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Abstract: Objective: To use a multimodal approach to assess brain structural pathways and resting
state (RS) functional connectivity abnormalities in patients with Parkinson’s disease and freezing of
gait (PD-FoG). Methods: T1-weighted, diffusion tensor (DT) MRI and RS functional MRI (fMRI)
were obtained from 22 PD-FoG patients and 35 controls on a 3.0 T MR scanner. Patients underwent
clinical, motor, and neuropsychological evaluations. Gray matter (GM) volumes and white matter
(WM) damage were assessed using voxel based morphometry and tract-based spatial statistics,
respectively. The pedunculopontine tract (PPT) was studied using tractography. RS fMRI data were
analyzed using a model free approach investigating the main sensorimotor and cognitive brain net-
works. Multiple regression models were performed to assess the relationships between structural,
functional, and clinical/cognitive variables. Analysis of GM and WM structural abnormalities was
replicated in an independent sample including 28 PD-FoG patients, 25 PD patients without FoG,
and 30 healthy controls who performed MRI scans on a 1.5 T scanner. Results: Compared with con-
trols, no GM atrophy was found in PD-FoG cases. PD-FoG patients showed WM damage of the PPT,
corpus callosum, corticospinal tract, cingulum, superior longitudinal fasciculus, and WM underneath
the primary motor, premotor, prefrontal, orbitofrontal, and inferior parietal cortices, bilaterally. In PD-
FoG, right PTT damage was associated with a greater disease severity. Analysis on the independent
PD sample showed similar findings in PD-FoG patients relative to controls as well as WM damage of
the genu and body of the corpus callosum and right parietal WM in PD-FoG relative to PD no-FoG
patients. RS fMRI analysis showed that PD-FoG is associated with a decreased functional connectivity
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of the primary motor cortex and supplementary motor area bilaterally in the sensorimotor network,
frontoparietal regions in the default mode network, and occipital cortex in the visual associative
network. Conclusions: This study suggests that FoG in PD can be the result of a poor structural and
functional integration between motor and extramotor (cognitive) neural systems. Hum Brain Mapp
00:000–000, 2015. VC 2015 Wiley Periodicals, Inc.

Key words: Parkinson’s disease; freezing of gait; brain connectivity; diffusion tensor MRI; resting state
functional MRI
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INTRODUCTION

Freezing of gait (FoG) is a disabling phenomenon, which
can occur in patients with Parkinson’s disease (PD), pre-
venting starting, turning or continuing to walk with the
patient feeling as having “a foot glued to the floor” [Nutt
et al., 2011]. FoG is usually observed in the advanced
stages of PD, but it can also present at its early phase
[Nutt et al., 2011]. FoG is not associated with the cardinal
features of PD (such as bradykinesia, tremor, or rigidity),
but it is correlated with postural instability and cognitive
impairment [Nutt et al., 2011]. Executive functions, like
set-shifting and conflict problem solving, are particularly
impaired in these patients [Shine et al., 2013c]. Dopaminer-
gic medication and deep brain stimulation can contribute
to reduce FoG episodes; however, in dopamine-resistant
cases, other treatments are adopted, such as cholinesterase
inhibitors (which act within the extra-motor/cognitive cir-
cuits) and physiotherapy [Nonnekes et al., 2015].

The physiopathological basis of gait disturbances and,
more specifically, of FoG in PD is not fully understood
and several, not mutually exclusive, hypotheses have been
postulated [Nieuwboer and Giladi, 2013]. Among others
[Nieuwboer and Giladi, 2013], one of the possible explana-
tion is that FoG is associated with a dysfunction of high-
order cortical structures in conjunction with brainstem
regions involved in the dynamic and rhythmical control of
gait (i.e., the “interference model” of FoG) [Lewis and
Barker, 2009; Nieuwboer and Giladi, 2013]. These altera-
tions worsen with increasing of dopamine depletion and
cognitive demand during a voluntary movement [Lewis
and Barker, 2009]. A second possibility is that FoG is a
conflict-resolution deficit evident in situations requiring a
response decision and exacerbated by FoG-related execu-
tive dysfunction (i.e., the “cognitive model” of FoG)
[Nieuwboer and Giladi, 2013; Vandenbossche et al., 2012].
Neuroimaging findings are in line with these two pro-
posed pathophysiological models [Fasano et al., in press].
Hypometabolism and reduced grey matter (GM) volume
have been shown in precentral, prefrontal, inferior parietal
and occipital regions in PD-FoG patients [Bartels et al.,
2006; Herman et al., 2014; Kostic et al., 2012; Tessitore
et al., 2012a). GM atrophy was also found in the mesence-
phalic locomotor region (MLR) [Snijders et al., 2011] and
thalamus [Sunwoo et al., 2013]. Altered white matter
(WM) connectivity has been found in the MLR and

cerebellar locomotor region, involving mainly those fibers
connecting the peduncolopontine nucleus (PPN) with the
medial frontal cortices and cerebellum [Fling et al., 2013;
Schweder et al., 2010; Vercruysse et al., 2015], as well as in
several frontostriatal and cortico-cortical tracts [Vercruysse
et al., 2015].

Functional brain imaging techniques appear ideally
suited to explore the pathophysiology of FoG [Fasano
et al., in press]. Using virtual reality and motor imagery
paradigms, task-based functional MRI (fMRI) studies of
PD-FoG patients suggested that FoG is associated with a
functional decoupling between coordinated motor and
cognitive neural networks [Shine et al., 2013a,b; Snijders
et al., 2011], in keeping with the “interference model” of
FoG [Lewis and Barker, 2009; Nieuwboer and Giladi,
2013]. Interestingly, an increased activation of the MLR
and a decreased response in frontal and posterior parietal
regions were found in PD-FoG patients [Snijders et al.,
2011], suggesting that FoG might emerge when an altered
cortical control of gait is combined with a limited ability
of the MLR to react to this cortical functional signal.
Resting-state (RS) fMRI constitutes a novel technique that
examines brain connectivity between functionally linked
brain regions with no bias towards specific motor, visual
and cognitive functions [Biswal et al., 1995]. Spatially dis-
tributed networks of temporal synchronization can be
detected that characterize RS networks (RSNs). In PD,
there is an altered RS connectivity of the basal ganglia
with the brainstem and motor cortical areas [Agosta et al.,
2014b; Hacker et al., 2012], and in the default mode net-
work (DMN) [Tessitore et al., 2012c]. Two studies, to date,
have investigated RSNs in PD-FoG patients [Fling et al.,
2014; Tessitore et al., 2012b] showing an altered functional
connectivity not only in the locomotor [Fling et al., 2014]
but also in “cognitive” circuits such as the attention-
related frontoparietal [Tessitore et al., 2012b] and visual
occipito-temporal [Tessitore et al., 2012b) networks.

Structural and functional brain connectivity studies sug-
gest that FoG is likely to be related to a network-wide dys-
function [Fasano et al., in press]. Aim of this study was to
use a multimodal approach to assess brain structural path-
ways and RS functional connectivity abnormalities in
patients with PD-FoG. The relationship between brain
structural and functional findings, as well as the effects of
brain damage and functional connectivity patterns on dis-
ease severity and cognitive impairment in PD-FoG were
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also assessed. Patterns of GM and WM abnormalities asso-
ciated with PD-FoG were also assessed in an independent
patient sample relative to a group of patients without FoG
(PD-noFoG).

METHODS

Subjects

Twenty-three patients with PD [Hughes et al., 1992] and
FoG were enrolled consecutively at the Movement Disor-
ders Unit, San Raffaele Scientific Institute, Vita-Salute Uni-
versity, Milan, Italy. Patient inclusion criteria were as
follows: (1) diagnosis of idiopathic PD [Hughes et al.,
1992]; (2) score>1 on item 3 of the FoG Questionnaire
(FoG-Q) [Giladi et al., 2000] and at least two of the follow-
ing: (a) observation of FoG by an experienced neurologists;
(b) the participant’s verbal account of whether he/she had
experienced FoG; and (c) the recognition of typical FoG in
the patient’s experience when this was identified and
described to him or her by a physician; (3) no levodopa-
induced FoG; (4) disease duration �5 years; (5) Hoehn
and Yahr scale (HY) score <4 [Hoehn and Yahr, 1967]; (6)
Mini Mental State Examination (MMSE) �24 [Folstein
et al., 1975]; and (7) no depressive symptoms (Beck
Depression Inventory [Beck et al., 1961] (BDI) �9).

At study entry, patients underwent clinical, motor func-
tional and neuropsychological evaluations during ON time
(i.e., period when the dopaminergic medication is working
and symptoms are well controlled). Clinical evaluation
assessed the disease stage with the HY scale [Hoehn and
Yahr, 1967], and the Unified Parkinson’s Disease Rating
Scale (UPDRS) II and III [Fahn et al., 1987]; FoG severity
with the FoG-Q [Giladi et al., 2000]; and quality of life
with the 39-item PD questionnaire (PDQ-39) [Peto et al.,
1995]. In addition, a motor functional evaluation was per-
formed including the Berg Balance Scale (BBS) [Fran-
chignoni and Velozo, 2005], the Time Up and Go test
(TUG) [Nocera et al., 2013], and the 10 m walking test (10
mWT) [Johnston et al., 2013]. UPDRS II and III scores and
the HY scale were also assessed during OFF time, before
MRI scanning. Levodopa equivalent daily dose (LEDD)
was calculated.

Thirty-six healthy controls were also recruited among
nonconsanguineous relatives, institute personnel and by
word of mouth. All healthy controls performed neuropsy-
chological assessment and MRI scan.

All participants (patients and controls) were excluded if
they had: (1) medical illnesses or substance abuse that
could interfere with cognitive functioning; (2) any (other)
major systemic, psychiatric, or neurological illnesses; and
(3) other causes of focal or diffuse brain damage at routine
MRI, including lacunae and extensive cerebrovascular
disorders.

Approval was received from the San Raffaele Scientific
Institute ethical standards committee on human

experimentation and written informed consent was
obtained from all subjects participating in the study.

Neuropsychological Assessment

The neuropsychological assessment was performed by
an experienced neuropsychologist blinded to clinical and
MRI results, and evaluated: global cognitive functioning
with the MMSE [Folstein et al., 1975]; memory function
with verbal and spatial span [Orsini et al., 1987], Rey audi-
tory verbal learning test (RAVLT) [Carlesimo et al., 1996],
and Rey’s Figure Delayed Recall Test [Caffarra et al.,
2002]; executive functions with the Phonemic and Seman-
tic Fluency [Novelli et al., 1986], and the fluency indices
(controlling for individual variations in motor disabilities)
[Abrahams et al., 2000], Ten Point Clock Drawing Test
[Manos, 1999], and Modified Card Sorting Test [Caffarra
et al., 2004]; attention and working memory functions with
digit span backward [Monaco et al., 2013], attentive matri-
ces [Spinnler and Tognoni, 1987], and Trail Making Test
[Giovagnoli et al., 1996]; language with the confrontation
naming subtests of the battery for the assessment of apha-
sic disorders (BADA) [Miceli et al., 1994] and the Token
Test [De Renzi and Faglioni, 1978]; visuospatial abilities
with the Rey’s Figure Copy Test [Caffarra et al., 2002] and
the visual spatial subtests of the Addenbrooke’s Cognitive
Examination Revised (ACE-R) [Mioshi et al., 2006]. Mood
was evaluated with the BDI [Beck et al., 1961]. Scores on
neuropsychological tests were age, sex, and education cor-
rected using normative values.

In addition, we investigated whether PD patients had a
mild cognitive impairment (MCI) in accordance with the
MDS Task Force criteria [Litvan et al., 2012], i.e., if they
performed at least 1.0 standard deviation below the nor-
mative mean score in at least two cognitive tests within a
single or multiple domains (including executive functions,
attention, visuospatial abilities, memory, and language).

MRI Acquisition

Brain MRI scans were obtained using a 3.0 T scanner
(Intera, Philips Medical Systems, Best, The Netherlands).
Subjects were scanned between 12 AM and 1 PM during
OFF time, i.e., at least 12 h after their regular evening
dopaminergic therapy administration, to mitigate the phar-
macological effects on neural activity. The following
sequences were acquired: T2-weighted spin echo (SE) (rep-
etition time [TR] 5 3,500 ms; echo time [TE] 5 85 ms; echo
train length 5 15; flip angle 5 908; 22 contiguous, 5-mm
thick, axial slices; matrix size 5 512 3 512; field of view
[FOV] 5 230 3 184 mm2); fluid-attenuated inversion recov-
ery (FLAIR) (TR 5 11 s; TE 5 120 ms; flip angle 5 908; 22
contiguous, 5-mm thick, axial slices; matrix size 5 512 3

512; FOV 5 230 mm2); 3D T1-weighted fast field echo
(TR 5 25 ms, TE 5 4.6 ms, flip angle 5 308, 220 contiguous
axial slices with voxel size 5 0.89 3 0.89 3 0.8 mm, matrix
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size 5 256 3 256, FOV 5 230 3 182 mm2); pulsed-gradient
SE echo-planar sequence with sensitivity encoding (acceler-
ation factor 5 2.5; TR 5 8,773 ms; TE 5 58 ms; 55 contiguous,
2.3-mm thick, axial slices; after SENSE reconstruction, the
matrix dimension of each slice was 128 3 128, with an in-
plane pixel size 5 1.87 3 1.87 mm and a FOV 5 231 3

240 mm2; diffusion gradients applied in 35 noncollinear
directions; b factor 5 900 s/mm2); and T2*-weighted single-
shot echo planar imaging (EPI) sequence for RS fMRI
(TR 5 3,000 ms, TE 5 35 ms, flip angle 5 908, FOV 5

240 mm2; matrix 5 128 3 128, slice thickness 5 4 mm, 200
sets of 30 contiguous axial slices; acquisition time 5 10
min). During RS fMRI scanning, subjects were instructed to
remain motionless, to keep their eyes closed, and not to
think about anything in particular. Fat saturation was per-
formed to avoid chemical shift artifacts. All slices were
positioned to run parallel to a line that joins the most infer-
oanterior and inferoposterior parts of the corpus callosum.

MRI Analysis

MRI analysis was performed by an experienced
observer, blinded to subjects’ identity. WM hyperinten-
sities (WMH), if any, were identified on T2-weighted and
FLAIR scans. WMH load was measured on T2 scans using
the Jim software package (Version 6.0, Xinapse Systems,
Northants, UK; available at: http://www.xinapse.com).

Grey matter atrophy

VBM was performed using SPM8 (www.fil.ion.ucl.ac.
uk/spm/) and the Diffeomorphic Anatomical Registration
Exponentiated Lie Algebra (DARTEL) registration method
[Ashburner, 2007] to detect GM volume alterations, as pre-
viously described [Canu et al., 2013]. Briefly, (i) T1-
weighted images were segmented to produce GM, WM,
and CSF tissue maps; (ii) the spatial transformation and
segmentation parameters were imported in DARTEL; (iii)
the rigidly aligned version of the images previously seg-
mented was generated; (iv) the DARTEL template was cre-
ated and the obtained flow fields were applied to the
rigidly-aligned segments to warp them to the common
DARTEL space and then modulated using the Jacobian
determinants; (v) the modulated images from DARTEL
were normalized to the Montreal Neurological Institute
(MNI) template using an affine transformation estimated
from the DARTEL GM template and the a priori GM prob-
ability map without resampling (http://brainmap.wisc.
edu/normalizeDARTELtoMNI). Before statistical computa-
tions, images were smoothed with an 8 mm FWHM Gaus-
sian filter.

White matter damage

DT MRI analysis was performed using the FMRIB soft-
ware library (FSL) tools (http://www.fmrib.ox.ac.uk/fsl/
fdt/) and the JIM5 software (Version 6.0, Xinapse Systems,

Northants, UK, http://www.xinapse.com). The diffusion-
weighted data were skull-stripped using the Brain Extrac-
tion Tool implemented in FSL. Eddy currents correction
was performed using the JIM5 software [Horsfield, 1999].
The DT was estimated on a voxel-by-voxel basis using
DTIfit provided by the FMRIB Diffusion Toolbox. Maps of
mean diffusivity (MD), fractional anisotropy (FA), axial
diffusivity (axD) and radial diffusivity (radD) were
obtained.

Tract based spatial statistics. Tract-based spatial statis-
tics (TBSS) version 1.2 (http://www.fmrib.ox.ac.uk/fsl/
tbss/index.html) was used to perform the multisubject DT
MRI analysis [Smith et al., 2006]. FA volumes were aligned
to a target image using the following procedure: (i) a
target image was selected automatically as the most repre-
sentative FA image by the FMRIB’s Nonlinear Image
Registration Tool (FNIRT), (ii) the nonlinear transforma-
tion that mapped each subject’s FA to the target image
was computed using FNIRT, (iii) the target image was
transformed affinely to the MNI 152 standard space, and
(iv) the same transformation was used to align each sub-
ject’s FA to the standard space. A mean FA image was
then created by averaging the aligned individual FA
images, and thinned to create a FA skeleton representing
WM tracts common to all subjects [Smith et al., 2006]. The
FA skeleton was thresholded at 0.2 to exclude voxels with
low FA values, which are likely to include GM or CSF.
Individual MD, FA, axD and radD data were projected
onto this common skeleton.

Tractography of the PPT. Seeds for assessing fibers origi-
nating from the PPN were defined in the MNI space on
the FSL FA template in 10 consecutive axial slices using
the coordinates of the PPN provided by a previous work
[Fling et al., 2013] (Fig. 1). Fiber tracking was performed in
native DT MRI space using a probabilistic tractography
algorithm implemented in FSL (probtrackx), which is
based on Bayesian estimation of diffusion parameters
(Bedpostx) [Behrens et al., 2007]. Details of the tractogra-
phy procedure have been previously described [Canu
et al., 2013]. Maps of MD, FA, axD, and radD were
obtained from the PPT bilaterally in the native space.

RS functional connectivity

RS fMRI data analysis was carried out using MELODIC
(Multivariate Exploratory Linear Optimized Decomposi-
tion into Independent Components) of FMRIB software
library (FSL version 4.1.7, http://www.fmrib.ox.ac.uk/fsl/
melodic/) [Beckmann et al., 2005]. After having removed
the first four volumes of each image to allow magnet sig-
nal stabilization, individual prestatistical processing con-
sisted of motion correction (http://www.fmrib.ox.ac.uk/
analysis/techrep/tr04ss2/tr04ss2/node13.html), removal
of nonbrain tissue, spatial smoothing using a 6-mm full
width at half maximum Gaussian kernel, and high-pass
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temporal filtering equivalent to 100 s (0.01 Hz). FMRI vol-
umes were then registered to the individual’s 3D T1-
weighted scan and standard space images using FNIRT.
Preprocessed fMRI data, containing 196 time-points for
each subject, were temporally concatenated across subjects
to create a single 4D dataset. This fMRI dataset was then
decomposed into independent components (IC) with a free
estimation for the number of components.

Statistical Analysis

Demographic, clinical, and cognitive data

Demographic, clinical and cognitive variables were com-
pared between groups with ANOVA models. Analyses
were thresholded at P < 0.05 corrected for multiple com-
parisons using the false discovery rate (FDR), and per-
formed using SAS Release 9.3 (SAS Institute, Cary, NC).

GM atrophy

VBM group comparisons were performed to assess GM
volume differences between groups in SPM8 using
ANCOVA models adjusting for total intracranial volume.
Results were assessed at P < 0.05 family-wise error
(FWE)-corrected for multiple comparisons.

WM damage

DT MRI voxelwise statistics were performed using a
permutation-based inference tool for nonparametric statisti-
cal thresholding (“randomize,” part of FSL [Nichols and
Holmes, 2002]). MD, FA, axD, and radD values within the
skeleton were tested between groups using two-sample t
tests. The number of permutations was set at 5,000 [Nichols
and Holmes, 2002]. The resulting statistical maps were
thresholded at P < 0.05, FWE-corrected for multiple compar-
isons at the cluster level using the threshold-free cluster

enhancement (TFCE) option. DT MRI measures from the
PPT were compared between groups using ANOVA models,
FDR-corrected for multiple comparisons (SAS Release 9).

RS functional connectivity

Between-subject analysis of the RS fMRI data was car-
ried out using a dual-regression technique [Filippini et al.,
2009], an approach that allows to identify subject-specific
temporal dynamics and spatial maps that are associated
with each group IC map. Among group-IC spatial maps,
IC of interest (sensorimotor, DMN, associative visual, ven-
tral attentive, frontoparietal network, Supporting Informa-
tion Fig. 1) were selected by visual inspection based on
previous literature [Smith et al., 2009]. Then, dual-
regression procedure involves: (i) the use of the selected
group-IC spatial maps in a linear model fit (spatial regres-
sion) against the single subject fMRI data sets, resulting in
matrices describing temporal dynamics for each IC and
subject, and (ii) the use of these time-course matrices
which are entered into a linear model fit (temporal regres-
sion) against the associated fMRI data set to estimate
subject-specific spatial maps [Filippini et al., 2009]. After
dual regression, spatial maps of all subjects were collected
into single 4D files for each original IC. Nonparametric
permutation tests (5,000 permutations) were used to detect
statistically significant differences between groups within
the RSN of interest obtained with MELODIC (the single
4D files for each original IC) [Nichols and Holmes, 2002].
Furthermore, analyses were restricted within the
spatial RSN of interest using binary masks obtained by
thresholding the corresponding Z map image (Z> 2.3).
FWE correction for multiple comparisons was performed,
implementing TFCE using a significance threshold of P <

0.05 [Smith et al., 2009].

Figure 1.

Probability map of the pedunculopontine tract and seeds of the pedunculopontine nucleus

(green) are overlaid on the sagittal, coronal and axial sections of the Montreal Neurological Insti-

tute standard brain in neurological convention (right is right). The colour scale indicates the

degree of overlap among subjects.
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Correlation analysis

The relationships between clinical/cognitive findings,
DT MRI metrics, and RS functional connectivity measures
were tested. Mean functional connectivity measures were
obtained from those RSN clusters showing significant dif-
ferences between patients and controls. Correlations
between FoG severity and cognitive scores, and between
clinical/cognitive variables, PPT measures and mean func-
tional connectivity measures were tested using the Spear-
man’ coefficient (SAS Release 9.3). The associations of WM
abnormalities with clinical/cognitive findings and mean
functional connectivity measures were also tested voxel-
wise using regression models in FSL. Results were consid-
ered significant at P < 0.05 FWE-corrected in FSL and at
P < 0.05 FDR-corrected for multiple comparisons in SAS.

Structural MRI Analysis in an Independent

PD Sample With and Without FoG

(1.5 T MR Scanner)

Twenty-eight PD-FoG patients, 25 PD-noFoG, and 30
healthy controls were recruited consecutively at the Clinic
of Neurology, Faculty of Medicine, University of Belgrade,
Serbia. Inclusion and exclusion criteria were the same as
for the Milan sample, except for the occurrence of FoG in
PD-noFoG patients. Healthy controls were recruited
among nonconsanguineous relatives, institute personnel
and by word of mouth. Subjects underwent clinical and
neuropsychological evaluations during ON time. Clinical

evaluation assessed disease severity with the HY scale and
the UPDRS II and III scores, and FoG severity with the
FoG-Q [Giladi et al., 2000]. LEDD was also calculated. The
appendix reports details on the neuropsychological assess-
ment. Approval was received from the University of
Belgrade ethical standards committee on human experi-
mentation and written informed consent was obtained from
all subjects participating in the study.

All participants underwent a structural MRI scan during
ON time on a 1.5 T MR scanner. The following sequences
were acquired: dual- echo turbo SE; 3D T1-weighted turbo
field echo; and pulsed-gradient SE echo planar with sensi-
tivity encoding and diffusion gradients applied in 65 non-
collinear directions. No RS MRI data were acquired.
Details on MRI sequences are provided in the Appendix.
Patterns of GM atrophy and WM abnormalities in each
group of PD patients relative to controls and in PD-FoG
relative to PD-noFoG cases were investigated using the
same methodological and statistical procedures as
described for the other sample.

RESULTS

Demographic, Clinical, and

Neuropsychological Features

PD-FoG patients and healthy controls did not differ
in terms of age, gender, and education (Table I).
Patients were in the mild stage of the disease and pre-
sented with a mild dopamine-responsive FoG, a slight

TABLE I. Demographic, clinical, and functional findings in healthy controls and PD-FoG patients

Healthy controls PD-FoG patients P

N 35 23
Age (yr) 67.7 6 7.6 (56–81) 66.9 6 8.0 (46–79) 0.883
Gender (women) 15 (43%) 7 (30%) 0.413
Education (yr) 11.8 6 4.8 (5–24) 11.1 6 4.2 (5–18) 0.609
Clinical variables

UPDRS II on — 2.7 6 2.1 (0–8) —

UPDRS II off — 4.8 6 1.9 (1–8) —

UPDRS III on — 25.4 6 9.2 (13–44) —

UPDRS III off — 33 6 9.5 (13–54) —

HY on — 2.3 6 0.4 (2 23) —

HY off — 2.3 6 0.4 (2–3) —

FoG-Q — 12.4 6 3.4 (8–20) —

PDQ-39 — 23.3 6 11.2 (7 6 41) —

LEDD — 937.0 6 435.9 (210-2139) —

Motor functional variables
TUG low velocity (s) — 8.7 6 1.6 (6–12) —

TUG high velocity (s) — 11.4 6 3.1 (7–20) —

10 mWT (s) — 6.5 6 1.5 (4–10) —

BBS — 51.4 6 3.9 (43–56) —

Numbers denote mean 6 standard deviations (range) or frequency (%). BBS 5 Berg Balance Scale; FoG-Q 5 Freezing of Gait-
Questionnaire; HY 5 Hoehn and Yahr scale; LEDD 5 Levodopa Equivalent Daily Dose; PDQ-39 5 39-item PD questionnaire; TUG 5 Time
Up and Go test; UPDRS 5 Unified Parkinson’s Disease Rating Scale; 10 mWT 5 10 m Walking Test.
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balance impairment and a reduced walking speed
(Table I). Compared with controls, PD-FoG patients per-
formed worse on tests assessing visuospatial abilities,
problem solving, shifting attention and verbal comprehen-
sion (Table II). According to the MDS Task-force criteria
[Litvan et al., 2012], 13 PD-FoG patients had MCI (single-
domain, executive in four patients; single-domain,
visuospatial in four; single-domain, memory in one case;
multidomain, executive and visuospatial in three; multi-
domain, visuospatial and language in one). MCI patients
had slightly higher FoG-Q scores relative to patients with-
out cognitive deficits that did not reach statistical signifi-
cance (PD-FoG with MCI 5 13.2 6 3; PD-FoG without
MCI 5 11.3 6 4, P 5 0.23). In PD-FoG with MCI, there was
a significant correlation between scores at the FoG-Q and
semantic fluency performance (r 5 20.60; P 5 0.04), while
no correlation was found in PD-FoG patients without
MCI.

Gray Matter Atrophy

No GM volume differences were found between groups.

White Matter Abnormalities

TBSS

Compared with controls, PD-FoG patients showed both
increased MD and decreased FA of the WM underneath
the primary motor, premotor, prefrontal, orbitofrontal, and
inferior parietal cortices, cingulum, and superior longitudi-
nal fasciculus bilaterally, and of the cerebral peduncles
(bilateral decreased FA, and left increased MD) (Fig. 2).
They also had increased MD of the left corticospinal tract
and thalamic radiations, external capsule, bilaterally, and
cerebellum (right lobule VIII, and lobule IX, bilaterally),
and decreased FA of the corpus callosum (genu, anterior
body, and splenium) and temporo-occipital WM tracts,
bilaterally. Relative to controls, PD-FoG patients showed a
distributed pattern of increased axD and radD resembling
that of increased MD (Supporting Information Fig. 2).

PPT

Patients showed increased axD of the left PPT (1.33 6 0.1)
compared with healthy controls (1.25 6 0.1, pFDR 5 0.04).

TABLE II. Neuropsychological findings in healthy controls and PD-FoG patients

Healthy controls PD-FoG patients P

N 35 23
MMSE 29.1 6 1.0 (27–30) 27.7 6 1.8 (23–30) 0.015
Memory

Digit span, forward 6.0 6 1.2 (4–9) 5.7 6 0.8 (4–7) 0.336
RAVLT, immediate 45.2 6 8.6 (30–61) 39.3 6 9.3 (27–63) 0.110
RAVLT, delay 9.7 6 3 (5–15) 8.2 6 2.4 (5–14) 0.131
Rey’s figure recall 20.8 6 6.3 (9–31) 14.4 6 3.8 (8–22) 0.003

Language
Token test 32.3 6 1.7 (29–36) 30 6 2.6 (24–34) 0.009
BADA, confrontation naming, nouns 29.3 6 1.5 (25–30) 28.7 6 1.5 (24–30) 0.347
BADA, confrontation naming, actions 27.2 6 1.8 (21–28) 26.3 6 2 (22–28) 0.263

Executive functions
Semantic fluency 44.3 6 5.9 (31–56) 41 6 8.7 (22–56) 0.336
Phonemic fluency 39.5 6 6.4 (24–51) 33.4 6 8.4 (21–46) 0.123
Clock Drawing Test 8.8 6 1.4 (6–10) 7.5 6 2.4 (1–10) 0.127
MCST, categories 3.7 6 2.1 (0–6) 2.2 6 1.4 (0–5) 0.024
MCST, perseverations 8.2 6 10.1 (1–38) 15.0 6 11.1 (1–45) 0.127

Visuospatial functions
Rey’s figure copy 35.8 6 1.6 (30–39) 27.7 6 4.2 (16–34) <0.001
ACE-R-VS 15.5 6 0.9 (13–16) 13.8 6 1.8 (10–16) 0.009

Attention
Digit span, backward 4.4 6 1.1 (2–6) 4.3 6 0.7 (2–6) 0.609
TMT-BA 36.5 6 34.8 (4–115) 93.1 6 64.9 (0–242) 0.014
Attentive matrices 49.3 67.0 (35–59) 39.6 6 8.7 (22–55) 0.003

Mood
BDI 3.2 6 3.6 (0–13) 4.9 6 4.2 (0–14) 0.298

Values are means 6 standard deviations (range). Analyses are adjusted for multiple comparisons using false discovery rate. Scores on
neuropsychological tests were age, sex, and education corrected by using normative values (see text for further details). ACE-R-
VS 5 Addenbrooke’s Cognitive Examination Revised-Visuospatial subtest; BADA 5 battery for the assessment of aphasic disorders;
BDI 5 Beck Depression Inventory; MCST 5 Modified Card Sorting Test; MMSE 5 Mini mental state examination; RAVLT 5 Rey Auditory
Verbal Learning Test; TMT 5 Trail Making Test.
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Figure 2.

Decreased fractional anisotropy (FA, red) and increased mean

diffusivity (MD, blue) in: A) patients with Parkinson’s disease and

freezing of gait (PD-FoG) compared with healthy controls; B)

PD-FoG patients from the independent sample compared with

matched controls; C) PD patients without FoG (PD-noFoG)

from the independent sample compared with matched controls.

Results are overlaid on the axial sections of the Montreal

Neurological Institute standard brain in neurological convention

(right is right), and displayed at P < 0.05 family-wise error

(FWE) corrected for multiple comparisons at the cluster level

using the threshold-free cluster enhancement option. The white

matter skeleton is shown in green.
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TABLE III. Regions of decreased resting state functional connectivity within each investigated

network in PD-FoG patients compared with healthy controls

No. voxels Regions x y z Z values

Sensorimotor network
489 R precentral gyrus 30 210 52 5.22

R postcentral gyrus 26 242 52 —
L postcentral gyrus 226 230 56 —
R supplementary motor area 10 6 52 —
R supplementary motor area 11 232 56 —
L supplementary motor area 29 232 56 —
R superior frontal gyrus 18 4 56 —

Default mode network (DMN) I
72 R posterior cingulate cortex 10 266 16 3.66

R calcarine gyrus 10 270 20 —
16 L fusiform gyrus 226 238 224 4.79

DMN II
33 R superior frontal gyrus 18 38 36 4.57
11 R rolandic operculum 38 230 24 4.71

Visual associative network
13 L inferior occipital gyrus 250 282 0 4.81

Coordinates (x, y, z) are in Montreal Neurological Institute space. Results are shown at P < 0.05 family-wise error (FWE) corrected for
multiple comparisons. R 5 right; L 5 left.

Figure 3.

Reduced resting state functional connectivity in the investigated networks in patients with Parkin-

son’s disease and freezing of gait compared with healthy controls. Results are overlaid on the

axial sections of the Montreal Neurological Institute standard brain in neurological convention

(right is right), and displayed at P < 0.05 family-wise error (FWE) corrected for multiple compar-

isons. Coloured bar represents P values.
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RS Functional Connectivity

Among the components computed in the entire subject
group by MELODIC, six coincided with the RSNs of inter-
est, i.e., sensorimotor, DMN (two RSNs, named I and II),
associative visual, ventral attentive, and right frontoparietal
network (Supporting Information Fig. 1). Compared with
healthy controls, PD-FoG patients showed a decreased
functional connectivity of (Table III): (a) a large cluster com-
prising the right precentral gyrus, supplementary motor
area (SMA) and postcentral gyrus bilaterally, and right
superior frontal gyrus within the sensorimotor network; (b)
the right posterior cingulate cortex, right calcarine cortex,
and left fusiform gyrus within DMN I and the right supe-
rior frontal gyrus and rolandic operculum within the DMN
II; and (c) the left inferior occipital gyrus within the visual
associative network (Fig. 3). No abnormalities were found
in the ventral attentive and right frontoparietal RSNs. No
regions of increased functional connectivity were found in
PD-FoG patients relative to controls.

Correlations

In patients, more severe clinical disability assessed with
the UPDRS III during ON time was associated with
greater axD of the right PPT (r 5 0.59; pFDR 5 0.02; Fig.
5A). In addition, there was a trend toward a relationship
between higher UPDRS III during OFF time and greater
axD of the PPT bilaterally (right: r 5 0.53, pFDR 5 0.05;
left: r 5 0.49, pFDR 5 0.05; Fig. 5B). No significant relation-
ships were observed between clinical/cognitive features,
other WM metrics, and functional connectivity measures.

Structural MRI Findings in an Independent

PD Sample With and Without FoG

Supporting Information Table I shows demographic and
clinical data of the independent PD sample. Appendix and

Supporting Information Table II report cognitive findings
of these patients. No GM volume differences were found
between PD-FoG, PD-noFoG, and healthy controls. TBSS
showed that the pattern of WM abnormalities observed in
the independent PD-FoG group relative to controls (Fig.
2B, Supporting Information Fig. 2B) was similar to that
observed in the 3T PD-FoG sample (Fig. 2A, Supporting
Information Fig. 2A). Compared with controls, PD-noFoG
patients showed increased MD and radD of the right inter-
nal capsule and frontal superior longitudinal fasciculus,
and decreased FA of the corpus callosum (genu, anterior
body, and splenium), right internal and external capsule,
WM underneath the right motor, prefrontal and parietal
cortices, orbitofrontal WM bilaterally, and left occipital
WM (Fig. 2C, Supporting Information Fig. 2C). Compared
with PD-noFoG, PD-FoG patients showed increased axD
of the genu and the body of the corpus callosum and the
WM underneath the right parietal cortex (Fig. 4). Tractog-
raphy analysis revealed that PD-FoG patients had
increased axD of the left (1.47 6 0.1) and right (1.44 6 0.1)
PPT compared with controls (left 5 1.41 6 0.1, pFDR 5

0.003; right 5 1.39 6 0.1, pFDR 5 0.03), while no difference
was found between PD-noFoG patients and controls and
between the two patient groups. In PD-FoG patients, there
was a trend toward a relationship between clinical disabil-
ity assessed using the UPDRS III during ON time and axD
of the left PPT (r 5 0.39; P 5 0.01, pFDR 5 0.11; Fig. 5C).

DISCUSSION

This is a multimodal MRI study which investigated both
structural and functional brain connectivity alterations in
patients with PD-FoG. Patients showed abnormalities of
cerebral regions subtending motor functions, such as
microstructural alterations of the brainstem, PPT, corpus
callosum, thalamic radiations, and corticospinal tracts as
well as a decreased functional connectivity of the pre-/
postcentral cortices and SMA in the sensorimotor network.

Figure 4.

Increased axial (axD, pink) in Parkinson’s disease patients with freez-

ing of gait (PD-FoG) compared with those without FoG (PD-

noFoG) from the independent sample. Results are overlaid on the

sagittal and axial sections of the Montreal Neurological Institute

standard brain in neurological convention (right is right), and dis-

played at P < 0.05 family-wise error (FWE) corrected for multiple

comparisons at the cluster level using the threshold-free cluster

enhancement option. The white matter skeleton is shown in green.
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Additionally, patients showed an extramotor pattern of
alterations including the genu and splenium of the corpus
callosum and cortico-cortical WM tracts and an altered
functional connectivity of the DMN and visual associative
networks. The same pattern of WM microstructural altera-
tions has been replicated in an independent sample of
PD-FoG patients relative to healthy controls and, most
importantly, compared with a group of PD-noFoG

patients. We discuss these findings in the framework of
the most recent hypotheses on the physiopathological basis
of FoG [Lewis and Barker, 2009; Nieuwboer and Giladi,
2013; Vandenbossche et al., 2012].

The strengths of our report compared with previous MRI
studies of PD-FoG [Fasano et al., in press] are the
following: (i) this is a multimodal 3 T MRI where cortical,
functional and WM features have been investigated with

Figure 5.

Relationship between clinical disability, as assessed using the Unified Parkinsons’ Disease Rating

Scale III (UPDRS III) and axial diffusivity (axD) of the pedunculopontine tract (PPT) in the two

groups of Parkinson’s disease patients with freezing of gait (A and B: 3.0 T sample; C: independ-

ent 1.5 T sample).
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the most advanced techniques and a sound methodological
approach, which included correction for multiple compari-
sons and confounding variables; (ii) structural MRI find-
ings have been replicated in an independent PD-FoG
sample who performed MRI scans on a 1.5 T scanner and
were compared not only to healthy subjects but also to
PD-noFoG patients increasing the specificity and the
reproducibility of our results; and (iii) PD patients from
the two cohorts were well-defined in terms of their cogni-
tive status, which improved our knowledge on the interac-
tion between FoG and cognitive impairment in PD.

In our study, PD-FoG patients showed a distributed pat-
tern of WM damage involving sensorimotor-related and
extramotor pathways. The independent analysis confirmed
that PD-FoG patients (and not PD-noFoG patients) had an
involvement of the PPT, which was associated with dis-
ease severity. PPT includes reciprocal connections of the
PPN with the basal ganglia, major outputs to the reticulo-
spinal pathway, and ascending thalamocortical pathway
[Grabli et al., 2012]. Cholinergic PPN projections enable
the initiation, maintenance, and modulation of posture
and gait in healthy adults [Grabli et al., 2012]. Postmortem
studies showed that the degree of cholinergic neuronal
loss in the PPN in PD patients is correlated with the occur-
rence of falls [Karachi et al., 2010]. Low frequency stimula-
tion of the PPN was recently introduced in PD patients
with drug-resistant gait and balance disorders [Grabli
et al., 2012]. Two previous studies assessed DT MRI met-
rics of the PPN projections in PD-FoG patients [Fling
et al., 2013; Vercruysse et al., 2015]. Fling et al. [2013] did
not find microstructural alterations of the PPT in these
patients, although the volume of the right peduncolopon-
tine projections to the cerebellum, thalamus, basal ganglia
and frontal cortices was found to be reduced. More
recently, Vercruysse et al. found a decreased FA of the
connections between the PPN and the cerebellum [Ver-
cruysse et al., 2015].

Compared with the only previously published study
exploiting a voxel-wise DT MRI analysis of PD-FoG
patients [Vercruysse et al., 2015], our cases showed a more
distributed WM damage involving the majority of fronto-
parietal and temporo-occipital cortico-cortical connections
as well as the genu and splenium of the corpus callosum.
Although ours and previous samples are comparable in
terms of clinical status and demographic features, the
more distributed WM damage that we observed could be
due to the larger sample size relative to the previous study
[Vercruysse et al., 2015]. In addition, our PD-FoG patients
showed cognitive deficits, while a comprehensive neuro-
psychological evaluation was not obtained in the previous
article [Vercruysse et al., 2015]. Previous studies have
shown that FoG is strongly related to impairment in dual
task, set-shifting and visuospatial performances [Shine
et al., 2013c; Spildooren et al., 2010]. This is also the case
in our sample showing executive and visuospatial deficits
relative to controls and a relationship between FoG sever-

ity and cognitive dysfunction in the MCI cases. Cognitive
impairment is often concomitant to FoG [Nutt et al., 2011]
and could be associated with WM damage in these
patients. In fact, previous studies observed that PD MCI
patients showed a greater amount of WM damage in the
fronto-cortical and interhemispheric connections relative to
PD patients without cognitive impairment, regardless the
occurrence of FoG [Agosta et al., 2014a; Melzer et al.,
2013]. In this regard, it is noteworthy that the additional
analysis we performed in the independent sample showed
that PD-FoG patients had a poorer performance in a test
assessing visuospatial abilities compared with PD-noFoG
patients as well as a more severe involvement of the cor-
pus callosum and the WM underneath the right parietal
cortex. Thus, damage to the interhemispheric and long-
range associative WM tracts in PD-FoG patients can be the
structural correlate of both their cognitive impairment and
FoG disturbance. All these findings support the so-called
“cognitive model” of FoG, according to which PD-FoG
patients would fail to process response conflict leading to
behavioural indecision with FoG phenomenon as the result
of the cognitive dysfunction [Nieuwboer and Giladi, 2013;
Vandenbossche et al., 2012].

RS fMRI data confirmed that PD-FoG patients experi-
ence a loss of connectivity in both sensorimotor and
cognitive-related brain networks. PD-FoG patients had a
decreased functional connectivity of the primary motor
cortex, SMA and postcentral gyrus in the sensorimotor
system. Neural regions underlying sensorimotor function
have traditionally shown to be characterized by a dimin-
ished functional activation in PD patients during
movement-related tasks [Herz et al., 2013]. A previous RS
fMRI study of PD-FoG patients showed a reduced connec-
tivity between the SMA and the STN and an increased
connectivity between the SMA and the MLR and cerebellar
locomotor regions relative to PD patients without FoG
[Fling et al., 2014]. The partial disagreement between our
and previous findings may be due to the different sample
sizes, disease severity, RS fMRI analytic tools, and statisti-
cal methods used. However, taken together, these findings
suggest a functional disorganization within the sensorimo-
tor network in PD patients which can contribute to FoG
through an altered communication between the primary
motor cortices, SMA and subcortical regions.

PD-FoG patients also showed a decreased functional
connectivity in the superior and inferior frontal, medial
parietal (posterior cingulate cortex) and inferior temporal
regions in the DMN. Functional abnormalities of the fronto-
parietal regions have been observed in a number of imag-
ing studies of PD-FoG patients [Fasano et al., in press],
including the only other study which assessed RS func-
tional connectivity in extramotor networks in PD-FoG com-
pared with both patients without FoG and healthy controls
[Tessitore et al., 2012b). Furthermore, in PD-FoG patients
compared with controls we observed a reduced functional
connectivity of the left occipital cortex in the visual
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associative network, in keeping with a previous study [Tes-
sitore et al., 2012b). PD patients rely on visual cues to con-
trol movement, and visual deficits are highly associated
with gait disturbances and FoG in this condition [Almeida
and Lebold, 2010]. Consistent with this, visuospatial deficits
were frequent in our samples and, as mentioned above,
PD-FoG patients of the independent sample showed more
severe visuospatial impairment compared with PD-noFoG
patients. In keeping with the cognitive status of our patients
and their altered structural connectivity of the extramotor
pathways, our RS fMRI findings support the hypothesis of
a cognitive network dysfunction as one of the major con-
tributor to the development of FoG in PD [Nieuwboer and
Giladi, 2013; Vandenbossche et al., 2012].

There are some caveats that should be considered when
interpreting our data. First, the lack of RS fMRI data from
a group of patients without FoG. Second, the relative small
sample size which reduced the statistical power of our
analysis and could have led to false negative findings,
such as, for instance, the lack of GM findings and correla-
tions between structural and functional alterations. Third,
patients in this study had mild FoG and the narrow range
of the FoG-Q scores could likely have caused the lack of
significant associations with brain abnormalities, although
the direct comparison with a group of PD-noFoG patients
in the independent sample has increased, at least partially,
the significance of our findings. Fourth, MRI scans from
the independent sample of PD patients were acquired
using a different MR scanner (1.5 T instead of 3 T). Finally,
our findings have been discussed in the light of two theo-
retical physiopathological models of FoG, i.e., the
“interference” and the “cognitive” models [Nieuwboer and
Giladi, 2013]. However, other potential mechanisms
should be taken into account when investigating FoG,
such as the “threshold” model, which assumes that FoG
occurs when the accumulation of various motor deficits
reinforce each other to a point of motor breakdown, and
the “decoupling” model, which sees FoG as a disconnec-
tion between motor programs and the intended motor
response [Nieuwboer and Giladi, 2013]. Future studies
should combine structural and functional neuroimaging
methods with behavioral experimental measures and neu-
rophysiological techniques to detect FoG episodes with
sufficient temporal resolution.

Despite these limitations, this study reports a compre-
hensive picture of structural and functional connectivity
alterations in PD-FoG patients, suggesting that FoG in PD
can be the result of a poor structural and functional inte-
gration between motor and extramotor (cognitive) neural
systems.
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