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Abstract

Freezing of gait (FOG) is a common motor symptom in Parkinson’s disease (PD). Although FOG
reduces quality of life, affects mobility and increases the risk of falls, there are little to no effective
treatments to alleviate FOG. Non-invasive brain stimulation (NIBS) has recently yielded attention as a
potential treatment to reduce FOG symptoms however, stimulation parameters and protocols remain
inconsistent and require further research. Specifically, targets for stimulation require careful review.
Thus, with current neuroimaging and neuro-electrophysiological evidence, we consider potential cortical
targets thought to be involved in the pathophysiology of FOG according to the Interference model, and
within reach of NIBS. We note that the primary motor cortex, the supplementary motor area and the
dorsolateral prefrontal cortex have already drawn attention as NIBS targets for FOG, but based on
neuroimaging evidence the premotor cortex, the medial prefrontal cortex, the cerebellum, and more
particularly, the posterior parietal cortex should be considered as potential regions for stimulation. We
also discuss different methodological considerations, such as stimulation type, medication state, and
hemisphere to target, and future perspectives for NIBS protocols in FOG.



Introduction

Freezing of gait (FOG) is a common motor symptom in Parkinson’s disease (PD) that affects 38% of
adults with early PD and up to 79% of individuals with advanced PD (Tan et al., 2011). Characterized
by a brief and sudden inability to take a step despite the intention to walk (Nutt et al., 2011), FOG is
considered an episodic phenomenon associated with specific triggers generally requiring a quick change
in motor programs, solving problems, selecting a response under pressure or inhibiting inappropriate
responses (Snijders et al., 2007; Nutt et al., 2011).

Although FOG reduces quality of life by affecting mobility and increasing the risk of falls (Bloem et al.,
2004), current evidence is not sufficient to identify effective and reliable treatments to alleviate FOG
(Fasano and Lang, 2015; Nonnekes et al., 2015). While L-DOPA therapy (Bloem et al., 2015), deep
brain stimulation (Gilat et al., 2018) and exercises-based interventions (Tomlinson et al., 2012;
Schlenstedt et al., 2018; Clerici et al., 2019; Silva-Batista et al., 2020) seem to have beneficial effects on
posture and gait, they have variable effects on FOG itself. Cueing strategies have been shown to have
transient positive effects on FOG but they do not reliably prevent FOG episodes (Delgado-alvarado et
al., 2019). Current therapeutic interventions for FOG lack efficacy likely because they do not
specifically target neural mechanisms associated with FOG. There is thus a pressing need to develop
more focus and evidence-based interventions to better manage and further reduce FOG.

Repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS)
are two common types of non-invasive brain stimulation (NIBS) that have the ability to either reduce or
increase excitability of the cortical region stimulated, with beneficial effects on motor symptoms
outlasting the stimulation period (Paquette et al., 2011; Lewis et al., 2016; Chen and Chen, 2019). Such
beneficial effects can be achieved with NIBS by training the brain to use favorable or alternative circuits
to those affected (Paquette and Thiel, 2012). A recent meta-analysis (Kim et al., 2019) and a systematic
review (Nardone et al., 2020) concluded that NIBS show beneficial effect on FOG, but the optimal
protocol is yet to be determined. Indeed, not only does stimulation type, duration, frequency, and
intensity need be determined, but targets for stimulation also need careful review. Thus, in the
perspective of addressing one of these issues, the purpose of this conceptual literature review is, for the
first time, consider potential cortical targets accessible for NIBS intervention specifically for FOG,
based on existing neuroimaging and neuro-electrophysiological literature. Previous work (Benninger
and Hallett, 2015; Madrid and Benninger, 2021) has already reviewed NIBS for PD (motor and non-
motor symptoms), but minimally addressing FOG. Even though reporting on multiple FOG NIBS
studies, they only discussed the effectiveness of existing NIBS studies for FOG without including any
potential targets for FOG beyond what had been already done in existing studies. We believe that we
offer a more comprehensive and deep understanding of the potential of NIBS for FOG, as we do not
simply review current NIBS studies for FOG, but also review neuroimaging and neurophysiological
studies to guide the development of evidence-based NIBS interventions for FOG. Therefore, the
hypothesized neural mechanisms of FOG will first be introduced, followed by a discussion of potential
cortical targets for FOG, considerations and futures perspectives for NIBS protocols in FOG.



Neural mechanisms of FOG

Although the precise causes of FOG remain unknown, many hypotheses arose to explain its
pathophysiology (for review (Nutt et al., 2011; Nieuwboer and Giladi, 2013)) with most based around a
specific trigger, or category of triggers. An hypothesis suggests that FOG would be associated with less
automatic processes so that when normally automated movements, such as gait (Nutt et al., 2011) are
performed, more stress is directed toward voluntary mechanisms rather than automatic pathways
(Vandenbossche et al., 2013). Impaired visuospatial skills and poor perceptual judgement are also
thought to contribute to the occurrence of FOG, especially in narrow passages (Almeida and Lebold,
2010; Cowie et al., 2012; Nantel et al., 2012). FOG is also seen as the result of executive dysfunction
occurring during increased demands on problem solving, attention division, attention shift and response
inhibition (Snijders et al., 2007; Nutt et al., 2011).

However, the most accepted hypothesis for FOG remains the Interference model initially proposed by
Lewis and Shine’s group (Lewis and Barker, 2009; Shine et al., 2013b; Lewis and Shine, 2016; Ehgoetz
Martens et al., 2018), and later named by Nieuwboer and Giladi (Nieuwboer and Giladi, 2013). This
hypothesis provides a model that explains most FOG triggers together, and thus, the network failure
nature of FOG. Based on the Interference model, FOG would be the paroxysmal result of a set-shifting
problem between cognitive, limbic and motor cortico-basal ganglia pathways (Figure 1A) all
functionally converging to the globus pallidus internal (GPi; Figure 1B). Specifically, because of the
dopamine depletion in the basal ganglia circuity, the overwhelming increase in neural inputs (i.e.
cognitive, limbic and motor) arising from different FOG triggers leads to an overload at the striatum.
This causes a transient overactivity of the GP1, and thus, a temporary oscillatory overinhibition of the
thalamus and brainstem leading to FOG. Furthermore, when a conflicting response arises due to a FOG
trigger, the hyperdirect pathway is solicited, increasing subthalamic nucleus (STN) activity. The latter is
believed to exacerbate the oscillatory output from the GPi and affects cerebellar output, contributing to
the emergence of the trembling knees associated with FOG (Lewis and Shine, 2016). The Interference
model has recently been identified as the probable common and ultimate pathway of FOG in individuals
with vulnerable locomotor network (i.e. PD, other disorders, lesions, genes, etc.; Weiss et al., 2019).

NIBS effects on FOG mechanisms
Potential mechanisms for the beneficial effects of NIBS on FOG are abundant. Although no evidence
currently exists for NIBS acting on compensatory circuits in FOG, it is conceivable that NIBS uses

alternative intact circuits to favor locomotion with less FOG. Modulating the excitability of dysfunctional
brain regions in FOG could normalize their activity, favoring more effective neural processing for gait
and in turn, reduce FOG. Alternatively, NIBS could modify cortical excitability at the stimulation site, but
also modulate the activity and the neurotransmitter function of the network of structures linked to that site,
including deeper structures not accessible by NIBS (Tremblay et al., 2020). This is especially interesting
for FOG as it likely emerges from a network dysfunction (Potvin-Desrochers et al., 2019), whereas cortical



stimulation could potentially reinstated an equilibrium in the activity of the basal ganglia to avoid FOG
(Figure 1C). It has also been shown that high-frequency rTMS has the capacity to induce a significant
release of endogenous dopamine in the striatum of healthy and mild PD individuals (Strafella et al., 2001,
2003, 2005). This may hold potential to increase depleted neural reserves thought to be involved in the
striatum overload occurring prior to FOG episodes (Lewis and Barker, 2009; Shine et al., 2013b; Lewis
and Shine, 2016). The following sections will review neuroimaging and neuro-electrophysiological
evidence of potential areas hypothesized to be involved in the pathophysiology of FOG according to the
Interference model, as potential targets for NIBS.

Potential cortical targets for NIBS
The potential targets for FOG presented below are the cortical and NIBS-accessible regions of the
Interference model (Figure 1C).

Motor targets

Areas part of the motor loop of the Interference model include the primary motor cortex (M1), the
premotor cortex (PMC), and the supplementary motor area (SMA). Targeting these regions with NIBS
could potentially rebalance the connectivity of the motor cortical areas with the motor striatum and the
STN.

Primary motor cortex

M1 is the main motor output, releasing motor commands through the corticospinal tract and playing a
central role in executing locomotion (Takakusaki, 2013). In FOG, M1 is atrophied (Vastik et al., 2017),
has reduced metabolism at rest (Gallardo et al., 2018) and reduced activity during motor arrests in a
virtual reality pedalling paradigm (Shine et al., 2013a). Excitatory NIBS applied on M1 could thus
potentially improve FOG. Targeting M1 could also increase neural reserve by increasing availability of
dopamine in the putamen, contributing to reduced striatal processing overload thought to occur before a
FOG episode (Strafella et al., 2001, 2003, 2005). Increasing the excitability of M1 could also contribute
to a better recruitment of this area when needed, and thus, strengthen reliability of the motor output to
minimize FOG. Consistent with this idea, the majority of NIBS studies applying on M1 in FOG found
significant immediate and long-term positive effects on multiple outcomes such as gait parameters, FOG
severity and UPDRS, following one or multiple sessions of excitatory rTMS or tDCS applied on M1
representation of the leg area (Lee et al., 2014; Valentino et al., 2014; Kim et al., 2015; Chang et al.,
2017b). We noticed that one study that did not use the leg area of M1 as the target of NIBS did not find
any improvement in FOG or gait (Kim et al., 2018). Thus, when stimulating M1 to improve FOG, the
leg representation is likely the ideal area to target.

Supplementary motor area

The SMA is a motor region that plays a critical role in gait preparation, especially during gait initiation
through anticipatory postural adjustments (Takakusaki, 2013). Along with the STN, it is also part of the
hyperdirect pathway, a fast-acting inhibitory motor network, that has been hypothesized to be overly



active in FOG (Lewis and Shine, 2016). The SMA has been extensively studied in FOG, with numerous
changes found in its structure (Fling et al., 2013; Vastik et al., 2017; Hall et al., 2018) and function
(Snijders et al., 2011; Fling et al., 2014; Shine et al., 2014; Gilat et al., 2015; Butler et al., 2017; Mitchell
et al., 2018). Overall, neuroimaging studies demonstrate that during tasks mimicking walking, SMA
activity is reduced in individuals with FOG (Snijders et al., 2011; Gilat et al., 2015). However, during
real walking tasks, SMA recruitment is increased and even further during a FOG episode (Shine et al.,
2014; Mitchell et al., 2018). Its functional connectivity with the mesencephalic and cerebellar locomotor
regions as well as the STN is increased (Fling et al., 2014). Recordings of lateralized readiness
potentials from the SMA also suggest that motor preparation occurs earlier and to a greater extent in
FOG (Butler et al., 2017). All this evidence demonstrates that a substantial increase in SMA and
hyperdirect pathway recruitment may be associated with FOG. By decreasing excitability of the SMA,
we could potentially reduce the likelihood of recruiting the hyperdirect pathway and ultimately avoid
FOG. Interestingly, studies using SMA NIBS to reduce FOG have only investigated the potential of
excitatory stimulation. Unsurprisingly, three studies using excitatory protocols did not find any effect of
the NIBS on FOG and gait after one session of high-frequency rTMS (Lee et al., 2014), excitatory theta-
burst rTMS (Brugger et al., 2020) or anodal tDCS (Lu et al., 2018). Other studies did however
demonstrate short- and long-term improvements in FOG severity, gait parameters and UPDRS, but only
following multiple sessions of excitatory SMA rTMS (Kim et al., 2018; Ma et al., 2019; Mi et al., 2019),
although assessing FOG subjectively through questionnaire or objectively with a very small sample size
(n=6) (Kim et al., 2018). Thus, future studies should explore the potential of inhibitory NIBS on FOG.

Premotor cortex

The PMC is an area known to use visuomotor information to generate motor programs, and thus, is
essential for sensory-guided gait initiation (Takakusaki, 2013). Reduced activity and glucose
metabolism of the PMC has been noted when individuals with FOG perform turns in a virtual reality
pedalling paradigm (Gilat et al., 2015) and during real walking (Tard et al., 2015). In contrast, another
study found increased metabolism of the PMC after participants completed a real complex steering
walking task including several turns (Mitchell et al., 2018). As functional changes in PMC have been
observed in FOG during real walking tasks (Tard et al., 2015; Mitchell et al., 2018), PMC could be a
target for NIBS. However, because of the incongruency in the results of the neuroimaging studies, both
inhibitory and excitatory protocols should be compared when targeting PMC. Only one study increased
the excitability of the left PMC in individuals with FOG during a single session of rTMS, by applying
theta-burst stimulation, a type of patterned rTMS, without any changes in the objective assessment of
FOG or the kinematic parameters of gait (Tard et al., 2016). It is unclear whether the lack of significant
improvement in FOG results from the stimulation site, an insufficient dose consisting of a single session
of stimulation, the excitatory nature of the protocol, or the theta-burst stimulation itself which effects are
still not well characterized in PD (for a review (Suppa et al., 2016)). Thus, more studies should explore
PMC as a potential target to reduce FOG through NIBS.

Cognitive targets



The dorsolateral prefrontal cortex (DLPFC) and the posterior parietal cortex (PPC) are the two cognitive
cortical regions of the Interference model involved in the pathophysiology of FOG. Increasing their
excitability could upregulate their functions, dysfunctional in FOG.

Posterior parietal cortex

The PPC is a key area integrating sensorimotor information to guide motor programs, and thus is
fundamental to visuospatial processing and planning of locomotion (Culham et al., 2006; Drew and
Marigold, 2015; Marigold and Drew, 2017; Hinton et al., 2019). Impaired visuospatial skills and poor
perceptual judgement have been hypothesized to contribute to the occurrence of FOG (Almeida and
Lebold, 2010; Cowie et al., 2012; Nantel et al., 2012), and thus, the PPC could play a role in these
altered functions. Despite multiple evidence of altered volume (Kosti¢ et al., 2012; Rubino et al., 2014;
Pietracupa et al., 2018), connectivity (Hall et al., 2018), activity (Shine et al., 2013a, 2014; Gilat et al.,
2015; Mi et al., 2017; Piramide et al., 2020) and metabolism (Bartels et al., 2006; Tard et al., 2015;
Mitchell et al., 2018) of the PPC in FOG, no studies attempted to apply NIBS on this area. Because of
this substantial alteration in PPC function and structure in FOG, more attention should be directed to the
PPC as a target for NIBS to improve FOG. Evidence from neuroimaging studies generally support
decreased parietal control in individuals with FOG, especially when performing a task mimicking
walking, when producing effective walking and at rest (Bartels et al., 2006; Gilat et al., 2015; Mitchell et
al., 2018; Piramide et al., 2020). However, how PPC is altered during real FOG episodes remains to be
determined. Motor arrests that occurred during a foot pedalling task are associated with increased
activity in the PPC (Shine et al., 2013a), but when transitioning from effective walking to real FOG
episodes, PPC oscillatory activity is substantially decreased (Shine et al., 2014). Thus, both inhibitory
and excitatory NIBS protocols should be assessed, although it seems more likely that facilitating
recruitment of the PPC would enhance visuospatial processing, a compensatory mechanism to avoid
FOG.

Dorsolateral prefrontal cortex

The DLPFC plays a central role in executive functions, dysfunctional in FOG (Amboni et al., 2008;
Naismith et al., 2010; Nutt et al., 2011; Vandenbossche et al., 2011). Indeed, in PD individuals with
FOG, DLPFC activity is significantly increased during turns and motor arrests of a pedaling task in a
virtual reality walking paradigm (Shine et al., 2013a; Gilat et al., 2015), and its glucose metabolism is
increased during a real complex walking task (Mitchell et al., 2018). Currently, it is difficult to
determine whether this increased recruitment of DLPFC contributes to FOG or whether it is part of a
compensatory mechanism. Neuroimaging studies confirm that the DLPFC is a potential target to
improve FOG (Shine et al., 2013a; Gilat et al., 2015; Mitchell et al., 2018), and results of the few studies
that applied NIBS on the DLPFC in FOG demonstrate the potential of excitatory stimulation on this
area. While one small and interrupted study did not find any effect on gait (Rektorova et al., 2007), two
studies did find positive and immediate effects on various gait parameters following one session of high-
frequency rTMS (Lee et al., 2014) or anodal tDCS (Putzolu et al., 2018) over the DLPFC. These
protocols however, had no effect on FOG severity. Another study compared the application of a dual-



site and dual-modality excitatory protocol (tDCS on DLPFC and rTMS on M1) with a standard rTMS
M1 protocol in PD individuals with FOG (Chang et al., 2017a). Both protocols yield equivalent
improvement in FOG, gait and UPDRS, but executive function was improved only when stimulating M1
simultaneously with the DLPFC (Chang et al., 2017a). Thus, increasing excitability of the DLPFC could
potentiate executive functions and reduce FOG when triggers are encountered. Finally, high-frequency
stimulation of the DLPFC could also induce dopamine release in the ipsilateral caudate nucleus
(Strafella et al., 2001; Cho and Strafella, 2009) thus increasing neural reserve in the cortico-striatal-
thalamic circuity to hopefully reduce FOG.

Limbic target

Limbic cortical regions of the Interference model include the medial prefrontal cortex (mPFC) and the
anterior insula. The latter is unreachable with NIBS thus, not discussed here. NIBS of mPFC has the
potential of better regulating its function and reinstating a balanced connection with the striatum to
reduce FOG.

Medial prefrontal cortex

The mPFC is a key brain region for the regulation and the coordination of emotions, including stress
(Etkin et al., 2011; McKlveen et al., 2015), a well-known trigger of FOG. Neuroimaging studies suggest
that the mPFC of FOG individuals is underactive during walking (Tard et al., 2015), but is increased
during FOG episodes (Shine et al., 2013a) or when there is a risk for freezing to occur (Maidan et al.,
2015; Belluscio et al., 2019). However, it is unclear whether this increased activity of the mPFC is a
compensatory mechanism or if it leads to the emergence of FOG. Therefore, we propose that mPFC is
an appropriate target for NIBS in FOG, but insufficient evidence from neuroimaging studies exist to
determine if increasing or decreasing excitability should be prioritized. A small sample size NIBS study
demonstrated that multiple sessions of high-frequency rTMS over the mPFC improved FOG, UPDRS
and gait variability (Dagan et al., 2017). Although these results should be considered carefully because
the study had to be discontinued due to participants drop-out, they could indicate that increasing the
excitability of the mPFC might help reduce FOG. Inhibitory protocol should also be investigated, as the
role of the mPFC in FOG is still unclear.

Other possible target

The Interference model comprises multiple brain regions thought to be involved in FOG, but only a few
are accessible by NIBS. Although not part of the original Interference model (Lewis and Barker, 2009;
Shine et al., 2013Db), the cerebellum was recently added due to its central role in the control muscle
activity and coordination of posture and gait (Lewis and Shine, 2016). NIBS has thus the potential of
enhancing cerebellum control of locomotion to reduce FOG.

Cerebellum
The cerebellar locomotor region (CLR), an area located in the mid-part of the cerebellar white matter
and corresponding to the fastigial nucleus, has been shown to modulate locomotor rhythms and postural



muscle activity in cats (Mori et al., 1999). In humans, the cerebellum is thought to be involved in the
coupling between gait preparation and execution (Richard et al., 2017). Neuroimaging studies
demonstrate that individuals with FOG have multiple lesions in areas of the cerebellum all connected to
the CLR (Fasano et al., 2017). To our knowledge, no studies reported changes in cerebellum or CLR
activity and/or metabolism in FOG when performing a real or virtual walking task compared to PD
individuals without FOG, or during FOG episodes. However, spontaneous activity at rest in the
cerebellum is reduced in FOG (Mi et al., 2017) and its structural and functional connectivity is
decreased with many cortical and subcortical regions (Schweder et al., 2010; Fling et al., 2014; Lenka et
al., 2016; Wang et al., 2016; Bharti et al., 2018). Thus, upregulating the cerebellum, and more
particularly the CLR, with excitatory NIBS could help ensure uninterrupted walking, as increased
activity of the cerebellum has been identified in PD without FOG as a beneficial compensatory
mechanism for defective functioning of the basal ganglia, especially for locomotion (Gilat et al., 2019).
This hypothesis was partially confirmed by the only study that applied NIBS on the cerebellar
hemisphere ipsilateral to the most affected side of individuals with FOG (Janssen et al., 2017). It was
found that excitatory theta-burst rTMS improved gait speed, but neither excitatory nor inhibitory
stimulation altered the duration of FOG episodes (Janssen et al., 2017). It is still unclear whether
targeting CLR would lead to better outcomes.

NIBS considerations

This review focused on the specific candidate regions for NIBS treatment of FOG. Several factors other
than site need significant research efforts to validate the effects of NIBS, and their duration, on FOG. As
noted in previous reviews (Kim et al., 2019; Nardone et al., 2020), key considerations for an effective
treatment of FOG include medication state, stimulation type, and targeted hemisphere.

Medication state of FOG participants during NIBS studies is heterogeneous. Most were performed ON-
medication (Valentino et al., 2014; Lee et al., 2014; Kim et al., 2015, 2018; Tard et al., 2016; Dagan et
al., 2017, 2018a; Putzolu et al., 2018, 2019; Ma et al., 2019; Mi et al., 2019) and a few OFF-medication
(Rektorova et al., 2007; Janssen et al., 2017; Lu et al., 2018). Improved gait or FOG was observed
during both ON- (Valentino et al., 2014; Kim et al., 2015, 2018; Ma et al., 2019; Mi et al., 2019; Putzolu
et al., 2019) and OFF-medication (Janssen et al., 2017) state protocols. A recent meta-analytic review
addressing the effects of NIBS on freezing of gait (Kim et al., 2019), suggests that the effects of
medication state on NIBS in FOG should be explored as well to determine the overall best protocol.
While an ON-state study seems more feasible, it is possible that the effects of NIBS are more important
in the OFF-state and could outstand the difficulty of participants to be OFF-medication. Since
dopaminergic medication effect on FOG is variable, it may be also necessary to consider freezing
responsiveness to medication of each participant while selecting the medications-state of a study
(Fasano and Lang, 2015).

Multiple types of NIBS exist. While tDCS remains easier and more practical to apply, rTMS offers a
more focal and precise stimulation of the targeted region. Among rTMS protocols, the traditional high-
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frequency and low-frequency stimulations protocols remains the most widely used, but patterned
stimulation, such as theta-burst stimulation is attracting more attention considering its numerous
advantages over traditional protocols (e.g., shorter stimulation time, longer after-effects; for a review:
(Suppa et al., 2016)). Recently, studies introduced dual-mode stimulation combining two NIBS
modalities. For example, protocols simultaneously stimulating bilateral M1s with tDCS and rTMS (one
on each side), or preconditioning the rTMS stimulation of M1 with tDCS, improved motor performance
in upper limb tasks and M1 excitability in healthy individuals (Park et al., 2014a, 2014b). Similar results
were obtained in PD, where preconditioning M1 with anodal tDCS, followed by high-frequency rTMS
further improved bilateral gait kinematics (Von Papen et al., 2014). Future studies should further
investigate the potential of preconditioning rTMS with tDCS as these protocols seem to yield better
effects.

The hemisphere to target can be hard to choose. Some consider FOG as a bilateral symptom usually
appearing in later stages of PD, when other motor symptoms are already bilateral, and because it
consists of a bilateral cessation of movement (Plotnik et al., 2005). Others have associated FOG to
changes predominantly in the right (Bartels and Leenders, 2008) or in the left (Pieruccini-Faria et al.,
2015) brain circuity. We thus suggest that the choice of the hemisphere to target should be based on the
particularities of each cortical region. For example, the leg area of M1, the SMA and the mPFC are all
regions located on the borders of the interhemispheric fissure. It may be more appropriate and feasible to
stimulate both sides by targeting those regions at the midline. The selection of the hemisphere to target
should also ponder the brain function lateralization. For example, considering the central role of the PPC
in sensorimotor integration and the widely agreed right lateralization of spatial cognition to the right
hemisphere (Cai et al., 2013; Corballis, 2014), studies should first focus on stimulating the right PPC to
improve FOG. Nevertheless, left PPC stimulation could also be investigated as the left PPC seems to
play a dominant role in motor attention (Rushworth et al., 2001b, 2001a). Another example is the
DLPFC, for which most studies have targeted the left hemisphere in FOG (Rektorova et al., 2007;
Chang et al., 2017b; Dagan et al., 2018b; Putzolu et al., 2018), likely because it is the main target for
treatment refractory depression (Perera et al., 2016). However, bilateral activation of the DLPFC is
associated with attention and task planning, with each side being specific to a subset of these functions
(Vanderhasselt et al., 2009; Kaller et al., 2011). Furthermore, behavioral inhibition and visual change
awareness have been located in the right DLPFC (Turatto et al., 2004; Shackman et al., 2009). Thus, the
hemisphere to target should be based on the specific function desired to up or down regulate.

Future perspectives
Dual-site protocols
Although combining two stimulation sites in a NIBS session is still very recent, it seems to result in

more important changes in cortical excitability or motor function compared to single-site (Chang et al.,
2017b; Dagan et al., 2018b). As FOG likely emerges from more than one dysfunctional brain region,
multi-target NIBS would likely yield more efficient results in reprogramming the brain to avoid FOG. In
FOG, two studies applied dual-site protocols. First, simultaneous application of excitatory tDCS on left
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DLPFC and excitatory rTMS on the dominant M1 resulted in similar improvements in gait and FOG
than the excitatory M1 rTMS alone, but yielded better improvement of executive functions (Chang et al.,
2017b). Similarly, excitatory tDCS applied simultaneously on M1 and DLPFC resulted in greater
improvement on FOG and gait compared to tDCS of M1 alone (Dagan et al., 2018b). Therefore, dual-
site stimulation could help prevent FOG by acting on the different regions proposed in the Interference
model to play a critical role in the pathophysiology of FOG, and by potentially facilitating
communication within its pathways.

NIBS to enhance physical training

In recent years, the potential therapeutic effect of combining NIBS with rehabilitation therapy to
produce more robust and durable effects has been investigated (Paquette and Thiel, 2012).
Improvements are seen on cognitive and motor functions in multiple clinical populations (Lim et al.,
2010; Kakuda et al., 2013; Yamada et al., 2013; Barros Galvéo et al., 2014; Gillick et al., 2014;
Koganemaru et al., 2015; Zheng et al., 2015; Zumbansen et al., 2020; Edwards et al., 2021), including
PD (Yang et al., 2013; Kaski et al., 2014b, 2014a; Moisello et al., 2015; Lawrence et al., 2018). In
terms of gait improvement, beneficial effects of combining NIBS with a treadmill training or a balance
and gait program have been shown in stroke (Wang et al., 2019) and PD (Yang et al., 2013; Kaski et al.,
2014b, 2014a) to be beyond the effects of the rehabilitation training alone. Through the promotion of
motor cortical plasticity, NIBS has the potential to prime the brain to use specific brain regions and
reinforce beneficial circuits during the rehabilitative training to potentialize its after-effects on FOG
(Tsagaris et al., 2016). Furthermore, training programs and NIBS have separately shown beneficial
effects on FOG and gait of individuals with FOG (Tomlinson et al., 2012). We thus believe that studies
should investigate the potential of combining NIBS and rehabilitation programs in FOG, as their effects
could be potentialized when united (Tsagaris et al., 2016).

Targeting the appropriate cortical area based on the selected training (i.e. sensory cueing, balance & gait
program, action observation training, etc.) could enhance the benefits observed on FOG. For example,
stimulation of the SMA could be combined with a balance and gait training, due to the critical role of the
SMA in balance control during gait. The choice of cortical stimulation site and the type of rehabilitative
training could also be individualized to the type of FOG triggers patients mostly experienced. For
example, if FOG is elicited mostly when a patient performs turns or walks through doorways, NIBS
could target the PPC and be combined with a sensorimotor gait training. We thus suggest that future
studies investigate the effects of NIBS and a physical training based on triggers and explore the
effectiveness and the feasibility of individualization of such rehabilitative NIBS protocols.

In conclusion, FOG is a complex symptom of PD that still has no effective management therapy. By
modulating the excitability of brain regions involved in the neural mechanisms of FOG, NIBS may have
the potential to improve FOG. This review has identified cortical regions part of the Interference model
that should be considered for NIBS intervention in FOG. While M1, SMA and DLPFC have already
drawn the most attention as NIBS targets for FOG, PMC, mPFC, cerebellum, and more particularly
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PPC, should now be considered. Evidence from neuroimaging studies should guide us on the type of
excitability change to induce in these cortical areas to improve FOG. Finally, future studies should
consider dual-site protocols, and combine NIBS with rehabilitation interventions, as all of these
procedures have been shown to better improve motor function compared to traditional NIBS
interventions.
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Figure 1. Left panel. General representation of the cortico-striatal-thalamic circuity for locomotion in
healthy individuals. Thalamus sends processed information from the basal ganglia towards motor,
cognitive and limbic cortical areas, which is sent back to the basal ganglia to ultimately reach brainstem
nuclei for locomotion. To note, STN — CLR connectivity is not represented here. Centre panel.
Locomotor control in FOG as suggested by the Interference model. Increased motor, cognitive and/or
limbic inputs cause an overload at the striatal level, altering its control over the GPi. Inhibitory GPi
output is then increased and follows an oscillatory pattern, which can be exacerbated by STN activity,
thus transiently altering the activity of the thalamus, the CLR, the MLR, and ultimately the spinal
pattern generators, causing FOG. Bold lines and arrows represent increased activity. Dashed lines and
boxes represent activity following a transient and oscillatory pattern. The caution sign represents the
striatal overload leading to an irregular control of GPi. Right panel. Non-invasive brain stimulation in
FOG. Modulation of cortical areas involved in FOG (mPFC, DLPFC, M1, PMC, SMA, PPC and
cerebellum) with rTMS or tDCS (areas in magenta) potentially induces changes in excitability that may
modulate cortico-striatal-thalamic circuity, ultimately improving FOG. M1: primary motor area; SMA:
supplementary motor area; PMC: premotor cortex; DLPFC: dorsolateral prefrontal cortex; PPC:
posterior parietal cortex; mPFC: medial prefrontal cortex; GPi: globus pallidus internal; STN:
subthalamic nucleus; CLR: cerebellar locomotor region; MLR: mesencephalic locomotor region.

Adapted from Lewis & Shine (2016) and Mitchell et al. (2019).
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FOG is a complex symptom of PD that still has no effective management therapy.
Non-invasive brain stimulation may have the potential to improve FOG.

A review of neuroimaging has identified several potential cortical regions to target for FOG.
Empirical data shows positive effects of NIBS over M1, SMA and DLPFC on FOG.

PMC, mPFC and PPC are theory-driven candidate regions to consider for NIBS.
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