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A B S T R A C T

Freezing of gait (FOG) is a paroxysmal gait disorder that often occurs at advanced stages of Parkinson's disease
(PD). FOG consists of abrupt walking interruption and severe difficulty in locomotion with an increased risk of
falling. Pathophysiological mechanisms underpinning FOG in PD are still unclear. However, advanced MRI and
nuclear medicine studies have gained relevant insights into the pathophysiology of FOG in PD. Neuroimaging
studies have demonstrated structural and functional abnormalities in a number of cortical and subcortical brain
regions in PD patients with FOG. In this paper, we systematically review existing neuroimaging literature on the
structural and functional brain changes described in PD patients with FOG, according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines. We evaluate previous studies using various MRI
techniques to estimate grey matter loss and white matter degeneration. Moreover, we review functional brain
changes by examining functional MRI and nuclear medicine imaging studies. The current review provides up-to-
date knowledge in this field and summarizes the possible mechanisms responsible for FOG in PD.

1. Introduction

Patients with Parkinson's disease (PD) often manifest freezing of gait
(FOG), a paroxysmal gait disorder characterized by abrupt walking
interruption and severe difficulty continuing locomotion, leading to an
increased risk of falling (Giladi, 2008, 2007; Giladi et al., 2001b, 2001a;
Nutt et al., 2011; Walton et al., 2015). FOG mainly occurs in advanced
stages of PD, is often refractory to medical treatment, and contributes to
a significant worsening of quality of life (Lopez et al., 1999;
Macht et al., 2007; Nonnekes et al., 2015; Nutt et al., 2011). Although a
number of clinical and experimental studies have demonstrated that
cognitive (i.e. abnormal executive and visuospatial functions) as well as
behavioral disorders (i.e. anxiety) contribute to FOG in patients with PD
(Nutt et al., 2011), the pathophysiological mechanisms leading to FOG
in PD still remain under debate (Fasano et al., 2015).

In this systematic review designed in agreement with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (Moher et al., 2009), we examine and critically discuss ex-
isting literature on structural and functional neuroimaging studies in
PD-FOG in order to provide an overview of up-to-date knowledge in this

field. As a further novelty, the manuscript also includes a quality as-
sessment of the previously published neuroimaging studies in PD-FOG
which are systematically organized into three main sections. In the first
section, we report structural magnetic resonance imaging (MRI) studies
on brain alterations. We consider separately grey matter loss (i.e. voxel-
based morphometry and surface-based morphometry) and white matter
damage (i.e. diffusion tensor imaging). In the second section, we ex-
amine functional MRI (fMRI) studies on brain changes and consider
separately results from task-based fMRI and resting-state fMRI ap-
proaches. In the third section, we evaluate nuclear medicine imaging
studies with positron emission tomography (PET) and single photon
emission computed tomography (SPECT) in PD-FOG. Lastly, we discuss
the main pathophysiological hypotheses to explain FOG in PD.

2. Literature search and methods

According to the PRISMA guidelines (Moher et al., 2009), two
electronic databases (PubMed and Scopus) were used to perform the
search criteria, using the following keywords: (“Parkinson”) AND
("freezing of gait" OR “FOG”) AND (“neuroimaging” OR “MRI” OR
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"diffusion tensor imaging" OR "fMRI" OR "functional MRI" OR “PET” OR
"positron emission tomography" OR "single photon" OR “SPECT”). The
search was concluded on 31 July 2019. No restriction was applied to
publication dates. First, we identified all corresponding documents in
both databases. In order to identify further articles, we used the refer-
ences from both original articles as well as from review articles. After
identifying existing PD-FOG neuroimaging studies, we then cross-
checked all the articles collected to avoid duplicates. The abstracts were
examined carefully, and the following exclusion criteria were applied:
reviews, case reports, articles written in languages other than English,
articles on children and articles including patients with diseases other
than PD including lesion-induced FOG.

In accordance with the PRISMA guidelines, in order to assess the
scientific quality of the studies included in our review and any possible
source of bias, we prepared a checklist of nine questions and a point
was assigned to each question according to the quality criteria fulfilled.
We then performed a quality assessment analysis based on the custo-
mized set of criteria used by a recent study (De Giglio et al., 2018). The
overall procedure was carried out by two investigators (KB, ST). In case
of disagreement, a more experienced author (PP) made the final deci-
sion. In order to evaluate the quality improvement over time of each
article category (structural, functional and nuclear medicine imaging),
we calculated correlation between the quality assessment score and the
year of publication by using the Spearman rank test. We compared the
quality assessment scores among each article category by using a two-
tailed, alpha=0.05, Mann-Whitney test.

3. Results

We obtained 213 articles from both databases (PubMed and
Scopus). After excluding review articles, we selected 187 articles. Out of
the 187 articles, 64 were present in both databases and therefore only
counted once. The abstracts of the remaining 123 articles were carefully
inspected to check for exclusion criteria. Finally, 58 original articles
based on PD-FOG neuroimaging findings were included and further
divided into 22 structural and 41 functional (28 fMRI and 13 nuclear
medicine techniques) studies. Seventeen out of the 22 structural studies
focused only on structural data, whereas 5 of them investigated both
structural and functional PD-FOG MRI data, and their results are dis-
cussed in both Section 1 and 2 (Fig. 1).

Quality assessment included questions about sample clinical char-
acteristics, statistical analysis and results (see Supplementary
Materials). The analysis showed no improvement in the structural and
functional MRI studies over time (all p≥0.05). Conversely, nuclear
medicine studies improved significantly with time (p=0.001;
rho=0.79). Group comparisons showed a higher quality assessment in
structural studies as compared to functional (t=2.36, p≤0.014) and
nuclear medicine studies (t=2.76, p≤0.004).

3.1. Section 1: Structural MRI studies

3.1.1. Grey matter
We identified a total of 13 structural MRI studies reporting cortical

or subcortical grey matter (GM) abnormalities in PD-FOG (Table. 1.1).
Voxel-based morphometry (VBM) was the most common technique

used to examine local volume changes in GM by analyzing voxel-based
features (Ashburner and Friston, 2000; Good et al., 2001). The first
structural study using VBM and region of interest analysis in PD-FOG
(Snijders et al., 2011) focused on possible changes in subcortical brain
structures, primarily the mesencephalic locomotor region (MLR). In this
study, the authors found greater GM atrophy in a small portion of the
MLR in PD-FOG patients as compared to PD patients without FOG (PD-
nFOG) and healthy subjects (HS). Sunwoo and colleagues (2013) also
analyzed subcortical brain structures and found lower thalamic vo-
lumes in PD-FOG than PD-nFOG (Sunwoo et al., 2013). Finally,
Herman et al. (2014) demonstrated GM loss in the bilateral caudate

nucleus of PD-FOG compared to PD-nFOG (Herman et al., 2014).
Several studies have examined GM changes in the cerebellum in PD-

FOG by using the spatially unbiased infratentorial toolbox (SUIT)
technique (Bharti et al., 2019a; Myers et al., 2017). While one VBM
study showed GM changes in the cerebellum (Jha et al., 2015), more
recently both Myers et al. (2017) and Bharti et al. (2019a) failed to find
differences in cerebellar GM when comparing PD-FOG and PD-nFOG.

A different line of VBM research found GM changes in cortical ra-
ther than subcortical brain structures in PD-FOG. Kostic and collea-
gues (2012) first demonstrated prominent GM atrophy in left fronto-
parietal regions in PD-FOG compared with PD-nFOG that negatively
correlated with FOG severity (Kostic et al., 2012). These findings have
been confirmed by a number of studies (Brugger et al., 2015;
Herman et al., 2014; Jha et al., 2015; Rubino et al., 2014;
Tessitore et al., 2012) that have demonstrated prominent GM loss in
anterior (frontal) and posterior (parieto-occipital) cortical areas in PD-
FOG compared with PD-nFOG and HS. VBM studies also demonstrated a
correlation between the amount of GM atrophy and FOG severity
(Brugger et al., 2015; Herman et al., 2014; Jha et al., 2015;
Rubino et al., 2014; Tessitore et al., 2012). However, Canu et al. (2015)
failed to detect GM volume differences when comparing PD-FOG and
PD-nFOG, possibly due to the relatively small sample size used
(Canu et al., 2015).

Besides VBM, an alternative morphometric technique used to ex-
amine GM structural abnormalities is surface-based morphometry
(SBM). SBM provides cortical thickness and surface area measures
(Fischl, 2012). Only two recent studies (Pietracupa et al., 2018;
Vastik et al., 2017) have investigated possible GM changes in PD-FOG
using the SBM technique and both demonstrated prominent cortical
thinning in frontoparietal regions of the medial wall in PD-FOG.

3.1.2. White matter
We selected 12 structural studies investigating white matter (WM)

changes in PD-FOG that used diffusion tensor imaging (DTI) with var-
ious methodological approaches (Table. 1.2).

DTI examines alterations in WM (Le Bihan, 1985; Merboldt et al.,
1991) by estimating the diffusivity of water molecules along the WM
fiber tracts (Pierpaoli et al., 1996) by means of specific measures in-
cluding fractional anisotropy (FA), mean diffusivity (MD), axial diffu-
sivity (AD), and radial diffusivity (RD) (Song et al., 2005, 2003). Al-
tered patterns of FA, MD, AD, and RD changes suggest axonal loss and/
or demyelination (Basser, 1995; Song et al., 2005, 2003).

One line of research to study WM changes in PD-FOG has focused on
structural connections in subcortical brain regions crucially involved in
locomotion, such as the peduncolopontine nucleus (PPN). First,
Schweder et al., 2010 demonstrated abnormal connectivity between the
PPN and a number of cortical and subcortical structures (Schweder
et al., 2010). Later, several DTI studies confirmed PPN connectivity
impairment when comparing PD-FOG and PD-nFOG (Canu et al., 2015;
Fling et al., 2013; Peterson et al., 2015; Vercruysse et al., 2015;
Youn et al., 2015). However, another study investigating the con-
nectivity between brain structures included in the locomotor network
failed to confirm WM changes when comparing PD-FOG and PD-nFOG
(Fling et al., 2014). Besides the PPN, a recent study from Bharti et al.
(2018) demonstrated greater WM damage in the superior and middle
cerebellar peduncles in PD-FOG than in PD-nFOG (Bharti et al., 2019a).
In most of the DTI studies, WM changes also correlated with FOG se-
verity (Bharti et al., 2019a; Canu et al., 2015; Fling et al., 2013;
Schweder et al., 2010; Vercruysse et al., 2015; Youn et al., 2015).

Another line of research has focused on possible damage in long
associative WM bundles. Canu et al. (2015) found WM damage invol-
ving the majority of frontoparietal and temporo-occipital cortico-cor-
tical connections, as well as the genu and splenium of the corpus cal-
losum in PD-FOG compared with PD-nFOG (Canu et al., 2015). In
keeping with these findings, a number of studies reported widespread
damage to several WM tracts including the superior longitudinal
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fasciculus, several corticofugal and frontostriatal tracts, and thalamic
radiation to frontal regions (Vercruysse et al., 2015; Wang et al., 2016).
More recently, using the Tracts Constrained by UnderLying Anatomy
(TRACULA) method, a three-dimensionally reconstructed tractography
approach for the automatic rebuilding of major WM pathways
(Trufanov et al., 2016; Pietracupa et al., 2018; Yendiki et al., 2011),
changes were found in long-range associative WM bundles, such as the
superior longitudinal fasciculus, uncinate fasciculus, cingulum cingu-
late gyrus, and inferior longitudinal fasciculus in PD-FOG. Moreover,
Pietracupa et al. (2018) reported a predominant impairment in WM
bundles in the right hemisphere in PD-FOG (Pietracupa et al., 2018).

Lastly, a recent article by Hall et al. (2018) investigated WM
changes and structural disconnection in PD-FOG by using graph theory
analysis. The authors found an altered structural organization of the
WM connectome in PD-FOG mainly involving frontal and parietal
cortical areas as well as the right caudate, thalamus, and hippocampus
(Hall et al., 2018).

In summary, structural MRI protocols involving VBM have demon-
strated that PD-FOG have GM loss in specific subcortical regions mostly
in the brainstem (i.e. MLR), basal ganglia (i.e. striatum) and cerebellum
(i.e. CLR). Besides subcortical structures, VBM as well as more ad-
vanced SBM techniques, have both demonstrated GM loss also in spe-
cific cortical areas and prominently in frontal and parietal regions. In
addition to GM loss, a second set of structural MRI studies have focused
on WM changes as examined by DTI in PD-FOG. These DTI studies have
consistently demonstrated damage of widespread long associative WM
bundles (i.e. SPL) and structural disconnection among cortical (i.e.
SMA) and subcortical (i.e. PPN) brain regions specifically involved in

locomotion. Overall, structural MRI studies have demonstrated GM loss
as well as WM damage involving multiple cortical and subcortical
structures in PD-FOG.

3.2. Section 2: Functional MRI studies

We identified 28 studies that reported fMRI abnormalities in PD-
FOG. Fourteen studies reported functional abnormalities based on a
stimulus-driven approach (task-based fMRI) (Table 2.1), whereas the
remaining 14 studies adopted the resting-state fMRI technique
(Table. 2.2).

3.2.1. Task-based functional MRI
Task-based fMRI (tb-fMRI) is a technique used to measure neuronal

activity through the inference of changes in the blood oxygenation level
dependent (BOLD) fMRI signals during the execution of a specific task
(Logothetis et al., 2009). Previous studies demonstrated that motor
imagery tasks activate neural processes resembling those involved
during motor performance, including gait (la Fougère et al., 2010;
Stephan et al., 1995). A number of studies have therefore investigated
FOG pathophysiology in PD by means of tb-fMRI with motor imagery
paradigms (Agosta et al., 2017; Myers et al., 2018; Peterson et al., 2014;
Snijders et al., 2011; Stephan et al., 1995). Snijders and collea-
gues (2011) first observed an increased subcortical activity, mainly in
the MLR, during motor imagery of gait in PD-FOG that significantly
correlated with FOG severity and disease duration (Snijders et al.,
2011). However, other studies with similar paradigms reported de-
creased rather than increased activity in structures other than the MLR,

Fig. 1. Flow Chart. Following PRISMA guidelines, this flowchart displays the procedure to identify those studies that were suitable to be included in the systematic
review.* Five studies report both structural and functional MRI analysis and are counted twice, thus total number of studies seems erroneously to be n=63, while
being n=58.** Three studies report both grey and white matter analysis and are counted twice. Therefore, the correct number of structural MRI studies (on both
grey and white matter) is n=22, not n=25.
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such as the cerebellar locomotor region (CLR) and basal ganglia in PD-
FOG as compared to PD-nFOG (Agosta et al., 2017; Myers et al., 2018;
Peterson et al., 2014). In addition to subcortical changes, the same
studies also found altered functional activation of a number of cortical
regions during motor imagery of gait in PD-FOG compared to PD-nFOG
(Agosta et al., 2017; Myers et al., 2018; Snijders et al., 2011).
Snijders et al. (2011) found decreased cortical responses in mesial
frontoparietal regions in PD-FOG, but Agosta et al. (2017) and
Myers et al. (2018) showed that PD-FOG had altered functional re-
cruitment involving motor, premotor, and sensory cortices.

Other tb-fMRI studies have investigated brain activity in PD-FOG
using virtual reality paradigms while performing alternate stepping in
place for forward progression or turning in a virtual environment
(Ehgoetz Martens et al., 2018; Gilat et al., 2015; Hoorn et al., 2014;
Matar et al., 2019; Shine et al., 2013b, 2013a, 2013c, 2011). Using the
virtual reality paradigm of walking, Shine et al. (2011) showed lower
BOLD signals in the sensorimotor cortex and anterior cerebellum and
higher BOLD signals in the prefrontal cortex, motor, and posterior brain
areas when patients were asked to perform dual-task walking
(Shine et al., 2011). Later, Shine et al (2013a) showed higher BOLD
signal in the frontoparietal and insular cortices and decreased in the
SMA, caudate, and thalamus in PD-FOG (Shine et al., 2013a). In the
second tb-fMRI study from the same authors BOLD signals were reduced
in the anterior insula, ventral striatum, left subthalamic nucleus (STN),
and presupplementary motor area (pre-SMA) in PD-FOG compared with
PD-nFOG (Shine et al., 2013b). Finally, a third study of
Shine et al. (2013c) reported an association between motor arrest epi-
sodes and functional decoupling between the basal ganglia network and
the cognitive control network in PD-FOG (Shine et al., 2013c). During a
virtual reality paradigm providing an optic wide-field flow, van der
Hoorn et al. (2014) showed decreased BOLD response in the dorsal
occipitoparietal and pre-SMA cortices in PD-FOG (Hoorn et al., 2014).
Later, Gilat et al. (2015) found decreased BOLD responses in premotor
and parietal cortices but increased responses in inferior frontal regions
in PD-FOG during virtual turning. In addition, PD-FOG was also char-
acterized by strong functional connectivity (FC) between several sub-
cortical structures (globus pallidus internus, STN, CLR, and MLR)
(Gilat et al., 2015). Recently, when comparing virtual motor arrest and
normal gait, Martens et al. (2018) found decreased FC between the
striatum and cognitive control network and between the striatum and
motor network, whereas FC increased between the limbic network and
ventral striatum (Ehgoetz Martens et al., 2018). Finally, in PD-FOG
Matar et al. (2019) found lower activations in the pre-SMA and reduced
FC between the pre-SMA and STN bilaterally (Matar et al., 2019).

A further tb-fMRI approach previously used in PD-FOG involves the
evaluation of brain activity recorded during a finger tapping task.
Vercruysse et al. (2014) found abnormal activation of cortico-sub-
cortical areas including the basal ganglia and frontal cortical areas in
PD-FOG (Vercruysse et al., 2014). More recently, by examining a spe-
cific handwriting task in PD-FOG, Nackaerts et al. (2018) also demon-
strated abnormal cortical responses in frontal areas and in occipito-
parietal regions (Nackaerts et al., 2018).

3.2.2. Resting-state functional MRI
Resting-state fMRI (rs-fMRI) measures the functional interactions

between regional brain areas at rest, and thus represents a non-invasive
method to assess FC (Biswal et al., 1995; Biswal, 2012). By analyzing
low-frequency BOLD signals in the brain, this technique segregates
cerebral regions that are functionally connected even if they are ana-
tomically distant, thus identifying the so-called brain resting-state
networks (RSNs) (Beckmann et al., 2005; Logothetis, 2008; Smith et al.,
2009). Independent component analysis (ICA) is an unbiased approach
to analyze rs-fMRI data on a whole brain basis (Beckmann and
Smith, 2004). By using ICA in PD-FOG, Tessitore et al. (2012) found
reduced FC within both executive-attention and visual networks in PD-
FOG compared with PD-nFOG. These functional changes significantly

correlated with FOG severity (Alessandro Tessitore et al., 2012). Later,
Canu et al. (2015) showed reduced FC within the sensorimotor, default-
mode, and visual RSNs in PD-FOG compared to HS (Canu et al., 2015).
Finally, in agreement with Tessitore et al. (2012b), Bharti et al. (2019b)
recently found impaired FC between the RSNs underlying attentive and
executive abilities, mainly in the right hemisphere (Bharti et al.,
2019b).

As opposed to the ICA method, seed-based analysis uses a priori
regions of interest to evaluate resting-state FC (Fox and Raichle, 2007).
With this approach, Fling et al. (2014) demonstrated greater FC be-
tween the SMA and MLR bilaterally and between the SMA and left CLR
in PD-FOG than in PD-nFOG. In the same study, the authors also
showed a correlation between FC changes and FOG severity
(Fling et al., 2014). When examining FC between the PPN and cortical
and subcortical regions, Wang et al. (2016) demonstrated a prominent
impairment in the cortico-pontine-cerebellar pathway and in occipito-
temporal areas (Wang et al., 2016). Conversely, Lenka et al. (2016)
demonstrated abnormal FC in multiple brain regions mainly involving
primary somatosensory and auditory areas (Lenka et al., 2016).

In addition to fMRI studies primarily focusing on the FC of sub-
cortical regions, Vervoort et al. (2016) analyzed FC between regions
within the motor and frontoparietal network and demonstrated de-
creased FC within the striatum and between the caudate and superior
temporal lobe (Vervoort et al., 2016). Conversely, FC increased be-
tween the dorsal putamen and precuneus in PD-FOG compared to PD-
nFOG. Recently, Gilat et al. (2018) focused on the possible involvement
of limbic circuitry in the pathophysiology of FOG by assessing differ-
ences in FC between the amygdala, striatum, and frontoparietal net-
works (Gilat et al., 2018). They found greater FC between the right
amygdala and right putamen, increased anti-coupling between the
frontoparietal network and the left amygdala, and reduced anti-cou-
pling between the frontoparietal network and the right putamen. These
FC changes significantly correlated with FOG severity and fear of falling
in PD-FOG. Only one study using the seed-to-voxel approach specifi-
cally investigated the cerebellum's role in the pathophysiology of FOG
(Bharti et al., 2019a). In this study, decreased FC between the dentate
nucleus and several cortical and subcortical areas was found in PD-FOG
as compared to PD-nFOG.

Other studies analyzed rs-fMRI data in PD-FOG with alternative
methods. By using a low-frequency (0.01~0.08Hz) BOLD signal am-
plitude (amplitude of low-frequency fluctuation, ALFF), Mi et al. (2017)
showed decreased FC in the right superior frontal gyrus, bilateral cer-
ebellum, and left thalamus, but increased FC in the right anterior cin-
gulate cortex and left inferior parietal lobule in PD-FOG compared to
PD-nFOG. In this study, Mi et al. (2017) also found a significant cor-
relation between ALFF changes and FOG severity (Mi et al., 2017).
More recently, in line with previous findings, Hu et al. (2019) found
abnormal ALFF in the putamen, frontal, and temporal brain areas in PD-
FOG (Hu et al., 2019). By using the voxel-mirrored homotopic con-
nectivity (VMHC) technique (Stark et al., 2008), Li et al. (2018) also
examined homotopic FC patterns in PD-FOG. In this study,
Li et al. (2018) showed lower FC in the inferior parietal lobule in PD-
FOG than in PD-nFOG, which negatively correlated with FOG severity
scores (Li et al., 2018). More recently, Zhou et al. (2018) examined
regional homogeneity, a measure of local FC (Jiang and Zuo, 2016),
and demonstrated lower regional homogeneity in the frontal cortex and
motor brain areas in PD-FOG (Zhou et al., 2018). Lastly,
Maidan et al. (2019) examined FC changes in the attentional networks
in PD-FOG by using graph theory analysis. The authors reported lower
global efficiency of the dorsal attention network in PD-FOG than in PD-
nFOG (Maidan et al., 2019).

In summary, most of the previous tb-fMRI and rs-fMRI studies in PD-
FOG have revealed abnormal functional activation and connectivity in
brain regions responsible for frontal executive and attention abilities
(i.e. frontal and fronto-striatal networks). In addition, a second set of
observations in PD-FOG have pointed to abnormal functional activation

K. Bharti, et al. NeuroImage: Clinical 24 (2019) 102059
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and connectivity in posterior rather than anterior brain areas, specifi-
cally in regions responsible for visuospatial abilities (i.e. parieto-occi-
pital networks, prominently in the right hemisphere). A third line of
research has specifically focused on functional disconnection of sub-
cortical brain regions involved in the locomotor network (i.e. MLR and
CLR). Overall, the majority of the previous tb-fMRI and rs-fMRI studies
have demonstrated abnormal activation in frontal and parietal regions
and their functional connections with subcortical structures involved in
the locomotor network, as a relevant pathophysiological mechanism
underlying FOG.

3.3. Section 3: Nuclear medicine studies

We identified a total of 13 nuclear medicine imaging studies (nine
PET studies and four SPECT studies) that reported brain changes in
neurotransmitter activity, brain perfusion, and glucose metabolism in
PD-FOG (Table 3).

PET studies consistently found lower striatal dopaminergic activity
in PD-FOG than in PD-nFOG (Bartels et al., 2006; Bohnen et al., 2014),
which mainly involved the right putamen and caudate (Bartels et al.,
2006). SPECT studies examining dopamine transporter activities found
that lower levels of dopamine transporter activities in the striatum
significantly predicted FOG development in PD patients (Djaldetti et al.,
2018; Kim et al., 2018).

Only a few PET studies (Bohnen et al., 2014, 2009) have examined
cholinergic activity in PD-FOG. These studies demonstrated greater
cholinergic denervation in the neocortex (Bohnen et al., 2014),
striatum, and limbic archicortex (Bohnen et al., 2019) in PD-FOG than
in PD-nFOG. Finally, Ono et al. (2016) studied the aminergic system in
PD-FOG by analysing aromatic l-amino acid decarboxylase (AADC)
activity. In this study, the authors found a significant reduction in
AADC activity in the locus coeruleus and striatum that correlated with
FOG severity (Ono et al., 2016).

SPECT studies investigating brain perfusion found lower perfusion
in the prefrontal cortex (Imamura et al., 2012; Matsui et al., 2005) and
in the anterior cingulate cortex (Imamura et al., 2012) in PD-FOG than
in PD-nFOG. Few PET studies (Ballanger et al., 2009; Maillet et al.,
2015) have examined cerebral blood flow (CBF) changes during dif-
ferent conditions in PD-FOG. In particular, Ballanger et al. (2009) de-
monstrated that deep brain stimulation of PPN increases CBF in sub-
cortical (cerebellum, thalamus, MLR) and cortical (medial sensorimotor
cortex extending into caudal SMA) areas in PD-FOG (Ballanger et al.,
2009). More recently, Maillet et al. (2015) found various brain areas of
either decreased or increased CBF during motor imagery of gait in PD-
FOG compared to PD-nFOG. In this study, Maillet et al. (2015) also
demonstrated that L-Dopa increases CBF in the primary motor cortex,
basal ganglia, thalamus, and cerebellum in PD-FOG (Maillet et al.,
2015).

Other PET studies compared cerebral glucose metabolism in PD-
FOG and PD-nFOG (Bartels et al., 2006; Gallardo et al., 2018;
Mitchell et al., 2019; Tard et al., 2015). Most of the studies demon-
strated hypometabolism in frontal (Gallardo et al., 2018; Tard et al.,
2015) and parietal brain regions in PD-FOG (Bartels et al., 2006;
Mitchell et al., 2019) primarily involving the right hemisphere
(Bartels et al., 2006; Gallardo et al., 2018). In contrast, other studies
showed hyper rather than hypometabolism in specific frontal areas (e.g.
paracentral lobule) (Mitchell et al., 2019; Tard et al., 2015). Studies
investigating subcortical brain regions with PET also described func-
tional abnormalities in subcortical structures such as the basal ganglia
(Bartels et al., 2006; Tard et al., 2015) and MLR (Tard et al., 2015.
Lyoo et al. (2007) specifically investigated cerebral glucose metabolic
changes in PD-FOG associated with clinical improvement secondary to
STN deep brain stimulation procedures. Lyoo et al. (2007) found a
positive correlation between cerebral glucose metabolism in the par-
ieto-temporo-occipital areas and clinical improvement of FOG
(Lyoo et al., 2007). More recently, Mitchell et al. (2018) examined

cerebral glucose metabolic changes during steering and straight
walking and discovered cerebral glucose metabolic changes in various
brain regions involving the cognitive corticothalamic circuit
(Mitchell et al., 2019). Lastly, Bohnen et al. (2014) analysed amyloid
deposition for in vivo detection of fibrillar plaques and found increased
neocortical β‐amyloid deposition in PD-FOG compared to PD-nFOG
(Bohnen et al., 2014).

In summary, nuclear medicine imaging involving PET and SPECT
have demonstrated abnormal patterns of dopaminergic and cholinergic
transmission as well as perfusion and metabolic changes in PD-FOG.
More in detail, PET and SPECT studies have suggested decreased do-
paminergic striatal activity in PD-FOG compared with PD-nFOG.
Furthermore, PET studies have also demonstrated non-dopaminergic
involvement in PD-FOG as reflected by cholinergic as well as nora-
drenergic denervation, and finally extra-nigral amyloid deposition.
Overall, both perfusion and metabolic studies have shown hetero-
geneous results involving multiple cortical and subcortical structures,
i.e. frontoparietal regions, temporo-occipital cortex, brainstem, cere-
bellum, basal ganglia, thalamus and limbic system. Despite a lack of
consistency among studies, most of them pointed to a lower perfusion
or metabolism in the frontoparietal areas.

4. Discussion

In this systematic review, we examined the available literature on
structural neuroimaging findings with MRI techniques and functional
brain changes as measured by fMRI and nuclear medicine techniques
such as SPECT and PET in PD-FOG. MRI studies with VBM and SBM
have reported structural changes in GM in a number of brainstem and
cerebellar nuclei as well as in the basal ganglia in PD-FOG. In addition,
MRI demonstrated cortical atrophy in various cortical regions including
frontoparietal regions in PD-FOG. Structural WM changes in long as-
sociative bundles, such as the superior longitudinal fasciculus, and in
subcortical brain regions specifically involved in locomotion were also
prominent in PD-FOG as compared with PD-nFOG. Consistent with
structural MRI findings, functional MRI studies performed during the
execution of specific tasks or in resting conditions have also found
abnormal functional activation and connectivity in the brainstem, cer-
ebellum, basal ganglia, and frontoparietal cortex in PD-FOG. Lastly,
nuclear medicine imaging with SPECT and PET has demonstrated
functional changes in dopaminergic and cholinergic transmission and
further confirmed metabolic changes in the frontoparietal regions in
PD-FOG.

By systematically examining and merging all the previous neuroi-
maging findings on structural and functional brain changes in PD-FOG,
we concisely summarize available information and discuss the current
pathophysiological hypotheses regarding FOG in PD as a result of
structural or functional damage in the human locomotion network.

4.1. The role of the brainstem, cerebellum, and basal ganglia in PD-FOG

Compelling evidence points to structural and functional abnormal-
ities in the MLR, as demonstrated by GM loss (Snijders et al., 2011),
abnormal structural WM connectivity (Canu et al., 2015; Fling et al.,
2013; Schweder et al., 2010; Vercruysse et al., 2015; Youn et al., 2015),
and functional abnormalities (Fling et al., 2014; Snijders et al., 2011;
Tard et al., 2015; Wang et al., 2016) in PD-FOG. The MLR is a midbrain
area composed of several nuclei (PPN, cuneiform, and subcuneiform
nuclei) whose electrical stimulation determines locomotive activity in
animal models (Garcia-Rill et al., 1987; Shik et al., 1966). Experimental
studies have demonstrated that MLR damage is involved in several
human gait disorders (Karachi et al., 2010; Snijders et al., 2016). Ac-
cordingly, in PD-FOG, the impairment of MLR cholinergic structures
such as the PPN (Xiao et al., 2017) could lead to cortical and striatal
cholinergic denervation and in turn to FOG (Bohnen et al., 2019, 2014).
Alternatively, FOG in PD could result from a paroxysmal inhibition of
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MLR secondary to altered inputs driven by higher-level motor struc-
tures such as the basal ganglia (Lewis and Shine, 2016; Snijders et al.,
2011).

Besides the MLR, a growing number of neuroimaging studies have
demonstrated structural and functional changes in cerebellar structures
in PD-FOG as evidenced by GM loss (Jha et al., 2015) and altered (in-
creased or decreased) connectivity (Bharti et al., 2019a; Fling et al.,
2014, 2013; Schweder et al., 2010; Vercruysse et al., 2015; Youn et al.,
2015) and functional activation (Fling et al., 2014; Gilat et al., 2015;
Mi et al., 2017; Myers et al., 2018; Peterson et al., 2014; Vervoort et al.,
2016; Wang et al., 2016 ). The cerebellum is physiologically connected
with multiple cortical and subcortical structures implicated in human
locomotion including the PPN (Mori et al., 2016) and basal ganglia
(Wu and Hallett, 2013). The cerebellum is thought to be involved in
multiple locomotive functions, including internal postural models,
perception of body motion, motor planning, and movement adaptation
to environmental changes (Bostan et al., 2013; Middleton and
Strick, 2000). In particular, the CLR is the main cerebellar structure
evoking locomotion by activating the rhythm-generating system
through projections to the medullary reticular formation
(Takakusaki, 2017). A number of neuroimaging studies have demon-
strated an abnormal cortico-pontine-cerebello-thalamo-cortical
pathway (Gilman et al., 2010; Hanakawa et al., 1999; Schweder et al.,
2010) as well as abnormal functional activation of the cerebellum in
PD-FOG (Ballanger et al., 2008; Palmer et al., 2009). One hypothesis
suggests that FOG in PD could result from impaired compensatory
mechanisms exerted by the cerebellum, which assists and supports gait
planning and execution (Bharti et al., 2019a; Fling et al., 2014, 2013;
Gilat et al., 2015; Jha et al., 2015; Myers et al., 2018; Peterson et al.,
2014; Schweder et al., 2010; Vercruysse et al., 2015; Vervoort et al.,
2016; Wang et al., 2016; Youn et al., 2015). Alternatively, given the
role of the cerebellum in cognitive and emotional functions
(Koziol et al., 2014), structural or functional cerebellar impairment
could contribute to executive and visuospatial deficits, as well as be-
havioural deficits in PD-FOG (Amboni et al., 2008; Cohen et al., 2014;
Giladi, 2007; Giladi and Hausdorff, 2006; Lieberman, 2006;
Martens et al., 2016, 2014; Vandenbossche et al., 2011).

Concerning the possible pathophysiological role of the basal ganglia
in PD-FOG, a widely accepted hypothesis includes the “cross-talk
model” proposed by Lewis et al. (2009) that suggests FOG occurs in PD
as a result of a dysfunctional convergence and overload of normally
segregated motor, cognitive, and limbic circuits in the basal ganglia
(Lewis and Barker, 2009). In support of this hypothesis, a recent study
reported a negative correlation between FOG severity and bilateral
caudate body GM volumes (Herman et al., 2014), and several other
studies demonstrated metabolic and neurotransmitter system changes
in the striatum in PD-FOG (Bartels et al., 2006; Bohnen et al., 2014,
2019; Djaldetti et al., 2018; Kim et al., 2018; Pikstra et al., 2016;
Tard et al., 2015).

4.2. The role of cortical brain regions in PD-FOG

Compelling evidence from neuroimaging studies has identified
structural and functional changes in a number of frontal regions as key
pathophysiological mechanisms in PD-FOG (Bharti et al., 2019b;
Brugger et al., 2015; Fling et al., 2013; Gallardo et al., 2018;
Imamura et al., 2012; Kostic et al., 2012; Maillet et al., 2015;
Matsui et al., 2005; Pietracupa et al., 2018; Tard et al., 2015). These
observations are consistent with clinical studies demonstrating promi-
nent cognitive impairment primarily involving frontal functions such as
attention, response inhibition, and conflict resolution abilities in PD-
FOG (Matar et al., 2013; Naismith et al., 2010; Shine et al., 2012;
Tard et al., 2015; Vandenbossche et al., 2012). Frontal cognitive
functions are known to be relevant in human locomotion particularly
when gait requires attentional resources, such as when walking in un-
familiar environments (Mirelman et al., 2018). Accordingly, cognitive

impairment in frontal executive-attentive functions may contribute to
FOG prominently during cognitively demanding tasks
(Vandenbossche et al., 2013). This hypothesis is consistent with the
clinical observation that in PD, FOG commonly occurs in the presence
of challenging environmental conditions such as passage through a
narrow space (Almeida and Lebold, 2010), while turning
(Spildooren et al., 2013), during a dual task, or while trying to avoid
obstacles (Jacobs et al., 2009; Lewis and Barker, 2009; Snijders et al.,
2010; Spildooren et al., 2010). Several neuroimaging studies in PD-FOG
have reported structural and functional changes in the SMA
(Fling et al., 2014; Snijders et al., 2011; Vastik et al., 2017;
Vercruysse et al., 2015). The SMA is thought to play a key role in gait
control since it encodes specific sequences of movement and generates
anticipatory postural adjustments (APAs) (Massion, 1992). In ac-
cordance with this hypothesis, several previous clinical studies have
demonstrated prominent alterations in the generation of APAs, such as
defective body weight shifting during step execution, in PD-FOG
(Delval et al., 2014; Jacobs and Horak, 2007; Tard et al., 2014).

In addition to frontal lobe impairment, a second set of structural and
functional neuroimaging studies have proposed a widespread impair-
ment of frontoparietal networks responsible for visuospatial functions
in PD-FOG (Brugger et al., 2015; Jha et al., 2015; Kostic et al., 2012;
Pietracupa et al., 2018). Furthermore, some previous studies have
found a prominent impairment of frontoparietal networks in the right
hemisphere in PD-FOG (Bharti et al., 2019b; Fling et al., 2013;
Peterson et al., 2014; Pietracupa et al., 2018; Youn et al., 2015). These
findings are consistent with clinical evidence of prominent visuospatial
impairment in PD-FOG (Almeida and Lebold, 2010). Hence, it is likely
that in PD-FOG a visuospatial dysfunction secondary to structural or
functional changes in frontoparietal networks in the non-dominant
hemisphere could deteriorate online visuomotor transformations that
adapt gait to abrupt environmental changes (Almeida and
Lebold, 2010; Fling et al., 2013; Nantel et al., 2012; Silveira et al.,
2015).

A final comment concerns a third set of studies on PD-FOG that
demonstrates structural and functional changes in brain areas included
in the limbic system such as the cingulate cortex and amygdala
(Gilat et al., 2018; Vastik et al., 2017). Clinical studies have disclosed
that anxiety and depression are common non-motor features in PD-FOG
that crucially contribute to FOG occurrence (Martens et al., 2014). One
possible explanation implies that emotional loading could detract at-
tentional resources in PD-FOG, in turn leading to abrupt gait dysfunc-
tion (Gilat et al., 2018; Martens et al., 2016).

4.3. Quality Assessment

All studies presented a clear hypothesis statement. In comparison to
functional and nuclear medicine imaging studies, structural investiga-
tions included larger sample sizes, a more detailed neuropsychological
assessment, greater control for confoundings and clearer presentation
of the results. Conversely, less than 40% of the functional studies in-
cluded a detailed patients’ neurophysiological assessment, and only
57% presented a clinico-radiological correlation analysis, thus implying
a lower overall quality of the analysis. Lastly, studies on nuclear med-
icine suffered from poor statistical analysis and result presentation,
even if the latter increased over time thus contributing to improve the
quality of the analysis. Overall, the results of our quality assessment
would help in improving future neuroimaging studies in PD-FOG.

4.4. Conclusion

In humans, the neurophysiology of locomotion requires a dis-
tributed network including spinal and supraspinal structures
(Takakusaki, 2008). More specifically, spinal central pattern generators
are thought to provide a basic locomotive pattern that is influenced by
sensory signals and descending pathways from supraspinal structures.
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Among them, specific basal ganglia, cerebellar, and brainstem loco-
motor regions (i.e. subthalamic locomotor region, CLR, MLR) are
known to be involved in unconscious and automatic regulation of
posture and gait in humans. Furthermore, when an intentional mod-
ification of gait is required, such as for volitional gait initiation or ob-
stacle avoidance, the activation of higher order cortical networks pro-
motes a number of cognitive aspects of motor control including
visuomotor coordination and motor planning (Mirelman et al., 2018).
For instance, the temporo-parietal cortex processes online multisensory
signals and provides cognition of self-body and extracorporeal space to
the SMA and other premotor areas responsible for motor planning
(Takakusaki, 2013). Descending corticofugal projections, such as the
cortico-reticulo-spinal system, regulate anticipatory posture control by
transmitting motor programs to supraspinal and spinal structures to
allow for fine tuning of specific kinematic and biomechanical variables
such as limb trajectory and foot placement during gait
(Takakusaki, 2008).

In this systematic review, we have discussed relevant advances in
the current understanding of the pathophysiology of FOG in PD from
both recent structural and functional neuroimaging studies. Rather than
demonstrating a specific neuroanatomical substrate responsible for
FOG in PD, currently available data point to a widespread structural
and functional impairment in cortical and subcortical brain structures.
This hypothesis is consistent with recent neuroimaging studies on le-
sion-induced FOG in non-PD patients demonstrating heterogeneous
patterns of brain damage in patients with FOG (Fasano et al., 2017).
Overall these observations strongly support the hypothesis that FOG in
PD requires structural lesions or functional abnormalities of specific
nodes involved in the network responsible for human locomotion
(Ehgoetz Martens et al., 2018; Schaafsma et al., 2003).
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