement in PD patients reported in fMRI stud-
ies [Helmich et al., 2011; Lewis et al., 2011; Prodoehl et al.,
2013], we included the main areas of this motor network.
Second, the substantia nigra was identified by using a
MRI-derived probabilistic atlas [Murty et al., 2014]. How-
ever, the resulting ROIs on each subject were visually
assessed on T2-weighted images by one trained radiologist
to exclude misregistration or erroneous identification.
Third, the patients that assumed dopaminergic therapy
were assessed clinically in the “practically off” condition.
This may have minimized their scores of disability and
reduced the sensitivity of clinical correlations, because of
the long-duration response to levodopa [Zappia et al.,
1997, 1999]. Finally, the probabilistic tractography algo-
rithm did not include correction for path length, which
may lead to distal false negatives in longer reconstucted
tracts [Liptrot et al.,, 2014]. However, in agreement with
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TABLE IV. Correlations between UPDRS-ME subscores of more severely affected limbs and the functional and
structural neuroimaging parameters (i.e., ' l-ioflupane uptakes and MRI network metrics, respectively) in Parkin-
son’s disease subgroups

Nontremor subscore

Tremor subscore (B + R)
rho P value rho P value
1BL-ioflupane uptakes

Specific/nonspecific ratios
TD-PD (n =35)
LAS putamen —0.34 0.27 —0.54 0.006
MAS putamen —0.15 0.75 —0.50 0.02
LAS caudate nucleus —0.25 0.29 —0.31 0.17
MAS caudate nucleus -0.13 0.76 —0.26 0.18
LAS striatum —0.28 0.29 —0.44 0.03
MAS striatum —0.14 0.75 —0.39 0.05
NT-PD (n = 28)
LAS putamen 0.07 0.83 —0.56 0.01
MAS putamen 0.01 1.0 —0.58 0.006
LAS caudate nucleus 0.08 0.83 —0.42 0.08
MAS caudate nucleus 0.06 091 —0.58 0.006
LAS striatum 0.09 0.83 —0.68 0.006
MAS striatum 0.03 0.99 —0.52 0.02

MRI network metrics

Anatomical connectivity indices
TD-PD patients (1 = 35)
MAS globus pallidus-substantia nigra tract 0.67 0.02 0.15 0.56
AS globus pallidus-thalamus tract —0.29 0.29 —0.22 0.30
MAS putamen-—precentral cortex tract —0.14 0.75 0.24 0.30
MAS thalamus—precentral cortex tract —0.34 0.27 —0.26 0.18
MAS caudate nucleus—-supplementary motor areatract —0.34 0.21 —0.06 0.80
NT-PD patients (1 = 28)
MAS globus pallidus-substantia nigra tract —0.14 0.76 —0.06 0.88
MAS globus pallidus-thalamus tract —-0.07 0.83 —0.34 0.18
MAS putamen-precentral cortex tract 0.07 0.83 —0.51 0.02
MAS thalamus—precentral cortex tract 0.10 0.83 0.13 0.64
MAS caudate nucleus—supplementary motor area tract NA NA NA NA

Weighted nodal efficiency
TD-PD (n =35)
MAS globus pallidus —0.51 0.03 —0.26 0.18
MAS putamen —0.01 1.0 —0.28 0.18
MAS supplementary motor area —0.34 0.27 —0.17 0.44
MAS substantia nigra 0.14 0.76 0.22 0.30
LAS substantia nigra —0.29 0.29 —0.07 0.80
NT-PD (n = 28)
MAS globus pallidus —0.14 0.76 —0.01 1.0
MAS putamen 0.23 0.74 0.60 0.006
MAS supplementary motor area 0.19 0.74 0.09 0.80
MAS substantia nigra 0.33 0.29 0.15 0.64
LAS substantia nigra —0.18 0.75 0.01 1.0

rho = Spearman’s correlation coefficient; NA = not applicable. Tthe correlation of anatomical connectivity indices of the caudate nucle-
us-supplementary motor area tract and UPDRS-ME subscores was not applicable because this tract could not be reconstructed in any patient
with nontremor Parkinson’s disease. Significant P values corrected for multiple comparisons (false discovery rate correction) are indicated in
bold.

recent studies [Zhong et al., 2015; Zhan et al., 2015] dem- differences also in long subcortico-cortical connections.
onstrating the reliability of this method even without Further studies will be warranted to assess the influence
length correction, we were able to detect significant group  of this aspect on this kind of analysis.

* 4726 ¢



¢ Structural Network in PD Phenotypes ¢

CONCLUSIONS

Our study demonstrates that probabilistic tractography
is a technique able to highlight differences in the structure
of the motor network between tremulous and nontremu-
lous PD phenotypes. In particular, structural connectivity
alterations of cortico-basal ganglia pathways occurred in
NT-PD patients but not in TD-PD patients, suggesting that
these anatomical differences may explain at least in part
the clinical heterogeneity of PD.
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