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Abstract

stand and treat this devastating symptom.

Phenomenology, Pathophysiology, Treatment

There has been a growing appreciation for freezing of gait as a disabling symptom that causes a significant burden
in Parkinson’s disease. Previous research has highlighted some of the key components that underlie the phenom-
enon, but these reductionist approaches have yet to lead to a paradigm shift resulting in the development of novel
treatment strategies. Addressing this issue will require greater integration of multi-modal data with complex compu-
tational modeling, but there are a number of critical aspects that need to be considered before embarking on such
an approach. This paper highlights where the field needs to address current gaps and shortcomings including the
standardization of definitions and measurement, phenomenology and pathophysiology, as well as considering what
available data exist and how future studies should be constructed to achieve the greatest potential to better under-
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Introduction

Freezing of gait (FOG) impacts most patients with
advanced Parkinson’s disease (PD) [1] and despite sig-
nificant efforts, our current treatments are often unable
to prevent sufferers from losing their independence.
Indeed, it could be argued that the observations derived
from previous reductionist research techniques focusing
on understanding components of the phenomenon (e.g.,
imaging, neurophysiology, and epidemiological obser-
vations) are precisely the reason that we are failing to
achieve a good understanding of how FOG arises in the
first place. Therefore, novel approaches are required if
we are to achieve real progress that would result in better
treatments. Rather than focusing on limited ‘correlational’
data, the field needs to integrate large amounts of data
that are collected concurrently. Indeed, a Scientific Issues
Committee convened by the International Parkinson’s
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and Movement Disorders Society has recently proposed
the pursuit of a Systems Biology approach [2, 3]. Whilst it
is clear that in PD, the use of techniques such as compu-
tational modelling is only in their infancy, work exploring
a range of issues including the influence of dopamine on
basal ganglia function, the origin of beta-band oscilla-
tions and the therapeutic actions of deep brain stimula-
tion (DBS) has already begun (for review, see Humphries
et al. 2019 [4]). Clinicians will need to work closely with
colleagues from different backgrounds including engi-
neering and information technology, so that this data can
undergo complex computational processing to produce
quantitative models that can then be tested back in the
clinic through an iterative process. Thus, it is vital that
experts working in the field generate appropriate data
that can inform the model without oversimplifying the
problem. These efforts will need the constant bi-direc-
tional flow of information between experimentalists and
theorists to allow for refinement and reality checking
of the emergent properties that arise from the models
being proposed. This paper highlights the key compo-
nents of our existing knowledge and identifies how these
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seemingly disparate pieces of information could be better
studied and integrated in a novel comprehensive frame-
work to achieve better outcomes for our patients.

Standardising definitions, assessments

and measurements

One of the major challenges that needs to be addressed
before any successful modeling approach could be imple-
mented would be to standardise the definitions, assess-
ments, and measurements used by researchers in the
field. To achieve these goals, a coordinated approach that
is overseen by an international consortium who can har-
monise research efforts with a pre-determined common
goal, is needed.

Definition

The current definition of FOG was developed as part of
a consensus paper arising from the first International
Workshop organised by the National Institutes of Health
in 2010 [5]. It defines FOQG as “a brief, episodic absence or
marked reduction of forward progression of the feet despite
the intention to walk”. Unfortunately, there are intrinsic
ambiguities with this definition, which lead to difficul-
ties in standardised assessment, such as: what is "brief";
how should an "episode” be defined that would separate it
from a continuous performance deficit; and, what quali-
fies as "marked reduction"? Furthermore, it is not clear if
this definition should be revised to accommodate broader
freezing phenomena, which can occur across body parts
during a range of repetitive movements (e.g., stepping in
place, upper limb movements, speech). In addition, the
current definition of FOG pays little regard to any phe-
notypic variation; for instance, it pays little attention to
the high-frequency movement phenomena that are char-
acteristic co-manifestations that occur during most gait
freezing. Indeed, of the three FOG phenotypes described
in the literature to date, ‘akinetic FOG’ (displaying no
discernable movement) is considered the least common
type, whereas the other two phenotypes in which high-
frequency events are frequently observed, namely, FOG
with trembling in place and FOG with small shuffling
steps interrupting more normal gait, are far more com-
mon. These different FOG phenotypes may reflect differ-
ent underlying pathophysiologies but can all occur in the
same individual at differing times under different circum-
stances, which ultimately may have differential treatment
responses[6]. Furthermore, a greater focus needs to be
directed to the range of FOG triggers (e.g., start hesita-
tion, turning, dual-tasking, and doorways), as well as
‘relievers’ (e.g., cueing, climbing stairs). Such considera-
tions are vital if we are to understand the neurobiological
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underpinning of these seemingly related but distinct phe-
nomena and to arrive at better treatments.

Therefore, updating the definition of FOG represents a
priority with the stated aim of distinguishing FOG from
festinating gait and incorporating the broader phenotypic
spectrum that ideally includes objective measures [7].
One way forward to achieve a unified definition would
be to utilize a Delphi panel of experts. The panel would
begin with a critique of the current definition, poten-
tially using video recordings collected in different cir-
cumstances, specifying that an optimal definition should
have direct consequences for assessment, and specific
questions like those asked here. Based on answers, the
definition would be tentatively revised, and there would
be at least a second round of expert comment. The hope
is that the definition would converge to a consensus that
could be implemented globally for use in clinical prac-
tice, as well as in basic and applied research. Further-
more, consideration could then be given to producing an
online resource through which patients themselves could
improve their self-evaluation of FOG.

Assessments and measurements
In parallel with addressing the need to improve the
definition of FOG, there is a pressing need to develop
standardised assessments across researchers to facilitate
observational and interventional multi-centre studies.
Measures of self-reported FOG based on questionnaires
generate high test-retest measurement errors [8]. In
early PD, patients hardly recognise their brief FOG epi-
sodes; while at the other end of the spectrum, interfer-
ence with self-perception may occur when the symptom
becomes very severe but there is also concomitant cogni-
tive dysfunction. Therefore, such measures are not useful
for observational or interventional studies and offer little
that could be useful for computational modeling.
Currently, the most rigorous data that could be applied
to computational modeling must be obtained from
assessments conducted in the clinic, but this often fails
to represent the real world experience. Whilst some ‘sim-
ple’ assessment paradigms have been validated [9, 10],
the current gold-standard performance measure of FOG
is percentage time frozen (%TimeFOG) during standard-
ized FOG-provoking protocols and expert visual scoring
of the ensuing episodes. This metric, derived from man-
ual event annotation of video-vignettes, can be standard-
ized with an off-line software, some of which have been
made available via open-access platforms [11]. However,
this process is time-consuming, subject to inter-tester
error for actual episode delineation and based on diverse
protocols [12]. One approach to addressing these limi-
tations would be through standardized video recording
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assessments that could be automatically scored by deep-
learning methods [13].

Even where gait testing has been designed to mimic
daily life, the %Time FOG does not reflect the real-world
impact of FOG. Therefore, studies are needed to first
optimize the gold standard with a universal testing para-
digm, incorporating an improved definition of FOG, and
then to validate technology platforms for home-based
measures under standardized, as well as free-living con-
ditions against that criterion. It is possible that future
studies could capitalize on ‘smart home’ environments,
embedding multi-camera systems (living labs’) [14],
which could potentially deliver a new gold-standard
measure of FOG. Furthermore, the field should strive to
assess these video recording methods alongside other
technologies, such as marker-less motion capturing,
mobile video-systems, and Wi-Fi motion detection soft-
ware [15] to determine the optimal conditions to obtain
the most useful data for modeling.

Due to its illusive nature in the laboratory, measur-
ing FOG accurately in the home setting is crucial for the
research agenda and would provide vital data for novel
modeling approaches. Due to their wearability and gen-
eral acceptance by patients, Inertial Measurement Units
(IMU) could offer automated FOG detection over multi-
ple days/weeks at home [16]. Indeed, many studies have
already tested IMUs for FOG detection using a wide
array of unobtrusive sensors on various body parts and
many calculation methods, ranging from simple thresh-
olds to machine learning approaches [17]. Most algo-
rithms have been able to classify FOG-events, as well as
to discriminate between groups with and without FOG
with promising performance (for review see Mancini
et al. 2019 [16]). Notably, neural network methodologies
have achieved the most accurate classifications, with per-
son-specific models outperforming person-independent
ones [18]. However, when an automated algorithm detec-
tion was compared with the gold standard, i.e., expert-
based %TimeFOG in the laboratory, good agreement
was only found for long episodes of gait arrest [12]. This
partially reflects the fact that the accuracy of most IMU-
algorithms partly relies on frequency-based analysis of
the ‘signature’ high-frequency motions of FOG, as well
as the sliding time windows implemented by these sys-
tems. To reduce this problem, high agreement with clini-
cal video-ratings has been demonstrated in recent work
on insoles that can record foot pressure data with a 3D
sensor collected during standardized testing in the home
and in the laboratory [19]. Therefore, this patient-friendly
methodology holds great promise for detecting differ-
ent phenotypes of FOG in the home environment, which
could provide more real-world data for computational
modeling, helping to explain the commonly observed
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heterogeneity potentially down to the level of specific
triggers/relievers in the individual.

Given that much of the strength of complex mathemat-
ical modeling lies in its ability to process large datasets
from different sources, future consideration should also
be given to coordinating studies that optimize record-
ings from multimodal systems. Some evidence for this
approach can already be seen in recent work that has
combined electroencephalography (EEG), electromyo-
graphy sensors (EMG), and accelerometry to improve
FOG detection [20]. Thought should also be given to
standardizing recordings from other relevant signals,
such as cognitive function and anxiety (potential of
using electrocardiography—pre-print Cockx et al. 2021
https://doi.org/10.21203/rs.3.rs-735366/v1), which, if
not causal contributors, are strongly correlated with
FOG [21]. Thus, studies that could collect non-invasive
physiological parameters, such as heart rate variability
and skin conductance in conjunction with other systems
(IMUs, pressure sensor, EEG, EMG) may prove highly
informative when constructing multi-dimensional mod-
els, as well as when potentially considering more invasive
recordings (e.g., sensing deep brain electrodes). Finally,
there has been a failure to recognise that the emergence
of FOG is likely to be more gradual and fluctuating with
disease progression and medication intake. As such, the
next generation of studies should reflect this gradient,
rather than approaching FOG as a binary phenomenon,
which will also provide more accurate modeling.

Freezing of gait and balance disturbances: lumping
versus splitting
The concurrence of FOG and balance disturbances in
advancing PD is hard to ignore but for the purposes of
computational modeling, knowing if these features are
related neurobiologically or are discrete, is of critical
importance. Previous studies have identified the overlap
between poor balance and FOG [22], as well as identify-
ing that a deterioration in balance may be a useful predic-
tor for those patients developing FOG [23].
Anatomically, it would seem intuitive that the neu-
ral pathways serving gait and balance do demonstrate a
degree of meaningful overlap that could link these pro-
cesses but this does not necessarily represent a fixed ana-
tomical connection and may perhaps be more functional.
For example, dopamine loss is the hallmark of PD but can
also be seen in some people with vascular parkinsonism
and normal pressure hydrocephalus, who also experience
FOG and falls [24, 25]. Indeed, whilst both FOG and bal-
ance disturbances are frequently related in PD, they can
occur independently, suggesting that their pathophysi-
ologies may, to some degree, be separable. In one recent
study, PD patients reported that 61% of falls were due to
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FOG rather than being attributed to slips, trips, balance
loss, or syncope [26].

The link between poor balance and FOG probably
relates to dynamic postural control, which is defined as
the ability to control the center of mass (CoM) during
continuously changing conditions, including the trans-
fer of body weight between the legs when engaged in
walking. Obviously, the common FOG-triggering situa-
tions, such as turning and gait initiation, are associated
with dynamic postural instability given the increased
requirements to control the CoM. Such weight-shift-
ing unloads one leg, allowing that swing leg to be lifted
off the ground. When initiating gait, these movements
are associated with anticipatory postural adjustments
(APAs), which allow for an even more precise control of
the CoM. Although not a universal finding, many studies
have demonstrated that these APAs are relatively hypo-
metric in PD patients with FOG. Indeed, when gait initia-
tion moves the centre of mass forward beyond the limit
of stability, such that a step is required to remain upright,
one may stimulate the swing leg to tremble without tak-
ing a step. This alternate leg trembling has the temporal
pattern and kinematics of repeated anticipatory postural
responses, suggesting that the FOG associated with start
hesitation is a failure to connect the APA to the stepping
program [27] during an effort to move forward. How-
ever, there is a significant body of literature highlight-
ing that APAs and stepping programs are thought to be
separate processes (for review see Massion 1992 [28]).
These observations suggest that research efforts focus-
ing on gait freezing will inherently have to incorporate
specific studies to identify underlying axial disturbances,
especially in the context of the start hesitation sub-type
of FOG.

To inform a novel computational modeling approach,
several methods could be undertaken to identify and
potentially isolate the role of balance in FOG. Firstly,
future studies in PD patients with FOG and/or impaired
balance could be conducted with and without partial
weight support from ceiling track systems combined
with physiological measures of anxiety (e.g., heart rate,
skin conductance) to determine the respective roles of
increasing balance demand mechanisms and the impact
of anxiety on FOG. Secondly, patients with FOG could
be instrumented with inertial sensors to determine if
the fast activity of leg trembling could be recorded dur-
ing situations such as walking or turning, and whether
this activity alternated between the legs, as would be
expected during repeated weight-shifting. Thirdly, com-
bining large, standardised datasets from centres that have
performed detailed, instrumented assessments of both
FOG and balance could provide greater insights into the
possible correlations between these problems. One final
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approach that could yield useful information would be
to identify the outcomes of dedicated rehabilitation pro-
grams directed specifically at FOG and balance impair-
ments in PD. Clearly, any responses to specific strategies
that could be mapped to objectively obtain clinical, neu-
roimaging, and neurophysiological outcomes would pro-
vide useful information to modellers.

Understanding phenomenology

and pathophysiology

Despite an abundance of clinical experience from direct
observations, there are still a significant number of fun-
damental gaps in our understanding of FOG despite the
proposal of several pathophysiological models (for review
see Giladi and Nieuwboer [29]). These range from the
very basic grasp we have on phenomenology through to
the more nuanced appreciation of its underlying neurobi-
ology that manifests clinically.

Insights from other pathologies

Whilst it is widely acknowledged that FOG is not unique
to PD and is frequently observed in atypical parkinsonian
syndromes, high-level gait disorders, normal pressure
hydrocephalus, vascular diseases, and other neurodegen-
erative diseases [30, 31], it is unclear as to whether they
share common pathophysiology. Furthermore, due to a
lack of well conducted, large-scale observational stud-
ies, many basic elements of FOG, such as the frequency/
duration of episodes, gait pattern generation, imbalance
and the impact of cues are not well characterised across
these other freezing conditions. Clearly, not all of these
disorders have a profound loss of dopamine or response
to treatment, but most are described as parkinsonian,
potentially reflecting disturbances in motor networks
that may be structural or functional.

These non-PD groups are clearly challenging to recruit
and study. Therefore, future prospective studies with
harmonised data collection across multiple centres to
achieve sufficient statistical power should be constructed
with open de-identified data sharing. Simple clinical data
(e.g., motor, cognitive, and psychiatric assessments) col-
lected across all subjects may highlight hitherto unrec-
ognised relationships. A more rigorous examination, in a
smaller number of patients at dedicated centres, should
include detailed gait kinematics and neuromechan-
ics with simultaneous measurements of axial motion
(dynamic posturography) and EMG [32], along with
standardised neurophysiological (e.g., ambulatory and
seated EEG) and neuroimaging (e.g., structural/rest-
ing state MRI, dopamine/dopamine transporter imag-
ing) data collection. Comparison of these data with the
FOG and balance disturbances observed in PD would
allow modellers to build more accurate network models
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that capitalise on real-world perturbations across clinical,
neurophysiological, and neuroimaging data to help iden-
tify the relevance of contributing pathways.

Insights from disease progression and treatment

Given the progressive nature of FOG, any complex mod-
eling approach will require high-quality longitudinal data
that record motor and non-motor features, as well as
medication use. Clearly, the increased prevalence of FOG
with disease duration might suggest a dopaminergic aeti-
ology [33], but it must be appreciated that with disease
progression there will also be increasing pathology across
multiple neurotransmitter systems and a breakdown in
the functional/structural connectivity across dissemi-
nated brain networks [34, 35]. Furthermore, it has also
been suggested that increasing dopaminergic therapy in
the advanced stages might have a causal role in the devel-
opment of FOG, particularly in relation to the rare phe-
nomenon of ON FOG [36].

To address the respective roles of disease progres-
sion and medication use, large collaborative studies with
standardized data collection and recording are required.
A variety of observational and interventional stud-
ies could be considered, each of which would have sig-
nificant issues regarding feasibility. Perhaps most simply,
one could envisage leveraging from planned prospective
natural history studies like the Parkinson Progression
Marker Initiative 2.0 (PPMI 2.0—NCT04477785), which
will establish a deeply phenotyped cohort assessing the
progression of clinical features, digital outcomes, as well
as imaging, biologic, and genetic markers in study partic-
ipants with de novo PD, prodromal PD, and healthy con-
trols. The addition of more extensive gait assessments to
a dedicated study like PPMI 2.0 with additional cognitive,
affective, autonomic, sleep, and daily physical activity
measures, combined with regular, standardised assess-
ments at home and in the office as discussed above, would
improve our understanding of the protective and provoc-
ative factors for developing FOG. Such a study could be
conducted in newly diagnosed patients or potentially in
a more enriched cohort of patients, five years from ini-
tial diagnosis who have an ‘at-risk’ phenotype (e.g. anxi-
ety, non-tremor dominant, impaired repetitive motor
task performance, executive impairments) with a higher
likelihood of transition from being non-freezers [37, 38].
One further approach could be an interventional study
where newly diagnosed (drug naive) patients would be
randomised to different treatment arms to explore the
role of L-dopa, dopamine agonists, and monoamine
oxidase-B inhibitors. This approach could be utilised to
determine the differential impacts of delayed initiation
of L-dopa and dopamine agonists versus those starting
therapy at diagnosis, and the effect of the dosing level.
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Indeed, it has been hypothesised that levodopa may
induce maladaptive plasticity in the striatum, which dis-
proportionally increases the mismatch between motor
and non-motor (cognitive and limbic) loops, leading to
gait freezing (the levodopa paradox) [6]. Previous lines
of evidence from the pre-levodopa era and observations
in third-world countries would seem to refute this asser-
tion [39]. Constructing the necessary prospective study
to address this issue would prove prohibitively expen-
sive and would obviously pose significant challenges for
recruitment and retention. Therefore, retrospective chart
review may offer a more pragmatic approach (see below).
It would seem unlikely that even such an interventional
trial would help our understanding of ON FOG, which is
a rare phenomenon where there is a worsening of FOG
following L-dopa [40]. Previously, ON FOG has been
addressed by kinematic studies in the ON and OFF states
during an appropriately rigorous levodopa challenge,
including serum levodopa levels [41], but longitudinal
assessments are now required to determine whether OFF
FOG evolves into ON FOG (where freezing is seemingly
caused by levodopa), ON-OFF FOG (where FOG per-
sists in the ON state) or if they develop and evolve sepa-
rately. These insights would have specific consequences
for any modeling approach, as well as our definition of
the phenomenon and its treatment [42].

Insights from non-gait freezing
One critical aspect that could be exploited in our under-
standing of FOG is whether freezing is restricted to gait
or represents a more universal phenomenon. The con-
cept of ‘motor blocks, where sudden episodes of motor
breakdown are provoked by repetitive upper and lower
limb tasks, as well as by speech sequences has long been
recognised [43, 44]. These freezing episodes in other
effectors also typically present with faulty initiation-
termination responses, particularly when progressing
towards the end of an automated motor sequence. When
patients who experience FOG are required to perform
declining movement amplitudes at fast speed within
self-initiated sequencing tasks, there seems to be a con-
sistent degradation of the neural coding of movement
cycles, triggering episodes of motor output breakdown.
Regardless of the functional activity, impairments in the
accurate coding of the motor network appear to dis-
able the normal motor re-initiation. For example, one
recent study that required patients to perform acceler-
ated weight-shifting sequences without stepping, dem-
onstrated greater disturbances in freezers compared to
non-freezers, which were exacerbated in OFF [45].

These behavioural observations regarding non-gait
freezing have prompted efforts to identify any com-
mon neural correlates. Previously, neurophysiological
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studies have described beta oscillations as the ‘idling
state’ of the brain and that voluntary movement requires
a desynchronization of this activity. Significantly, voli-
tional movements in PD are associated with impaired
desynchronisation in these beta oscillations [46], and
pathological beta activity has been identified within
the subthalamic nucleus of PD patients with FOG
[47]. Indeed, suppression of this beta activity either
by open- [48] or closed-loop [49] DBS has been shown
to ameliorate freezing episodes either during normal
walking or when stepping in place. Furthermore, recent
work recording subthalamic activity from chronically-
implanted DBS electrodes has identified that FOG is
characterised by a low-frequency cortical-subthalamic
decoupling, which is lateralized to the hemisphere with
less striatal dopaminergic innervation [50]. Analogous
to these findings in gait, a study utilising cortical EEG
to investigate a finger sequencing task has shown that
compared to non-freezers, PD patients with FOG have
increased beta oscillations (i.e., reduced desynchroni-
sation) in the supplementary motor area prior to voli-
tional movements [51]. In addition, a separate EEG study
examining the effect of a dual-task on finger tapping has
highlighted that increases in prefrontal beta-band syn-
chronization are predictive of upper limb freezing [52].
Thus, as well as highlighting the neurophysiological simi-
larities between upper limb and gait freezing, this study
also underscores the potential contribution of prefrontal
executive dysfunction, which has been described in FOG
[53, 54]. The role of dopaminergic pathways in non-gait
freezing has been less well explored to date. One study
reported that dopamine replacement did not influence
the frequency of events during wrist flexion/extension
[55], whilst a virtual reality (VR) gait paradigm where
patients utilized foot pedals has shown amelioration of
freezing-related phenomena [56]. Further work utilizing
more automatic finger movement or handwriting para-
digms [57] is required to confirm these observations.

Despite these overlapping neurophysiological features,
freezing in the upper limbs has been observed in a sub-
stantial proportion of non-gait freezers [57], suggesting
that this phenomenon may capture a substrate of FOG
but not the full picture. However, it should be highlighted
that in a recent prospective cohort of 60 non-freezers,
assessed prospectively for two years (12 convertors),
repetitive finger tapping was found to identify those
patients at risk of developing FOG [38] and is therefore
worthy of further consideration.

Paradigms do exist to assess non-gait freezing that
could specifically explore trembling in place, the
sequence effect, and the role of treatment (e.g., medica-
tion and DBS). Force sensors, keyboards, and smart-
phone apps can all be used to quantify motor blocks
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during foot pedalling [58-60] and alternating hand/
finger tapping [61, 62]. Indeed, many studies have been
conducted utilising a VR gait paradigm where freezing
episodes recorded from foot pedal movement have been
correlated with actual FOG [58]. To date, combining this
VR gait paradigm with fMRI has identified the neural
correlates of freezing [63, 64] and related triggers includ-
ing turning [65], doorways [56, 66], and dual-tasking [67].
Furthermore, this technique has been utilized to record
multi-unit activity in the subthalamic nucleus (STN) dur-
ing DBS surgery and demonstrated a pathological surge
of beta activity prior to the onset of a freeze that differed
from the recordings associated with volitional stopping
[68]. In addition, this beta-band activity was unidirec-
tionally and selectively linked with STN theta activity,
which in turn was unidirectionally and selectively linked
with the 3-8 Hz trembling in EMG activity seen in the
lower limb muscles that activated the foot pedal. Similar
to manipulating lower limb conditions for eliciting FOG,
a simple test whereby subjects have to vary the size of
writing strokes to fit in a funnel figure at fast speed, has
also been able to elicit finger freezing episodes that can
be correlated with self-reported FOG [57].

Therefore, these non-gait freezing paradigms are
potentially valid models for studying FOG with multi-
modal techniques. Additionally, repetitive tasks can be
remotely employed via telemedicine platforms, which are
relatively inexpensive and could serve as safe proxy mark-
ers or predictors of FOG, providing significant data for
future modeling work. Thus, these non-gait approaches
appear to be capable of providing information about the
circuit mechanisms that account for the manifestations
of FOG, which could be implemented by systems biolo-
gists to construct testable models.

Insights from reductionist observations

As highlighted above, many reductionist studies compar-
ing patients with and without FOG across clinical fea-
tures and a range of biomarkers (e.g., MRI, DBS, EEG,
PET) have provided insights into the role of many dif-
ferent physiological processes and anatomical regions.
For example, a lesion analysis performed in a series of
14 patients who developed FOG, demonstrated discrete
disturbances in the cerebellar locomotor region (CLR),
an area functionally connected to the dorsal medial cer-
ebellum [69]. Work from a recent meta-analysis of neu-
roimaging studies in PD has also suggested that CLR
activation may play a compensatory role in locomotion
[70]. As outlined above, other studies have suggested a
more generalized pathophysiology, which has allowed a
common final pathway to be postulated [71, 72]. How-
ever, the question must be raised as to whether all the
relevant anatomical regions work together to produce
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a common input to this pathway or whether they speak
separately to this single common pathway or multiple
pathways.

Whilst not anatomically connected, disseminated
regions of the brain are functionally connected to each
other and can therefore exert influence. For example, it
might be proposed that the common final pathway for
FOG is associated with impaired corticothalamic and
corticostriatal networks that lead to an increase in pal-
lidal inhibitory outflow (globus pallidus internus—GPi),
which is often accentuated by glutamatergic input from
the STN in the presence of increased response conflict,
leading to the emergence of 5-7 Hz oscillations between
the two nuclei (STN-GPi). The STN activity also leads to
impaired cerebellar output [71]. Ultimately, the increased
pallidal outflow manifests as impaired coordination of
flexor—extensor pairs in the lower limbs, leading to gait
arrest. Conceptually, if there was a significant burden of
pathology directly affecting this common final pathway,
there would be a more pervasive gait disturbance mani-
festing with more constant FOG or other gait distur-
bances. In addition, there are many nodes that feed into
this locomotor network (e.g., cortical regions dealing
with conflict resolution) that may have varying degrees
of input depending on circumstances. At times, these
input nodes will fail and trigger the common final path-
way, whereas there may be strategies to compensate for
this demand such as focusing attention (e.g., cueing). To
accurately model these connections, the input of obser-
vations obtained from our current reductionist datasets,
such as those from neuroimaging and neurophysiology,
will be needed, and then systematic perturbations, both
inhibitory and facilitatory, should be applied to deter-
mine whether the prediction matches the observation.
For example, to explore the neural underpinnings of cue-
ing, patients could undertake multi-modal experiments
such as simultaneous EEG and fMRI, where a VR envi-
ronment has sections with and without lines presented
on the floor. Such approaches would be able to probe the
neural networks (imaging) and dynamic power spectra
(neurophysiology) in patients with and without FOG.
Behavioural data could then be fed back into computer
models manipulating these neural parameters to make
predictions about how cueing may ameliorate FOG.

Going forward, studies that can collect multi-modal
data from the same patients to inform the modeling
approaches are required, along with constant validation
approaches. Patients undergoing DBS represent a unique
opportunity to record from within the brain and with the
advent of sensing-stimulating devices used in many cent-
ers worldwide, it will become easier to repeat longitudi-
nal assessments over time. However, it should be noted
that most patients undergoing DBS are not usually severe
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freezers, and rare cases of FOG following DBS have been
reported [73]. In addition, MRI in such patients is chal-
lenging post-implantation and DBS signals can create sig-
nificant artefact with concurrent EEG. Therefore, other
prospective patient cohorts, as described above, might
offer greater utility, especially if there was an opportunity
to implement novel neurophysiological and neuroimag-
ing approaches. For example, newer MRI methodolo-
gies to accurately image brainstem nuclei by detecting
iron and neuromelanin content may be very useful and
appear highly reproducible [74]. In addition, PET stud-
ies exploring the role of dopaminergic and cholinergic
systems, as well as amyloid burden, have been published
[75-78]. Other PET work has measured cerebral glucose
metabolism with gait tasks performed during the uptake
time of the radioligand '®F-fluorodeoxyglucose to explore
the corticobasal-thalamocortical circuitry implicated in
FOG [79]. Meanwhile, work on noradrenergic and sero-
tonergic neurotransmitters is lacking and represents a
real gap for modeling FOG. Finally, whilst ambulatory
EEG has been generating useful data for modeling FOG,
there probably needs to be a greater emphasis on devel-
oping other dynamic imaging techniques. Some work in
FOG has been conducted using functional near-infrared
spectroscopy (fNIRS) to examine changes in oxygenated-
haemoglobin levels that occur in the gait assessment of
patients with FOG, but obviously the region of interest
is often limited to the forehead, offering little insight into
the rest of the brain’s activity [80, 81]. Novel multi-optode
fNIRS systems are now increasingly being used cover-
ing wider brain areas and guidelines to reduce artefacts
are also available [82]. Finally, it is not clear yet whether
micro-dose ambulatory PET will prove useful, but clearly,
being able to measure ligand activity during gait and bal-
ance tasks may prove incredibly helpful for understand-
ing systems biology [83].

What other data do we have or need?

There would appear to be at least two further major
obstacles to advancing the field, which could be summa-
rised as not using data that we already have and not hav-
ing a platform to test some of the ideas that need to be
explored.

What could be done with existing data?

We currently have extensive datasets that are not being
utilised to their full potential (e.g., clinical, accelerom-
etry, kinematics, MRI, PET, EEG, EMG, DBS). Estab-
lishing global collaborations between researchers in the
field to work together and with bioinformaticians and
bioengineers who can implement artificial intelligence
and machine learning techniques may identify new dis-
coveries within our existing data, such as risk factors/
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markers, and characterization of freezing episodes (e.g.,
onset/offset).

The variability inherent to existing biobanks, espe-
cially with regards to different scanning protocols and
hardwares, can be offset to some degree by bring-
ing together smaller well-developed datasets from
researchers with well characterised cohorts to generate
an open-source database, incorporating harmonized
gait protocols, which are sensitive to change over time.
Obviously, a standardized approach going forward
using such a platform could collect prospective data,
and whilst biobanks of remotely monitored, free-living
gait data would be the aspiration, they would require a
significant investment in the necessary infrastructure.
Just as importantly, such a database will not contribute
to our understanding of FOG unless ‘ground truth’ vali-
dation of its ability to capture this complex phenome-
non can be ensured.

Health data linkage

One of the recent advances in our understanding of PD
generally relates to how looking at large datasets can
highlight promising new avenues for disease-modifying
treatment. For example, registry data have revealed that
the use of beta agonist medications reduces the risk of
developing PD, whereas beta blockers increase the risk,
potentially acting through an effect on the alpha-synu-
clein gene [84]. Similarly, the use of dipeptidyl peptidase
4 inhibitors and/or glucagon-like peptide-1 receptor ago-
nists is associated with a lower rate of PD compared to
the use of other oral antidiabetic drugs [85]. Such well-
constructed studies have not been undertaken to iden-
tify whether any particular medications may increase
or decrease the frequency of FOG. One single-centre
study with less than 200 PD patients did highlight a trend
towards an increased prevalence of FOG with dopamine
agonist use and a reduction in those on amantadine, but
this did not survive correction for multiple variables [86].
As highlighted above, whilst there would be some obvi-
ous limitations in terms of accurately identifying FOG in
community-based patients, this approach could be worth
pursuing, especially where there was an a priori hypoth-
esis. For example, the fact that anxiety has been identi-
fied as a predictor of FOG [37] may have implications
for the rates of anxiolytic use amongst these patients and
of course, one might anticipate the reduced use of anti-
tremor agents given the motor phenotype of patients
developing FOG. Finally, whilst it would be expected that
increasing dopaminergic therapy would be associated
with FOG, identifying any other centrally acting agent
could provide novel insights into the pathophysiology
(e.g. serotonergic, noradrenergic).
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Animal platforms

Despite several attempts, we lack a cogent animal model
of FOG with sufficient utility to be beneficial for under-
standing pathophysiology and developing therapies. The
non-human primate (NHP) is the only animal model that
has demonstrated any FOG, which resulted from a severe
dopaminergic lesion [87]. Work has been conducted in
the MPTP-intoxicated NHP, which was not sufficient
to induce freezing but when these monkeys underwent
stereotaxic lesions in the bilateral pedunculopontine
nuclei, which likely play an important role in locomotion
control, they developed dopamine-resistant gait and bal-
ance disorders [88]. Thus, future studies could also con-
sider using the NHP with subthreshold dopaminergic
lesions to evaluate the role of other neurotransmitters by
creating changes in a second system using lesions (phar-
macological or toxic) or activation (optogenetics, DBS).
Amenable systems to investigate might include choliner-
gic (basal nucleus, striatum, PPN), noradrenergic (locus
coeruleus, sub-coeruleus), glutamatergic (PPN, thalamus,
STN) and others, potentially combined with surface EEG
or multiple DBS lead recordings in differing sites that
could be utilised in complex modeling.

Interventional and nested clinical trials

There have been only a few symptomatic trials target-
ing FOG in PD, which have utilised a range of interven-
tions including exercise, cognitive training, DBS, DBS
with methylphenidate, noradrenergic reuptake inhibitor
(atomoxetine), istradefylline, and amantadine (for review
see Gao et al. 2020 [89] and Delgado-Alvarado et al.
2020 [90]). These studies have reported varying levels of
success but clearly may have been flawed by the issues
regarding assessment and measurement covered above.
It is very much hoped that moving forwards, we will see
further studies evaluating symptomatic therapies and
even some that might aim to delay or prevent the onset of
FOG potentially through the targeting of key predictors
such as anxiety or through the early implementation of
physical/cognitive training programs in enriched cohorts
of ‘at-risk’ non-freezers [91, 92]. In addition to standard-
ising the assessments and measurement of FOG, it would
be potentially very useful to promote the concept of nest-
ing planned trials in larger prospective meta-analyses. It
is unlikely that any single FOG trial or research study will
have a significant number of participants, but the field
could agree to utilise the data by collecting individual
participant data into pre-defined prospective meta-anal-
yses, in which data from these studies can be included
before the results are known. This approach has been
very successful in peri-natal medicine and represents a
more efficient use of any data generated [93]. Indeed, well
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planned prospective analyses would reduce problems
with any retrospective aggregate analysis, such as report-
ing bias or discordant data definitions [94]. Such a study
design would also be relatively inexpensive compared to
creating a larger dedicated prospective trial and may offer
the potential to get patients to add their own data, sup-
ported by an online evaluation resource (see above), if
such a platform existed.

Future directions

The role of this paper is to provide inspiration to bet-
ter understand FOG by highlighting the opportunities
that exist whereby standardised data could be integrated
within novel computational modeling approaches to test
hypotheses. It must be emphasised that there are many
barriers to such an integrated approach, including the
feasibility of coordinating standardised activity across
multiple international centres; creating shareable data-
bases; establishing effective collaborations across disci-
plines that have limited experience in working together;
and of course, how such studies would be funded. How-
ever, if successful, it is envisioned that computational
models incorporating neuroanatomical, neurotrans-
mitter, neurophysiological and clinical domains could
be used to generate potential pathophysiological path-
ways to explain where normal gait breaks down leading
to discrete freezing episodes, including the influence of
triggers (e.g., turning, cognitive load). Understanding
the neurobiology underpinning such events could then
inform targeted, hypothesis-driven therapies, such as
modulating neurotransmitter levels or changing neu-
ral firing patterns on demand with DBS. Similarly, such
computational models could be used to predict the onset
of freezing in previous non-freezers where rather than
evaluating patients in a simple conversion study, multi-
level datasets would be able to detect the inflexion point
for critical parameters (e.g., kinematics, cognitive per-
formance, neuroimaging or neurophysiological changes)
that would indicate the progression of underlying patho-
genic mechanisms as they became involved in the devel-
opment of FOG. Such insights would allow refinements
in the therapeutic pipeline and potentially personalised
medicine approaches [95]. Whilst seeming like an over-
reach, many of the proposals outlined here are achievable
but would require clear leadership and a global consen-
sus, potentially coordinated by professional organisations
such as the International Parkinson and Movement Dis-
order Society or agencies such as the National Institutes
of Health working with members of the International
Freezing of Gait Workshop. Indeed, without such a para-
digm shift, it is possible that major advances in the field
will not be realised and that we will remain ‘out of step’
with the needs of our patients.
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Conclusions
Advancing our understanding and treatment of FOG
will require a change in our approach, including:

— Standardised definitions and measurements

— Multi-modal data collection integrating techniques
such as imaging, neurophysiology and clinical bio-
markers

— Cooperation between clinicians and data scientists.

Abbreviations

FOG: Freezing of gait; MRI: Magnetic resonance imaging; PET: Positron emis-
sion tomography; EEG: Electroencephalography; EMG: Electromyography;
DBS: Deep brain stimulation; NHP: Non-human primate; VR: Virtual reality.

Acknowledgements
Scientific Issues Committee of the International Parkinson and Movement
Disorder Society.

Author contributions
SL was responsible for the first draft and all other authors contributed equally
to the revision process. All authors read and approved the final manuscript.

Funding

S.J.G.L was supported by a National Health and Medical Research Council
Leadership Fellowship (1195830) and has received research funding from

The Michael J. Fox Foundation and the Australian Research Council. S.AF. was
supported by The Sartain Lanier Family Foundation. He has been a consultant
for Lundbeck, Sunovion, Biogen, Impel, Acorda, and CereSpir. He has received
education and research grants from Medtronic, Boston Scientific, Sun Pharma-
ceuticals Advanced Research Company, Biohaven, Impax, Lilly, US World Meds,
Sunovion Therapeutics, Neurocrine, Vaccinex, Voyager, Jazz Pharmaceuticals,
CHDI Foundation, The Michael J. Fox Foundation, National Institutes of Health
(NIH), and Parkinson’s Foundation. He receives royalties from Demos, Blackwell
Futura, Springer for textbooks, and UpToDate. Other support was from Signant
(Bracket Global LLC) and CNS Ratings LLC. N.G. serves as consultant to Sionara,
NeuroDerm, Pharma2B, Denali, Neuron23, Sanofi-Genzyme, Biogen, and
AbbVie. He receives royalties from Lysosomal Therapeutics (LTl) and payment
for lectures at AbbVie, Sanofi-Genzyme, and Movement Disorder Society. He
received research support from The Michael J. Fox Foundation, the National
Parkinson Foundation, European Union, and Israel Science Foundation, as well
as from Teva NNE program, Biogen, and lonis. He receives support from the
Sieratzki Family Foundation and the Aufzien Academic Center in Tel-Aviv Uni-
versity. AN. received funding from the European Commission, Research Foun-
dation Flanders, King Baudouin Foundation, The Michael J. Fox Foundation,
Jacques and Gloria Gossweiler Foundation, and KU Leuven Internal Research
Funds. M.H. is an inventor of patents held by the NIH for an immunotoxin

for the treatment of focal movement disorders and the H-coil for magnetic
stimulation; in relation to the latter, he has received license-fee payments
from the NIH (from Brainsway). He is on the Medical Advisory Boards of CALA
Health and Brainsway (both unpaid positions). He is on the editorial board

of approximately 15 journals and receives royalties and/or honoraria from
publishing from Cambridge University Press, Oxford University Press, Springer,
Wiley, Wolters Kluwer, and Elsevier. He has research grants from Medtronic, Inc.
for a study of deep brain stimulation for dystonia and CALA Health for studies
of a device to suppress tremor.

Availability of data and materials
Not applicable.



Lewis et al. Translational Neurodegeneration

(2022) 11:23

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Not applicable.

Author details

'ForeFront Parkinson'’s Disease Research Clinic, Brain and Mind Centre, School
of Medical Sciences, University of Sydney, Sydney, NSW, Australia. >Jean

and Paul Amos Parkinson’s Disease and Movement Disorders Program, Emory
University School of Medicine, Atlanta, GA, USA. *Movement Disorders Unit,
Department of Neurology, Tel-Aviv Sourasky Medical Center, Sackler School
of Medicine and Sagol School of Neuroscience, Tel Aviv University, Tel Aviv,
Israel. 4Departmem of Rehabilitation Sciences, KU Leuven, Leuven, Belgium.
*Movement Disorder Section, Department of Neurology, Oregon Health &
Science University, Portland, OR, USA. 5Human Motor Control Section, National
Institute of Neurological Disorders and Stroke, National Institutes of Health,
Bethesda, MD, USA.

Received: 9 January 2022 Accepted: 31 March 2022
Published online: 01 May 2022

References

1.

Hall JM, Shine JM, O'Callaghan C, Walton CC, Gilat M, Naismith SL, et al.
Freezing of gait and its associations in the early and advanced clinical
motor stages of Parkinson’s disease: a cross-sectional study. J Parkinsons
Dis. 2015;5(4):881-91.

Bohnen NI, Costa RM, Dauer WT, Factor SA, Giladi N, Hallett M, et al. Dis-
cussion of research priorities for gait disorders in Parkinson’s disease. Mov
Disord. 2021.

Lewis SJG, Factor SA, Giladi N, Hallett M, Nieuwboer A, Nutt JG, et al.
Addressing the challenges of clinical research for freezing of gait in
Parkinson’s disease. Mov Disord. 2021.

Humphries MD, Obeso JA, Dreyer JK. Insights into Parkinson’s disease
from computational models of the basal ganglia. J Neurol Neurosurg
Psychiatry. 2018;89(11):1181-8.

Nutt JG, Bloem BR, Giladi N, et al. Freezing of gait: moving forward on a
mysterious clinical phenomenon. Lancet. 2011;10(8):734-44.

Nonnekes J, Bereau M, Bloem BR. Freezing of gait and its levodopa para-
dox. JAMA Neurol. 2020;77(3):287-8.

Nonnekes J, Giladi N, Guha A, Fietzek UM, Bloem BR, Ruzicka E. Gait
festination in Parkinsonism: introduction of two phenotypes. J Neurol.
2019;266(2):426-30.

Hulzinga F, Nieuwboer A, Dijkstra BW, Mancini M, Strouwen C, Bloem BR,
et al. The New Freezing of Gait Questionnaire: unsuitable as an outcome
in clinical trials? Mov Disord Clin Pract. 2020;7(2):199-205.

Mancini M, Priest KC, Nutt JG, Horak FB. Quantifying freezing of gait in
Parkinson’s disease during the instrumented timed up and go test. Annu
Int Conf IEEE Eng Med Biol Soc. 2012;2012:1198-201.

Ziegler K, Schroeteler F, Ceballos-Baumann AO, Fietzek UM. A new rat-
ing instrument to assess festination and freezing gait in Parkinsonian
patients. Mov Disord. 2010;25(8):1012-8.

. Gilat M. How to annotate freezing of gait from video: a standardized

method using open-source software. J Parkinsons Dis. 2019;9(4):821-4.
Mancini M, Shah WV, Stuart S, Curtze C, Horak FB, Safarpour D, et al. Meas-
uring freezing of gait during daily-life: an open-source, wearable sensors
approach. J Neuroeng Rehabil. 2021;18(1):1.

Hu K, Wang Z, Mei S, Ehgoetz Martens KA, Yao T, Lewis SJG, et al. Vision-
based freezing of gait detection with anatomic directed graph represen-
tation. IEEE J Biomed Health Inform. 2020;24(4):1215-25.

Baldewijns G, Debard G, Mertes G, Vanrumste B, Croonenborghs T.
Bridging the gap between real-life data and simulated data by providing

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 10 of 12

a highly realistic fall dataset for evaluating camera-based fall detection
algorithms. Healthc Technol Lett. 2016;3(1):6-11.

. Huang J, Luo H, Shao W, Zhao F, Yan S. Accurate and robust floor position-

ing in complex indoor environments. Sensors (Basel). 2020;20(9):256.

. Mancini M, Bloem BR, Horak FB, Lewis SJG, Nieuwboer A, Nonnekes J.

Clinical and methodological challenges for assessing freezing of gait:
Future perspectives. Mov Disord. 2019;34(6):783-90.

. Pardoel S, Kofman J, Nantel J, Lemaire ED. Wearable-sensor-based detec-

tion and prediction of freezing of gait in Parkinson’s disease: a review.
Sensors (Basel). 2019;19(23).

. O'Day J, Syrkin-Nikolau J, Anidi C, Kidzinski L, Delp S, Bronte-Stewart H.

The turning and barrier course reveals gait parameters for detecting
freezing of gait and measuring the efficacy of deep brain stimulation.
PLoS One. 2020;15(4):0231984.

. Pardoel S, Shalin G, Nantel J, Lemaire ED, Kofman J. Selection of plantar-

pressure and ankle-acceleration features for freezing of gait detection in
Parkinson’s disease using minimum-redundancy maximum-relevance.
Annu Int Conf IEEE Eng Med Biol Soc. 2020,2020:4034~7.

Wang Y, Beuving F, Nonnekes J, Cohen MX, Long X, Aarts RM, et al.
Freezing of gait detection in Parkinson's disease via multimodal analysis
of EEG and accelerometer signals. Annu Int Conf IEEE Eng Med Biol Soc.
2020;2020:847-50.

Economou K, Quek D, MacDougall H, Lewis SJG, Ehgoetz Martens KA.
Heart rate changes prior to freezing of gait episodes are related to anxi-
ety. J Parkinsons Dis. 2021;11(1):271-82.

Peterson DS, Van Liew C, Stuart S, Carlson-Kuhta P, Horak FB, Mancini M.
Relating Parkinson freezing and balance domains: A structural equation
modeling approach. Parkinsonism Relat Disord. 2020,79:73-8.

Vervoort G, Bengevoord A, Strouwen C, Bekkers EM, Heremans E, Van-
denberghe W, et al. Progression of postural control and gait deficits in
Parkinson’s disease and freezing of gait: a longitudinal study. Parkinson-
ism Relat Disord. 2016;28:73-9.

Chang TW, Tseng PH, Wang YC, Tseng GF, Chiu TL, Lin SZ, et al. Dopamin-
ergic degeneration and small vessel disease in patients with normal pres-
sure hydrocephalus who underwent shunt surgery. J Clin Med. 2020,9(4).
Nakayama T, Ouchi Y, Yoshikawa E, Sugihara G, Torizuka T, Tanaka K. Stri-
atal D2 receptor availability after shunting in idiopathic normal pressure
hydrocephalus. J Nucl Med. 2007;48(12):1981-6.

Pelicioni PHS, Menant JC, Latt MD, Lord SR. Falls in Parkinson’s disease
subtypes: risk factors, locations and circumstances. Int J Environ Res
Public Health. 2019;16(12).

Jacobs JV, Nutt JG, Carlson-Kuhta P, Stephens M, Horak FB. Knee trem-
bling during freezing of gait represents multiple anticipatory postural
adjustments. Exp Neurol. 2009;215(2):334-41.

Massion J. Movement, posture and equilibrium: interaction and coordina-
tion. Prog Neurobiol. 1992;38(1):35-56.

Nieuwboer A, Giladi N. Characterizing freezing of gait in Parkin-

son’s disease: models of an episodic phenomenon. Mov Disord.
2013;28(11):1509-19.

Factor SA. The clinical spectrum of freezing of gait in atypical parkinson-
ism. Mov Disord. 2008;23(Suppl 2):5431-8.

Giladi N, Kao R, Fahn S. Freezing phenomenon in patients with parkinso-
nian syndromes. Mov Disord. 1997;12(3):302-5.

Ting LH, Chiel HJ, Trumbower RD, Allen JL, McKay JL, Hackney ME, et al.
Neuromechanical principles underlying movement modularity and their
implications for rehabilitation. Neuron. 2015;86(1):38-54.

Giladi N, McDermott MP, Fahn S, Przedborski S, Jankovic J, Stern M, et al.
Freezing of gait in PD: prospective assessment in the DATATOP cohort.
Neurology. 2001;56(12):1712-21.

Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, Braak E. Staging
of brain pathology related to sporadic Parkinson'’s disease. Neurobiol
Aging. 2003;24(2):197-211.

Basaia S, Agosta F, Diez |, Bueicheku E, d'Oleire Uquillas F, Delgado-
Alvarado M, et al. Neurogenetic traits outline vulnerability to cortical
disruption in Parkinson'’s disease. Neuroimage Clin. 2022;33:102941.
Espay AJ, Fasano A, van Nuenen BF, Payne MM, Snijders AH, Bloem BR.
"On’ state freezing of gait in Parkinson disease: a paradoxical levodopa-
induced complication. Neurology. 2012;78(7):454-7.

Ehgoetz Martens KA, Lukasik EL, Georgiades MJ, Gilat M, Hall JM, Walton
CC, et al. Predicting the onset of freezing of gait: a longitudinal study.
Mov Disord. 2018;33(1):128-35.



Lewis et al. Translational Neurodegeneration

38.

39.
40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

(2022) 11:23

D'Cruz N, Vervoort G, Fieuws S, Moreau C, Vandenberghe W, Nieuwboer
A. Repetitive motor control deficits most consistent predictors of conver-
sion to freezing of gait in Parkinson'’s disease: a prospective cohort study.
J Parkinsons Dis. 2020;10(2):559-71.

Gilat M, D'Cruz N, Ginis P, Vandenberghe W, Nieuwboer A. Freezing of gait
and levodopa. Lancet Neurol. 2021;20(7):505-6.

Perez Parra S, McKay JL, Factor SA. Diphasic worsening of freezing of gait
in Parkinson’s disease. Mov Disord Clin Pract. 2020;7(3):325-8.

Lucas McKay J, Goldstein FC, Sommerfeld B, Bernhard D, Perez Parra S,
Factor SA. Freezing of Gait can persist after an acute levodopa challenge
in Parkinson’s disease. NPJ Parkinsons Dis. 2019;5:25.

Morales-Briceno H, Tsui D, Griffith J, Martin AJ, Mahant N, Fung VSC.“On-
State” Freezing of Gait: Insights and treatment with levodopa intestinal
gel infusion. Mov Disord. 2020;35(5):895-6.

Giladi N, McMahon D, Przedborski S, Flaster E, Guillory S, Kostic V, et al.
Motor blocks in Parkinson’s disease. Neurology. 1992;42(2):333-9.
Vercruysse S, Gilat M, Shine JM, Heremans E, Lewis S, Nieuwboer A. Freez-
ing beyond gait in Parkinson’s disease: a review of current neurobehavio-
ral evidence. Neurosci Biobehav Rev. 2014;43:213-27.

Dijkstra BW, Gilat M, Cofre Lizama LE, Mancini M, Bergmans B, Ver-
schueren SMP, et al. Impaired weight-shift amplitude in people with
Parkinson’s disease with freezing of gait. J Parkinsons Dis. 2021.

Brown P. Oscillatory nature of human basal ganglia activity: relation-
ship to the pathophysiology of Parkinson’s disease. Mov Disord.
2003;18(4):357-63.

Toledo JB, Lopez-Azcarate J, Garcia-Garcia D, Guridi J, Valencia M, Artieda
J, et al. High beta activity in the subthalamic nucleus and freezing of gait
in Parkinson's disease. Neurobiol Dis. 2014;64:60-5.

Anidi C, O'Day JJ, Anderson RW, Afzal MF, Syrkin-Nikolau J, Velisar A, et al.
Neuromodulation targets pathological not physiological beta bursts dur-
ing gait in Parkinson'’s disease. Neurobiol Dis. 2018;120:107-17.

Petrucci MN, Neuville RS, Afzal MF, Velisar A, Anidi CM, Anderson RW,

et al. Neural closed-loop deep brain stimulation for freezing of gait. Brain
Stimul. 2020;13(5):1320-2.

Pozzi NG, Canessa A, Palmisano C, Brumberg J, Steigerwald F, Reich MM,
et al. Freezing of gait in Parkinson's disease reflects a sudden derange-
ment of locomotor network dynamics. Brain. 2019;142(7):2037-50.
Brugger F, Wegener R, Walch J, Galovic M, Hagele-Link S, Bohlhalter S,

et al. Altered activation and connectivity of the supplementary motor
cortex at motor initiation in Parkinson’s disease patients with freezing.
Clin Neurophysiol. 2020;131(9):2171-80.

Scholten M, Govindan RB, Braun C, Bloem BR, Plewnia C, Kruger R, et al.
Cortical correlates of susceptibility to upper limb freezing in Parkinson’s
disease. Clin Neurophysiol. 2016;127(6):2386-93.

Amboni M, Cozzolino A, Longo K, Picillo M, Barone P. Freezing of gait
and executive functions in patients with Parkinson’s disease. Mov Disord.
2008;23(3):395-400.

Naismith SL, Shine JM, Lewis SJ. The specific contributions of set-shifting
to freezing of gait in Parkinson’s disease. Mov Disord. 2010;25(8):1000-4.
Brown MJ, Aimeida QJ, Rahimi F. The dopaminergic system in upper
limb motor blocks (ULMB) investigated during bimanual coordination in
Parkinson's disease (PD). J Neurol. 2015;262(1):41-53.

Matar E, Shine JM, Naismith SL, Lewis SJ. Virtual reality walking and
dopamine: opening new doorways to understanding freezing of gait in
Parkinson’s disease. J Neurol Sci. 2014;344(1-2):182-5.

Heremans E, Broeder S, Nieuwboer A, Bekkers EM, Ginis P, Janssens L,

et al. When motor control gets out of hand: Speeding up triggers freez-
ing in the upper limb in Parkinson’s disease. Parkinsonism Relat Disord.
2019;64:163-8.

Shine JM, Matar E, Bolitho SJ, Dilda V, Morris TR, Naismith SL, et al. Mod-
eling freezing of gait in Parkinson’s disease with a virtual reality paradigm.
Gait Posture. 2013;38(1):104-8.

Gilat M, Shine JM, Bolitho SJ, Matar E, Kamsma YP, Naismith SL, et al. Vari-
ability of stepping during a virtual reality paradigm in Parkinson’s disease
patients with and without freezing of gait. PloS One. 2013;8(6):e66718.
ZhangT, Zhang K, Zhou J, Chai Y, Long Y, Wang X, et al. An MRI-compat-
ible foot-sole stimulation system enabling characterization of the brain
response to walking-related tactile stimuli. Front Neurosci. 2019;13:1075.
Trager MH, Wilkins KB, Koop MM, Bronte-Stewart H. A validated measure
of rigidity in Parkinson’s disease using alternating finger tapping on an
engineered keyboard. Parkinsonism Relat Disord. 2020;81:161-4.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Page 11 of 12

Naismith SL, Lewis SJ. A novel paradigm for modelling freezing of gait in
Parkinson’s disease. J Clin Neurosci. 2010;17(8):984-7.

Shine JM, Matar E, Ward PB, Frank MJ, Moustafa AA, Pearson M, et al.
Freezing of gait in Parkinson’s disease is associated with functional
decoupling between the cognitive control network and the basal gan-
glia. Brain. 2013;136(Pt 12):3671-81.

Shine JM, Matar E, Ward PB, Bolitho SJ, Gilat M, Pearson M, et al. Exploring
the cortical and subcortical functional magnetic resonance imag-

ing changes associated with freezing in Parkinson’s disease. Brain.
2013;136(Pt 4):1204-15.

Gilat M, Shine JM, Walton CC, O'Callaghan C, Hall JM, Lewis SJG. Brain
activation underlying turning in Parkinson’s disease patients with and
without freezing of gait: a virtual reality fMRI study. NPJ Parkinsons Dis.
2015;1:15020.

Matar E, Shine JM, Naismith SL, Lewis SJ. Using virtual reality to explore
the role of conflict resolution and environmental salience in freezing of
gait in Parkinson’s disease. Parkinsonism Relat Disord. 2013;19(11):937-42.
Shine JM, Matar E, Ward PB, Bolitho SJ, Pearson M, Naismith SL, et al.
Differential neural activation patterns in patients with Parkinson’s disease
and freezing of gait in response to concurrent cognitive and motor load.
PLoS One. 2013;8(1):e52602.

Georgiades MJ, Shine JM, Gilat M, McMaster J, Owler B, Mahant N, et al.
Hitting the brakes: pathological subthalamic nucleus activity in Parkin-
son’s disease gait freezing. Brain. 2019.

Fasano A, Laganiere SE, Lam S, Fox MD. Lesions causing freez-

ing of gait localize to a cerebellar functional network. Ann Neurol.
2017;81(1):129-41.

Gilat M, Dijkstra BW, D'Cruz N, Nieuwboer A, Lewis SJG. Functional MRI
to study gait impairment in Parkinson’s disease: a systematic review and
exploratory ALE meta-analysis. Curr Neurol Neurosci Rep. 2019;19(8):49.
Lewis SJ, Shine JM. The Next Step: A common neural mechanism for
freezing of gait. Neuroscientist. 2014.

Lewis SJ, Barker RA. A pathophysiological model of freezing of gait in
Parkinson’s disease. Parkinsonism Relat Disord. 2009;15(5):333-8.
Schrader C, Capelle HH, Kinfe TM, Blahak C, Bazner H, Lutjens G, et al.
GPi-DBS may induce a hypokinetic gait disorder with freezing of gait in
patients with dystonia. Neurology. 2011;77(5):483-8.

Langley J, Huddleston DE, Liu CJ, Hu X. Reproducibility of locus coeruleus
and substantia nigra imaging with neuromelanin sensitive MRI. MAGMA.
2017,30(2):121-5.

Bohnen NI, Frey KA, Studenski S, Kotagal V, Koeppe RA, Scott PJ, et al. Gait
speed in Parkinson disease correlates with cholinergic degeneration.
Neurology. 2013;81(18):1611-6.

Bohnen NI, Frey KA, Studenski S, Kotagal V, Koeppe RA, Constantine GM,
et al. Extra-nigral pathological conditions are common in Parkinson’s
disease with freezing of gait: An in vivo positron emission tomography
study. Mov Disord. 2014;29(9):1118-24.

Muller ML, Frey KA, Petrou M, Kotagal V, Koeppe RA, Albin RL, et al. beta-
Amyloid and postural instability and gait difficulty in Parkinson’s disease
at risk for dementia. Mov Disord. 2013;28(3):296-301.

Bohnen NI, Kanel P, Zhou Z, Koeppe RA, Frey KA, Dauer WT, et al. Cholin-
ergic system changes of falls and freezing of gait in Parkinson'’s disease.
Ann Neurol. 2019;85(4):538-49.

Mitchell T, Potvin-Desrochers A, Lafontaine AL, Monchi O, Thiel A,
Paquette C. Cerebral metabolic changes related to freezing of gait in
Parkinson disease. J Nucl Med. 2019;60(5):671-6.

Maidan I, Bernad-Elazari H, Gazit E, Giladi N, Hausdorff JM, Mirelman

A. Changes in oxygenated hemoglobin link freezing of gait to frontal
activation in patients with Parkinson disease: an fNIRS study of transient
motor-cognitive failures. J Neurol. 2015;262(4):899-908.

Vitorio R, Stuart S, Mancini M. Executive control of walking in people
with Parkinson’s disease with freezing of gait. Neurorehabil Neural Repair.
2020;34(12):1138-49.

Menant JC, Maidan |, Alcock L, Al-Yahya E, Cerasa A, Clark DJ, et al. A con-
sensus guide to using functional near-infrared spectroscopy in posture
and gait research. Gait Posture. 2020;82:254-65.

Noble RM. Ambulatory Microdose PET: A wearable PET scanner for neuro-
logic imaging. J Nucl Med Technol. 2019;47(4):336-40.

Mittal S, Bjornevik K, Im DS, Flierl A, Dong X, Locascio JJ, et al. beta2-
Adrenoreceptor is a regulator of the alpha-synuclein gene driving risk of
Parkinson’s disease. Science. 2017;357(6354):891-8.



Lewis et al. Translational Neurodegeneration (2022) 11:23 Page 12 of 12

85. Brauer R, Wei L, MaT, Athauda D, Girges C, Vijiaratnam N, et al. Diabetes
medications and risk of Parkinson’s disease: a cohort study of patients
with diabetes. Brain. 2020;143(10):3067-76.

86. Giladi N, Treves TA, Simon ES, Shabtai H, Orlov Y, Kandinov B, et al. Freez-
ing of gait in patients with advanced Parkinson’s disease. J Neural Transm
(Vienna). 2006;108:53-61.

87. Revuelta GJ, Uthayathas S, Wahlquist AE, Factor SA, Papa SM. Non-human
primate FOG develops with advanced parkinsonism induced by MPTP
Treatment. Exp Neurol. 2012;237(2):464-9.

88. Grabli D, Karachi C, Folgoas E, Monfort M, Tande D, Clark S, et al. Gait dis-
orders in parkinsonian monkeys with pedunculopontine nucleus lesions:
a tale of two systems. J Neurosci. 2013;33(29):11986-93.

89. Gao C, Liu J, TanY, Chen S. Freezing of gait in Parkinson’s disease: patho-
physiology, risk factors and treatments. Transl Neurodegener. 2020;9:12.

90. Delgado-Alvarado M, Marano M, Santurtun A, Urtiaga-Gallano A,
Tordesillas-Gutierrez D, Infante J. Nonpharmacological, nonsurgical treat-
ments for freezing of gait in Parkinson’s disease: A systematic review. Mov
Disord. 2020;35(2):204-14.

91. Silva-Batista C, de Lima-Pardini AC, Nucci MP, Coelho DB, Batista A,
Piemonte MEP, et al. A randomized, controlled trial of exercise for Parkin-
sonian individuals with freezing of gait. Mov Disord. 2020;35(9):1607-17.

92. Walton CC, Mowszowski L, Gilat M, Hall JM, O'Callaghan C, Muller AJ, et al.
Cognitive training for freezing of gait in Parkinson’s disease: a randomized
controlled trial. NPJ Parkinsons Dis. 2018;4:15.

93. Askie LM, Darlow BA, Finer N, Schmidt B, Stenson B, Tarnow-Mordi W,
et al. Association between oxygen saturation targeting and death or dis-
ability in extremely preterm infants in the neonatal oxygenation prospec-
tive meta-analysis collaboration. JAMA. 2018;319(21):2190-201.

94. loannidis JP. Meta-research: The art of getting it wrong. Res Synth Meth-
ods. 2010;1(3-4):169-84.

95. Ryden LE, Lewis SJG. Parkinson's disease in the era of personalised medi-
cine: one size does not fit all. Drugs Aging. 2019;36(2):103-13.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Stepping up to meet the challenge of freezing of gait in Parkinson’s disease
	Abstract 
	Introduction
	Standardising definitions, assessments and measurements
	Definition
	Assessments and measurements

	Freezing of gait and balance disturbances: lumping versus splitting
	Understanding phenomenology and pathophysiology
	Insights from other pathologies
	Insights from disease progression and treatment
	Insights from non-gait freezing
	Insights from reductionist observations

	What other data do we have or need?
	What could be done with existing data?
	Health data linkage
	Animal platforms
	Interventional and nested clinical trials

	Future directions
	Conclusions
	Acknowledgements
	References


