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A B S T R A C T

Introduction: Freezing of gait is an episodic inability to move the feet forward despite the intention to walk. It is a
common cause of falls and subsequent morbidity and mortality in Parkinson's disease. Virtual reality paradigms
provide an opportunity to safely evaluate freezing of gait, in order to better understand the underlying patho-
physiology. This article focuses on the methodology, threshold used to define freezing of gait, results, limitations
of studies using virtual reality paradigms, and proposes future directions of research. Summarizing these articles
improves our understanding of freezing of gait in Parkinson's disease, and critical evaluation provides an op-
portunity for future studies to improve upon these efforts.
Methods: We performed a systematic review following the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement guidelines, of studies using VR paradigms to elucidate the underlying pa-
thophysiology of PD-FOG.
Results: This review initially identified 57 articles, but after exclusion of duplicates, abstracts, and studies not
focused on the underlying pathophysiology of this disorder, 12 peer-reviewed articles using virtual reality
paradigms to evaluate freezing of gait in Parkinson's disease were found.
Conclusion: Virtual reality paradigms are able to reproduce freezing of gait. Studies using MRI compatible virtual
reality to evaluate freezing of gait found dysfunctional connectivity between cortical and subcortical structures
during episodes. However, several important limitations of these studies should caution our interpretation of
these results. Future studies which improve the design and methodology are needed to ultimately identify the
cause and subsequent treatments for freezing of gait in Parkinson's disease.

1. Introduction

Freezing of gait (FOG) is a disabling phenomenon characterized by a
periodic absence or reduction of forward progression of the feet despite
the intention to walk [1]. FOG is one of the most common causes of falls
and subsequent morbidity and mortality in Parkinson's Disease (PD)
[2]. Approximately 50% of PD patients experience FOG (PD-FOG), but
the pathophysiology behind this phenomenon remains unclear.

Assessment of PD-FOG remains challenging and can be dangerous in
the clinical setting due to risk of falls [3]. Multiple triggers of PD-FOG
have been defined, and tests implementing these triggers may help
identify and quantify FOG. These include starting to walk, passing
through narrow spaces like doorways, turning, dual-tasking, and
reaching one's intended destination [4]. Virtual reality (VR) paradigms
offer the potential for safe and objective PD-FOG evaluation without

exhaustive and potentially dangerous tests requiring long examination
periods. Although these paradigms may not fully represent postural
adjustment and balance during gait initiation, previous studies have
shown that they can elicit FOG in PD participants by including known
triggers. Additionally, VR paradigms enable the assessment of FOG
during neuroimaging, which has helped elucidate the underlying me-
chanisms of PD-FOG. It is important to understand how advances in the
implementation of VR paradigms have increased our knowledge of PD-
FOG, as a model for use in other disease states as well. This systematic
review discusses the methodology, results, and limitations of studies
using VR paradigms to evaluate PD-FOG, in order to summarize efforts
to date. We provide a critical review and propose future directions.
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2. Methods

This systematic review was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement guidelines [5]. The electronic databases PubMed, Web of
Science, and EMBASE were searched using the terms “Parkinson dis-
ease”, “freezing” and “virtual reality”.

The searches were limited to original studies in English published
before June, 2018. Reviews and conference abstracts were excluded.
Titles and abstracts were screened for relevancy, then the full texts were
reviewed for possible inclusion. Only studies using VR paradigms to
elucidate the underlying pathophysiology of PD-FOG were selected.
Reference lists of selected studies were manually scanned to identify
additional relevant studies which were left out during the initial sear-
ches. The selection process is illustrated in Fig. 1.

3. Results

Following the PRISMA guidelines, 57 articles in total were identi-
fied from three databases. After removing the duplicates, 37 articles
were screened for inclusion. Exclusion of reviews and conference ab-
stracts identified 23 articles to be assessed for eligibility. Out of these
23 articles, 12 were excluded as they were not primarily focused on
investigation of the pathophysiology of PD-FOG using a VR paradigm.
After searching reference lists of the 11 included articles, one additional
article was found, which was not included through the database search.
Overall, 12 articles utilizing VR paradigms to evaluate PD-FOG were
included in this systematic review. The methodology of these studies is
summarized in detail in Table 1.

Participants and initial categorization: All 12 studies included
participants who met criteria for the diagnosis of idiopathic PD. Aside
from the inaugural VR study of PD-FOG by Naismith and Lewis [6], the
other eleven studies preliminarily categorized PD participants as either
PD-FOG or PD-nFOG (PD without evidence of freezing of gait). Of these
12 studies, only two included healthy controls (HC) as a baseline
comparison [7,8].

Preliminary categorization of PD-FOG or PD-nFOG prior to perfor-
mance in the VR paradigm varied among the twelve studies. Two stu-
dies categorized participants based solely on a subjective self-report
measure, the Freezing of Gait Questionnaire (FOG-Q). Three studies by
Shine et al. initially categorized participants using the FOG-Q, and then
confirmed FOG using the Timed-Up-and-Go (‘TUG’, which was mod-
ified to include turns). Matar et al. [9] initially categorized participants

using the FOG-Q, and confirmed FOG via gait assessment incorporating
turns [9]. Ehgoetz Martens et al. [10] initially categorized participants
using the FOG-Q, and confirmed FOG in the clinical setting with ob-
servation by a movement disorders specialist. Georgiades et al. [8]
categorized participants using the FOG-Q and the Movement Disorders
Society Unified Parkinson's Disease Rating Scale motor exam (MDS-
UPDRS part III), which includes a component for brief assessment of
freezing of gait. Shine et al. [11] categorized participants using the
FOG-Q, modified TUG, and the MDS-UPDRS part III component to as-
sess for FOG.

Dopaminergic state while performing the VR paradigm:
Dopaminergic state while performing the VR paradigm varied sig-
nificantly between studies. PD participants in two studies performed the
VR paradigm in the “on” state only [6,7]. Six studies evaluated PD
participants with the VR paradigm in the “off” state only [8,10–14].
Four studies evaluated PD participants in both the “off” and “on” state,
but these evaluations were performed a minimum of two weeks apart
[9,15–17]. All twelve studies included PD participants taking dopami-
nergic medication. However, only four of these studies disclosed in
detail which dopaminergic medications participants were taking
[5,11,12,14]. The other eight studies included only the dopaminergic
dose equivalence scores of the participants [7–11,14,16,17].

In the first study by Naismith and Lewis, participants were eval-
uated on their regular dopaminergic medication: four on levodopa
monotherapy (one of whom also had bilateral deep brain stimulation),
two were taking levodopa and entacapone, two were taking only do-
pamine agonists, and one was taking levodopa and a dopamine agonist.
Three participants were not on dopaminergic medication [6]. In the
case study by Shine et al., the participant evaluated during “on” and
“off” was taking levodopa, a catechol-O-methyltransferase inhibitor,
and a dopamine agonist [15]. In the next study by Shine et al., parti-
cipants were evaluated while “off”, but dopaminergic medication re-
gimens between groups were not standardized. Two participants were
not taking dopaminergic medication, six were taking dopamine ago-
nists, 30 were taking levodopa (14/30 were also taking entacapone, and
20/30 were also taking a dopamine agonist). Two patients also had
apomorphine infusion, one had apomorphine infusion in addition to
amantadine, and six had deep brain stimulation which was switched off
an hour before testing. Three of the patients in another study by Shine
et al. were taking dopamine agonists [12].

VR paradigm methodology: Naismith and Lewis [6] were the first to
introduce a VR paradigm to evaluate PD-FOG. A first person re-
presentation of a virtual environment consisting of corridors with

Fig. 1. Flowchart of the selection process for the included studies in this systematic literature review.
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narrow and wide automated sliding doorways was created. Partici-
pants, sitting in front of the computer screen, were asked to respond
with left and right hands corresponding to left and right stepping
movements during the task. In the training phase, “STOP” and “WALK”
signals appeared on the screen to cue the patient to stop or resume
walking. In the experiment, a modified Stroop color word task with the
words “RED”, “BLUE” and “GREEN” presented in congruent or incon-
gruent colors was used for stop and walk cues. Congruent color-word
pairs were used to cue walking, and incongruent color-word pairs were
used as a stop cue. Following this study, Shine et al. used the same
paradigm by including foot pedals for the participants to respond by
feet instead of hands to simulate walking [15]. All other studies in this
review included the same paradigm, with only three studies [9,14,17]
making minor modifications based on the aim of the study.

Definition of FOG in the VR paradigm: There was consistency be-
tween studies regarding the definition of FOG in the VR paradigm. The
first two studies used the mean step latency as a baseline measurement
of normal walking cadence. Mean step latency is the average time be-
tween footsteps recorded at all time points throughout the VR para-
digm, except when influenced by an external cue. Subsequent studies
modified this by using modal footstep latency as the baseline gait
measurement. Modal footstep latency also records time between foot-
steps, but in contrast to mean step latency it excludes footstep latency
during freezing episodes, as well as those influenced by external cues.
Therefore, modal footstep latency is a more accurate baseline measure
of normal walking cadence. 10 of the 12 studies calculated the modal
footstep latency (and standard deviation), and any responses greater
than 2 standard deviations of this mean were considered a FOG episode.

Findings: Findings of the studies included in this review are given in
Table 2.

Studies without neuroimaging: Six of the 12 studies reviewed
evaluated PD-FOG using a VR paradigm, without neuroimaging
[6–9,13,17]. Naismith and Lewis [6] initially demonstrated that a VR
paradigm was capable of inducing motor arrests in PD. The number of
motor arrests recorded using the VR paradigm was significantly cor-
related with self-reported severity on the FOG-Q. In addition, perfor-
mance correlated with recorded measures of disease severity, quality of
life, and the hypothesized cognitive deficits in PD-FOG (deficiencies in
set-shifting and concurrent motor processing).

In 2013, Shine et al. [13] evaluated whether performance on a VR
paradigm gait task correlated with actual episodes of FOG in patients
with PD. This study demonstrated a VR task can accurately model
freezing behavior in PD, and that severity of freezing during the VR task
correlated with severity of freezing during the TUG assessment. Im-
portantly, the VR task could be done while seated, which minimizes
gravity and the influence of neural postural control. The study con-
cluded by hypothesizing that freezing in PD is due to dysfunctional
integration of cortical and subcortical information processing within
neural networks underlying executive function.

Matar et al. [7] utilized a VR paradigm (without neuroimaging) to
investigate motor outflow in PD-FOG vs. PD-nFOG in settings of conflict
resolution or environmental FOG triggers. The study further demon-
strated the utility of VR paradigms in the evaluation of PD gait dis-
orders – specifically the use of the maximum footstep latency to identify
PD-FOG. PD-FOG had delayed response latencies which were ex-
acerbated by the Go-No Go task and by environmental features re-
quiring increased processing, implying an association with impaired
regulation of automatic behavior.

Gilat et al. [17] evaluated the feasibility of using the VR paradigm to
reproduce key features of gait variability in PD-FOG. Step time varia-
bility (STV) was the primary outcome measure between groups. As the
five steps preceding a freeze have been previously characterized by
increased STV compared to five steps unrelated to freezing [18], STV of
the five steps preceding a freezing episode was analyzed. Additionally,
the footstep latencies of the three steps immediately prior to a freezing
episode were measured. All participants displayed greater STV in the

“off” compared to “on” state. PD-FOG had greater step time variability
compared to PD-nFOG in the “off” state. The five steps leading up to a
freezing episode in the VR paradigm showed a significant increase in
STV, but the final three steps preceding the freeze were not char-
acterized by a progressive shortening of latency. The study concluded a
VR paradigm can reproduce the key features of stride time variability
allowing a model of FOG for further studies.

Matar et al. [9] compared motor performance of PD-FOG and PD-
nFOG participants on a VR paradigm in the “off” and “on” states to
explore the role of dopamine in doorway-provoked freezing. While
“off”, PD-FOG had prolonged scaled maximum footstep latency in re-
sponse to doorways. This was not observed in PD-nFOG. The study
concluded that doorway provoked freezing behavior is dopamine de-
pendent and recommended future neuroimaging studies evaluating this
with the VR paradigm.

Georgiades et al. [8] used a VR paradigm to examine deficits in
voluntary footstep initiation and inhibition in PD-FOG. The study de-
fined FOG as a measure of start hesitation. Specifically, as a delay in
footstep initiation greater than twice the duration of a subject's modal
footstep initiation latency (most frequent duration between the pre-
sentation of a “WALK” cue and the following first step). The study
further demonstrated the detrimental effects of cognitive load on vo-
luntary step initiation and inhibition in PD-FOG. The results suggest PD-
FOG have marked impairments in motor initiation and inhibition
compared to PD and HC.

Overall, these studies found PD-FOG was associated with longer
start hesitation, longer duration and higher number of FOG episodes,
increased STV and maximum step latency, and more frequent stop
failures compared to PD-nFOG [7,8,13,14,16,17] and HC [7,8]. No
differences in these measures was observed between PD-nFOG and HC
[7,8]. Going through narrow doorways and automated doors [7], as
well as turning [14] induced a greater maximum footstep latency. In-
direct cues increased the stop signal reaction time in PD-FOG compared
to PD-nFOG and HC [8]. Levodopa improved the performance in PD-
FOG, as shown by reduced step time variability [16], maximum step
latency [9], and lower number of FOG episodes with shorter duration
while “on” [15,17].

Studies with neuroimaging: Six of the twelve studies incorporated
neuroimaging while using a VR paradigm to assess PD-FOG
[10–12,14–16]. Shine et al. [15] initially performed a case study to
investigate the utility of using a VR paradigm to elucidate the under-
lying mechanisms of PD-FOG with functional magnetic resonance
imaging (fMRI). The results showed distinct BOLD patterns during
‘‘walking’’, ‘‘dual-task walking’’ and during episodes of freezing. The
study showed feasibility of using a VR paradigm while performing fMRI
to evaluate the underlying neural correlates of PD-FOG.

In 2013, Shine et al. [11] used an fMRI compatible VR paradigm to
evaluate whether neural activity in response to an increased cognitive
burden while walking differed in PD patients with and without FOG.
This study demonstrated a VR paradigm can elicit activation patterns
associated with cognitive processing in PD. PD-FOG showed reduced
activation in a number of regions within the Cognitive Control Network
(CCN) while attempting to process an increased cognitive load during a
VR gait task.

A separate 2013 study by Shine et al. [12] utilized the previously
validated VR paradigm during fMRI [11] to investigate the neural
correlates of freezing of gait in Parkinson's disease. This study showed
that freezing is associated with increased basal ganglia inhibitory
output, leading to decreased thalamic processing and inhibition of the
mesencephalic locomotor region. The study demonstrated VR and fMRI
have the potential to elucidate the neural correlates underlying
freezing.

Shine et al. [16] then evaluated task based functional connectivity
analysis to test the hypothesis that PD-FOG is secondary to dysfunc-
tional connectivity between frontoparietal cortical regions and sub-
cortical structures. Participants were evaluated in both the “off” on
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“on” states. High cognitive load in the “on” state increased recruitment
of the motor network and CCN, with increased connectivity between
the motor network and left CCN. But PD-FOG participants could not
sustain this increase in the motor or basal ganglia networks. High
cognitive load in the “off” state was coupled with increased activity in
the motor network and the right CCN, and a relative decrease in activity
within the motor network, basal ganglia, and ventral attention network
in PD-FOG. The study found PD-FOG is associated with paroxysmal
functional decoupling between widespread neural networks, including
the basal ganglia network and bilateral CCN. It concluded PD-FOG is
due to impaired communication between cortical and subcortical
structures in the presence of an increased cognitive load and low levels

of dopamine.
Gilat et al. [14] used an fMRI compatible task based VR paradigm to

evaluate the neural correlates underlying turning in PD-FOG compared
to PD-nFOG. During turns, PD-FOG appear to have overactivity within
the cortical and subcortical ‘stopping network’ (inferior frontal regions
and subthalamic nucleus), with impaired pre-supplementary motor
area input and failure to activate premotor and superior parietal cor-
tices. The study therefore concluded while turning, PD-FOG have an
increased propensity towards stopping with reduced sensorimotor in-
tegration, resulting in FOG.

Most recently, Ehgoetz Martens et al. [10] used a task based VR
paradigm to evaluate functional connectivity across cognitive, motor,

Table 2
Result of the VR studies in PD-FOG.

Author, year
Aim/Hypothesis Results Was the aim achieved/

hypothesis confirmed?

Naismith and Lewis,
2010 [10]

To validate a VR paradigm modeling FOG without requiring
the individual to walk

Inaugural study which designed the standard VR paradigm used
to elicit FOG in PD participants. Worse performance on the VR
paradigm correlated with higher scores on FOG-Q (p < 0.05).

+

Shine et al., 2011
[11]

To determine the neural correlates of FOG Case study using fMRI compatible VR which identified a
distinct pattern of brain activation and deactivation underlying
freezing behavior (p < 0.001; corrected with a false detection
rate of p < 0.05).

+

Shine et al., 2013
[12]

To determine whether the VR measures for FOG can
differentiate PD-FOG and PD-nFOG, and whether these
measures correlate with FOG elicited during Timed Up-and-
Go

VR induced more motor arrests in PD-FOG compared to PD-
nFOG (p < 0.01). The number and duration of FOG episodes
during the VR paradigm positively correlated with clinically
observed FOG duration during the Timed Up-and-Go
(p < 0.05).

+

Shine et al., 2013
[13]

To investigate whether increased cognitive load was
associated with different activation patterns in PD-FOG and
PD-nFOG

PD-FOG are unable to properly recruit specific cortical and
subcortical regions within the Cognitive Control Network while
performing simultaneous motor and cognitive functions
(corrected with a false detection rate of p < 0.05)

+

Shine et al., 2013
[14]

To determine neural correlates of FOG during “off” FOG is associated with increased basal ganglia inhibitory
output, leading to a decrease in thalamic and brainstem
information processing (p < 0.05 with family wise error
correction for multiple comparisons).

+

Shine et al., 2013
[15]

To determine whether FOG during the VR task was
associated with impaired functional connectivity between
the networks likely to be involved in FOG

During FOG, PD-FOG demonstrated decreased functional
connectivity between the basal ganglia and the Cognitive
Control Network in each hemisphere (alpha controlled by a
strict Bonferroni; p= 0.01, α/5 comparisons for network
activity and p=0.005, α/10 comparisons for network
connectivity).

+

Matar et al., 2013
[16]

Greater conflict resolution and environmental stimuli
requiring increased processing will be associated with
delayed motor outflow in PD-FOG compared to PD-nFOG and
HC.

PD-FOG had increased response latency when exposed to
stimuli with higher levels of conflict resolution or when
increased levels of visuospatial processing were required,
compared to PD-nFOG and HC (p < 0.05).

+

Gilat et al., 2013 [17] VR task will reproduce the key features of gait variability in
PD.

The characteristic features of gait disturbance observed in PD-
FOG can also be demonstrated with a VR paradigm: stride-time
variability was greater in PD-FOG vs PD-nFOG, and was
partially ameliorated by dopaminergic therapy (p < 0.05 one-
tailed).

+

Matar et al., 2014
[18]

Footstep latency within the VR task will be increased during
the “off” state compared to the “on” state in PD-FOG.

Motor delays when processing environmentally salient cues
(wide and narrow doorways, and opening of a sliding door)
improved with levodopa in PD-FOG but not PD-nFOG
(p < 0.05).

+

Gilat et al., 2015 [19] To investigate the neural correlates of turning deficits in PD
and PD-FOG

Activation of inferior frontal regions and deactivation of
premotor and superior parietal cortices; increased functional
connectivity between subcortical regions while turning in PD-
FOG (p < 0.05 with false detection rate correction in the
network-based statistics software).

+

Georgiades et al.,
2016 [20]

PD-FOG will experience footstep initiation and cessation
deficits during the VR task compared to PD-nFOG and HC.

PD-FOG had more deficits in motor initiation and stopping
performance, including stop failure, compared to PD-FOG and
HC (p < 0.05).

+

Ehgoetz Martens
et al., 2018 [6]

During episodes of FOG, fMRI will demonstrate be abnormal
functional connectivity within and between cortico-striatal
circuits. Network correlates of FOG will be associated with
individual differences in the cognitive, motor and limbic
features of FOG

Functional connectivity during FOG is correlated with
particular cognitive, motor and limbic features, which may
indicate subyptes of PD-FOG. During FOG, there was an overall
loss of synchrony between the cortex and the striatum, as well
as a loss of segregation and specificity between examined
cortico-striatal pathways (p < 0.05, connectivity strength
either stronger or weaker than the 97.5th (or 2.5th) percentile
of the null distribution, Cohen's d≥ 0.08)

+

FOG: freezing of gait, PD-FOG: Parkinson's disease patients with freezing of gait, PD-nFOG: Parkinson's disease patients without freezing of gait, VR: virtual reality,
HC: healthy controls, FOG-Q: Freezing of gait questionnaire, +: achieved/confirmed.
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and limbic domains in PD-FOG. In the cognitive network during
freezing, there was decreased functional connectivity between the CCN
and striatum, and increased connectivity within the CCN. There was
also increased connectivity between the cerebellum, caudate, and CCN.
In the motor network during freezing episodes, there was decreased
connectivity within the cortical motor network and within the pu-
tamen. The motor network rearranged functional connectivity to other
structures by decoupling from the putamen and limbic structures and
coupling with the dorsal caudate nucleus. In the limbic network during
freezing, there was increased coupling of cortical and subcortical limbic
structures with the ventral striatum and CCN. There was decoupling
between cortical and subcortical limbic structures and within the sub-
cortical limbic network. The findings support the hypothesis that
freezing is associated with impairments within and between cognitive,
motor and affective domains.

4. Discussion

This review identified twelve studies using VR paradigms to eval-
uate PD-FOG, to date. There have been significant advances in our
ability to detect, quantify, and understand PD-FOG with the advent of
these studies. Initial studies focused on development and validation of
the VR paradigm. Naismith and Lewis [6] and Shine et al. [15] de-
monstrated a VR paradigm was capable of inducing motor arrests in PD
participants, and that the number of motor arrests recorded using the
VR paradigm significantly correlated with self-reported severity of PD-
FOG. Future studies expanded on these efforts to increase our under-
standing of the underlying pathophysiology of PD-FOG, using func-
tional neuroimaging. These studies found that during episodes of PD-
FOG, there is dysfunctional connectivity between cortical and sub-
cortical structures. The most recent study by Ehgoetz Martens et al.
[10] eloquently expanded on this foundation and proposed that PD-
FOG is associated with impairments within and between cognitive,
motor, and affective domains.

The VR paradigm used to evaluate PD-FOG in these studies was
initially designed by Naismith and Lewis, 2010 [6]. The VR paradigm
provides a first person perspective while navigating a course with some
of the common triggers known to induce PD-FOG, including narrow
doorways and initiation of gait. In 2011, Shine et al. [15] incorporated
the use of foot-pedals, rather than using hand-pedals, to navigate the
VR paradigm. Freezing episodes for most studies consisted of de-
termining the baseline time taken between footsteps (alternating de-
pression of footpedals) with normal walking. After this modal footstep
latency was calculated, freezing episodes were generally considered to
be greater than two times the modal footstep latency between steps.
Although logical, the definition of freezing used in these studies is ar-
bitrary, and these measurements have not been used in the clinical
setting to define a freezing episode.

There are several other important limitations of studies to date. First
and perhaps most importantly, initial identification and categorization
of those with PD-FOG appears flawed. Several studies identified PD-
FOG solely by use of self-report measures, such as the FOG-Q. However
in 2011, Shine et al. evaluated the utility of the FOG-Q and found that
scores on this questionnaire did not correlate with the frequency or
duration of freezing episodes during objective assessment [19]. Other
studies included in this review added clinical assessments to categorize
PD-FOG, such as the TUG, MDS-UPDRS III, or clinical observation of
freezing episodes by participants. Although the TUG is a validated
measure of mobility and can be used to predict falls in PD [20,21], it
has not been validated as an objective measure to assess PD-FOG. Ad-
ditionally, assessment of PD-FOG by MDS-UPDRS III is performed by
watching a patient walk ten meters in a straight line, turning, and then
returning. PD-FOG is an episodic phenomenon which is frequently not
captured during this brief clinical assessment, which does not include
triggers such as walking through a narrow space or dual-tasking.
Therefore, the MDS-UPDRS III is likely a specific, but not sensitive

measure of PD-FOG. Indeed, a recent review by Barthel et al. of mea-
sures used to assess PD-FOG concluded that a “unique methodological
tool that encompasses the entire complexity of FOG is lacking” [3]. It is
possible our current assumption of the underlying pathophysiology of
PD-FOG is based on improper characterization of participants.

Studies of the prevalence of PD-FOG show that nearly 60% of these
episodes occur while “off” levodopa and 36–38% of episodes occur
while “on” levodopa [22,23]. Accordingly, there are levodopa and non-
levodopa responsive subtypes of PD-FOG [24]. It is therefore important
to know which subtype participants are, and which dopaminergic state
PD participants are in when they perform the VR paradigm to assess PD-
FOG. Additionally, the dopaminergic state impacts the fMRI findings of
each PD participant. The reviewed studies did not identify PD-FOG
levodopa subtypes and employed inconsistent methodology used to
investigate the effects of levodopa on freezing behavior and fMRI
findings in PD-FOG. The majority of studies evaluated participants only
in the ‘off’ state. Four of the twelve studies evaluated participants in
both the practically defined ‘off’ and ‘on’ levodopa states, and the
minimum time period between assessments was two weeks apart. Given
that PD-FOG is an episodic phenomenon, assessments in the ‘off’ and
‘on’ state should be performed consecutively to avoid within-subject
variability and introduction of potential confounds. This is especially
true for studies using fMRI, as this modality is sensitive to changes in
brain metabolism and chemistry which can differ on a daily basis,
adding a further layer of complexity to evaluation of fMRI changes
induced by levodopa in PD-FOG [25].

Future directions: Future studies of PD-FOG utilizing VR paradigms
and neuroimaging would likely benefit from the following modifica-
tions and additions. As mentioned above, identification and quantifi-
cation of PD-FOG is difficult in the clinical setting. For this reason,
Ziegler et al. developed a freezing assessment course designed to
quantify freezing severity with a measure called the “FOG Score” [26].
This course includes the five most common triggers of PD-FOG: initia-
tion of gait, turns, walking through a narrow doorway, dual-tasking
(simple and complex), and cessation of gait. The course could improve
the ability to initially identify and categorize PD-FOG, which would
improve classification and subsequent reliability of results. Ad-
ditionally, the course can be filmed and designed as a VR paradigm,
which would augment the paradigm by Naismith and Lewis as it in-
cludes more triggers of PD-FOG. Validation of the FOG assessment
course as a VR paradigm could be done simply by having participants
traverse the course in reality and in VR, and comparing the results to
ensure there is concordance in the calculated FOG score in both set-
tings.

Importantly, therapeutic modalities (i.e. pharmacologic or visual
and auditory cues) known to improve PD-FOG should be introduced to
see how functional connectivity changes while traversing the VR
paradigm. If levodopa is used, the VR paradigm should be traversed in
the ‘off’ and ‘on’ state in the same day to avoid introduction of potential
confounds in fMRI analysis. Other therapeutic modalities such as
amantadine (which has level C evidence in the treatment of PD-FOG)
and their effects on functional connectivity in PD-FOG while traversing
a VR paradigm have not been evaluated to date either. PD-FOG im-
proves with the projection of a laser line onto the floor, cueing one to
step over the line in order to break the freezing episode. This has not
been introduced into VR paradigms to date either [27]. Ultimately,
evaluation of the effects of current therapeutic modalities on functional
connectivity in a VR paradigm could allow for translation and devel-
opment of newer and more effective treatments for PD-FOG.

Neuroimaging in the reviewed studies has focused on functional
connectivity, but further elucidation of the underlying pathophysiology
of PD-FOG would benefit from multimodal imaging of participants.
Structural connectivity (i.e. diffusion tensor imaging) has shown de-
generation of tracts between the pedunculopontine nucleus and the
cerebellum, thalamus, and multiple regions of the frontal cortex, for
example [1]. Voxel based morphometry, a measure of cortical atrophy,
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has also been used in previous studies and found reduced grey matter in
several key areas presumed to be associated with PD-FOG [28,29]. In-
tegration of functional connectivity analysis while performing the VR
paradigm with baseline analysis of participants’ structural connectivity
will provide a more comprehensive picture of brain networks.

5. Conclusions

There have been significant advances in our ability to evaluate and
understand PD-FOG using VR paradigms. Our understanding of the
underlying pathophysiology has increased significantly by in-
corporating evaluation of functional connectivity during freezing epi-
sodes. However, current classification of PD-FOG is suboptimal, and we
can likely improve on previous VR paradigms by using the validated
FOG Score assessment course. Proper evaluation of the effect of known
treatments for PD-FOG, and using multimodal neuroimaging will allow
for development of improved therapeutic modalities for this disabling
phenomenon.
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